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METASTABILITY AND CRYSTALLIZATION 
STUDIES IN THE SILICA-ALUMINA SYSTEM 

Suohash Hanamant Risbud 

Materials and Molecular Research bivision, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 
University of California, Berkeley~ California 94720 

ABSTRACT 

Thermodynamic data on activities, activity coefficients and free 

energies of mixing in Si0
2

-A1
2
0

3 
solutions was calculated from the phase 

diagram using regular solution approximations. The calculated data were 

used to estimate regions of liquid-liquid immiscibility. A metastablE! 

liquid miscibility gap with a consolute temperature of ~1540DC at a 

critical composition of "'36 rnole% Al20
3 

was calculated; the gap extended 

from ~6.25 to 57 mole% Al
2
0

3 
at a temperature of · ... SOODC. 

Si02-rich glass compositions were prepared and examined for liquid 

phase separation by direct transmission electrbn microscopy. Glass-in-

glass immiscibility was realizable in glasses between "'7.5 and 20 mole% 

A1 20
3 

but compositions greater than ~25 mole% A1 20
3 

crystalli.zed very 

rapidly. The marked positive deviations from ideal mixing in the 

thermodynamic data calculated from the phase diagram, suggest a tendency 

for liquid immiscibility in both Si0
2
-rich and A1

2
0

3
-rich compositi.ons. 

Crystallization studies were conducted on severa] selected SiO~-

A1
2
0

3 
compositions. l1elts homogenized at 2090 DC (±lODC) were subjected 

to carefully controlled nucle:.ltion nnd cryst:.lllization he;)t treatmcnts 

in se:.lled molybdenum crucibles. Analysis of the microstructures o~ the 

crystallized melts by electron beam microprobe and interfercricc contrast 

microscopy provided data on the morphology, size, :.lnd chemical 
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composition of the phases. Changes in phase compositions with,the 

temperature of heat treatment enabled an estimation of the temperature 

at which crystallization of the melt commences. The crystallization 

behavior of the melt is related to prior liquid immiscibility and pro­

vided experimental evidence for the calculated phase boundary of the 

proposed miscibility gap. 

Sub liquidus reactions in pressed mixtures of Si0
2

-AI 20) and 

cristobalite-corundum t'l1ere also studied to verify stable and metastable 

equilibria. Formation of mullite with two different compositions was 

realized in a single mixture. Mullite with a composition of ::::70.6 wt% 

A120
3 

grew at the firing temperature of 1700°C by solid state reaction 

between Si02 and A1 20
3

• Mullite needles with a higher A120
3 

content 

grew in the same mixture during cooling to room temperature. A metas­

table Si02-A1
2
0

3 
phase diagram in the absence of mullite obtained by 

extensions of the Si02 and A1
2
0

3 
liquidi to lower temperatures was pro­

posed to account for formation of glassy phases in subsolidus cris­

tobalite-corundum reactions. 

,., 

t • 
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strong tendency for phase separation in the composition range -10 to 68 

wt% (-7 to 55 mo1;~) Al 0. The temperatures at which this pha~e separa-
2 3 

ti,on occurred was not clear from the re?orted data but a misei :)i1i ty gap 

'IlaS proposed with an upper consolute temperature of -1650°C at a criti-

cal composition between -38 to 42 wt% (-25 to 30 mol~O A120
3

: Takamori 

16 and Roy considered the evidence in favor of the proposed miscibility 

gap to be inadequate in light of theii DTA and TEM observati6ns on ~plat 

cooled Si0
2

-A1
2
0

3 
glasses in the composition r~mge (-20 to 95 man) 

A1
2
0

3
. No evidence for the location of the miscibility gap could be 

found in their data. 

The experimental difficulties in delineating immiscibility regions 

in the present system are understandable in vic," of the problems asso-
, , 

cia ted with rapid quenching of melts from high t'emperatures (-iooo°C) and 

also because of the tendency of compositions greater than' -30 mole~~ 

Al
2
0

3 
to crystallize readily.15 

Being mindful of the experimental problems of assessing 

immiscibility, an approac:l utilizing solution thermodynamics has been 

used in a part of the present work to calculate departures from ideal 

solution behavior to estimate the approximate composition ranges where 

immiscibility can be expected to occur. The latter part of this work 

deals with experimental verification of the calc}llated immiscibility in 

high-silica glasses, the influence of t!le immiscibility dome on crystal-

ization of selected melts, and subliquidus reactions in the Sia2-A1 20) 

system. 



-4-

II. ~HZORETICAL BACKGROUND 

A. Me.tastable Phases 
,~ . 

The move of a materials systems towards it thermodynamically 

stable equilibrium configuration is often halted for kinetic reasons ,. ,~" 

resulting in a phase assemblage which represents a metastable state. As 

illustrated schematically in Fig. 2, the metastable phase has a higher 

free energy content and, given appropriate conditions, would transfonn 

to a phase mixture which minimizes the total free energy of the system= 

T!le phase diagrams for most materials attempt to indicate the 

locations of stable equilibrium boundaries and do not, in general, in-

clude data on metastah1e equilibria. In many situations, especially 

those involving glass-ceramic materials, kinetic inaccessibility of 

stable phases makes metastability readily realizable under normal exper-

imenta1 conditions. In recent times the 'advent of ultra-fast quenching 

techniques ha~ also given rise to a harvest of metastable phases even 

17 
in metallic alloys. An understanding of metastable phase diagrams is, 

therefore, both of theoretical and practical utility. 

Consider the relationship of the free energy versus composition 

diagram and the hypothetical equilibrium diagram as shown in Fig. 3. As 

illustrated by drawing common tangents to the free energy curves, plwses 

a and 8 are stable for compositions of component B less than Cl and 

greater than C2 respectively. In the composition range between C1 and 

C2 a mixture of and phases is stable. If we now consider the cool-

ing of a mixture of eutectic composition C , a structure consisting of 
e 

a and B phases formed by nucleation and grm.;rt:l can be expected at a 

'-
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Jllst belo,.J the eutectic temperature T , this 
e 

transformation \olill be limited by an inadequate driving force and at 

much lower temperatures by low mobility of the diffusing species. Con-

sequently, in some intermediate temperature range the phase transforma-

tion will occur at a maximum rate. If in this temperature range the 

phases 6
1 

or 62 (Fig. 3) form at a faster rate heC3use of favorable 

kinetics, then a metastable, higher free ~nergy state results. The 

mixture need only be cooled sufficiently rapidly through the above 

mentioned intermediate range to prevent formation of the equilibrium 

phases. 

In additiOn to rapid cooling of the melt, the supcrsjturation 

necessary to obtain a metastable phase 'can also be achieved by tcchni-

ques such as va~or quenching, s~uttering, and electro-deposition. In 

systems with' several ceramic oxides me'tastable phases such as glass form 

at reasonable cooling rates. Formation of metastable Fe C rather than 
". . ," I' 

equilibrium graphite is well-known in the iron-carbon system. Rapid 

quenching methods utiiiziri'g cooling rates of greater than l05oK/second 

are needed to form metastable phases in metallic and some oXlde 

18 
systems. 
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B. Liquid-Liquid Phase Separation 

A homogeneous l:i.quid upon cooling may enter a region in the 

temperature-composition space where it begins to separate into two 

liquid phases. This process is often referred to as liquid-liquid pbase 

separation or liquid inuniscibility. !3ecause of the effect of immisci­

bility on the microstructure, a large amount of effort has been made to 

understand the thermodynamics, kinetics, and morphological 3spects of 

phase separation. 

From a thermodynamic standpoint, immiscibility develops when the 

sum of the free energies of the tt·/o separated phases is less than the 

free energy of the homogeneous solution. The free energy of mixing of 

two components contains contributions from the heat of mixing and the 

entropy of mixing. In general, the contribution of the entropy of mix­

ing is negative, and if the heat of mixing is also negative (exothermic), 

then the free energy of mixi:1g will always be lowered and a homogene­

ous solution is observed at all temperatures. If, on the other hand, 

the heat of mixing is positive (endothermic), there will be some temper­

ature at which it will equal the entropic contribution and the free 

energy of mixing will be zero. If the te:nperatureis lowered furtlwr, 

the free energy cannot be reduced by maintaining a homogeneous solution 

and thus two liquids will form. 

Schematic free energy composition curves and their relation to the 

liquid immiscibility dome are illustrated in Fig. 4. At any temperature 

below the eonsolute point, phase separation will COmmCnc.l~. For JOG t;l1\CC 

at temperature Tl two liquids Ll and L2 will be at metastable equili­

brium, the thermodynamic condition being that the chemical potential of 
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component A is equal in Ll and L2 . Similar equilibrium conditions ~Ipply 

to component B.' 

The spinodal phase boundary shown in Fig. 4 represents tIle locus of 

inflection points in the free energy composition curves and represents a 

region of phase separation where spontaneous decomposition (as opposed 

to classical nucleation and growth) processes may be operative. 'A con-

clusive proof of such spontaneous processes occurrin~ in phase separated 

1 . 1 l' . 1 . d I' . 19 1 gasses 1S aCt1ng at tle present t1me, an tlere 1S a suggestlon tlat 

intetcorin~cted morphologies attributed to spinodal mechanisms may arise 

by coalescence of small nuclei. Establishing "the continuous composi-

tional variability of the separating phases in the earlystagei of Je-

d f d 1 I 
. 20 

composition will constitute directevi ence or spino a t)COrles. 

The origin of innniscibility in oxide glasses has been theoretically 

. 21-25 modeled by various authors. It is beiieved that silicate melts are 

ionic solutions containing complex sili.cate anions, cations, and free 

oxygen ions. The nature of distribution of these species has been ana-

lyzed on the basis of chemical solution theories and physical ~olution 

theories (e.g. regular solution models); 
. '. .26 

A recent model proposes the 

use of a complex multimer of Si0
2 

or B
2
0

3 
a's a participant in the rcgu-

lar mixingproc~ss with a stoichiometric compound which appears to lImit 

the miscibility gap. Absence of direct thermodynalliic data on activities 

and free energy due to the considerable experimental problems make it 

difficult to establIsh the thermodynamic orlein of immiscibility. Future 

availability of such dat.a and better solution models, may help resplvc 

the question of liquid phase separat:ton and interaction of ,the species 

in glass-ceramic melts. 
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C. ,Nucleation and Crystallization in Glasses 

Understanding of nucleation and crystallization phenomenon in 

glasses is important for defining the lir:lits to which glasses can be 

heated before they crystallize. The subject has also become of 111-

creased interest because of the technological development of glass-

ceramics. 

Crystallization of a liquid occurs, upon cooling below the 

freezing point, by the formation of compositi.on fluctl,ations (nucJld). 

which are large in degree but small in extent. 27 Subsequent diffusion of 

matter to the nuclei results in grm"th of the lle\" phase. In certain 

cases, infinitesimal fluctuations of composition which are small in 

degree but large in extent may cause the transfornwtion to occur spon-

1 ( . dId . . ) 28 taneous y sp1no a ecompos1t10n. In general, however, nucleation 

sites such as impurity particles, container walls, or specially intro-

duced dispersed particles act as nucleation catalysts for the crystal-

lization process. 

?9 
Classical nucleation theo~y~ deals with the rates of nucleus 

formation and growth and attempts a quantitative treatment of the limit-

ing values of these rate processes. Fot a system free of any hetero-

geneities, the fdrmation of a nucleus is governed by the balance of the 

free energy decrease due to nucleus formation and the free energy ill-

crease due to the creation of the new crystal-liquid interface. Stahle 

nuclei will thus form when the liquid is sufficiently supercooled so . 

that the free energy decrease due to nucleus formation is larger .than the 

free energy increase due to interface creation. The nucleation rate, 

,~ .. 

); 

, . 
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D. Crystal Growth Kinetics 

The growth of stable nuclei, once fonned by considerations of the 

previous s~ction, is governed by the rate of diffusion of atoms to the 

surface of the nuclei and their ability to form ne\o.' bonds as determined 

by the crystal structure 

The crystal growth rate can either be interface-controlled or 

diffusion-controlled. Interface-controlleJ mech;1nisms are operative 

when the rate controlling step for crystal growth occur~ at the 80lid-

liquid interface and only a short-range molecolar rearrangement is 

necessary. Diffusion controlled growth is ac'companied by a large change 

in composition, and long range diffusion of a species through the bulk 

liquid is the rate controlling step. 

·When the rate of crystal growth is interface-controlled, liquid 

molecules get incorporated into the crystal by molecular attachment and 

the kinetics of this process determines the interface morphology. In 

addition to this continuous growth, the crystal may also grow by a two-

dimensional nucleation mechanism or by the spiral growth initiating from 

the step sites of a screw dislocation intersecting the surface. The 

velocity of crystal growth for interface controlled processes is given by 

u = f.v exp (~;')t -exp (- 6G~T)) 
where f = ftaction of sites available for growLh 

a = molecular diameter 

v frequency factor for transport at solid-liquid interface 
, 

~G = activation free energy for atom movement across inter£ac~ 

~G free energy change during the liquid-crystal transi'onl1atiol1. 
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Using simplifying assumptions regarding the fraction of sites, f, anu 

approximating the free energy terms it is possible to express the veloc-

ity of growth by the expression: 

u = fkT 
2 

31[a 11 [ (
-f..S f..T)J 

1 exp ;T 

where f..S = entropy of fusion 
m 

11 viscosity of liquid 

f..T = under cooling of liquid 

Several reviews on crystal grOlV'th kinetics have pointed to the 

importance of the entropy of fusion as an important factor for charac-

terization of the crystal-liquid interface. It is theorized that mater-

ials with low entropies of fusion (f..S <2R) will exhibit non-faceted 
m 

interface morphologies \V'hile materials with high entropies of fusion 

(f..S >4 to 6 R) exhibit faceted morphologies during growth. 
m 

For many high entropy of fusion materials at large undercooling, 

nucleation of different orientations may occur on or aheau of the intcr-

face and such systems exhibit spherulitic crystallization. The kinetics 

of crystal growth is also strongly affected by impurities and the effect 

is most pronounced for high entropy of fusion materials. In general, 

a crystal grml1th rate which decreases with the square root of time sug-

gests diffusion-controlled growth but a growth rate independent of time 

can b~ either due to interface controlled mechanisms or diffusion-

controlled growth of certain crystallizati.on morphologies (e.g. fibri]-

lar or spherulitic). 

~ . 

I -
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III EXPERIMENTAL HETHODS 

A. ~1aterials· and Sample Preparation 

L SiOi-A12Q3 Glasses for Immiscibility Studies 

Several Si0
2 

- rich glass~ompositions were prepared from pm.,rders 

* ** of high purity fused silica and reactive Q- alumina. . The weighed 

batches (5, 9, 11,13.5, 23, and 42wt% A1
2
0

3
) were thoroughly raixcd in 

isopropyl alcohol, wet milled for 24 hours, and .the continuously stirred 

slurry. was dried at ~llO°C. The dried mixtures were calcined in pl.:lti-

num crucibles at ~600°C for 12 hours. Pressed p6llets of each composi-

tion were placed in molybdenum crucibles (2.S cms dia. and 3.5 cms 

/I 
height) and heated to :d975°C (±lO°C) in a tantalum 11eatirig furnace 

-6 under a vacuum of ::::10 torr. After homogenizing at 1975°C for 2 hours, 

the melts were rapidly quenched at room temperature by allowing helium 

to flow through the furnace. To ensure homogeneity the glasses were 

remelted and.quenched a second time by the same procedure . 

. Attempts were also made to obtain A1 20
3

- rich glasses by ultra­

*-10', 
fast quenching tehcniques. Pressed disks containing 73, 80, and 90 

wt% A1
2
0

3 
werci laser melted, the air quench~d liquid droplets spinn{ng 

off the rotating disks were characterized for glass formation. The· 

80 and 90 wt% compositions yielded opaque crystalline globules. The 73 

wt% composition appeared glassy and was chatacteri~ed by electron 

microscopy. 

* -325 mesh Corning 7940 
** Alcoa XA-16 

If Richard D. Brew and Co., Concord, NH - Model t.1665-4 
*** Courtsey of R. A. Happe, North American Rockwell Corp'., Downey 

California. 
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2. SiQ.2-A12Q.3 Nelts for Crystallization Studies 

Mixtures containing 42, 60, 73, 80, and 90 wt% Al20
3 

were prepared from fused silica and reactive a-A1
2
0

3 
by the procedures 

described in the previous section (III-A-l). Calcined powdered mixtures 

were loaded into molybdenum crucibles (~ll rom diameter x 15 rom height) 

which were sealed aroui1d the lid by electron beam welding and helium 

leak checked. The sealing and leak checking procedures were necessary 

to prevent loss of silica by evaporation during the high temperature 

melting. The sealed crucibles were heat treated in the tantalum resis­

tance furnace under a vacuum of 10-6 torr. The crucible assemhly and 

its position relative to the furnace thermocouple are shown in Fig. 6. 

The temperature of the furnace chamher was electronically control-

** led through the use of a WSRe-1\J26Re thermocouple (accuracy ±r at 

l800°C). In addition, the temperature of the samples in the furnace 

tlas monitored by optical pyrometers (±lO°C accuracy at 2000°C) utiliz-

ing black body conditions. The pyrometers were calibrated against a 

tms secondary standard pyrometer and at the melting point of platinum 

(1772PC33 and Al
2
0

3
(20S4°C).34 All temperatures reported are based on 

the 1968 International Practical Temperature Scale (IPTS-68).33 

** Leeds and Northrup Speedomax-H Recorder -Controller. 

1 • 

.J 1 
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3. Crystallization Heat Treatments 

All melts were homogenized at a temperature of 2090°C (:tIO°C) for 

50 to 60 minutes prior to subsequent heat treatments. Two types of heat 

treatment schedules were commonly used in the crystallization study. In 

the first schedule, the homogenized'melts ·...,ere repidly cooled to a pre-

determined subliquidus temperature, (ranging from l860°C to ;) direct 

quench to room temperature) held at the undercooled temperature for a 

fixed time, and quenched to room temperature. In t]lC second schedule,. 
, 

homogenized melts were first pre-nucleated bycoolihg to some sub-

liquidus temperature and reheated to a higher (suhliquidus) temperature 

for the crystallization treatment before quenching to room temperature. 

The 42 and 60 wt% A1
2
0

3 
compositions were selected for greatest 

scrutiny since the former lies in the center and the latter near the 

A1
2

0
3 

- rich phase boundary of the calculated liquid miscibility gap in 

the present system (see later, Section IV A2). Following the heat 

treatment, the crucibles were cut ona diamond saw, and the cross-sec-

tions \vere polished for ceramographic examination and phase composition 
, . 

analysis. In order to check for possible melt contamination from the 

molybdenum crucible polished cross-sections were analyzed for Mo content 

by the electron beam microprobe. An electron beam image (Fig. 7) 

s!1m,Jing the distribution of molybdenum in a representative specimen 

revealed negligible contamination of the melt . 

4. Solid State Reaction Experiments 

To substantiate the results of metasLlI>Ie and st;tble pl1<11:)(' 

12 'j relationships in the present system, severa, suhliquidus experiments 

were performed with mixtures containing fused silica plus alumina and 
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cristobalite plus alumina. The fused silica plus alumina mixtures were 

prepared as described in a pre~ioussection (III AI). The cristobalite 

in the cristobalite plus alumina mixture was obtained by heating fused 

silica powder in a platinum crucible at -1420°C for 7 days. X-ray dif­

fraction confirmed the conversion of the amorphous silica phase to the 

crystalline state. A 78 wt% cristobalite - 22 wt% A1
2
0

J 
batch was pre­

pared by dry milling the mixture in a plastic bottle for 72 hours. 

Pressed pellets of this composition were fired in the temperature r;mgc 

1100°C to l300°C in platinum crucibles dn air. The size of the pellets 

before and after firing were measured by a micrometer to obtain the 

percent shrinkage. 

• 
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B. Materials Characterization 

1. Optical and Scanning Electron Microscop~ 

Ceramographic polishing procedures consisted of approximately 10 

to 15 minutes each on 30, 15 anq 6 \..1m metal-bonded diamond bps, q8-')0 

* hours of vibratory polishing using 6\..1 and 1 \..1m diamond particles, and 

a final polish for -48 hours using a 1/4 \..1m slurry of diamond particles. 

The highly polished samples were observed in reflected light by inter­

** ference-contrast micrography. In some cases a light etch of 10% HF 

was necessary to observe the microstructure. Specimens for scanning 

electron microscopy consisted of fracture surfaces of melts and glasses 

etched in dilute BF. A thin film of gold was generally evaporated on to 

the sample prior to examination. Some' polished sections were also ex-

amined in the SEM after prolonged etching in 10% lIF. 

2. X-ray Diffraction 

*)~* 
Samples f~r phase identification by X-ray diffraction were 

prepared by crushing the material in a mortar and pestle to a size fine 

enough to pass a -320 mesh sieve. Approximately lOwt~~ silicon internal 

standard \l7as added to the crushed sample and the phases identified 

under the following scanning conditions: 40kv, 20 A, scanning rate 

10/minute, 1°/4°/1° entrance to exit collimation, time constant of 3.0 

and range of 1000 cps. All recorded peaks were accurately indexed 

relative to the standard silicon peaks. Measurements of lattice 

*FMC Corp., Syntron Div., Homer City,PA. 

*1'Nomarski differential interference-contrast microscope, Ze.i.ss 

Ultraphot II metallograph, Carl Zeiss, W. Germany. 

***Norelco diffractometer, Phillips Electronic Instruments, New York. 

tSilicon Standard #640, N~tional Bureau of Standards, Wash., DC. 
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parameters of the orthorhombic mullite structure \-Jere made by locating 

the reflections corresponding to hkl planes (760), (840) and (422). 

3. Electron Beam Microprobe 

Samples for chemical composition analysis of the phases present in 

the microstructure were prepared by depositing a conducting carbon film 

on the polished sections and by painting the edges bf the mounting 

material with a carbon-ethanol slurry. The samples were loaded into the 

-f--i-
vacuum chamber of the electron beam microprobe' and the primarychar;l\.:-

teristic X-ray intensities emitted from a spe~ific phase in the micro-

structure was compared lY'ith the emission from an identically coated 

standard of A1 20
3 

and Si02 . This method permits a quantitative eVi.llua-

tion of the chemical composition of each phase. 

All measurements were made with an accelerating voltage of 15 kv 

at an X-ray emergence angle of 41°. The AIKa and SiKa intensities were 

simultaneously recorded on two spectrometers. The analyzers were curved 

KAP (potassium acid phthalate) crystals bent and ground in t:le Johansson 

mode. Intensity counts .in I )Jm steps starting with one phase and tra-

versing across the various phases in the microstructure were monitored 

by logic circuit counters and simultaneously punched on IBM cards for 

. 35 36 data correctl0n.' Corrections for dead time, drift, background, 

absorption and fluorescence were made through a computer program .:Jdap­

ted from Frazer et al. 37 frir use with the CDC-7600 computer system of 

this laboratory. Since the difference in atomic numbers of Al and Si 

is small,no correction for atomic number was madc. The output of· the 

t-j-
Materials Analysis Co., Model 400, Palo Alto, CA. 
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above program was converted to normalized values of wt% oxides (A1
2
0

3 

and S102) using additional programs and the data were plotted by incorp­

oration into the Cal-comp plot programs. ,(Appendix). 

4. Transmission Electron Microscopy 

Because of the brittle glass samples the normal thinning 

procedures used in electron microscopy could not be applied. The edges 

of some specimens were thin enough for transmission studies in the 650 

* kvelectronmicroscope but several specimens were prepared folJowin~ . 

the techniques described by Prebus and Michener. 38 Crushed glasses were 

carefully placed on a glass slide and gently blown on to the copper 

** *** grid which \l1as inserted into the microscope. Several particles 

hanging on to the grid could be observed and, a few thin enough for 

transmission could ahl1ays be found. 

* l-!itachi(650kv) Electron Hicroscope, (Japan). 

**. . Pelco Copper Grids, T. Pella Co., Tustin, CA. 

*** Siemens Elmiskop - lA, Siemens, \? Germany. (lOOkv). 
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IV. RESULTS AND DISCUSSIOtI 

A. Metastability 

1. Thermodynamic Data from the Phase Diagram 

Attempts to model silicate solutions39 ,40 consist of the use of 

chemical solution theories which assume that new chemical species form 

in the melt. The equilibrium constants corresponding to the ensuing 

chemical reactions then describe the thermod~Tnamic properties of the 

mixture. Physical solution theories, on t:1C other hand (e .. g. L111' reguLlI~ 

. . 41 42 
solution mooels) , are based on considerations of intermolecular 

forces which give rise to solution non-ideality. In general, input 

from both these viewpoints is needed to satisfactorily depict solution 

behavior. 

Models based on the regular solution approximation have been used 

43 44 to calculate thermodynamic data in metal-slag systems, fused salts, 

d ·1" 45 an Sl. l.cates. .Adopting a similar approach, Charles described pro-

d f 1 1 · f ."" " 11 1" "I" 46 d B 0 ce ures or ca cu atl.on o. actl.Vl.tl.es l.n a (a l.-Sl. l.cates an 2 3-

Si0
2 

solutions47 and obtained an estimate of the miscibility gaps in 

these systems. The procedures entail the use of the heat of fusion, 

assumed to stay constant with temperature, and the position of the 

liquidus curve on the phase diagram to obtain the activity of the eOlll-

ponent through the equation: 

where L activity of a = 
referred to 

S 
activity of a = 
referred to 

~H~ [TIm 
4.575 l 

the liquid in the liquidus composition 
pure liquid standard state. 

soLid at the liquidus lVllme ra lure 
pure liquid standard s ta te. 

(1) 
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All. heat of melting, cals/mol. 
m 

T melting temperature, oK. 
m 

TL = liquidus temperature, oK. 

The data calculated along the liquidus can then be extrapolated to 

other temperatures by assuming that at a fixed composition the partial 

1~6 
heat of solution, AH, stays independent of temperature. Thus 

T and Y
T 

= liquidus temperature and activitY,coefficicnt.3t 
the liquidus, respectiv6ly 

temperature and activity coefficient at the ·chosen 
temperature T. 

R = gas constant =,1.98 £als/mol~K. 

The calculated isothermal activity coefficients for one. component can 

then be used in the Gibbs-Duhem equation to "btain data for the other 

component in the binary system: 

where X and X
2 L 

= mole fractions of components 1 and 2. 

= activity coefficients of components land 2, 
respectively. 

The calculated activities can no\l1 be assembled in the· following 

equation to obtaining the free energy of mixing of the liquids, l\G m, 

where a
l 

and a
2 

= attivities of component 1 and 2. The variation o[ 

the free energy of mixing \lith composition can be used to locate the 

width of the miscibility gap at each temperature. 

(3) 
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Application of the above procedures to the Si0
2

-A1
2
0

3 
binary 

system require a vlell-considered choice of mixing specics participating 

in the regular solution proc~ss. For the alkali silicatcs and borates, 

48 
Haller et al. proposed the use of a Si02 or 8

2
°3 multimer and tbe 

stoichiometric compound liT!liting the miscibility gap at the alkali. ('nu 

as the t\VO immiscible liquids. Si0
2 

or B
2

0
3 

multimers ,,,ere chosen to 

satisfy the shape of experimentally reported gaps in thesc sys~ems. On 

the basis of the various stable and metastable binary phase relation- . 

12 ships proposed by Aksay and Pask in the present system, (Fig. 1) sev-

eralspecies can be considered as candidates for the solution mixing 

process. For instance, if the metastabl~ Si0
2 

- stoichiometric (3:2) 

mullite binary system is considered, .the liquid phase separation process 

could be visualized in terms of' the follml1ing reaction: 

[
AI Si ° (1)J. (5) 

1.16 0.42 2.58 

Where, x and yare the mole fractions of Si0
2 

and A1
2
0

3 
in the starting 

composition and X and Yare the mole fractions of the unmixed liquids. 

Similarly, if the metastable Si0
2 

- 2:1 mullite (-66.7 mole% A1
2

0
3

) 

system is considered the phase separ~tion reaction can be written as: 

x Si02 . Y A1 203 (1) === X Si02 (1) + Y [AI Si 02 67 (l)J (6) 
~ _ 1.34 0.33· . 

Calculated thermodynamic data for the metastable Si0
2 

- mullitc 

systeT!l with the stable mullite liquidus (Fig. 1) extended to -58.0 molc% 

A1
2
0

3
was first obtained. The species that undergo regular solution 

mixing in such a system were assumed to follow react i.on (5) above", 

Table I lists the cryoscopic data obtained from the SiOZ liquidus curve 

using equation 1 with a heat of fusion of 1835 cals/molc for 81°249 and 
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a melting temperature of l726°C. 49 The partial molal heat of solution 

LlH = RT£nYSi02 (assuming the excess entropy to be zero) is also included 

in Table I .. The data shows an extremely small positive deviation from 

ideal mixing and thus immiscibility sufficiently above glass transition 

temperatures ( 1100°C for Si0
2

)50 will not be expected in the range of 

compositions under the Si02 liquidus curve. 

Activities along the muUite liquidus curve of :':!;e met:lstable Si0
2

-

3:2 mullite (58.0 mole% A1
2
0

3
) system using the mullite composi.tions i!l 

eq~ilibrium with' liqufd ,can be obtained from equation 1. No experi-

mentally reported value for the heat of fusion of mulli te was av~lilahle. 

An estimate of the heat of fusion can, however, be made by two approach-

es. In the first procedure the isothermal activities of Si02 obtained 

{n the composition range spanned by the m~llite Uquidus(using equa-

tions 1 to 3) can be matched with the activities obtained from the Si02 

liquidus when extended metastably to higher mullite mole fractions. 

since a correspondence must exist for Si0
2 

activities at a fixed com-. 

position and temperature, the above procedure yields an estimate of the 

heat of fusion of mullit~ oi -27,000 cals/mole. The second method for 

estimating the heat of fusion is based on the weight'ed a'verages of the 

h'eats of fusion of the constituents A1
2
0

3 
and Si0

2
. Using the exper­

imentally reported heats of fusion of A1
2
0

3 
and Si0

2 
of 25,700cals/ 

. 51 . 49 
mole and -1835 cals/mole, respectively, 'the heat of fusion of 

mullite (0.58 A1
2

0
3 

0.42Si0
2

) can be estimated to he 

0.58(25,700)+ 0.42 (1835) ~16,000 cals/mole. 

In view of the uncertainty associated with the heat of fusion of 

mullite and because calculated activities (equationl) are greatly 
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dependent on the value chosen, data were calculated for a range of 

values of the heat of fusion from 16,000 to 54,000 ~als/mole. the 

critical points for immiscibility were estimated for each set of daLa. 

Similar considerations were used in the analysis of the metastable Si0
2 

- 3:1 mullite (0.75 A1
2

0
3 

0.25 Si02) systems. 

A representative set of thermodynamic data for the metastable Si02 

- 3:2 mullite (0.58 A1
2

0
3 

0.42 Si0
2

) system using an estimated heat 

of fusion for mullite of 16,000 cals/mole is now presented. Table TT 

lists the cryo~copic data from the mullite liquidus metastabily extended 

to -58 t:lole% A1
2

0
3

• Isothermal data at chosen subliquidus temperatures 

can then be obtained based on the previ6usly stated assumptions regard-

ing the constancy of the partial molal heat of solution (equation 2). 

Th ' . h b d h d 52 . hI' 1S assumpt10n as een reporte to s ow goo agreement Wl.t ca 01"1.-

metric results for the PbO-Si02 system in the temperature range 900°­

l700°C. As shown in Fig. 8 the activity coefficients of mullite indi-

cate a strong positive deviation from ideal mixing. The data of Fig. 

8 can now be used in equation 3 to obtain isothermal data for Si02 (1) 

(Fig. 9); considerable rion-ideality is also apparent from these data. 

An analysis of the A1
2
0

3 
liquidus curve (Fig. 1) over the range 40 

to 100 mole% Al
2

0
3 

is now presented. Th~ activities of A1
2

0
3 

were cal­

culated from equation 1 using experimenLallyreported values of the 

heat of fusion(25,700 cals/mole)51 and melting temperatureSl (2323°K) 

of A1 20
3

• In order to obtain the data on activity coefficients fur the 

reacting components a choice of the speeies invo:Jved in tlte soluLioll 

mixing is necessary. Since no information on the exact nature of the 

mixing species is available to warrant ~ specific choice, two 
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possibilities can be considered. On the one extreme one can choose 

Si02 and A1 20
3 

as the end components of the pseudobinary sy!:>tem and on 

the other mullite (-0. 6A1
2
0

3
' O. 4Si0

2
)' and A1

2
0

3 
could becollsi dercu as 

the components. Activity coefficients and partial molal heats bf solu-

tion of A1
2
0

3
in these two cases are listed in Table!:> III anu IV. The 

positive values of .Q.og y and the partial molal heats of solutilln 
A1 20

3 
of A1

2
0

3 
indicate a strong positive d(~partllre (rum an ideal 'solut iOll. 

Isothermal data for log YAI ° using 5102 and A1 203 as the component!:> 
2 3 

is presented in Fig. 10. The activities of A1
2

0
3 

at variou::; subliquiduf; 

temperatures are shown in Fig. 11. Imminent unmixing is indicated below 

-llOO°C. The data of Fig. 10 can also be used in equation (3) to obtain 

isothermal values of .Q.og Y
SiO 

(Fig. l2)~The activity .coefficients of 
2 

Si02 ,A120
3 

and mullite obtained above are such that the integral molal 

heat of mixing ~HM = (Xl ~Hl + X2 ~H2) fia!:> aposi tive vallie. 1\ m:lrked 

tendency toward liquid immiscibility is, therefore, implied in these data. 

The parabolic nature of the variation of the isothermal activity 

coefficients of Si0
2 

(logarithmic) as shown in Figs. 9 and 12 suggests 

that Si0
2
-Al

2
0

3 
solutions may behave in a "regular" manner. Such he­

havior may be tested by plotting the a-function suggested by IIi1debrand 

53 
and Scott; the constancy of a ~ith composition indicates a regular 

solution with a constant heat of mixing ~nd ideal entrbpy of mixing . 

. For equal molar volumes, the a- function in the present system can be 

defined as: 

en 
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Isothermal values 'of .R.ogy Si0
2 

are shown in Fig. 12 il1 the composition 

range 40 to 100 mole% A1
2

0
3 

(assuming Si0
2 

and AI
2

0
3 
ascompo~lcnts). The 

.R.OGYSi02 data in Fig. 9 was obtained by treating Si02 and mullitc as 

components in the composition range ° to 100 mole% mullite (i.e. ° to 

-58 mole% A1
2
0

3
). Since the activity of Si0

2 
in the solution at a fixed 

composition must be the same regardless of the components chosen the 

Q,ogy Si0
2 

data of Fig. 9 can be, converted to a new set of .Q,ogy Si0
2 

values 

referred to Si0
2 

and A1
2

0
3 

as components. Thus: 

.R.og(Activity of Si0
2

) = .R.og(Activity of Si02) 

where YS~02' xs70
2 

and YS~02' XS~02are activity coefficients iJnd mole 

fractions of Si02 with mullite and A1
2

0
3 

as components respectively_, 

The ,a values for each temperature can now be calculated from equation 

(7). As shown in Fig. 13 a stays essentially constant in the composition 

range -15 to 95 mole% Al20
3 

and thus a reasonable approximation to regu-

lar behavior is expected in this range. 

2. Calculated Metastable Liquid~Liquid Immiscibility 

The thermodynamic data obtained in the previous section can be 

assembled in the expression b.G 
m 

obtain the isothermal free energy of mixing values referred to pure 

liquid standard states. The variation of the free energy of mixing with 

composition can then be used to locate the width of the miscibility g.:1p 

at each temperature. For example the data shown in Figs. 9 :md 10 can 

be assembled to obtain the isothermal free energy of mixing values for 

the metastable Si0
2
-3:2 mullite (0.58 A1

2
0

3 
0.42 Si0

2
) system. , Common 
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tangents to the resulting plot of l\G
m 

vs. composition (Fig. 14) represent 

the compositions at the boundary of the miscibility gap at each 

temperature. 

As stated in the previous section, the thermodynamic data obtained 

is dependent on the estimate of the heat of fusion 6f mullite and the 

end components chosen in the mixing model. Consequently, the effect of 

the heat of fusion value on the calculated inuiliscibility was evaluated 

by obtaining thermodynamic data for a range of values of ,fI\ullite heat of 

fusion. As shown in Table V the upper consolute temperature of the mi.s-
'. . ; 

cibility gap is lowered with an increasing value for the heat of fusion. 

The critical composition is, however, not significantly affected.· 

Figure 15 shows the calculated miscibility gaps for the 16,000 and 

27,000 cals/mole values of the heat of fusion of mullite superimp,osed 

on the stable and metastable phase diagrams determined by Aksay and 

12 
Pask.· The calculated miscibility gap obtained using Si02-2: 1 mullite 

(0.67 A1
2
0

3 
0.33 Si02) as components is also plotted in Fig. 15 using 

an estimated heat of fusion of 18,000 cals/mole for 2:1 mullite. The 

upper consolute temperature of the miscibility gap is raised when a 

higher A1
2

0
3 

mullite is chosen as a component in the calculation. 

The calculated miscibility gap obtained using a heat of fusion 

of 16,000 cals/mole andSi0
2 

a~d ~3:2 mullite as components represents 

15 a good fit to the experimental data of MacDowell and Beall who pro-

posed a gap between -7 and 55 mole % A1
2

0
3 

(at 1100°C). However, the 

Si02-rich phase boundary of the calculated miscibility gap in the pre-

sent work intersects the estimated curve for glass transformation 

( 1014.6 . ) f 3 1 % d temperatures T)::< p01ses at a composition o· '" mo e a Al i 0
3 

an 
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-6.3 mole % A1
2

0
3 

for calculations based on heats of fusion of 16,000 

and 27,000 cals/mole respectively. In their light scattering studies on 

Al
2
0 3 containing high Si0

2 
glasses Nassau et al. 54 observed phase sep~­

ration in the 6.44 mole % A1
2

03 composition but not in the 6.13 mole % 

composition. They also estimated the glass transition temperature for 

the 6.13 mole % Glass to be -780 ± 30oe. The limiting composition of 

the miscibility gap at the Si0
2 

end can thus be reasonably assumed to 

lie at -6.3 mole % A1
2

0
3 

at "'800oe. This result suggests that the 

calculated gap with a mullite heat of fusion of -27,000 cals/mole (Fig. 

15) is the accurate one. On the A1
2

0
3 

end the limiting compositiolls 

for immiscibility are calculated to be -58 mole % A1 20] (Heat Of fusion 

= 16,000 cals/mole) and -56 mole % A1
2

0
3 

(Heat of fusion = 27,000 cals/ 

mole). The phase boundary in A1
2
0

3 
rich compositions thus appears close 

15 
to that suggested by MacDowell and Beall. 

The thermodynamic data obtained by analyzing the A1
2
0 3 liquidus 

curve (Tables III, IV and Figs. 11, 12) can similarly be assembled in 

equation (4) to obtain the values of the free energy of mixing as a 

function of composition. When such data are obtained using Si0
2 

and 

A1
2

03 as the components (Table II, Figs. 11, 12) a miscibility gap is 

predicted with a consolute temperature of "'1120oe at a critical compo-

sitionof -78 mole % A1
2

0
3

. On the other hand if flIullite (0.6 A1
2

0
3 

0.4 Si02) and A1
2

0
3 

are considered as components the upper consolute 

temperature of the calculated miscibility gap is greater than 2l0Qoe at 

a critical composition of -78 mole % Al
2

0
3

. The large difference, in 

the consolute temperature of the miscibility gaps calculated from the 

Al 203 liquidus curve underscores the necessity of choosing proper. 
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species for use in the solution model. The choice of Si0
2

-A1
2

0
3 

and 

mullite (0.6 Al
2

0
3 

0.4 Si0
2

) - A1
2
0

3 
'as components in the analysis 

presented above represent" perhaps, two extreme cases between which 

immiscibility in A120
3
-rich compositions could be expected. While the 

location of such a mis~ibility gap cannot be 'accurately predicted be-

cause of the limitations of the present model and inadequate data on 

mixing species in the melt, the positive deviations from ide~iity in 

the calculated thermodynamic data point to a very strong tendency 

toward liquid immiscibility in the A1
2
0

3
-rich compositions. 

Since the is,othermal valu~s of the 'a-function 10g
Y

Sib2 = X -2 
.A~203 

plotted in Fig. 13 are, fairly constant over a broad compOSl.tlon range 

it is also possible to use a simple model based on assuming Si0
2 

and 

Al
2

0
3 

as the components across the entire phase diagram to calculate ;l 

single miscibility gap which is symmetrical about a mole function of 

O.S. The free energy of mixing expression for such a case takes the 

form: 

where Xl 'and X
2 

= mole fractions of 8i02 and Al
2

0
3

. The variation of 

I1G with composition in such a calculation indicates a miscibility gap 
m 

extending from ~22 to 7Smole % Al 20
3 

at ~l200°C. The estl~~tcd cOn­

solute temperature of the gap is l3S0°C ± SO°C. 

3. Experimental Evidence for Liquid ImmiscibiliS: 

In order to seek experimental verification for glass-in-glass 

immiscibility some, Si0
2
-rich glass compositions prepared by the 

procedures described earlier (III.A.l) wer'e examined by direct trans-

mission electron microscopy. 
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Compositions containing 5wt% through 23wt% A1
2
0

3 
yielded X-ray 

amorphous glasses but the 42wt% Al ° comoositions showed diffraction 
23· 

peaks of mu11ite. A representative polished section of the glass samples 

was analyzed by the electron microprobe. Glass compo~;itions were found 

to be within lwt% of the starting value (Fig. 1&, 23wt% Al
2
0

3 
glass). 

Sample preparation for electron microscopy by the commonly useq 

ion-thinning methods "was not possible because the samples were brittle. 

Consequently, the as-prepared glass samples ,.,ere crushed into a fine 

powder and gently blown on to a copper grid prior to insertion in the 

electron microscope. In some samples the edges of the fractured glass 

fragments were found thin enough for beam transmission in a high voltage 

(650 kV) electron microscope. A direct transmission electron micrograph 

ofa 23 wt% Al
2
0

3
-77 wtZ Si0

2 
glass in the as-quenched condition is 

shown in Fig. 17. The morphology of the structure is typical of phase 

separation observed in the nucleation and growth controlled regions 

55 of miscibility gaps in several glass-ceramic systems. The selected 

area diffraction pattern obtained from the phase separated droplets 

(Fig. 16-B) indicates an essentially amorphous structure verifying the 

glass-in-glass immiscibility in this composition. 

A direct transmission electron micrograph of a 42 wt % A1 20
3

-5B wt% 

Si02 glass is shown in Fig. 18. Considerable inhomogeneity is evident 

in the structure indicating phase separation. However, the selected 

area diffraction pattern from the dark droplet-like features rl'v(:al~; 

the commencement of crystalline order further confirming the tendency 

Df melts greater than ~25 mole% A1 20
3 

(~35 wt % A1
2
0

3
) to crystallize 

d OllS very rea 1 y. In view of this rapid crystallization tendency~ 

. , 

." 
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experimental verification of the phase boundaries of the calculated 

miscibility gaps (IV.A.2.) in qtienched glass samples is not likely 

to be obtained by electron microscopy methods. Furthermore, even the 

. . 16 56 
glasses prepared by ultra-fast quenc111ng methods, , either crystal-

lize during the quench or at ~lOOO°C during subsequent reheating.- Hence, 

the traditional methods of observing opalascence and clearing upon 

traversing the boundary of the miscibility gap are not applicable for 

verifying the calculated liquid-liquid metastable immiscibility in the, 

present system. The experimental verification of the phase boundary 

in A1 20
3
-rich compositions can, however, be obtained by conducting 

crystallization studies on selected melts a~d inferring the· temperature 

of the onset of phase separation from the analysis of the microstructure. 

(Sec. IV.B). 

4. Metastable Si0
2

-A1
2

.9.
3 

. Phase Diagram 

The possibility of the existence of a metastable silica-alumina 

phase diagram in the absence of mullite has been raised by several 

previous studies. D~vis and P~skll suggested .that mullite nucleation 

may be preceded by the formation of a metastable glassy phase and pro-

posed a single eutectic metastable phase diagram. 
12 

Aksay and Pask 

reported the precipitation of an alumina plus glass assemblage when a 80 

wt% alumina melt was slowly cooled to below the peritectic temper.ature 

(1828°C). The compositions of the glass phase in metastable equilibrium 

with the alumina precipitates at a temperature of 1750°C was found to 

be 48 wt% alumina. Since this composition was close to the alumina 

liquidus curve as it was metastably extended to 10\oJ.er temperatures, 

12 
Aksay and Pask suggested that it was evidence for the existence of a 
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metastable silica-alumina phase diagram. 

The formation of non-crystalline phases in subsolidus reactions 

between cristobalite and corundum has been reported by Staley and 

Brindley.57 The compositions of the presumably glassy component of 

the. reaction at l500°C was estimated by these authors; an average 

value of 27 wt% Al
2

0
3 

was reported. The fonnation of a glassy phase 

58 
in similar mixtures at 1600°C was reported by de Keyser. 

position of the glass was reported to be 8.4 wt% alumina. 

The COlll-

5<) 
Wahl et .:d ... 

observed reactions in cristobalite-alumina mixtures at temperatures as 

1m., as 1200°C with no mullite formation. 

The experimental data on subsolidus reactions in the cristobali.te-

alumina mixtures reported by various investigators above strongly 

suggest that a metastable glassy phase forms which acts as a precursor 

for nucleation of the mullite phase. Furthermore, only the Al
2

0
3 

phase 

precipitates in high alumina melts (8Owt%) cooled slowly from above the 

liquidus suggesting metastable system in the absence of mullite-. 

K d 1 60 b ·d· .., 1 l' 1 ennar et a. 0 serve a mlcrostructure contalnlng on y a umlna p us 

glass in directionally solidified ingots of starting composition equal 

to 78 wt% alumina. The glass phase was reported to have a composition 

of 23 wt% alumina. 

In order to determine the subsolidus eutectic temperature of the 

possible metastable alumina-silica phase diagram, several cristobalite-

alumina pellets were fired in the temperature range 1100 to l300°C at 

intervals of 50°C. If a metastable glassy phase indeed forms :lS a 

precursor product, then it is reasonable to expect a sharp incr~ase in 

the shrinkage of the compacts at and above the eutectic temperature, 
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since sintering will be accelerated in the presence of the glassy 

phase. Table VI shows the shrinkage and sintering characterist~cs of 

compacts containing 27 wt% alumina and 73 wt% cristobalitc. No sinter-

ing was observed on firing at 1100, 1150, and l200°C even after long 

times. Some sintering was observed in the 1200°C compact but at l280°c 

a dramatic change in the shrinkage was found (12.8% linear shrinkage). 

This rapid change in shrinkage over the ,temperature interval l200·to 

l280°C suggests that sinte~ing near l280°C is assisted by liquid ph~se. 
, , 

formation. In light of these data the eutectic temperature of the meta-

stable silica-alumina system can be estimated to be l265°C (lIS). 

The metastable extensions of the Si02 and A1 20
3 

liquidi to the 

eutectic temperature of l275°C were obtained partly by experimental 

methods and partly by utilizing the thermodynamic data calculated in 

Section IV. A.I. 

The extension of the,A1 20
3 

liquidus to lower temperatures was 

calculated from the data on activity coefficients of A1
2
0

3 
derived in 

section IV.A.I. 
" Y 

Figure 10 shows the isothermal values of £og A1
2

0
3 

as a function of composition (bet\-leen A1
2

0
3 

mole fractions of 0.4 to 

1. 0) assuming Si0
2 

and A1
2

0
3 

as components. A least squares fit of the 

£ogYAl Z03 values at some temperature T yields the expression: 
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where X = mole fraction of A1 20
3 

and A, B, C and D are constants. If 

the activity coefficients of A1
2

0
3 

can be assumed to obey the above 

expression at A1
2

0
3 

mole fraction less than 0.4 then it is possible to 

obtain £ogYAl ° values at temperature T for A1
2

0
3 

mole fractions less 
2 3 

than 0.4. 

The £ogyA1
2

0
3 

values at temperature T Here transposed to the 

. £ogyA1
2

0
3 

value at the liquidus temperature TL for each composition by. 

using the equation: 
T L 

RT £ogy A1
2

0
3 

= RTL £ogy A1
2
0

3
. 

The activity of A1
2

0
3 

along the liquidus is expressed by (equation (1) 

section IV.A.l) the equation: 

aL 
£oglO Al ° 

2 3 
= 

MI 
m 

4.575 

L 
£ogYAl ° + £ogxAl ° ·2323 

= 

(T~ - 'l~) 
~H 

4.5~5 (T~ - T~) 
Since the heat of melting ~Hm and the melting point Tm for Al

2
0

3 
are 

51 L 
known the values of £ogyAl ° were used in the above expression to 

2 3 
obtain the liquidus temperature at a chosen mole fraction of A1

2
0

3
. 

Similar calculations were also made to determine the metastable ex-

tension of the Si0
2 

liquidus. 

The metastable extensions of the Si0
2 

and Al 20
3 

liquidi obtained 

by the above procedures are sho· .. .10 in Fig. 19 superimposed on the stable 

12 
and metastable equilibria in the system. The extended A1 20

3 
l~quidus 

has a composition of -28 wt% (17 mole%) A1
2
0

3 
at l500°C which is very 

close to the estimated average composition of A1
2
0

3
.5 Si0 2 reported hy 
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Staley and Brindley58 for the non-crystalline metastable phase formed 

in reactions between cristobalite and corundum at l500°C. The glass 

composition of 23 wt% A1
2

0
3 

(",15 mole%.A1
2

0
3

) reported by Kennard 

et a1. 57 in solidified ingots of overall composition equal to 78 wt% 

A1
2

0
3 

lies at a temperature of ::;:1450°C on the extended A1
2

0
3 

liquidus. 

This observation suggests that the slowly cooled melt follows the mcta-

stable Si0
2

-A1
2

0
3 

diagram proposed in Fig. 19 with the supercooled 

liquid composition following the extension of A1
2

0
3 

liquidus and the 

structure consisting of A1
2
0

3 
plus liquid with no mullite phase~' 
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Considerable tendency toward metastability was demonstrated in die 

previous section. The relationship bel\.;reen metnstability, es.pecially 

liquid immiscibility, and crystallization of Si0
2

-A120
3 

melts is now 

explored. 

1. Crystallization Behavior as a Function of Melt Undercooling 

Two melt compositions, containing 42 and 60 \.;rt% A1 20), were 

selected for crystallization studies because the former lies near the 

center and the latter at the A1 20
3
-rich phase boundary of the miscibi­

lity gap (Fig. 19). All heat treatments were conducted in scaled molyb-

denum crucibles. The melts '-lere homogenized at 2090°C (±lOO) for 50 to 

60 minutes after which the temperature ,..ras rapidly lowered (in 1 to 3 

minutes) to a chosen subli.quidus temperature T. The undercooied . melt 
u 

was held at temperature Tu for a fixed l.ength of time (typically 1 ~ 

hours) and then quenched to room temperature by introducing a flo\-l of 

helium into the furnace chamber. 

The microstructure obtained after the homog~nized melt (60 wt% 

A120 3) was held at an undercooled temperature Tu equal to 1862°C for 

I t hours and helium q~enched to room temperature is shown in Fig. 20. 

The microstructure shows mullite needles (-200 to 250ll long) surrounded 

by a siliceous glass matrix. X-ray diffraction of the sample indicated 

mullite as the only crystalline phase. The mullitc needles and the 

glass matrix in Fig. 20 were analyzed for chemical composition by the· 

point beam electron microprobe. Composition profiles across the two 

phase structure were obtained by moving the. point beam in III steps. 
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The profile shows an A1
2
0

3 
content of ~78 wt% in mullite and .18.5 wtZ 

in the glass. 

Microstructures similar to that shown in Fig. 20 were obtained 

when the homogenized 60 wt% A1 20
3 

melts were undercooled to temperatures 

of 1860, 1725, 1500 and room temperature (Le. a direct quench to room 

temperature from· 2090°C). The composition of the mullite needles in 

all the microstructures (Fig. 21) were -78 to 78.5 wt% A120
3 

suggesting 

that they had all crystallized in an identical manner. In addition, no 

significant change i,n the length or thickness of the mulH te needles 

was observed indicating that crystallization may have occurred not at 

the various temperatures T but possibly at some lower temperature dur-· 
u 

ing the quench to room temperature. 

Figure 22 shows the microstructure typical of the 60 wt% A1 203 com­

position heated at Tu = 1325, 1220, and 1025°C for It hours after the 

initial homogenization. No significant microstructural changes were 

observed although the size of the mullite crystals was slightly finer. 

The chemical composition of the mullite crystals in Fig. 22, however, 

is -76 wt% A1
2

03 and the glass compo~ition is -20.5 wt% A1
2

0
3

. Similar 

heat treatments on the 60 wt% A1
2
0

3 
composition at undercooling temp­

eratures of 925 and 730°C show the mullite composition to be -74.5 and 

75 wt% A12~3. Typical microstructures are· shown in Fig. 23 for a repre­

sentative composition. The composition of mullite obtained by holding 

the homogenized melt at 925°C prior to cooling to room temperature dc~ 

pended on time of holding at 925°C. As shown in Fig. 24 a holding time 

of 15 minutes gives a mullite of -77.6 wt% AI
2

0
3 

composition. When the 

undercooled melt 1.s held for longer times, however, the mullite 
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composition drops to lower Al20
3 

contents reaching a value of -73.2 wt% 

A1
2
0

3 
after 24 hours. The above observations. suggest that mullite 

crystallization is initiated at some temperature below -1550o C and the 

composition of the first mul1ite crystal to form is ~78.5 wt% A1
2

0
3

. 

This result is not surprising since formation of mullite with compos i-

tions greater than that indicated by the stable phase diagram (-70.5 

wt% A1
2

0
3

) is well documented when the mullite precipitates from a 

liquid phase. 61 ,62 The present data also suggests that the initially 

formed mullite (-78.5 wt% A1
2

0
3

) upon continued heat treatment exsolves 

·A120 3 and approaches its equilibrium composition. The,A1
2

03 rejected by 

the mullite crystal during the reaction enriches the neighboring glass 

as indicated in Fig. 24. 

The microstructure of the 60 wt% Al203 melt undercooled to 600°C 

I 
(Tu) following homogenization at 2090 o C, held at 600~C for 1 2 hours 

and quenched to room temperature is shown in Fig. 25. The morphology 

of the mullite crystals in a glass matrix is similar to the sample 

quenched to room temperature from 2090°C without any intermediate 

holding (Fig. 21). Furthermore, the composition of the mullite in both 

cases is -78.5 wt% A1
2

0
3 

indicating identical crystallization history. 

The temperature of 600°C in the above treatment lies near the estimated 

glass transformation temperature (n 1014 •6 poise) for the 60 wt% 

A120
3 

composition (Fig. 19). Thus, both the as quenched sample and 

the sample undercooled to 600°C must have crystallized at a temperature 

above 600°C but below l550°C. The mu1lite composition of -78.5 wt% 

AI20 3 in the structure of Fig. 25 also suggbsts that the initially 
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formed mullite did not lower its A1
2

0
3 

content as in the heat treatments 

corresponding to T = 1325, 1220, 1025, 925 ahd 730°C because of cur-
u 

tailed diffusion through the rigid high viscosity (n~1014.6) medium. 

l.Jhen the viscosity is sufficiently low for diffusion, the initially 

formed -78.5 wti. AI
2
0

3 
mullite'lowers its A1

2
0

3 
content with continued 

holding as shown in Fig. 24. The mullite composition after'a long hold 

at 925°C for 24 hrs. is -73.5 wt% A1
2

0
3

• This value is very close to 

the solidus composition for the metastable Si0
2 

- "disordered" (2:1)­

mullite diagram proposed by Aksay and Pask (Fig. 19). It is, therefore, 

concluded that when'mullite is formed by precipitation from the liquid 

phase the composition of the mullite corresponds to the metastable 

equilibrium value of -73.5 wt% A120
3

. 

Table VII sununarizes 'the composition data for crystallization of 

the 60 wt% A1203 melt as a function of undercooling.' 'The composition 

of mullite in samples 60=Q, 60-18, 60-17, 60-15 and 60-6 are -78 to 

78.5 wt% A1203 surrounded by a glass of -18 wt% A1
2
0

3
. On the other 

hand, when the melt is held at lower temperatures (60-13, 60-12, 60-10, 

60-9 and 60-7) the mullite composition is ~75 to 76 wt% A1
2

0
3 

surround­

ed by a glass of -zO to 21 wt% A1
2

0
3

. These data then suggest that the 

melt is supercooled without crystallization through some temperature 

below 1550 but above 1325°C. At some temperature between l325°C and 

l550°C crystallization of mullite is initiated and the first mullite 

formed has a composition of -78 to 78.5 wt% A1
2

0
3 

which is subsequently 

lowered on further heat treatment. The relationship of the observed 

crystallization behavior to metastable'liquid-J.iquid immiscibility 

(Sec. IV.A.2,3) is treated in the following section. 
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Since mullitecrystallization appears to commence at a temperature 

between 132S ft C and 1550°C (for the 60 wt% Al
2

0
3 

melt) and since the 

phase boundary of the metastable liquid immiscibility (Fig. 19) is 

within this temperature range, it is appealing to develop a reasoning 

for the observed crystallization behavior in relation to prior liquid 

immiscibility. 

In general, a metastable glass phase forms because the more 
. 

stable crystalline phase is kinetically unfavorable. If heat treated 

for a sufficient length of time, the metastable glass phase will sepa-

rate into two glasses unless crystallization intervenes. This general 

view based on kinetics states that the crystalline phase cannot appear 

simply because the other reaction (either single phase ot' phase sepa-

rated glass formation) is faster. There is, however, a possibility 

that the crystalline phase will be actually forbidden by thermodynamics 

to pred.pitate until after the precursor metastable reaction is complete, 

73 
.,.0 as suggested by Cahn. Let us consider the free energy of mixing. 

versus composition curves for the metastable liquid L and the stable 

solid S at a temperature T below the upper consolute temperature of 

the miscibility gap, as shown schematically in Fig. 26. If the mullite 

.0· phase(soli:d) precipitates from the liquid of composition Co the free 

energy is increased corresponding to the segment FL-F
M

. However, after 

the liquid immiscibility step is complete the mixture of liquids Ll and 

L2 has a free energy corresponding to FS. Transformation to the mullite 

phase now involves a decrease in free energy(F
S 

to F
M
). 

.; -
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Applying the above principles to the observed crystallization 

behavior as a function of melt undercooling reported earlier, it can be 

argued that the 60 wt% Al
2

0
3 

melt is supercooled to near the inuniscibi­

lity boundary because mullite for~ation is thermodynamically blocked 

until the precursor re'action (Le. unmixing into two glasses) is com-

plete. The crystallization of the melt can thus be visualized' in terms 

of the following steps: (i) Supercooling of the liquid to the phase 

boundary of the miscibility gap, (ii) Commencement of liquid immiscibi-

lity at -1325 ± 25°C, (iii) Crystallization of the AI203~ri~h phase 

separated glass to mullite of -78.5 wt% A1
20

3
, and (iv) Reduction in 

,.' A1 203 content of mullite from -78.5 to -73.5 wt% Al203 0n heat treat-
, , 

ment above glass transformation temperatures. In support of the above 

crystallization process, glass compositions (Table VII) are'very close 

to the Si0
2 

rich phase boundary of the mi.scibility gap (-18 to 20 wt% 

A1203) at a temperature of ~1350°C, for heat treatments involving very 

little or no time within the miscibility gap. 

In contrast to the above view of liquid immiscibility as a 

precursor to crystallization, it is also possible to consider crystal­

lization of a melt in terms of fluctuation theories. 64 ,65 According to 

these theories the melt, although macroscopically homogeneous, contains 

regions of fluctuational heterogenities varying in size from 200 to 

° SOOOA. These heterogeneous compositional and structural fluctuations 

do not have sharp interfaces but resemble the "future" precipitating 

phase (stable or metastable). As the melt cools, heterogenieties due 

to the miscibility gap are added to the above fluctuations. 
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The experimental data on crystallization can then be explained on 

the basis of the fluctuation theories by assuming the possibility of 

compositional and structural fluctuations in the present Si0
2

-A1
2
0

3 

melts at -2090°C closely resembling the high Al
2
0

3 
(-78.5 wt%) meta­

stable mullite phase. If such heterogeneous regions exist then the 

melt will be able to crystallize readily with avery slight 'structural 

rearr.angement. 

The fluctuations in the melt will correspond to high-Al
2
03 and 

high-Si02 regions. During cooling of the melt, short range diffusion 

of the Si02 molecular species occurs. As the above molecular species 

deplete the Al20
3
-tich composition fluctuations, crystallization of the 

mullite phase occurs by the rapid growth of these fluctuations. Since 

the crystallization to mullite involves no long range diffusion, but 

only a small structural rearrangement in the fluctuations in the melt, 

one can reasonably expectmullite precipitates of coarse size in the 

quenched melts. 

The microstructures in the as-quenched melt (Fig. 21) show mullite 

precipitates of ~15 to 20~ X 200 to 250~ dimensions. Since the melt was 

quenched to room tell1perature from 2090°C in 1 to 2 minutes the rapid 

crystallization observed may have occurred by the structural rearrange­

ment and virtually diffusionless process discussed above. 

The fluctuation model of crystallization is a possibility for high 

AI203 melts, but the experimental data on the 60 wt% AI
2
0] melts 

reported earlier appears to support the view of liquid immisc:i bU.l ty as 

a precursor to crystallization. 
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The 4Z and 60 wt% AlZ03 melts were subjected to chosen heat 

treatments within and outside the miscibility gap. Quenched melts which 

would have mu11ite precipitates as described, were then given heat 

treatments at l7ZSoC (±10) for various times. Several significant 

changes both in the morphology and the composition of the mu1lite crys-

tals were observed. 

Figure Z7 shows a typical microstructure obtained lolhen a 60 wt% 

AlZ03 contai~inc.melt was homogenized at Z090°C, held at 1500°C for 15 

mins, reheated at'lnsoc' for 1 ~ hours, and quenched. The morphology 

of the mullite needles is very similar to the melts shown in Fig. Zl. 

Further, the chemical composition of the mullite and glass phases de-

termined by the point beam electron microprobe was found to be 77.9 wt% 

AIZ0
3 

and 19 wt% AIZ03 respectively. These compositions are the same 

as those for melts undercooled to 1860, 1725, 1500°C and quenched to 

room temperature. Thus, the heating at 1500°C for 15 minutes (Fig. 27) 

simply supercools~ the melt without nucleation and subsequent reheating 

to l72SoC did not result in any nucleation or crystallization. The 

mullite crystals ob~erved in Fig. 27 must then have nucleated and grown 

during the quench to room temperature by a similar mechanism as the 

microstructures in Fig. 21. 

The effect of nucleating a homogenized 60 wt% Al
2

0
3 

melt at a 

temperature well within the miscibility gap (925<lC, 15 minutes) and 

1 recrystallizing at l725°C for 1 '2 hours, however, is shown in Fig. 28. 

The finer crystal size ofmullite observed l).ere (Fig. 27) in comparison 

to the previous example is suggestive of the appearance of crystals due 
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to the hold at 925°C. Subsequent reheating to l72S D C causes crystal 

growth of mullite around the nuclei established at 925°C. The ~omposi-

tion profile across the two phase structure of Fig. 28 shows a mullite 

with an A1 20
3 

content of -75 wtZ A1
2
0

3
'and ~ glass of -16 wtZ A1

2
0

3 

(Fig. 29). 

In keeping with the steps in the crystallization process developed 

earlier, the melt ·of Fig. 28 on cooling to 92SoC two glass phases which 

is followed immediately by precipitation of a high Al
2

0
3 

(-78.5 \oftZ) 

mullite, which in turn begins to exsolve A1
2

0
3

• During the reheating 

step (1725°C, 1 .~ hours) recrystallization occurs with the mullite crys­

tals approaching the metastable equilibrium value of -73.5 wtZ A1
2

0
3 

Figure 30 shows the microstructure obtained when the 42 wtZ 

melt was quenched to room temperature and reheated at 1725°C for 

A1
2

0
3 

1 
1 --

2 

hours. The mullite morphology obtained is typical of the needlelike 

crystals growing in the presence of a liquid phase. The composition of 

mullite in this case corresponds to 74.5 wtZ A1203 . A 60 wtZ Al
2
03 

composition heat treated at the same time under conditions identical to 

those for the sample in Fig. 30 resulted in the microstructure shown 

in Fig. 31. The composition of the muUlte phase is -75.5 wtZ Al
2

0
3 

·and the morphology of the needles shows bundles of well aligned crystals 

surrounded by the glass matrix. The differences in morphology in these 

two samples is probably related to the amount of mullite crystals. 

In order to evaluate the rate at which the predpitated mullite 

crystals approach the metastable equilibrium composition of 73.5 wtZ 

AI20 3 , quenched melts were heated at I725°C for various times. The 

schedule for both the 42 wtZ Al203 and 60 wtZ AI
2

0
3 

melts consisted of 
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homogenization at 2090 0 C for 50 to 60 minutes and cooling to room 

temperature by shutting off the furnace power~ The as-cooled samples 

showed X-ray detectable mullite which was very fine (-0.02).1) in the 

42 wt% composition and coarse (-20x250).1) in the 60 wtZ composition. 

The as-cooled melts with mullite crystals were recrystallized by heating 

to l725°C and holding for various lengths of time prior to cooling to 

room temperature. 

Figure 32 shows the microstructure obtained on heating of the as-

I quenched 60wt% melt at l725°C for I 2" hours. The morphology of the 

mullite in this sample was the same as in Fig. 31, but the A1
2

0
3 

content 

of mullite is lowered to 75.5 wtZ. 

Figure 33 traces the microstructural and composition changes in the 

60 wtZ composition after heating for 1 t, 5 t, and 70 hours at l725°C. 

The .origipal needle-like structure of mullite in'the as-quenched samples 

(Fig. 29) breaks up into finer mullite/ precipitates whose composition 

is reduced in Al 203 with time. Table VIII summarizes the composition 

data fot the 60 wt% Al
2

0
3 

series as.a f~ncti~n of nucleation conditions. 

The·· change in crystal size of mullite with time at l725°C after 

quenching to room temperature is shown in Fig. 34 for the 1.2 wt% AI
2

0
3 

composition. The recrystallization of mullite is accompanied by a 

change in A1
2
0

3 
content from -76 wt% A1

2
0

3 
to -73.5 wt% Al

2
0

3 
after a 

hold at l725°C for I ~. hours, (Table IX). Subsequent crystal coarsen-

ing.:,;:occurs with essentially no change in compositi.on, suggesting some 

interface controlled mechanism as being the rate limiting step in the 

crystallization. 



-46-

Figure 35 shows the coarsening steps in crystallization of the 

,42wti; A1
2

0
3 

1 

1 . . 
sample reheated to l725°C (5 i hours). (F1g. 34; 42QR -

5 2" hours). The microstructur.es s'hown in Fig. 35 indicate a coalescence 

of the fine mullite crystals during the recrystallization step at l725~. 

The coarsening of the fine mullite structure to long needles, whose 

thickness increases with time of holding, occurs by the formation of 

edge contacts betueeri two needles. Subsequent mass transport results 

in the interface controlled crystal growth suggested by small composi-

tion changes. 

4. Sub liquidus Silica-Alumina Reactions 

The product o~ solid state reactions between fused silica and 

alumina is believed to be a mullite phase (3:2 type) of composition 

corresponding to the stable equilibrium value of 70.5 wt% alumina.
12 

The morphology of the mullite of the solid state type is typically 

61 . 
globular ' while even the slightest amount of liquid phase promotes the 

needlelike morphology. 
62 

In the previous section on crystallization, the needle1ik~ mu1lite 

morphology was consistently observed since precipitation had always, 

occurred from the lJ\f~1t. Furthermore, this morphology persisted even 

upon reheating at subliquidus temperatures for long times. The mu11ite 

composition, in this case of the 2:1 type, was 78.5 wt% alumina in the 

first formed mu1lite and decreased to 73 wt% alumina after reheating at 

l72S0C for up to 100 hours. Since the mullite grown at temperature in 

solid state reaction is expected to be lower in A1
2

0
3 

content, reactions 

between silica and alumina at subliquidus temperatures were studied to 
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determine the validity of the hypothesis regarding the compositions 

of mullite. 

A 60 wt% Al20
3 

- 40 wt% Si0
2 

mixture was pressed into pellets 

and fired in air at ~l700~C for 9~ hours. The microstructure of the 

specimen is shown in Fig. 36. The white areas in the optical micro-

graph of Fig. 36 show sintered Al
2

0
3 

particles which are surrounded 

by a light graylayet of mullite that formed at l700°C by a diffusion 

controlled reaction with the siliceous liquid. The thickness of the 

mullite layer adjacent to the sintered A1
2

0
3 

particles is "'6~ after 

96 hours of reaction. The diffusion controlled nature of the reaction 

through the mullite layer is indicated in the slow rate observed. the 

composition of the mullite layer was determined by the electron beam 

microprobe to be ::::70.6 wt% Al20
3 

which corresponds to the stable 

equilibrium composltion; The liquid phase next to the mullite layer has 

a composition of 11 wt% A120
3 

Precipitation of mullite needles in the liquid phase was also 

observed as shown in Fig. 36(c). These needles formed during the quench 

from l700°C after holding at temperature for 96 hours. The microstruc-

ture shown in Fig. 36 is unique in that two different mullite morpholo-

gies can be seen in the same sample. The scanning electron micrographs 

of Fig. 36.(b) show the sintered Al
2
0

3 
particles with fragments of the 

mullite layer. The mullite growing out of the liquid phase as isolated 

needlelike islands is shown in Fig. 36(c). The relative ratios of AI/Si 

in the two mullites was determined by the EDAX (Energy Dispersive 
r;t! 

;:;~. Analysis of X-rays) at tachment to' the scanning electron microscope. 
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The AI/Si intensity ratios are shown in Fig. 37 by focusing the beam 

(-ll1diameter) on the sintered A1
2
0

3 
area (Fi.g. 36(a» and on the Inulljtc 

needles in the liquid phase matrix (Fig. 36 (c». The higher AI/Si 

ratio in Fig. 36(c) is direct evidence of a higher Al20 3 mullite pre­

cipitating from a liquid phase. 

'Additional subliquidus experiments were performed between S102 and 

Al
2

0
3 

mixtures of 60 wt% Al
2

03 composition to provide evidence for the 

stable phase diagram (Fig. 19). Conflicting phase equilibria studies 

by static quenching methods reported in literature have relied on 

examination of phases obtained in quenched samples, after homogenization 

just above the,liqtiidus. For example, AramaIci and Roy homogenized a 50 

mole% Al
2
0

3 
(-63 wt% A1

2
0

3
) composition at l852±10 for 9 minutes and 

reported mullite and glass as the only phases present. The temperature 

of 1852°C is within the stable phase field of Al20
3 

plus liquid as shown 

in the phase diagram of Fig. 19. Consequently, Al20
3 

must be observed 

in such mixtures upon quenching unless no nucleation sites are available 

for the nucleation of the alumina phase; the difficulties in nucleating 

the stable phase_(A1
2
0

3
) at small undercooling have been discussed by 

12 Aksay and Pasko 

It was hypothesized that if the particle size of A1
2
03 in reaction 

with Si0
2 

was fine enough for complete reaction to form mullite below 

the peritectic temperature then no A1
2

0
3 

sites would be available for 

, nucleation when the mixture was held above the peritectic temperature 

(Fig. 19). Thus, even though temperatures between l828~C and 1900 0 C 

(for the 60 wt% A1
2

0
3 

mixture) lie in the stable A1
2

0
3 

phase field, the 

starting mixtures containing fine A1
2
0

3 
particles will show mullite plus 
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glass as the phases after quenching to room temperature from above 

1828°C. However, if the AI
Z

0
3 

particle size in the starting mixture 

is coarse the mullite formation reaction will be incomplete (as in Fi~. 

36) and Al20
3 

nuclei would be pre~ent at the higher temperature 

To test the above hypothesis mixtures of overall composition equal 

to 60 wt% A120
3 

and 40 wt% Si02 were prepared by using Al
2

0
3 

particles 

of size ~0.03~, (Linde-AI203)8~(A~16, a-A1
20

3
) and 45~(A-14, a-A1

2
0

3 

agglomerates). Well blended mixtures were sealed in molybdenum cruci-

. bles and heated to 1725°C in I hqur. The mixtures wer~ held at 1725 D C 

·for 4 days. The temperature was then raised to 1855°C and maintained 

for 36 hours, before rapidly cooling the mixtures to room temperature. 

X-ray diffraction patterns obtained from the three mixtures using Si 

as an internal standard revealed the presence of A1
2

0
3 

only in the mix­

ture containing the coarse A-14 alumina particles (Fig. 38). The long 

hold at 1725°C resulted in complete reaction of the finer Al
2

0
3 

in the 

Linde and A-16 mixtures to form mullite but residual Al
2

0
3 

was present 

in the A-14 mixture when the temperature was raised to 1855°C. Since 

the Al20
3 

in this c~se found itself in the stable phase field of Al
2

0
3 

plus liquid (see Fig. 19) it did not go into solution even though the 

diffusivity of ~10~6 cm2/sec at 1850°C would require the complete 

dissolution of a 50~ Al
2

0
3 

particle in about 100 seconds. The fact, 
.;.~l\'t 

that Al
2

0
3 

~til1 persisted in this mixture indicates that at 1855~C the 

mixture was in the stable phase field. It is of int~rest to note that 

~resence of Al20
3 

in the 60 wt% Al20
3 

mixture held at 1855°C for 36 

hours and quenched to room temperature is inconceivable on the basis of 
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the Si0
2
-Al

2
0

3 
system showing a congruently melting mullite proposed 

. 8-10 
by previous authors. . 
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v. SUMMARY AND CONCLUSIONS 

The regions ·of metastable liquid immiscibility has been calcuLlted 

from' the thermodynamic data derived from the phase di.:lgram of the Si()2-

A1
2

0
3 

system. Positive deviations from an ideal solution were indicated 

both in Si0
2
-rich and Al

2
0

3
--rich compositions .. ' Miscibility gaps were 

calculated for various combinations of 'components in the system based 

, . 

on regular solution approximations. 

Glasses high in Si0
2 

were' examined by transmission ele~tron 

micro~copy for evidence of liquid phase sep~ration. Liquid-liquid 

immiscibility was demonstrated in g'lasses containing between "'7.5 and 

20 mole% AI
2
0) .. The fine scale of phase separated glassy droplets 

o 
(~400A) dispersed in a glass matrix results fr'om the existence of the 

subliquidus (metastable) liquid miscibility gap.' 

Crystallization of Si02-A1
2
0

3 
melts homogenized at "'2090~C ~as 

studied. Melts containing greater than ~30 mole% Al 20
3 

crystallized 

very readily to form a metastable mullite phase plus a residual sili-

ceous glass. Extensive crystallization studies on selected melt cornpo-

sitions provided experimental evidence for the relat'ionship between 

liquid immiscibility and crystallization. 

The microstructur~s obtained by crystallization of the melts were 

analyzed for chemical composition by the electron beam microprobe. 

The data for the 60 wt% A1
2

0
3 

melt 'crystallized by progressive undcr­

cooling after homogenization at 2090°C suggests that the melt supercools 

to -1350°C prior to crystallization. Sinte the temperature uf l350°C 

is near the phase boundary of the liquid miscibility gap for the 60 wt% 

composition calculated earlier, it is concluded that 'phase sepa.r;ation 
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~ay be an essential precursor to crystall~zation of the melt. The 

I 

extremely rapid crystallization tendency of A1
2

0
3
-rich melts to coarse 

(-250U long) mullite needles and the diffuse interface between the 

mullite and glass phases may also be due to the existence of fluctuJ.-

tional heterogenieties in the melt structure itself. 

Mullite with an A1
2
0

3 
content of ~78.5 wt% precipitates from the 

melt upon crystallization. The composition of this metastable mullite 

phase was shown to change with heat treatment to ::::73.5 wt% Al i 0
3

. This 

value corresponds to the solidus composition of the metastable Si02 -

"disordered" or 2:1 mullite diagram. 12 The morphology of the mullite 

precipitating from the liquid phase was needle-like and persisted dur-

ing the transformation of the high-alumina mullite to lm.;rer A1
2
0

3 
CQm-

positions upon heat treatment. 

Mullite with compositions (~70.6 wt% A1
2

0
3

) close to the stable 

equilibrium diagram12 formed at subliquidus temperature in reactions 

between Si02 and A1 20
3 

mixtures. Needle-like mullite crystals with an 

A1 20
3 

content higher than the equilibrium value formed in the residual 

liquid phase during cooling. Subliquidus reactions in Si02~A1203 pow­

ders containing different particle sizes of A1
2

0
3 

provided verification 

of stable phase equilibria in the system. 

A single eutectic meta!:; table Si0
2

-A1
2
0

3 
phase diagram in the 

absence of mullite was proposed. Extensions of the stable SiO and . 2 

AI 203 liquidi to lower temperatures was based on exp·ecimental cia t;) on 

phase compositions in crystallized melts high in A1203;calculation~~ 

based on thennodynamic data were also used to position the liquidi. 

The eutectic temperature of the proposed metastable phase diagra.m 
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determined from subsolidus reactions in cristobalite-corundum pellets is 

~1275°C; the eutectic composition is estimated to be ~12 mole % A1 203" 
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Table I. Thermodynamic Data From the Silica Liquidus. 

\ 
- I 

I 
I 

i Liquidus Composition Liquidus Activity Log Activity Partial Molal 
T'emp. (OK) of Si02 Coefficient of Si02 Heat of Solution 

c' 
Ci 

Hole Fraction 
of Hullite .:c.~~" 

i 
.0167 1973 0.994 +0.0047 42.4 

I .043 1927 0.983 +0.0116 102 J 
I 

I .067 1903 0.977 +0.020 174 

C 

Jb ...... 
0' 

C 

0.086 1860 0.966 +0.024 204 

I 
L 

(.". 
I 
\]1 
~ ~ 

I 

'J 

0 
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Table II. Thermodynamic Data from l1u1lite Liquidus (Heat of Fusion 

=16,000) of mul1ite. 

Mole Fraction Liquidus L Partial Molal Log10 Y~~ullite Mullite (Liquidus) Temperature Heat of Solution 
Compositions) (OK) i\H (Mullite) 

Cals/mole 

0.086 1860 .803 6870 

0.129 1953 0.719 6459 

0.172 1998 0.635 5836 
, 

0.215 2013 0.552 5111 

0.258 2025 0.483 4499 

0.344 2048 0.378 3561 

0.430 2059 . 0.291 2756 

0.515 2079 0.229 2190 

0.601 2090 0.171 1644 

0.687 2101 0.122 1179 

0.773 2115 0.082 798 

0.945 2133 .009 88 
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Table III. Thermodynamic Data from A1
2
0

3 
Liquidus with Si0

2 
and A1

2
0

3 as Components. 

Mole Fraction Liquidus L Partial Molal LoglOYAl ° A1 20
3

(Liquidus Temperature 2 3 Heat of Solution 
Composition) (OK) , ~H (A1203) 

Ca1s/mole 

0.40 2105 0.14441 1390.7 

0.45 2148 0.14779 1452.4 

0.50 2195 0.15895 1596.2 

0.55 2205 0.12933 1304.7 

0.60 2226 0.11586 1179.9 

0.65 2243 0.10042 1030.5 

0.70 2254 0.08057 830.8 

0.75 2266 0.06390 662.4 

0.80 2280 0.05118 533.9 
. , 

0.85 2288 0.03351 350.8 

0.90 2301 0.02261 238.0 

0.95 2310 0.00866 91.5 

1.00 2323 0.0000 ",0 
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Table IV. Thermodynamic Data from A1203 Liquidus with Mullite 
(0.6 A120

3 
0.4 Si02) and A1 20

3 
as Components. 

-
L 

Mole Fraction Liquidus LOSlOYA1203 Partial Molal 
A120

3 
(Liquidus Temperature Heat of Solution 

Composition) (OK) t.H(A1
2
0

3
) 

Ca1s/mo1e 

0.010 2226 1. 8911 19394 

0.125 2243 0.316 8420 

, 0.188 2253 0.650 6737 

0.250 . 2257 0.528 5481 

0.312 2261 0.439 4566 

0.375 2266 0.365 3805 

0.438 2273 0.305 3189 

0.500 2280 0.255 2675 

0.625 2288 0.167 1758 

0.750 2301 0.102 1080' 

0.812 2306 0.071 753 

0.938 2316 0.021 224 

1.000 2323 0.000 0 
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Table v. Effect of Heat of Fusion of Mullite on Calculated Liquid 
Miscibility Gaps. 

Heat of Fusion Upper Consolute Critical Composition 
of Mullite (Cals/mole) Temperature (tiO° C) Mole% AI 20

3 

16,000 1635 36.0 

27,000 1540 35.5 

36,000 1380 35.0 

45,000 1230 34.5 

53,000 1090 34.0 

72 ,000 725 34.0 



I 
I 
I 

Table VI. Subsolidus Reactions in Cristoba1ite-Corundum Mixtures (~27 wt% A1 203-73 wt% Cristoba1ite). 

Size of Compacts Percent Phases identified 
Temperature Time at before after Shrinkage after firing 

(OC ± 20) Temperature firing firing (Linear) (x-ray) 

1130 40 days 0.25" dia. 0.2495 Pellet a-A1 203 
x x crumbled Cristoba1ite 

0.108" thick ? 

1200 150 hrs. 0.25" dia. 0.2492 Pellet a-AI ° 
x x crumbled Cristobalite 

0.110" thick ? 

1230 120 hrs. 0.25" dia. 0.2486 <1% a-A1203 
x x Cristobalite 

0.103 thick 0.102" 
I 

1250 120 hrs. 0.25" dia. 0.2480 :::3% a-A1 203 
0.072" thick x Cristobalite 

0.070" 

I 

1230 24 hrs. 0.25" dia. 0.2l8'i 12.8% (dia) a-A1 203 
x x Cristoba1ite 

. 0.107" thick 0.100" 6.5% (thickness) 

I 

I 
a-­
,.j:>. 
I 
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Table VII. Summary of Phase Compositions in Undercoo1ed 60 wt% 
. A1

2
0

3
- 40 wt% Si0

2 
Melts. 

Composition 

Sample T (OC±IO) TU(OC±lO) Mullite wt% A1 20
3 Glass wt% 

If II 

60-Q 2090°C Room Temp. 78.4 18.5 

60-18 2090°C 1862(1-1/2hrs) 77 .8 18.S 

60-17 2090°C 172S(1-1/2hrs) 78.4 17.8 

60...,15 2090°C lS00(1-1/2hrs) 78.0 18.0 

60-13 2090°C 1325(1-1/2hrs) 76.1 ' 20.7 

60-12 2090°C 1220(1-1/2hrs) 76.0 19.5 

60-10 2090°C 102S(1'-1/2hrs) 7S.9 20.0 

60-9 2090°C 92S(lSmins) 77 .6 18:0 

60-9 2090°C 92S(1-1/2hrs) 74.S 20 .. 8 

60-9 2090°C 925 (S-1/2hrs) 73.7 22.5 

60-9 2090°C 92S(24hrs) 73.2 23.0 

Al 2O) 

60-7 2090°C 730(1-1/2hrs) 74.9 20:9' 

60-6 2090°C 600(1-1/2hrs) 78.8 17.9 

-



Table VIII. Summary of Phase Compositions in Pre-nucleated and Crystallized 60 wt% A1203-40 wt% 
Si02 Helts. 

Helt I Sample Nucleation Time at Crystallization Composition 

1/ Homogenization ~ History Temp. TC = (172S0C±10) Hullite wt% Glass wt% 
Temp. (OC±lO) I 

I A1 20
3 

A1 203 (SO-60mins) I 

60-92S 2090°C 92S0C(lSmins) 1-l/2hrs 76.0 16.0 

60-l7RR 2090°C 172S(1-1/2hrs) 
+ Room Temp. 1-l/2hrs 7S.S 16.0 

60-1SR 2090°C lS00°C(lSmins) l-I/2hrs 77 .9 19.0 

60QR I 2090°C Room Temp. No Reheating 78.4 l8.S 

I 

60QR-l 2090°C Room Temp. 1-1/2hrs 76.S 18.9· . 

60QR-S 2090°C Room Temp. S-1/2hrs 76.0 19.8 

60QR-7 2090°C Room Temp. 70 hrs 74.S 23.S 

< 

I 

I 

• cr-
cr-
• 



Table IX. Summary of Phase Compositions in Pre-nucleated and Crystallized 42 wt% A1
2

0
3
-S8 wt% 

Sian Melts. 
L 

Composition 
Sample Melt Nucleation Time at Crystallization Mullite wt% Glass ll7t% 

1/ Homogenization History Temp. TC == (l72SoC±10) A1 203 
A1

20
3 Temp. (OC±10) 

(SO-60mins) 

42-1SR 2090° C IS00(ISmin) 1-1/2hrs. 7S.0 16.9 

42-17RR 2090° C .-
172S (1-1/ 2hrs) 1-1/2hrs. 74·.S 19.6 
+ Room Temp. 

42QR-l 2090° C Room Temp. 1-I/2hrs. 73.S 16.0 

I 42QR-S 2090°C Room Temp. S-I/2hrs. 73.2 IS.6 

L12QR-18 2090°C Room Temp. IShrs. 73.S .16.2 

42QR-110 2090°C Room Temp. liOhrs. 73.S 16.4 
-

I 

0 

C 
w~· 

"to""" 

0 

1;', ......, . 

0-

0 
I 
0' 

v~ ~ 
I 

J:.~ 

~ 

A 
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FIGURE CAPTIONS 

Fig. 1 Stable and metastable equilibria in the Si02-A120
3 

System 

(Ref. 12). 

Fig. 2 Schematic free energy versus temperature plot illustrating the 

thermodynamic basis·for stable and metastable phases. 

Fig. 3 Relationship between free ene:r;gy-composition plots and the 

phase diagram for a hypothetical binary system illustrating 

metastability. 

Fig. 4 Construction of a liquid immiscibility region from free energy-

composition plots in a hypothetical binary system. 

Fig. 5 Temperature dependence of the nucleation and crystallization 

rates. 

Fig. 6 

Fig. 7 

Cell assembly for heat treatment experiments. 

Electron beam microprobe images showing distribution of molyb-

denum in heat treated crucible cross section. 

Fig. 8 Activity coefficients (logarithmic) of 3:2 mullite plotted 

against mole fraction of mullite (Heat of fusion of mullite :::16,000 

cals/mole). 

Fig. 9 Activity coefficients (logarithmic) of Si0
2 

plotted against 

mole fraction of 3:2 mullite (Ileat of fusion of mullitc ~16,OOO 

cals/mole). 

Fig. 10 Activity coefficients (logarithmic) of A1
2
0

3 
plotted against 

mole fraction of A1
2

03 using Si0
2 

and A1
2
0

3 
as components. 

Fig. 11 Activity of A1 20
3 

versus mole fraction A1
2
0

3
; immiscibili,ty' is 

to be expected below 1100°C. 

Fig. 12 Activity coefficients (logarithmic) of Si0
2 

versus mole 
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fraction A1
2

0
3

. 

Fig. 13 Thea-test for Si02-A1
2

0
3 

supercooled liquids (see equation 7). 

Fig. 14 Variation of free energy of mixing with compositiori in the 

metastable Si0
2
-3:2 mullite system (Heat of fusion of mul.lite 

~16,000 cals/mole.) 

Fig. 15 Calculated liquid miscibility gaps supetinposed on the phase 

diagram12 of the Si0
2
-A120

3 
system. 

Fig. 16 Computer plotted compositions for the 23 wt% A1 203-77 wt% 

Si02 glass composition determined by the electron beam microprobe. 

Fig. 17 Transmission electron micrograph of glass in Fig. 16. 

Fig. 18 Transmission electron micrOgraph of 42 wt% Al 20
3
-58 wt% Si02 

glass. 

Fig. 19 Xetastable Si0
2
-A1

2
0

3 
phase diagram and calculated liquid 

miscibility gap (corresponding to heat of fusion of mullite 227,000 

cals/mole superimposed on the stable phase diagram.
12 

Fig. 20 Microstructure of 60 wt% A1
2
0

3 
melt undercooled to 1862°C 

after homogenization at 2090°C. 

Fig. 21 Microstructures obtained on undercooling a homogenized 60 wt% 

A1
2
0

3 
melt to, room temperature (60-Q), 1725°C (60-17), and 1500°C 

(60-15). 

Fig. 22 Microstructures obtained on undercooling a homogenized 60 wti.. 

Al 20
3 

melt to 1325°C (60-13), l220°C' (60-12) and 1025°C (60-10). 

Fig. 23 Microstructures obtained on undercooling a homogenized 60 wti.. 

Al 20 3 melt to 925°C (60-9) and 730°C (60-7). 

Fig. 24 Changes in compositions of the mullitc and glass ph<1ses with 

heat treatment. 
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Fig. 25 Microstructure of a 60 wt% A1 20
3 
m~lt und~rcooled to 600°C 

after homogenization at 2090°C. 

Fig. 26 Thermodynamic barrier to precipitation of stable phase until 

precursor reaction has occurred. 

Fig. 27 Microstructure of a homogenized 60 wt% 1\1
2
°3 melt nucleated at 

. 1 
l500°C (15 minutes) and crystallized at l725°C (1 2 hours). 

Fig~ 28 Microstructure bf a homogenized 60 wt% 1\1
2
°3 melt treated at 

925°C (15 minutes) and crystallized at l72SoC (1 llwurs). 

Fig. 29 Computer plotted composition profile across the two phase 

structure of Fig. 28 determined by point beam electronmicroprobe. 

Fig. 30 Microstructures obtained on nucleating a 42 wt% 1\12°3 melt by 

quenching to room temperature and reheating to l725°C (1 -} hours) . 

Fig. 31 Two mullite orientations by scanning electron fractograplly of 

60 wt% A1 20
3 

melt quenched to room temperature, reheated to 1725°C 

1 (1 2 hours), and quenched to room temperature. 

Fig. 32 Microstructure of 60 wt% A1 203 melt quenched to room temperature 

and 
. 1 

reheated to l72SoC (5 2 hours). (Magnification 640X). 

Fig. 33 Changes in microstructure with heat treatment at l725°C for 

60 wt% A1
2
0

3 
melt nucleated at room temperature. 

Fig. 34 Crystal growth of mullite in 42 wt% A1
2
0

3 
melt heat treated at 

l725~oC after room temperature quench, for 1 } hours (42QR-l -j) 
1 1 

and 5 2 hours (42QR-5 2)· 

Fig. 35 Mulli te crys tal growth by coalesC;,cncc of finer mulli te crys tal-

ites. (Fig. 34, 42-Q). 

Fig. 36 Microstructures of a 60 wt% 1\12°3 composition fired at '1700°C 

for 96 hours. 
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Fig. 37 Energy dispersive analysis of X-rays -(EDAX) images of the 

phases in Fig. 36. 

Fig. 38 X-ray diffraction data for phases obtained in three mixtures of 

60 wt%.A1
2

0
3 

composition containing Al
Z
0

3 
particles of three 

different sizes. 
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APPI'JIDIX I 

Computer Programs for II:lf:.liscihility Calcu.1atioll!'. 

PtWG RIIM R I S flU 0 ( I ({PlIT ,OUT rUT 1 
o HIE 'l S I IN TC Q_ I T( 2 G 1 ,XHOlf: I;> 0 1 t J\ ( 1 01 , Q (20,201 , QQ (201 t r f M r (20 I 
011'1£ NS IUN <; S (20 I, n I 20, 20 ) , AC T S I L ( 10 01, F E:N E PG YI 100) , II" C T ')1 t ( 1001 
DIMENSION S(?O,20).IARRAYI1l21 -- - - - - -- -
COtH1:lN ISTAR.IBLANK 
RtAO 17.1STAR, lPLANK 

17 fOR'-IA T! 2A 11 

100 
RFIIO lO~, (TCf.: IT (l I,XMOLE( I 1,1= 1, 20) 
f (j R t~ 1\ T! F 6 • 1 ,F 7 .4 ) 
N~TS=?O - ---

NTFRHS-=4 
PR I N T 1 

1 rORMAT(*POLYNOMlfll FIT FOR ACTIVITY COEFF IN THE ALUMIN~ 

lSllfCA SYSTEt~*/1l 
MonE=-l 
KK=O -- - ---------- ------ -- ---------------

Dn 200 1=1,20 
K=O 
P =- 4778.36" ( 1 • IT(fll T ( I ) -1 • / £32 3. ) i-l .50 JR * ( AlO G ( T CR IT ( I ) 12 32 3. ) ) 

1- 0.0004796 r; IT en IT ( I 1- 2 323. Ii- 79442.6'-' ( 1. / rc R I T( I 1* * 2-1 ./23 2 3. 0 *2 ) 
I-ALoe (XMf'JLE (111/2.303 
. 'PR I \I T 201, rep- I T( I 1 ." ..... -------.--.. _-- .. _.-

201 FOR"II\T(//28HTHE CRITICAL T(/1PERATUR[ IS ,F6.1I 
PRINT 202, XMOlECll 

2:)2 r:IR~I\T(!/llHTHE MOlE FRACTION IS ,F7.41 
PRINT ?03,P 

203 FOR"IATII155HLOG OF THE CRITICAL ACTIVITY COEFFICIENT OF ALU~INAIS i --',"FlO .5") -. .. - - _.-. -. , ...... --.- .. "_ .. 

I = P + ( " LOG ( X .'-10 l f ( I I ) ) 12. 303 
PR INT 204.l 

204 FORMIIT(1/43HlOG OF THE CRIrICAL ACTIVITY OF ALUMINA IS,FI0.51 
KK=KKi-l 
PR INT 205 

205-rORMAT(II~ lOG ~CTI~.~Y-tOEFFICIENT bF ALUMINA 
ITfMPERATURE· ACTIVITY ALUMINA PARTIAL HEAT ALUMINAOII) 
00 300 J=973,237),100 
K:K+-l 
TEMP (K ) = J 
O(K ,KK) :TCRnl I )*P/TEMP(K) 

---- - R (K, KK ) =:) (K, KK) +ALflG (A6 S ( XMoCn n ) 1/2~-3 03-
S(K,KK)=10.**R(K.KKI 
PRINT 301,Q(K,KK),T[MP(K),S(K,KK) 

301 FORMAT(33X,F7.5,15X,F6.1,25X,FIO.7) 
300 CONTINUF 
200 CONT I NUE 

---------00- 500 K= 1-;15----------------- :---------- -- ----

PRINT SB8,TfMP(K) 
388 FOR:-tATII/I~THE TEMPERATURE IS *,F6.1I1l 

PR I~T 399 
399 FORMAT(I/*ACTIVITY OF ALUMINA 

III 
MOLE fRACTION OF ALUMINA 

-- -_. ·00 -c.()O- K"j( = r~ 20·" ---.--.-------.-- -".- .... _-- - ._------ -- - -- - .. - .---

PRINT 401,S(K,KK),XMOLE(KK) 
401 FOR"IAT( 13X,FIO. 7,21X,FI0.1) 

SS(KK)=S(K,KK) 
OO(KK)=O!K,KK) 

. . 
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400 (;l\jTINUF 
PK PH 402 

U t~· 6 0 
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402 Fn~~~TIII~~ pnLYNOMIAL FIT ron ACTIVITY OF ALUMINA AS A FUNCTION 
10f MOI.l: FR ACT IUN */1 ). - .. 

CALL POLF I T I Xt-'.UL F, S S, S I GMAY, NPTS, NT ERMS, MOOE, A, CtHSOR J 
PRI'lT 499 

4~9 rUPMAT(/. MOlE fRACTION ALUMINA ACTIVITY ALUMINA 
lLUG nF THf ACTIVITY OF ALU~INA*II) 

flO 61)0 1= ',0, 1110 
X=I/I00. 
ACT=AI1)+A(2)*X.AI3)*X··2.+AI4)*X~*3. 
nIVACT=AlOGIf.(T 1/2.303 
P~INT cJl,X,ACT,UIVACT 

bOI F-Ofl'lAT(l2X,F6.4.16X,FIO.7,19X,FI2.7) 
bOO CCNTlt-:lJE 

PR I\lT 719 

ACTIVITY OF ALUMINA*/) 
PRINT 766 

766 f"JR'IATlII* 
PRINT 767 

767 FORMHI* .60 .70 .80 
1.10* IJ 1 .90 1.00 

PRI NT 7M\ 
168 FQ~'1AT(* +-------------------+-------------------+---------

1----------+-------------------+-------------------+-----------+*1 
PRINT 769 .. 

169 FOR~AT(* XMCL[*) 
OiJ 700 1=40.100 
H=.bO 
G =200. 
GG= 120. 
X=IIlOO. 
AC T= All) +A I 2) lI· X +A ( 3 I. X. '"2. + A ( 4 I. X*. 3. 
CAll PPLOT(ACT.IARRAY,G.GG,HI 
PRINT 701.X,IARRf.y· . . ..... . 

701 FuRMAT IF7 .4. IX. 112A1) 
100 CCNTINlJF. 

PR I~I T 768 
PRINT 779 

719 F,-IRMA T( IH 1 I 
'PRINT 801 

aOI FGk~ATIII*A VOLY~CMIAL FIT FuR ACTIVITY COEFFICIENT OF ALUMINA 
lAS A FU\lC T ION OF MOLE FRAC TI ON • /II 

CALL POlF IT (H:OU:, (JO. S I GMAY, NPT S ,NT ERM S.1'100E ,A ,CH I SQR I 
Po=A( 21 
C= A(3 1*2. 
0=4141*3. 
X40= .'.0 
Y'Ol=a*(I.-X401-ALCG(1.-X401) 
Y402=-C*( 1 1.-X40)l<"2./2.-2.~'(l.-X401+AlOG(I.-X40JJ 
Y 40 3 = 0" ( ( 1. -x 40 I» * 3 • 13.-1.5"«( 1.- l( 40 I ~*2. + 3. * ( 1. - X40) -ALOG ( 1. - X4 0 I I 
SUM=(Y401+Y402+Y4031 . . 

.. PR I"" A?9 
aqq FOAMAT(II*~OLf FRACTION ~lU~!NA A(TIVITY OF SILICA 

1AOJUST~0 FKFE F~FHGY PARA~FTER B*II) 
00 901) 1=41.99 
X=IIlOO. 



-112-

Yl=~*( (1.-XI-AlOG( I.-XI I . 
Y 2 = - r. « ( ( 1 • - X I 1< « 2 .. I 2. - 2 .• « ( 1. - X It· II l 0(; ( 1. - X I ) 
Y 3 = 0"" ( ( 1 • - X ) »- * 3 • 13 • -1 • 5 t.« 1 • -X ) « «.2 ... 3 • « ( 1 • -X I - Al 0 G ( L. - X ) I 
GAMA 5 [L =- ( Y1 tY2+v3- SU'1I-0. 30 
II I\CT S Il ( I 1= r,1\ M h5 Il + /IL OG n . -X II 2.303 

.11 C T S [l. ( r I = L o. t.. ... /d .. ( T S [ L ( [ ) 
FEN [ R G Y ( [ I" 4 • 5 7 5 " TE ~'. P ( K I'" ( X « ~ ( K • K KIt ( 1. - X I "II ACT S I l( I I I 
PBB=-0.5125*')73./TrMP(K) 

901 
900 

Af· E = IOU 0 • « ( FE N E P. G Y ( [ I I ( 4. 5 7 'j" T E ."1 P ( K I I + B B II « X - 81\[\ I 
Pf.:INT 901~X.ACTSllllI.IlFE.BIH\ . 
f 01> '1 II T ( 14 X, F 6. '. , 14 X, F 1'0.6 .14 X • FLO. 5 .10 X • FlO .5 ) 
C(Jt-;TINUE 
oKINT 719 

')02 
PRINT C)()2 

FOR'1AT (* 

PR PH 903 
ACTIVITY OF SILICA"" 

903 fORMIIT(~ .05 
1 .35 

PRINT 168 
PR PH 769 
DO 905 [=41,99 
T T = 10. 
X=I/IOO. 
T-=200. 
ACTSI=ACTSIlII) 
U:.05 
CALL PPLOT(ACTSI.IARRAY.T,TT,UI 
PAI"'!T 701,X. [ARRAY 

<,105 C aNT I tolUI= 
PR [,.. T 779 
PRI'IT 923 

'123 F(j~"'AT(/*MlJlE FRACTION ALUMINA 
01 924 (=41,99 
X=( 1100. 
PPI~T 925.X.FENFRGY([1 

925 FORMATIl5X.F6.4.lIX,FIO.31 
924 CON TI NUE 

PR PH 179 
PR[NT ,)2" 

')26 FOR'1AT( 1* 
PRI~/T 927 

927 FORMAT( .... 
1 - 2100 

PRINT 768 
PRINT 769 
on 950 1=41,99 
X= 1/1 00. 
V= 1. 
VV=O. 
Uu=o. 

c.oo 

.- --- _ ..... -~ .. ~. 

-2800 

FE N= (II RS ( FEN E R GV ( I 1 I II 3 5 • 
····_·..,.--CALl PPLOT(FEN,IARRAV,-V.VV,UU: 

PRINT 701,X,(ARRAY 
950 CONTINUE 

PRINT 779 
tF(TEMP(KI.GE.1673.1 GO TO 7 

500 CONTINUE 
7 CONTINUE 

END 

.15 

-700 

.' . 

.25 
• <;,5*/1 

fREE ENERGY*IIJ 

-1400 
-3500*/1 
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c 
r. 
C 
r. 
c 
c 
( 

r. 
c: 
C 
c: 
c 
c 
C 
c 
C 
C 
C 
C 
c: 
C 
c: 
C 
r. 
c: 
c 
c 
c 
c 
c 
c 
c 
C 
C 
C 
C 
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SUI\QllIJTIN!:' PI,un (X,y,SIG~J\y,NPT<;, NTERMS,MOOE,A,CHISQR'· 
OGU~LF PRECISION SUP-'X, SU~~Y, XTERM, YTER~, ARRAY. CtllSO 
o I ME ~l<; I ON X (500), Y (500), S I GHAY ( 1 I, A ( 101 
OHIENsrUN SlJ~X(l<)), SU~1Y(lOJ, ARRAYllO,lO)" 
SUBRCUTINE POLF1T 

PUR:'lS F. 
MAKE A LFAST-C;OLJAf<ES FIT TO DATA WITH A POLYNOMIAL CURVE 

Y = All) .. A(2)*X" .\13'*X**Z + A(4).X.+3 ..... 

USAGE 
CALL POlFlT (X. V, SIGMAY, NPTS, NTERHS. MODE,. At CHISQR) 

DESC~IPTION OF PAPAME TF.RS 
x 
Y 
S IG"'AY 
NPTS 
.... TERMS 
~(J I)'E 

A 
CHISQR 

-'ARRAY OF DATA POINTS FOR INbE~ENDENT VARIABLE 
- ARRAY CF (lATA POINTS FOR DEPENDENT VARIABLE --.--------
- AQRAY DF 5TA,OARO DEVIATIONS FOR Y DATA POINTS 
- .NU~RFR OF PAIRS OF nATA PUINTS 
- NU~8H OF COEFFICIENTS (DEGRFE 'OF POLYNOMIAL .. 1) 

- DETERMINES METHOD OF WEIGHTING LEAST-SQUARES FIT 
"1 (INSTRUMENTAL) WEIGHT(I) = 1./SIGMAYII)"2 
o (NO WEIGHTING) WEIGHT( II -,,;- 1.'''''- - ......... - .. --.. ----

-1 (STATISTICAL) WFIGHTIII = 1./Y(1I 
- ARRAY OF COEFFICIENTS OF POLYNOMIAL 
- REDUCED CHI SQUA~E FOR FIT 

SUBPOUT INES AND FU~CT ION SUBPROGRAMS REOUIRED 
I'ETERM (ARkAV. NGRDER) -," -... 'n •• -.- -. '.' ,. "._. 

FVALUATES THE DETERMINANT OF A SYMMETRIC HiD-DIMENSIONAL 
MATRIX OF ORDFf< NORDER 

MODIFICATIONS FOR FORTRAN II 
rMIT nOUBlE PRECISION SPEC[FICATIONS . . . __ ..... _. ____ . __ . __ ._a ... __ ._.~ .•.. _. ____ . ____ . __ .... 

C(lM'IFNTS 
OIMfNSION STATEMENT VALID fOR NTERMS UP TO 10 

ACCUII4UlATE WFIGHTED SUMS 
..... -... - -,. ..... -.--..... _- ... ~------ .. ---.---- - .... - .. _ .. _- .. - .. ------

11 NMAX : 2*NTERMS - 1 
00 U N=l. NHAX 

13 SU'IX IN I = o. 
DO 15 J=1. NTERMS 

15SUHY(J' = o. 
CH IS Q = O. 

21 00 50 [=1. NPTS 
XI=X(II 
YI .. v(l) 

3.1 IF ('40DE' 32.31,39 
3l IF (yr, 35. 31. 33 

·'-:--33-WEIG ... T·-. ... · l·;--,.-Yr------- ------.~,,---.--------.-

GOTJ 41 . 
35 WEIGHT" 1. I (-VII 

GO T') "1 
37 WEIGHT = 1. 

------- --._-----,-----_._-----------_.- ._---_._------------_.-
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GO Tn 41 
'\ '1 \.' fI G H T : 1.. I S I G y,A Y ( I I * • 2 
41 Xl ERM=WEIGHT 

44 
45 

48 
49 
50 

51 

54 

57 

5'1 

61 
62 

65 
66 

70 
81 

or; 44 N:l, ~JMAX' 
SU"tX(NI : SlJMX(NI + XTE~~ 

XTE~M : XT(~M * Xl 
'UfR.'1 : wEIGHT.YI 
no 49 ~=l, NTFRMS 
<;UMY(NI = SUMY( NI + YTEKM 
YTE~~I: YTER~ .. XI 
CHISQ " CHlse + ~EIGHT~YI*.2 
CO~ T INUI: 

CONSTKUtT ~ATRICES AND CALCULATE COEF~ICIENTS 

no 54 J:l, NTFRMS 
00 54 K=l, NTERMS 
N·: J .. K - 1 
ARRAY(J,KI • SUMX(NI 
OEl TA " OETEI{"- (ARRAY, NHRMSI 
IF InELTA) 61, 57, 61 
CHIS;JR : O. 
no 59 J=l, NTFRMS 
A~JI : O. 
GO Tn 80 
on 70 L=1. NTERMS 
no 66 J=l, NTfRMS 
00 65 K=l. NTERMS 
N=J+K-I 
ARRAY(J,KI = SUMXINI 
ARRAY(J.lI = SUMY(JI 
A III .nET E RM C AR R AY. NT ERMS I I OEL T A 
ll:L - 1 
PRINT 81.Ll;ACll 
F !JRMAT (/1 7H 

CALCULATECHT S~UARE 

DEGREE 12,20H COEFFICIENT OF X • E20.l01 

71 DO 75 J=I.NTERMS 
CHISQ=CHISQ-2.*A(JltSUMYIJI 
DO 75 K=I,NTEKMS 
N=J+K-I 

75 CHISO=CHISQ+ACJ)+ACKI+SUMX(NI 
76 FREE:NPTS-NTEPMS 
77 CHISQR=CHISQ/FREE 

--.-.-.PPINT 775,CHlSQR,FREE-- ---
775 FORMAT (/23H CHI SQUARE = EI2.6,8H WITH F5.0,zOH 

IES OF FREEOOM.IIII) . 
80 RETURN 

END 

DEGRE 
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fUNCTION DETrpM(ARRAy,~UROER) 

OOUBLF PRECISION ARRAY,SAVE 
OIME~SION ARRAYIIO,lO) 
rUNCT ION DET ERM ... - .. --.--.. ----.~-·--·-- .. -·------··-.. · 

PURPOS E 
CALCULAH THE DETERMI NANT OF A SQUARE MATlllX 

USAGE 
- DE T=OE TERM (ARRA'V ~NOROE'R r--'--' .. ~.- -~---- -.-.--.. -~ .. 

DESCRIPTION OF PARAMETERS 
ARRAY MATRIX 
NnRnER OROER OF DEtERMINANT IDEGREE UF MATRIX) 

S'UB ROUT [ N ES-- AN"O _. Ft-iNCT-rO'N'- 'SU BP RO GR A~·tS "'R EQU"'flt F 0-- ... '" _. __ . ," -.--.. 
NONE 

COMMENTS 
THIS PROGRAM DESTROYS T~E INPUT MATRIX ARRAY 
Ol~ENSION STATEMENT VALED FOR NORnER UP TO 10 

10 DE TERM=1. 
11 00 50 K=l,NORDER 

--_._---_ ... _--._._----._ .. _--_.---.--

41 nETER~=OETERM*ARRAY(K,KJ 
IF(K-NORDER)~3,SO,50 

! 43 11.1=11.+1 

r···--46- .. ~t~;( E~J:~~:~~~I' ~·;~~R~·~~·~-;::~~·~~;~~ ;~~ ~-;~.~;~-~~:(~~.~.~ .. -.... 
50.CONTINUE 
60 RETURN 

END 
SUBROUTlNE PPLOTlXl.1 ARRAYS, B, BI3' C) 
o [' .. E"I $ ION IAPRAYS( 1121 
COMMeN ISTAR.IBLANK -_·····_···00 - 1 1 = 1, "lIZ'--- ._- _ ..... __ ._. __ .. _._ .. ''''-'---''- ...... --- .... - .. -..... -.-~-". . - .... -~ .......... . 

IARRAYS (t)= tBLANK 
1 CONTINUE 

IF(XI .LE. CIGO TO 2 
XX1:Xl"'R~IH~ 
IX1=XXI . 

----- (ARRAYS(JXl)~ISUR 

2 CON TI NUE 
RETURN 
END 
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APPEimIX )1 

Computer Programs for Electron BCLlm Hicroprobc Analysis. 

MICROPROBE ANALYSIS A60-17 

20 JAN 76 

5UBMIlTEO BV= SUBBASH ti. RISBUD 

OESCRIPTION= 60-17R,60-17 

MEAN CHEMICAL COMPOSITION AND TWO 
SIGMA LIMITS BASED ON 151 ANALYSES 

WEIGHT ATOMIC 
ELEMENT PERCENT PERCENT 

51 1'1 .17 +- .93 9.'1'1 +- .61 

ilL 20.15 +- 1.'16 i'l.11 +- 1.08 

0 65.68 1.15 76.'15 +- .92 

• OETERMINEO BY OIFFERENCE 

MEAN INTENSITY RATIOS AND TWO SIGMA LIMITS 

ELEMENT 

SI KA 

AL KA 

ACCELERATING VOLTAGE 

.251'1 

.3566 

K 

.0186 

.0270 

15.0KEV 

X-RAY EMERGENCE ANGLE '11.0 DEGREES 

PEAK-TO-BACKGROUND RATIOS (P/8), SENSITIVITIES 
(SENS>. AND MINIMUM DE.TECTA81L1TV LIMITS (MOL) 

ELEMENT PIS 

SI 113'1 I 1" 

AL 195'111 

SENS 

.05 0/0 

.07 0/0 

MOL 

36 PPM 

30 PPM 

\' 

XBL 766-8452 



o 0 6 () 9 9 

-117-

~ICROPROBE ANALVSIS A60-17 

20 JAN 76 

WEIGHT ATO~IC INTEN~ITIE~ BACKGROUNOS 
ELEI'IENT PERCENT PERCENT K-RATIO UNKN STO UNKN STO ITER 08 S 

51 KA 11.9't 8.51 .1872 7531 't0227 86 86 
AL kA 36.68 27.,21 .6793 22158 32620 38 38 
0 • 51.38 6't.28 

51 KA 11'.89 8.'t7 .1863 7'195 't0227 86 86 
AL kA 36.75 27.26 .6806 22202 32620 38 38 
0 • 51.36 6't .26 

't 2 
51 KA 11.99 S.55 .1881 7565 '10227 86 86 
AL KA 36.67 27.21 .6792 22155 32620 38 38 
0 51.3'1 6't .25 

't 3. 
51 KA 12.71 9.0'1 .2008 8078 't0227 86 86 
AL KA 35.56 26.3'1 .6576 21.'152 32620 38 38 
0 • 51. 7 3 6'1.62 

'I 'I 
51 KA 12.'t6 8.87 .1965 7903 't0227 86 86 
AL KA 35.8'1 26.55 .6630 21627 32620 38 38 
0 51.70 6'1.58 

'I 5 
51 KA 8.55 6.13 .1298 5222 '10227 86 86 
AL KA '11.29 30.79 .7690 25085 32620 38 38 
0 50.16 63.08 

't 6 
51 KA 10.65 7.6 I .16'18 6628 't!i227 86 86 
AL KA 38.57 28.69 .7162 23361 32620 38 38 
0 • 50.18, 63. TO 

'I 7 
51 kA 11. 93 8.50 .1872 7531 't0227 86 86 
AL itA 36.56 27.11 .676,8 22079 32620 38 38 
0 51.50 6'1.39 

't 8 
51 KA 11. 58 8.27 ,1805 7260 't0227 86 86 
AL itA 37.56 27.93 .6910 22736 32620 38 38 
0 • 50.8:" 63.80 

9 
51 KA 11.2'1 8.02 .1751 70'15 't0227 86 86 
AL KA 37.57 27.89 .6965 22720 32620 38 38 
0 51.19 6't.09 

'I 10 
51 KA 10.'12 7.'t'l .1613 6'189 't'J227 86 86 
AL KA 38.'t9 28.59 .11'10 23291 32620 3S 38 
0 • 51.08 63.98 

't 11 
51 KA 11. 71 8.36 .1828 7352 '10221 86 86 
AL KA 31.35 27. T1 .6929 2260'1 32620 38 38 
0 50.9'1 63.81 

'I 12 
51 KA 12.12 8.6'1 .1902 1652' '10'227 86 86 
AL KA 36.'.i8 27 .15 .6776 22103 32620 38 38 
0 • 51.30 6'1.21 

'I 13 

ISl 166·8468 



DOD' 

~ 

• 10 
3~ 
5~ 
.~ 
h 
h 
17 

1\2 
126 
132 
I~' 
15 I 
155 
16~ 
105 
17~ 
116 
117 
206 
216 
ZI7 
221 
Z2Z 
22. 
2Z5 
227 
227 
Z37 
Z.O 
2~2 
Z~. 

2 .. 
250 
Z51 
253 
255 
257 
Z&Z 
266 
zu 
271 

. 270 
Z77 
301 
JIO 
31. 
317 

-1l8-

'ROGR.,. 000' IINPUT,OUTPUT,TA'E',TAPB,TAP£71 
OI"'E~SION O£kSlTV(SOOl. 5UI'\(500), AW(~OO). &lo1(~OO), cweSOO) 
COI'<I'IOI; ZI 500 I, A..,pC lC 500), Bwrc lC 500 ), C..,PCTI 500 I, ACONC' HO ), BCONCI H 

~~; O~~~:~~~ ~~~ 'I ~ ~:;: ~ ~~~: C~~~~~~ ~~~: A~~~~ ~ ~~ ~C~:II ~ 5, ~~ ~;,:~ ~" ~ ~~~A~~ ~ 
3,EL"BI II,ELI'lCI II 

REWII;O • 
REWIND 5 
AEW IND 7 
READ liD, A1WTA,A1WT6,ATWTC,5T(P,AWTP,aWTP.CWTP,CPlOENS 
READ 115, ACrtP,eCI"IP,CCP1P.Ell"\A,ELMB,ELI"IC 
READ (5,IZOI NX,NA 
PRINT 120, NX,NA 
NPT:::NX 
DO 10 hl,NPl 
READ ('t,125) WP1(I).AP1<I).085 
A£ AD (",125) WP 2( I ), AP Z( I ).08 S 
IF (NA.EO.3) 5,10 

5 READ ,",1251 W'111',AP31Il,OB~ 
10 CDI;TINUE 

IF ISTEP.LT.I.OI 15,20 
15 READ 130, (I( 1 ',I:l,NPT) 

CO TO 30 
20 00 Z5 I~I,NPT 

ZI 11=( FLOAT( II-I. I.STEP 
25 CONT INUE 
]0 GO TO (35,35, .. 5 ',NA 
35 00 .0 I: I, N'T 

Aw( I )=API( 1 '.ATwTA 
aw( I ):APZ( 1 )-"TlaIla 
SUI"" I )"::AW( 1 haW( I) 
eWPCT( 1 J:( BW( I '/SUM( r) '''100. 
AlJPCH I )-=(AW( 1 )/SU"" I »)-100. 

"0 CQNTIN~E 
CO TO 55 

., DO 50 I=I,N.T 
AW( I h:APl( I )-ATwTA 
110.:( I ):APZ( ()-Al'wTB 
ewc r hAP)( I )-ATloITC 
SUI"" J )=AW( (haW( I ).CW{ I , 
AWPCT( 1):( AwC (JlSu"U I) )-100. 
8WPCT( I )=( awe I )lSU"" I) )-100. 
CWPCT( 1)=( ewl I lIsu"e I' )-100. 

50 CONTINUE 
55 DO 85 1= I,NPT 

IF cewpcTC 1 )-80.0J 60,65,65 
60 DENSI Tv( I )=. 0080b-awPC H J ).CPLDENS 

~O TO 75 
65 IF (8wPCT( 1)-130.0) 10;8lS~85 

70 OENSITYI I )=3.'.5 
75 CO.P.C IJ:(DENSJTY( J)-AWPCT( .»)1100 . 

COAP2( 1)=( DENSI Tye ( hBWPCl( 1))1 1 00. 
GO TO 185,85,80l,NA 

.0 CO."l( J }::d DENSI Tye I hCWPCTC I) )/100. 
IS COHTINuE . 

~AINT 135. AC"~,8C"P,CC"',AC"P~BC"',CC"P,EL"A,EL"B,EL"C 

5 
10 
15 
20 
25 
10 
35 
.0 
os 

55 
.0 
.5 
70 
15 
80 
85 
90 
05 

100 
105 
110 
115 
\20 
125 
130 
115 ,.0 
105 
ISO 
155 
160 
1.5 
110 
175 
180 
185 
190 
195 
200 
205 
ZIO 
215 
2Z0 
225 
ZlO 
ZlS 
zoo 
Z"' 
Z50 
Z55 
Z.O 
lOS 
210 
275 
280 

ISL 766 ·8447 
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DOOPY 

• , 
" 20 
.1 
51 
52 

" 10) 
10. 
III 
III 
1.0 
1.7 
150 
157 
I" 
161 
116 
205 
u. 
US 

·C 

Z17 

o 

10 
15 

20 

Z5 

10 

15 

6 o .~ o o 
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PAO'AAti GOOPY I INPU 1, OU lPU 1, TAPES, TAPEl , lAP.£ 96, lAPE 99 I 
OIIlE"SIO" ll500l, ACO"CI500I, BCONCISOOI, CCONC(500I, IICDIIOI 
COri'Hlt< "O;ELlllAlll,ELIIUlll,nIlTClll,NPLT,X'U,YIIX . . 
AEwl"D 5 
AEwlNO 7 
READ 1~,'OI NI,"A 
ND'''I 
READ ~5~ SA~PL[,NPLOT.[L"TA,[L"Ta,EL"T,Xftl,Y"1 
[NCDOE (30,50,IICDI SAIIPLE 
JaCO( 101.0 . 
GO TO 15,5,I0I,NA 
READ (7,551 I Z( II,ACO"ClII,aCONCIII,I'I,NOI 
GO 10 IS 
READ 17,601 IZIII,ACor..CIII,ICor..CIII,CCO"CIII,I'I,,,OI 
Cllt<TlNUE 
GO TO (ZO, Z5 ,10 I,"PLOT 
CALL GAAPH (l,8Cor..C,ACO"C,"O,.IBCO, 7HIIICAO"S, 16HCONCENTAATION AL I 
GO TO 35 
CALL GAAPH (Z,ACONC,BCONC,NO,IBCO,7H"ICRONS,16HCONCENTRATION SII 
CALL GRAPH (Z,ICONC,ACONC,NO,IBCD,7H"ICRONS,16HLONCENTRATION AL I 
GO TO 35 
CALL CAA'H (Z, ACONe. aeONe ,NO, I eCD. 1HI'I Ie RON~, 'ftHe ONC£ltHRA TI ON SI' 
CALL GRAPH (Z.8CONC.ACONC.NO.18CO.7HI'IICRON~.I~HCONC[N'RArJON AL) 
CALL GRAPH (l,CCONC,ICO"C,NO,IBCO, 7HIIICRONS, 1.6HCONC£.rHRATlON COl 
CALL CCUD 
S10' 

.0 FOMAl (llll 
41' FOR,..", C IAIO,IS,1CAZ',II."8.l.ZI,FI.3) 
'0 FOR""T. ( IIH!.""'lE NO. , lAl0) 
55 FORIIAl (1 .. 0.5 I 
,0 'DAllAl "'10.5 I 

END 

... 06 .... LENGTH .INCLUDING 110 BUFFERS 

01.10 

ST.TE .. ENT FUNCTION REFERENCES 

LOC.TlON GEN TAG SYII TAG REFERENCES 

ST.r[ .. £Nr NUllaE. REFEAE"CES 

LOC.TlO .. GE .. lAG SVII T.G REFERENCES 
00006l LOOOl. 5 000057 000060 
00010.5 L O~O 12 10 00006 I 
OOOI1Z LOOO]7 15 00010. 
0001" LOOO.I lO 000116 
000 I" LOOO •• Z5 000117 
000110 LOOOS I 10 000100 
000215 LOOOH 15 000 ISO 000167 
00026. COOOO1 '0 000007 
OOOZ" COOO •• .5 OOOOlO 

5 
10 
lO 
Z5 
10 
15 
.0 
.5 
50 
55 
60 
65 
70 
75 
.0 
.5 
90 
95 

100 
lOS 
110 
lIS 
120 
125 
110 
\)5 
100 
105 
150 
155 
.. 0 
165 
110-

IBl 766-8443 
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, 
• 10 

12 
I' .. 
20 
ZI 

2J 
Z5 
]1 

35 
'2 
n 

10 
10 

1Z 
l' 

100 

10] 
III 
121 
u. 

C 

C 

c 

c 

c 
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SU8MOUllNE CCL~L (NXI,NYI) lBL 
C~~O~ ICCPOOLI XMIN,IMAX.VMIN.VMAI,CCXMIN.CCXMAX.CCV~IN.eCVMAX lBL 
C~ .. ON IcerACTI FACTOR lBL 
ISl[RO~O leL 
IO~X~AX-IMIN 19l 
VO=YMAX-YMIN lOL 
CCXO:CCX~AX-CCX~IN LeL 
CCVO:CCVMAX-CCVMIN lel 
XI=ID/FLOA1{NXl) leL 
VI:VO/FLOAHNVI) leL 
.SIZ£=2 leL 
.ORIENT:O LBL 
LABEL FROM RIGHT TO LEFT ALONG THE X-AXIS. LeL 
00 5 NX:ISZERO.NX) LBL 
CC I ::.CC .r'\A I-CC XO-F'L OA T< NI )lFl OA H NIl) lBl 
I=(CCX-CCI"I~)·IO/CCXO.IMIN Lel 
SET I TO A TRUE ZERO IF 1=0. TO WITHIN MACHINE ACCURACY. LBL 
If' (A8St)/II1.LT.l.OE-6) 1=0. L8L 
WRITE(~B,15)X lel 

,. CALL celTR 'CCI-'t~.2.FLOAl(KSIZ[)/rACTOR.CCV"'IN-IO .• FLOAf(KSIZE)/rl8L 
IACTOR,KOAIENT.KSIlE) LBL 
KSIlE:2 lel 
.OAIENT:O Lel 
LABEL UPWARD ALONG THE V-AIlS. Lal 
DO 10 NV_ISlERD,NVI lBL 
CCY=CCY~IN+CCVO·FlOAT( NY l/FlOAH NV.) LBL 
Y=(CCY-CCYMIN).VO/CCYO·YMIN LBL 
5[1 V TO III TRUE ZERO IF y=o. TO WITHIN I'IACHINE ACCURACY. lal 
IF (ABS(V/YIJ.lT.1.OE-6) V:::O. L6l 
WRITE C~8.20) V L8L 

10 CALL celTR CCCXMIN-70 .• FlOATCKSIIE)/FACTOR.CCYIKORI[NT.~SIZ£} lOl 
~[TURN lel 

15 FORI'IAT (FlO.!) 
ZO FOR~AT (FlO.]) 

END 

LeL 
LeL 
Lel 
LeL 

SUSPROGRA~ LENGTH 

00206 

STATE"ENT FUNCTION REFERENCES 

LOCATION GEN TAG 

STATE~ENT Nu"SER REFERENCES 

LOCATION 
000105 
OOOIH 

C[N TAG 
C00006 
COOOIO 

SLOCK NA~ES AND LENGTHS 

SVI'I TAG 

SVI'I TAG 
IS 
ZO 

CCPOOL - 000010/01 CCfACT - 000001/02 

REFERENCE S 

REFERENCES 
0000_ J 
000112 

S 
10 
IS 
20 
IS 
JO 
]S 
_0 
_5 
50 
55 
60 
6S 
70 
1S 
80 
85 
.0 
'5 

100 
105 
110 
liS 
120 
125 
I JO 
I JS 
1_0 
"S 
IS 0 
155 
160 
165 
170 

'" 180-

XBl 766-B439 
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IIIA'M 
SU •• OU11_t ' •• 'M 11.'.1._ •• ' •• , •• " 
C_OH ICC'OOL I 1 .. 1 ......... '''Ili. '''.'. ce ....... Cc ... u. CC ... IIII.Ct ..... 
~_OIII .. O.lL .. lAl II.H .. T.,II.'L .. TCII .... '.T .......... 
""IIiSIO~ .0UliO .... 1111. "". 1111 
DI"lliSION 'SCll' ,.tA caOUNOt 1"I~l. __ "I •• Z.,I."I.1 
IA1A II.OUND.' •• '/~.IO.1 
Y~CII loY( I' 

II Y$Cllhll I' 
n 10 , hl,'" 
II ,'I.III.,1.'SCIII' 'SCllhYlI' 
II ., III 11.G1.'''1 n. 'SCI I hZl I' 
II ""IILll. 'SCI III 'SCllhYlI' 
It .' qll'.Ll.'SCI111 'SCI1hlll. • • CCIIiITlliUI •• Cca"LN.IOO. 
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APPENDIX III 

Computer Programs for X-ray Lattice Parameter Measurements 
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APl'E;~DIX IV 

X-ray Parameters of Mullite 

0 0 0 . 
Sample a(A) b(A) c(A) Cell ~ 

* Volume 
I.D. (a x b x c) .,. 

60-Q 7.5606 7.6867 2.8902 167.971 

60-18 7.5320 7.7340 2.8930 168.5 

60-17 7.5591 7.6854 2-8911 167.958 

60-15 7.5730 7.6780 2.903 168.8 

60-13 7.5550 7.6883 2.8870 167.692 

60-12 7.5612 7.6890 2.8880 167.890 

60-10 7.5581 7.6880 2.8894 167.894 

60-9 .7.5594 7.6860 2.8891 167.858 

60-7 7.5765 7.7042 2.8814 168.188 

60-6 7.5609 7.6871 2.8901 167~977 

42-Q 7.5702 7.7071 2.8879 168.f193 

42QR~1 7.5628 7.6852 2.8872 167.808 

42QR-5 7.5618 7.6846 2.8870 167.762 

42QR-18 7.5591 7.6872 2.8857 167.682 

4RQR-l10 7.5592 7.6885 2.8838 167.605 

* See Tables VII and IX. , 
~ 



· . 

u ..; 

This report was done with support from the United States Energy Re­
search and Development Administration. Any conclusions or opinions 
expressed in this report represent solely those of the author(s) and not 
necessarily those of The Regents of the University of California, the 
Lawrence Berkeley Laboratory or the United States Energy Research and 
Development Administration. 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




