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METASTABILITY AND CRYSTALLIZATION
STUDIES IN THE SILICA-ALUMINA SYSTEM

Subhash Hanamant Risbud
Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
University of California, Berkeley, California 94720
ABSTRACT
v Thermodynamic data'on activities, activity coefficients and free

energies of mixing in SlO Al solutions was calculated_from the phase

3
diagram using.regular solution approximations. The calculated data were
used to estimate regioans of 11qu1d liqu1d 1mmise1b111ty. A metéstable
llquid mlsc1b11ity gap w1th a consolute temperature of. ~1540 C at a.
critical composition of ~36 mole/ A1203wascalculated the gap extended

from ~6 25 to 57 mole% A1203 at a temperature of ~800°C.
SiOz—rich glass compos1tions were prepafed and examined for liquid

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

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

. A1203 but comp051t10ns greater than =25 mole/ Al 3 crystallized ery

rapidly. The marked positive deviations from ideal mixing in the
thermodynamic data calculated ffom‘the phase diagram, éuggest a tendency
for liquid immiscibility in both SiOz—rich and A1203 -rich composifibns.

Crystallization studies werc conducted on scveral selected Si0,-

_A1203 compositions. Melts homogenized at 2090°C (*10°C) were subjected

to carefully controlled nucleation and crystallization heat trecatments
in secaled molybdenum crucibles. Analysis of the‘microstfucturesvoﬁ the
crystallized melts by electron beam microprobe and interference contrast

microseopy provided data on the morphology, size, and chemical
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;omposition of the phases. Changes in ﬁhase compositions withrthc
temperature of heat treatment enabled an estimation of the temperature
at which érystallization of the melt commences. The crystallizutién
behévior‘of ;he melt is related to prior liquid immiscibility and pro-
Vided expérimental evidence for the calculated phase boundary of the
proposed miscibility gap.

Subliquidus reactiohs in pressed mixtures of SiOz—A1203 and
cris;obalite—corundum were also studied to verify stable and metastable
eqdilibria. Formation of mﬁllite with two different compositions was
realized in a single mixture. Mullite with a composition of =70.6 wt%
A1203 grew at the firing temperature of'1700°C by solid staﬁe reaction
between SiO2 and A1203f Mullite needles with a higher A1203 content
grew in the same mixture during cooling to room temperature. A mectas—
.table SiOz-A1203 phase diagram in the absence of mullite obtained by
extensions of the SiO2 and A1203 liquidi to lower temperaturcs was pro-

posed to account for formation of glassy phases in subsolidus cris-

tobalite~corundum reactions.
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strong tendency for phase separation‘in'the.composition range ~10 to 68
wt’ (~7 to 55 molZ) A1203 The temperatnres at/which.this phosevsepara;.
tion occurred was not clear’from the reportcd data bnt a misciﬁility gan
was'nrooosed with an upper consolute temperature of,;l650°C at a criti-
cal comp031tlon between ~38 to 42 wt% (~25 to 30 mol) Al,,O3 Takamori
and-Roy16 considered the evidence in favor of the proposed miscinility
gap'tovbe inadequate in light of their DTA and TEM observatibns on splat
cooled Sidz—AlZO3.glasses in tne composition'ronge (~20 to 95 mol?)
A1203 No evloence forlthe location of.the miscibility gap' could oo
found ;n their data. | |

Tne experimental &ifficulties in delineating immiscibility reglons

in the present system are understandable in view of the prob]ems asso~

'c1ated with rapld quenchlng of melts from blbh tempcratures ( 7000 C) and

also because of the tendency of comp051t10ns greater than ~JO molew

A1203 to crystallize readily.15

Being mindful of the experimental problems of assessing'

1mmlsc1b111ty, an approacn utilizing solutlon thcrmodynamlcs has been

used in a part of the present work to calculate depdrturcs £rom 1dcal
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 calcplated immiscibility in

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

vization of selected melts, and subliquidus reactions in the SiO -A1,0

27273

system. ‘ ' - L



II. THEORETICAL BACKGROUND
A. Metastable Phases
The move of a materials systemS'tdwards it thermodynamically

~stable equilibrium configuration is often halted for kinetic reasons

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

illustraﬁed schematically in fig. 2, the metastable phase has a higher
frée energy contentlapd, given appropriate éonditions, would t;ansfonn
to a phase mixture which minimizes the total free energy of the systcm,

| The phase diggrams for most materials aftempt to indicate the
loéaﬁions of stabie equilibrium boundaries and do not, in geuerai, in-
clude.data on metastable equilibria. In many situations, especcially
those invoiving glass-ceramic materials, kinetic inaccessibilify of
stablé phases makes metastability readily reﬁlizablé under normal exper-
imental conditioﬁs. In recent‘times thg‘advent of ultra-fast quenching
techniqhes has also given rise to a harvest of metastéble phases evenv
in metallic alloys.17 An understanding of metastable phase diagrams is,
therefore, both of theoretical and practicai.utility. |

Consider the relationship of the freglénergy versus composition

diagram and the hypothetical equilibrium diagram as shown in Fig. 3. As
illustrated by drqwiﬁg common - tangents to the free energy curves, phascs

o and B are stable for compositions of component B less than Cl and

greater than_C2 respectively. In the composition range between Cl and

C2 a mixture of and phases is stable. If we now consider the cool-
ing of a mixture of eutectic composition Ce, a structure consisting of

o and B phases formed by nucleation and growth can be expected at a

- g
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élow enough cooling rate. Justrbelow the cutectic temperaturc Te’ this
transforﬁation will be limited by an inadequate driving force and at
much lower temperatures by low mobility'of the diffusing specics.w Con- -
sequently, in some intermédiate'temperaﬁure range the phase trﬁnsforma—
tion Qill occur at a maximum rate. If in this temperature ra;ge the
phases Bi or 82 (Fig. 3) form at a faster rqtc beéaﬁse of fﬁvorable
kinetics, then a metastable, higher free energy étatc.results.  Thc
mixture need only be cgoled sufficiently fapidly through the above
meﬁtioned-intermediaté range to prévent fofmétioﬁ bf the equilibrium
phaées. |

In additiOn to rapid cooling of the mclt, the sﬁpcrsdturation
necessary to obtain a metastable phaséiéan also bé achieved by techni-

ques .such as vabor quenching, sputtering, and electro-deposition. Tn

systems with several ceramic oxides metastable phases such as glass form

at reasonable cooiing rates. Formation of metastable Fe C rather than

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

;quehching methods utilizing cooling rates of greater than lOSdK/second

are needed to form metastable phases in metallic and some oxide

systems.



B, Liquid-Liquid Phase Separation

A homogeneous liquid upon cooling may enter a region in the -
temperature-composition space where it begins tq separate into two
liquid phases. This process is often referred to as liquid;liquid phase
separaﬁioﬁ or liquid irmiscibility. Because of the effect of immisci-
bility on the microstructure, a large amount of effort has been made to
understand the thermodynamics, kinetics, and morphological aspects Qf
phase separation.

From a thermodynamic standpoint, immiscibility develops when the
sum of fhe free energies of the two sepatated phases is less than the
free energy of the homogeneous solution. The free energy of mixing of
fwo 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 négatiVe (exothermic),
then the free energy of ﬁixing will always be lowered and a homogene-
~ous solution is observed at all temperatures. If, on the other hénd,
the heat of mixing is positive (endothermic), tﬁcfe will be some temper-
ature at which it will equal the entropic contributidn.and'the free
energy of mixing will be zero. If the temperature is lowered further,
the free energy cannot be reduced by maintaining abhomogeneous solution
and fhus two liquids will form.

‘Schematic free energy composition curves and their relation to ;hc'
liquid immiscibility dome are‘illustrated in Fig. 4. At any temperature
below the consolute point, phase separation will commence. TYor Instance
at temperature Tl two liquids L, and L, will be at metastable equili-

1 2

brium, the thermodynamic condition being that the chemical potential of
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component A is equal in L, and L,. Similar cquilibrium conditions apply

1
to component B.
The spinodal phase boundary shown in Fig. 4 represents the locus of

inflection points in the free energy composition curves and represents 4

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 occurring in phase scparated
. . o ’ ' . . s 19
glasses is lacking at the present time, and there is a suggestion that
intercohnécted morphologies attributed to spinodal mechanisms may arise
by coalescence of small nuclei. ' Establishing ‘the continuous composi-
tional variability of the separating phases in the early stages of de-
s ) o .2
composition will constitute direct .evidence for spinodal theories.
The origin of immiscibility in oxide glasses has been theoretically

21-25

modeled by various authors. It is believed that silicate melts arc

ionic solutions containing complex silicate anions, cations, and free

oxygen iohé.. The nature of distributionvof these species has been ana-
lyzed on the basis of chemical solution theorics and physicdl solution
theories (e.g. regular solution models): A recént model26 propbses the
use of a complex mhl;imgf of Si02 or B203'aS‘a parficipant in the regu-~
lar mixing proceéss with a stoichiometric compound thch appenrs’to limit
the miscibility,gap; Absence of‘direcﬁ*therﬁodynnmic data on‘activitiéQ
and free energy due to the considerable experimental problems‘make it
difficult to establish the thermodynamic origin of immiscibility. Future
avaiiability of such data and better solution models’ may help regine’
the question of .liquid phase separation and interaction of the épecics

in glass—ceramic melts. '



C. ,Nucleation and Crystallization in Glasses

Understanding of nucleation and crystallization phenomenoh'in
glasses is important for defining the limits to which glasscs can bb
heated béfofé'they crystallize. The subject has also becomc of in-
‘creased intereét because of the technological devclopment of glass-—
ceramics.

: Crystdllization of a liquid occurs, upon cooling below the
freezing point, by the formation of composition flugﬁu:n£'£(>ﬂﬁ (nuclei),
whﬂﬂxarelarge in degreé but small in extent}27 Subséquent diffusion of
matter to‘the nuclei results in growth of the new phase. 1In certain
cases, infinitesimal fluctuations of composition which are small in
degree but largebin extent may cause the transformiation to éccur spon-
taneouély (spinodal decomposition).28 In general, however, nucleation
sites such as impﬁrity particles, container wélls,'or specially intro-
duced dispersed particles act as nucleation catalysts for the crystal-
lization process.

’ 29 ,

Classical nucleation theory ~ deals with the rates of nucleus
formation and growth and attempts a quantitative‘treatmeﬁt of the limit-
ing valués of these rate processes. For a system free of any hetero-
geneities, the formation of a nucleus is goveined by the Balunce of the
free energy decrease due to nucleus formation and the free cnergy in-
crease due to the creation of the new crystal—liqdid intcrfuécﬁ Stable
nuclei will thus form when the liquid is sgfficiently sﬁpcrcooled‘sov'
that the free energy decrease due to nucleus formacioﬁ isblargep than the

free energy increase due to interface creation. The nucleation rate,
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D. Crystal Crowth Kinetics

The gfowtﬁ bf stabie nﬁclei; once formed by considerations of the
previoﬁs section, is governed by the rate of diffusion of atoms to the
.surface of the_nﬁciei and their ability to form new bonds as determined
by the crystal structure
| The crysta1 growth rate can either be intgrface—controllcd’or
diffusion—contrdlled. Interface—controiled meéhanisms are operative
when thelréte controlling step for cryétél'groéth 6ééurs.at the'solid—;
: liqﬁid interface -and ohly a shbrt-réﬁge molecﬁlar rearrangemcnt is
necessaryf DiffusiOn‘coﬁtrolled grb&tﬂ is aébompanied by“a ldrge change
in compqsitioh, and’long“range diffusion of a_speciés through thé bulk
liquid is the rate éontroiling step. | |

:lWheﬁ the rate of Crystal'growth is inﬁerfacé—cbntfoliéd,fliquid
molecules get inéorporated into the crystal by molecular attachmeﬁt.aﬁd
the‘kinetics of thislprbceés determines thé intefface morphblogy. In
addition to this-continpohs growth, the crystal méy aiso gfow by a two-
~ dimensional nucleation:ﬁechanismvor b& ﬁhe éﬁirél growth iﬁitiating from
thé.sﬁep_sites of a écrew disiocation inte%secting the surface.  Thé
velocit& of crystél growﬁhbfor intefface éontrolled précesses is-;ivcn by
AG”

1 - exp [~ —==

u = fav ex —ég—
| P 7RT RT

‘where f = fraction of sites available for growth
a = moleéniar diameter
v = freqUency facfbr fof frahsport ag.solid—liqﬁié iﬁterface
AG' = activation free energy for étoh movement-acfoss ihtcrfgcc
AG = free energy change during the 1iquid—crys£a1 transformation,
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Using simplifying assumptions regarding the fraction of sites, f, and
approximdting the free energy terms it is possible to express the veloce-
ity of growth by the expression: |

-AS AT
—m
RT .

fkT

5 1 - exp
3mra™n

where ASm entropy of fusion

n = viscosity of liquid

AT

undercooling of liquid

' Several reviews on crystal groﬁth Rinetics have pointed to the
importance of the entropy.of fusion as an important factor for charac-
terization of the crystal-liquid interféce. It is theorized that mater-
ials with low entropies of fusion (ASm<2R) will exhibit non-faceted
interface morphblogies thle materials with high entropies of fusion
(ASm>4 to‘6 R) exhibit faceted morphologies during growth.

For many high entropy of fusion materials at 1arg¢ undercooling,

nucleation of different orientations may occur on or ahead of the inter-

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. FIn general,

a crystal growth rate which decreases with the square root of time sug-
gests diffusion~controlled growth but a growth rate‘independent of time
can be either due to interface controlled meéhanisms or diffusion-
controlled growth of certain crystallization.morphologies (e.g. fibril-

lar or spherulitic).
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III EXPERIMENTAL METHODS

A. Materials and Sample Preparation

1. 5i0,-Al 0. Glasses for Immiscibility Studies

Several 510,

L ' % : Lok ' .
of high purity fused silica and reactive G- alumina. - The weighed

- rich glass compositions were prepared from powders

}batches'(S, 9, 11, 13.5, 23, and 42wt% Al 03)‘were thoroughly mixed in

2

.isbpropyl alcohoel, wet milled for 24 hours, ‘and the cbnpinuously stirred

slurry_was dried at z110°C. The dried mixtures were calcinedbin'plati-

num crucibles at . ~600°C ﬁorle hours. Pressed pélléts of'each’composi—'

;tionrweré placed in molybdenum crucibles (2.5 cms dia. and 3.5 cms

~height) and heated to =1975°C (*¥10°C) in a tantalum heating furnacc#

under é vacuum'of le-6 torr. ‘After hombgenizingvat 1975°C»fof 2 hours,
the me1t$ were rapidly quenched at fbom-temperaturc by'allowihg ﬁéliﬁm
to flow througﬁ,the,furnage. To-énsure homOgeneicy the glasses were
remelted and,quenchéd a second time by the same prdéedure.

- Attempts were also made to obtain Al rich glasses by ultra-

293~
kkk '

fast quenchidgvtehcniques. Pressed disks containing 73, 80, and 90

Wt AIZO3 were laser melted, the air quenched 1iqﬁid‘droplets spinning

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 characterized by electron

microscopy.

%" =325 mesh Corning 7940
*% Alcoa XA-16 :
f# Richard D. Brew and Co., Concord, N - Model 41665-4
*%%  Courtsey of R. A. Happe, North American Rockwell Corp., Downcy
California. s :
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2. SiO,,—Alzo0 Melts for Crystallization Studies

‘Mixtures contalnlng 42, 60, 73, 80, and 90 wtZ Al1,0

2 3

were prepared from fused silica and reactive a-Al,0. by the procgdurcs

273
desqribed in the previous section (III-A-1). Calcined powdered mixtures
were 1oaded‘iﬁto molybdenum crucibies (=11 mm_diémeter X 15_mm height)
which were sealed.arouﬁd the 1id by electron beam welding and helium
leak checkéd. The sealing and leak checking procedures werc neceSsury
to prevent loss of siliéa by evaporation during the high temperature
melking. The sealed crucibles were heat treated in the tantalum resis-—
.ténce furnace under a vacuum of 10_6’torr. The crucible assembly and
1t$ p031t10n relative to the furnace thermocouplc are shown in- Fig. 6.

The temperature of the furnace chamber was electronlcal]y control-
led** through the use of a W5Re-~W26Re thermocouple (accuracy +7° at
l800°C). In-addition,:the temperature of the samples in the furnacé
was monitored by optical pyrometers (+10°C accuracy at 2000°C) utiliz-
ing black body conditions. The pyrémeters were calibrated against a
INBS secondary standard pyrometer and at the melting point of platinum

33

(1772PC™" and Al 0 (7054 C) All temperatures reported are based on

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

o
- Leeds and Northrup Speedomax-H Recorder -Controller.
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3. Crystallization Heat Treatments

All melts were hémdgenized at a'temperaturc of 2090°C (ilb°C) for
. 50 to_60vhinutes prior to subsequent heat treatments. Two typés of heat
vtregﬁment.schedules were commonly used in the cryétallizatidn stpdyQ id
the.first schedule, the homogenized;melts were repidly coolcd_to a pre-
determined¢subliquidué temperature, (ranging frbm,186oac to a dircc;
'qucnch-to room tempefature) held at the undercooled temperature for a
' fiiedvﬁime, and quenqhed to room temperature. In the sccond schedule,,
hoﬁogenized ﬁelts were first pre-nucleated bylc001ih§ tovsoﬁe sub-
liquidus temperature and rcheated to a higher (subliquidus) temperature
for the crystallization treatment before quénching to room temperature.

The 42 and 60 th'AIZOS compositions were selected>f9r greatest.
scrutiny.sincevthe former lies in the center and the 1attef near the.
A1203 - rich phase bbundary of the calculated liquid miscibility gap in
the present system (see later, Section IV A2). Following the heat
treatment; the crucibles were cut on a diamond saw, and the cross-sec~
-tions Qere polished for éeramographic examination and phase composition
analysis. ‘In order.to check fof poésible melt contaminapiqn from the
molybdenum crucible poliéhed cross~éections were analyzed for Mo content
by the electron beam microprobe. An electron beam image (Fig. 7)
showing the distribution of molybdenum in a réprescntative specimen
revealed‘hegligible contaminétion of the melt.

4. Solid State Reaction Experiments

To substantiate the results of metastable and stable phase -
. . - 12 _ e ST
relationships in the present system, several subliquidus 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

pfebaréd as described in a previous section (III Al). The cristobalite.

in the cristobalite plus alumina mixture was obtained by heating fused
siliéa powder in a platinum crucible at ~1420;C for 7 days. X-ray dif-
fraction confirmed the cénversion of the amorphbus silica phase to the
S0 ‘batch was pre-

273

crystalline state. A 78 wtZ% cristobalite - 22 wt7 Al
pared by dry milling the ﬁixture in a plastic bottle for 72 hours.

Pressed pellets of this composition were fired in the temperature rangé

1100°C to 1300°C in platinum crucibles.in 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’Eléctron Microscopy

Ceramographic polishing procedures consisted of'approximﬁteiy 10
:to 15 minutés each on 30, 15 and 6 um metal-bonded diumdnd laps, 48-50
hours of vibratory poliéhing*vusing éu and 1 um diamond particles, and
a final polish fér ~48 hOur; using a 1/4 um slurry.of'diamond particles.
The highly polishéd samples were observed in reflected light by‘inter—
ferenée-contrast micrography.** In some cases a 1ight ctch of.IO% HF :
wa; necessary to observe the miérostructure. Specimens for scanning
eleéfrbn microséopy consisted of fracture sﬁrfacés of melts and giasses
efched'in dilute EF. A thin.film of gold was generélly evaporated on Lo
the sample prior to examination. Soﬁe'polisﬁea sections_were alsovex—'
amined in ﬁhe SEM after prélénged etqhiﬁg in lOZ Hr.

2. X-ray Diffraction

. Lo ok
Samples for phase identification by X-ray diffraction were

prepéfed by crushing the material in a morﬁér and pestle to a size fine
enough to pass a ~320 mésh sieve. Approximately 10wt¥% siliCon.internﬁl
standard‘ was added to the cruéﬁéd samﬁle and.the_phases identified
under the following scanning coﬂditioné: QORV, 20 A, scanning rate
1°/minute, 1°/4°/i° entrance to exit collimation, time constant of 3.0
and‘range of 1000 cps. All reéorded peéké wére accurately indexed

relative to the standard silicon peaks. Mcasurements of lattice

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

*%*Nomarski differential interference-contrast microscope, Zeiss
Ultraphot II metallograph, Carl Zeiss, W. Germany.

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

+Silicon Standard #640, National Bureau of Standards, Wash., DC.
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- parameters of the orthorhombic mullite structure were made by locating

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

3. Electron Beam Microprobe

Samples fof chémichl composition analyéis of the phases présent in
Fﬁe microstructure were prepared by depositing a conduéting carbon film
on the polished éections and by painting thé edges of the mounting
material with a carbon-ethanol slurry. The samples were loaded into the
vacuum chamber 6f the electron beém microprobe++ and the primury_chafnp—
téfistic X-ray intensities emitted from a specific phase in the micro-
structure was compared with the cmission frém an identically coated
standard of A1203 and SiOz. This method permits a quantitative evalua-
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 AlKg and SiKg intensiﬁies were
simultaneously recorded on two spectrometers. The analyiers weré.curved
KAP (potassidm acid phthalate) crystals bent and ground in the Johansson
mode.. Intensity cbunts in 1 um step§ starting with one phase and tra-
versing across the‘varioﬁs'phases in the microstructure werc monitored
by logic circuit counters aﬁd simultaneously punched on IBM cards for.

35,36 Corrections for dead time, drift, background,

data correction.

absorption and fluorescence were made through a computer program adap-
: 37 .. . .

ted from Frazer et al. for 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 made. The output of the

.t‘..i.
Materials Analysis Co., Model 400, Palo Alto, CA.

I'g



00046034590

-19-

above program was converted to normalized values of wt% oxides (A1203

-and SiOz),using-additional programs and the data were plotted by incorp-

_oration into the Cal-comp plot programs.  (Appendix).

4. Transmission'Electron Microscopy

Becéuée of tﬁe brittié glass samples the'nOrmgl thinaing
procedures used. in electron miCrQSCOéy could not be applied. The cdges
of sbme specimens were thin enough for transﬁiséion studies in the 650
kv electfon'microécqpe* but several specimens we£C'prepared following -~
the techniQuéS'described by Ergbgs_and‘Micbqper.gs C;ushed'glusées were
carefully placed on_a.glass slide and gently blown on to the copper
grid**vwhich.was inserted into thevmicfoscope.*** Several particles
hanging on. to the'grid could be observed and. a few thin enough\for

transmission could always be found.

* ' , .
Hitachi(650kv) Electron Microscope, (Japan).

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

KKk ’
Siemens Elmiskop - 1A, Siemens, W, Germany. (100kv).
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IV. RESULTS AND DISCUSSION

A. Metastability

‘1. Thermodynamic Data from the Phase Diagram

i consist of the use of

Attempts to model silicate solutions
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 thermodyvnamic properties of the
mixture. Physical solution theories, on the other hand (evg. the regular

Cs . 41,42 . » A

solution models) arce 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,

A 45 . . . .
and silicates. Adopting a similar approach, Charles described pro-

' . N i . c eae . 46

- cedures for calculation of activities in alkali-silicates and B O, —

273
. 47 . . P el s .
SlO2 solutions ~ 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 cowm-

ponent through the equation:

Log aL = —ﬁEm— S Log a® (1)
710 4.575 T T 10
m L
where aL = activity of the liquid in the liquidus composition .
referred to pure liquid standard state.
as = activity of solid at the liquidus temmerature

referred to pure liquid standard state.
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AH = heat of melting, cals/mol.
m

Tn = melting temperature, °K.

T = liquidus temperature, °K.

The data calculated along the liquidus can then be extrapolated to
other temperatures by assuming that at a fixed composition the partial

heat of solution, AH, stays independent of temperature.+. Thus

h Q, , v = R ') ‘ . | ‘ 2)
RT 20810 Yy = R 20gy4Yy (2)
" where TL.and YL'é liquidus temperature and activity coefficicnt at
: ~ the liquidus, respectively °
T and Yf = temperature and activity coefficient at the chosen

temperature T. . -

R = gas constant = 1.98 cals/mol°K.
The calculated isothermal activity coeffiéieuts for one component can
then be used in tﬁe-Gibbs-Duhem‘equation to obtain'data for the other
component in the'binéry system:

X, d gogEyl + X, d gog Y, =0 .u' - (3)

where X, and X

1 9 .moie fractions of cbmpohents 1 and 2.

Y, and 'y, = activity coefficients of components 1 and 2,
- respectively.

The calculated activities can now be assembled in the following

equation to obtaining the free energy of mixing of the liquids, AGm

k]

at a temperature T: AG = RT [X a, + X. fn a, (b
peratur AG _[.12n L T X 2} A | (4)
where a, and a, = aetivities of component 1 and 2. The variation of

1 2

the free energy of mixing with composition can be used to locate the

width of the miscibility gap at each temperature.
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2O3 binary

Application‘of the above procedures to the Si0,-Al
system require a well-considered choice of mixing species participating
“in the regular solution process. For the alkali silicates and borates,

or B, O, multimer and the
2 77 273 : -

stoichiometric compound limiting the miscibility gap at the alkali c¢nd .

Haller_ét-al.48 proposed the use of a SiO

as the two immiscible liquids. SiO2 or'BZQ3 multimers were chosen to

satisfy the shape of experimentally reported gaps in these systems. On

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

ships proposed.by Aksay and Pask121in the bresent system, (Fig. 1) scv-
eral species can be considered as candidates for the solution mixing

process. For instance, if the metastable S$i0, - stoichiometric (3:2)

2

‘mullite binary system is considered,vthe.liquid phase separation process .

- could be visualized in terms of'the following reaction:

x Si0, - y AL,O, (1) —= x si0, (1) +Y [Al si o (1{] (5)
2 273 A 2 1.6 ©.42 2.58

Where, x and y are the mole fractions of Si0, and Al,0, in the starting

273

composition and X and Y are the mole fractions of the unmixed liquids.

2

Similarly, if the metastable SiO., - 2:1 mullite (~66.7 mole% A12O3)

2
system is considered the phase separation reaction can be written as:

. Qi . ' —_— oy
x Si0 y AL,0, (1) x’slo2 (1) + Y _[Al

si o, .. (1
2 1.34 36,33 C2.67 ¢ ﬂ(i).

Calculated thermodynamic data for the metastable 3102 - mullite

system with the stable mullite liquidus (Fig. 1) extended to ~58.0 mole¥

-Al?O was first obtained. The species that undergo regular solution

3
mixing in such a system were assumed to follow rcaction (5) above.

:Table I lists the cryoscopic data obtained from the Sio, liquidds curve

using equation 1 with a heat of fuéion of 1835 cals/moie for Sioz49 and
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: a.melting temperature of 1726°C{49 The partial molal heat of solution

Kﬁ'='RT2nYSid (assuming the excess entropy to be zero) is also included
2 ' o . '
in Table I. The data shows an extremely small positive deviation from

ideal mixing and thus immiscibility sufficiently above glaés transition
temperatures ( 1100°C forVSiOZ)50 will not be expected in the range of

~compositions under the SiO liquidus curve.

2

Activities along the mullite liquidus cﬁrve of :He‘mcﬁqStable Sioz_
3;2 mullité (58.0 mole% A1203)’system using the mullité.compositions in
eqdilibrium.witﬁ.liqufd,’can bé.obtained from ¢quationﬁl.. No experi=
mentally.repprted value for the'heaﬁ of fusibh of'mﬁllite was available.
~ An estimate of the heat of fusion can, howeQér, beJﬁadé by two ﬁpproach—
es. In thé first procedure the iSothermal.agtivitiés of $i0, obﬁéinéd
fﬁ thénéomposition rangé épanned by the mullite iiqﬁidus (using edua-

tions 1 to 3) can be matched with the activities obtained from the SiO2

liquidus when’eXtended'metastably to higher mullite mole fractions.

2 activities at a fixed com-.

Since a éOrrespondence must eiist'for SiO
position and temperature, the above procedure yields an éstimété of the
‘heat of fusidﬁ of mullite of ~27,000 cals/molef The second method for
estimating the héét of fusion is based on the weighted 5Veragés.of'thc
3'and Si02. ‘Using the é#per;

imentally reported heats of fusion of A1203 and SiOé of 25,700 cals/

moleSl and ~1835 &als/mole;49 réspectiveiy,;che‘heat of fusion of

heats of fusion of the constituents A120

mullite (0.58 A1203 0.428102) can bé estimated to be

0.58(25,700)+ 0.42 (1835) =~16,000 cals/mole.
In vigw of the uncertainty associated with the heat of fusion of

mullite and because calculated activities (equation\l) are greatly



dependent on the value chosen, data were calculated for a range of
values @f the heat of fusion from 16,000 to 54,000 cals/mole. The
critical points for immiscibility were estimated for each set of data.

Similar considerations were used in the analysis of the metastable 8102

- 3:1 mullite (o 75 A1,0, 0.25 §i0,) systems.

273

A representative set of thermodynamic data for the metastable SiO2

~ 3:2 mullite (0.58 Al,0., 0.42 SiOz) system using an estimated heat

2 3
of fusion for mullite of 16,000 cals/mole is now presented. Table TT
lists the cryoscopic data from the mullite liquidus mctastaBily extendgd
to ~58° nole/ A1203 Isothermal data at chosen subliquidus temperatures
can then be obtained based on the previously stated assumptions regard-
ing the constancy of the partial molal heat of solution (equaﬁion 2).
This assumption ﬁas been reported to show good agreement52 with calori-
metric résults for Fhe PbO—SiO2 system ip the temperature range 900° -
1700°C. As shown in Fig. 8 the activity coefficieqts of mullite indi-
cate a strong positive deviation from ideal mixing. The data of Fig.

8 can now be used in_equatiop 3 to obtain isotherma% data for SiO2 (l).
(Fig. 9); considerable non-ideality is also apparent from these data.

An analysis of the Al O liquidus curve (Fig. 1) over the range 40

273 .
to 100 mole7 Al O3 is now presented. The activities of A1203 were cal-
culated from equationlllusing expérimentally reported values of the
‘heat of fusioﬁ(25,700 cals/mole)5 and melting tempcrature (2323° 9]
of A1203 | In order to obtéin the data on activity cqefficicnts for the
reacting components a choice of the specics involved in the solution

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

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

2 .23

the other mullite (~0.6A1203'0.43102)‘and A1203 could be considered . as

the componeﬁts; Activity coefficients and partial molal heats of solu-

Si0, and Al,0, as the end components of the pseudobinary system and on

tion'ova1203 in these two cases are listed in Tables III-and IV. The
ﬁdsitive values of Rog Ya1 0 and thc:partiak molal heats of solution

' : 25273 | S :
of A1203'indicute a strong positive departure [rom an ideal-solution.

Isdthermal_daqa for fog YAI 0 using 8102
' 273 -

is presented in Fig. 10. The activities of ALO

and Al1,0, as the components

3 at various subliquidus

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 Log YSiO (Fig. 12).: ‘The activity coefficients of

: 2 :
'8102,«A1'o and mullite obtained above are such that the integral ‘molal

273

heat of mixing AH‘M = (Xl Zﬁl +-Xé_. Zﬁé) has a positive value.'Aimnrked
- tendency towérd'liquid:immiscibility is,therefqre,'implied in these data.

‘The parabolic nature of the variation of the.isothermal activityv
coefficienté of SiO2 (logarithmic) as shown in Figs. 9 and lé guggests
that SiOé4A1203 SOlUtions'@ay behave in a "régular" manner. Such be-
havior may be tested by plotting the d—fuﬁction suggested by Hildebfund
‘and S'cét:t:;s3 the éonstancy of a>w1th composition indicates a fcgUlar
solution with a constant heaﬁ of mixing and ideal enfrOPy of mixing.
“For equal molar volumes,  the a;’function in the prcscnt'systcm can be
definéd as: |

Log :
%8 Ygi0, 08 "a1,0,

X 2
(Y5102>

a = -
X
( AlZO%)

(7)

R o
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Isothermal values of fogy are shown in Fig. 12 in the composition

Si0

' . 2 - _
range 40 to 100 mole% A1203(assuming $i0, and A1203'as,compohents). The
ROgYSiOA data in Fig. 9 was obtained by‘treating SiO2 and mullite as

cbmponents in the composition range O to 100 mole” mullite (i.e. O to

~58 mole¥ A1203). Since the activity of SiO2 in the solution at a fixed -

composition must be the same regardless of the components chosen the
QogYSio data of Fig. 9 can be converted to a new set of QogYSiO “values

2 2

referred to SiO2 and Ale3 as components. Thus:

M ' M A A
fogYgio, * *o8Xgio = *o8Ygio * 208Xg;,
2 2 0y 2

-Rog(Activity of Sioz) = Rog(Activity of SiOZ)

| here Moo and - A are activity coefficients and mole
~wher Y5102’ XSi02 YSiOZ’ XSio2 Lty coctlicicents and.
fractions of SiO2 with mullite and A1203 as components’respcctively.‘

The .00 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?Z A1203 and thus a reasonable approximation to regu-

lar behavior is expected in this rangé.

2. (Calculated Metastable Liquid-Liquid Immiscibility

The thermodynamic data obtained in thé previous section can be
assembled in the expression AGm = RT [Xllnal + X21na2] (equation 4), to
obtain the isothermal free energy of mixing valuces referred to pure
liquid standard states. The variation of the free cnergy of mixing with
composition can.then be used to locate the width of the miscibility gap
at each temperature. For example the data shown in Tigs. 9 and‘lO can
be assembled to obtain the isothermal free_enérgy of mixing values for

the metastable 3102—3:2 mullite (0.58 A1203 0.42 Sioz) system. . Common
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ﬁangents to the resulﬁing‘élot of AGm‘vs. compositiqﬁ (Fig. 14) represent
the cémpésitions at the bounda;y of the miscibility gap:agveach
temﬁé;aﬁuré. | |

As'étated in the pre?ioﬁs section, the therﬁbdynamic dqta:obtaihed
is-dépendgnt_on'the éstima;e of the heat of fusion_éf‘mullige and the
'end cdmponénts_chosen‘in the mixing model. ‘Consquently, thg effeét-of
the heat éf quiqn vélue on the calculated immiscibiiity was evaluated

by obtaining thermodynamic data for a range of values of mullite heat of

'

fusion. As shown in Table V the[upper gon$olut¢ temperature of the_ﬁiSQ
cibilicty gap-is lowered'with an inéreasing vglﬁc for‘the hegt of fusion;
The.éritiéél composition is, however, notbsignificantly affected.;
.Figufe lSAshowé“the’céléulatéd &iscibiiipy gaps for the 16,000vand>
27,000 éals/ﬁole values of'the_heat of fugion of mullite superimbpsed

on the stable and metastéble phase diagrams determined bybAksay and
Paslvc.l'.2 Tﬂe‘calculated miscibility gap obtained using Si02f2:l mullite

(0.67 A1203v0.33 SiOz) as components is also plotted in Fig. 15 using

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

.

upper consolute temperature of the miscibility gap is raised when a

higher A1203 mullite is chosen as a component in the calculation.

The calculated miscibility gap obtained using a heat of fusion

of 16,000 cals/mole and Si0, and ~3:2 mullite as components represents

2

a good fit to the experimental data of MacDowell z-md,Beall15 who pro-

273

posed a gap‘between,~7 and 55 mole % Al,0. (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

temperatures '(r]:*-_lOM'v6 poises) at a composition of ~3 mole ¥ A12~O3 and



28~

~6.3 mole ‘Z_A1203 for calculations based on heats of fusion of 16,000

and 27,000 cals/mole respectively. In their light scattering studies on
vA1203 containing high SiOz'glasses Nassau et al.54 observed phase sepa-

ration in the 6.44 mole % A1203 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 * 30°C. The limiting composition of

9 end can thus be reasonably assumed to

lie at ~6.3 mole % A1203 at ~800°C. This result suggests that the

caiculated gap with a mullite heat of fusion of ~27,000 cals/mole (Tig.

the miscibility gap at the Si0

15) is the accurate one. On the A1203

for immiséibility are calculated te be ~58 mole % A1203 (Heat of fusion

end the limiting compositions

= 16,000 cals/mole) and ~56 mole % A1,0, (lieat of fusion = 27,000 cals/

mole). The phaée boundary in A1203

to that,suggésted by MacDowell and Beall.

rich compositions thus appears close
15 '

The thermodynamic data obtained by analyzing the A1203 1iquidus
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
functiop of composition. When such data are obtained using SiO2 and
A1203'as the components (Table II, Figs. 11, 12) a miscibility gap is
predicted with a consolute temperature of *1120°C at a critical combo—
sition of ~78 mole 7% A1203. On the‘othef hand if mullite (0.6 A1203
0.4 SiOz) and Al 03 -

temperature of the calculated miscibility gap is greater than 2100°C at

are considered as components the upper consolute

a critical composition of ~78 mole % A1203. The large difference.in
the consolute temperature of the miscibility gaps calculated from the

A1203 liquidus curve underscores the necessity of choosing proper.
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,species for use in the solution model. The chcice of Sio A1203 and

mullite (0.6 A1203 0.4 SiOz) A1203 ‘as components in the analysis

presented above represent,lperhaps, two extreme cases between which

1mmlsc1b111ty 1n Al ~rich compositions could be éxpected. ‘While the

2 3
_locatlon of such a-mlseibility'gap cannot beaaccuretely bredicted be-
.eause of ﬁhe'limitations of the present model and inadeqeate data on
mixing species in the melt, the posieivé deviatioes from ideality in
'the calculated thermodynahic data'point to é very'strongvtehdehcy“

toward llquld immiscibility in the Al,0.-rich compositions.

2 3
, . - , _ ‘ . QogYS1O
. Since the 1sothermal values of the a—functlon »
; A120

olotted in Flg 13 are, fairly constant over a broad compositidn range

2

A1203 as the components across the entire phase diagfam to calculate a

it is also possible c0'use a simple model based on assuming Si0 and

single miscibility gap which is symmetrical about a mole function of’
0.5. The free energy of mixing expression for such a case takes the
form:

__‘AGm 4.575T (o.X. X, + X Qogx + X QogX

2

where Xl’and X, = mole fractionsof’SiO2 and A1203 The variation of

12

AGm with composition in such a calculation indicates a miscibility gap
extending from =22 to 75 mole" % A1203 at 1200°C. The estinated con-

solute temperature of the gap is 1350°C ¥ 50°C.

3. Experimental Evidence for Liquid Immiscibility
In order to seek experimental verification for glass~in-glass
immiscibility some SiOz—rich glass compositions prepared by the .-

procedures described-éarlier (ITI1.A.1) were examined by direct trans-

mission electron microscopy.
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Compositions contalnlrg 5wt#% through 23wL/ Al 0., yielded X-ray

273
amorphous glasses but the 42wt% A1203 compositions showed diffragtion
péaks of mullite. A representative polished section of the glass samples
was analyzed by the electron microprobe. Glass compositions were found
to be within lwt% of the starting value {(Fig. 16, 23wt? Al O3 glass).

Sample preparation for electron microscopy by the commonly used
ion—thinning methods ‘'was not possible bécause the samplgs.were brittle.
Consequéntly, the as—prepared glass éamples were crushed into a finé
powaer and gently blown on to a copper grid prior to insertion in the
electron microscope. In éome samples the edges of theifractured glass
fragments were found thin enough for beam transmission in a high voltage
(650 kv)‘electron microscope. A direct traﬁsmission electrpn.micrograph
of a 23 wt% A1203 77 wtZ SiO2 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
of miscibility gaps in several glass-—ceramic‘systems.55 The selected
area diffraction pattern obtained from the phase separated droplets
(Fig. 16-B) indicates an essentially amorphoué structure verifying the
glass—in—glass immiscibility in this composition.

A direct transmission electron-micrograph of g 42‘wt % A1203 -58 wey
SiO2 glass is shown in Fig. 18. Considerable inhomogeneity is evident
in the structure indicating phase separation. However, the selected
arca diffraction pattern from the dark droplet-like features reveals
the commencement of crystalline order further confirming the teudehcy

of melts greater than ~25 moleZ% Al 03 (=35 wt Z Al 03) to crybLa]lLa

. 1 . . . . :
very readily. Sv In view of this rapid crystallization tendency,



-31-

experimental verification of the phase boundaries of the calculated
miscibility gaps (IV.A.2.)7in quenched glass samples is not likely
to be obtained by électron microscopy methods. Furthermore, even the

b

iglésseé pfepared by ultra-fast quenching methéds,l eifher crystal-
lizevduring £he quehch or at leOO°C during sﬁﬁéequent reheating. Hence,
thé.traditional.methods of oﬁéervihg opalascence and clearingvupoﬁ
ttaveréing thevboundéry of the ﬁiscibility'gap'are not qpplicable-for
verifying the‘calculated liquid-liquid metastablé immiscibility.in the
iprésent gyéfém? Thevexperimental vérificétioﬁ of the phasé boundary
in A1203—rich’composi£i§ns can,hﬁoweVéf3 be 6btain¢d By Cbﬁducting

crystallization studies on selected mélts and iﬁférfing the temperature .

of the onset of phase separation from the ahalysis of the microstructure.
(Sec. ‘IV.B). -

4. Metastable 3102—A1200° Phase Diagram.
B _— ) .

The possibility of the existence of a metastable silica-alumina
phase diagram in the absence of mullite has been raised by several
: . . N o 11 ' : . o
previous studies.- Davis and Pask™ = suggested that mullite nucleation
‘may be preceded by the formation of a metastable glassyvphase and pro-~
posed a single eutectic metastable phase diagram. 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 tcmperature
(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 ldwer_temperatures,

2 ' o ' . L
Aksay and'Pask1 suggested that it was evidence for the existence of a
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metastable silica-alumina phase diagram.

The fbrmation of non-crystalline phases in subéolidus rcactioné
between crisﬁobalite and corundum has Beenvreported by Staley and
Brindley. Thevcompositions of tﬁe presuﬁably glassy componenp of
the reaction at 1500°C was estimatéd.by theSe_authQrs; an average
was feported._ The formation of a glassy phase

' 58
in similar mixtures at 1600°C was reported by de Keyser. The com-

V;lue of 27 wt¥% A1203

position of the glass was reported to be 8.4 Qt% alumina. Wahl ct ul.?’
bbsérved reactions in cristobalite-alumina mixtures at temperatures as
low as 1200°C with no mullite formétion.

The experimental data on subsolidus reactions in ﬁhe cristobalite~
alumina mixtures reported by various investigators above strongly
suggest.that a metastaBle glassy phase forms whicﬁ acts as a precursor
for nucleation of the mullite phase. Fur;hermore, only the A1203 phase
precipitates in high alumina melts (80wtZ) cooled slowly from: above the
liquidus suggesting métastéble system in the absence of mullite.
Kennard et al.60‘observed a microstfucture containing only alumina plus
glass in directionally solidified ingots of starting composition equal
to 78 wt? aiuﬁina. 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 diagfam; several cristobqlite~
alumina pellets were fired in the temperature range 1100 to 1300°C at
intervals of 50°C. If a metastable glassy phase indeed forms ns’a'
precursof product, then it iévreasonable to expect é sharp incfgase in

the shrinkage of the compacts at and above the cutectic temperature,
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since sintering_wili be accelereted in the presence of the glassy
phase. Table VI shows the shrinkage and sintering chéracteristics of
compects containing 27 wt% alumina and 73 wt% cristobaiite. No sinter~-
ing was. observed on f1r1ng at 1100 1150, and 1200 C even after long-
times. Some' s1nter11g was observed in the 1200°C compact but at 1280°C
‘ avdramatic change in the shrinkage was found (12.8% linear shrinkage).
.Tbis rapid change in shrinkage over the,tcmperature interval lZOO:to
11280°C‘suggests that sintering near i2809C'iS'assisted by 1liquid phase_
formation. in light of these deta the eutectic‘temoerature of-thcjmeta—
stable silica—alumina system can' be estimated.to be 1265°C (115).

- The metastable extensions of.the SiO2 and A1203 liquidi to thed
eutectlc temperatnre of 1275° C were obtalned partly: by experlmental
_ methods and partly by‘utilizing the thermodynamic data calculated in

Section IV.A.1l.

The exten31on of the A1203 liquidus to lower temperatures was

calculated from the data on activity coefficients of A1203 derived in

section IV.A.l. Figure 10 shows the isothermal values of QO&YAIZ 3

as a function of composition (between A1203 molc fractions of 0.4 to

1.0) assuming SlO2 and Al2 3 as components. A least squares fit of the

ILogYAlZO3 values at some temperature T yields the expression:
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zogyzl 0 = A+ BX + CX° + DX

273

where X = mole fréction of A1203 and A, B, C and D are constants. If

the activity coefficients of A1203

expression at A1203 mole fraction less than 0.4 then it is possible to

can be assumed to obey the above

0., mole fractions less

obtain logyAl 203

values at temperature T for Al
2 .

| O3
than 0.4.

The QOgyAlZO3

values at temperature T were transposed to the
,QogyA1203 value at the liquidus temperature T

L for each composition by.

using the equation: :
T L

RT Rogy = RT_ fogy .
A1203 L A12-03

The activity of Al along the liquidus is expressed by (equation_(l)

23
section IV.A.1l) the equation:

%0 aL - AHm _L;_ ﬁl_v
10 AL,0, ~ 4575 \T_ T

' AR ¢ :
L m 1 1
+ o = ——— — -
o8Vp1 0, * 2o 0, T 7575 (Tm | TL)

Since the heat of melting Aﬂm and the melting point Tm for A1203 arce

knownSl the values of longl o. were used in the above expression to
273

obtain the liquidus temperature at a chosen mole fraction of A1203;

Similar calculations were also made to determine the metastable ex-

tension of the $i0, liquidus.

2

The metastable extensions of the SiO2 and A1203 liquidi obtained

by the above‘pfocedures are shown in Fig. 19 superimposed on the stable

and metastable equilibria in the system.12 The extended A1203 liquidus

has a composition of ~28 wt% (17 moleZ) Aizo at 1500°C which is very

3

close to the estimated average composition of A1203.5 SiO2 reported by
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Staley and Brindley for the non-crystalline metastable phase formed
in reactions between cristobalite and corundum at 1500°C. The glass

comp051t10n of 23 wt% Al,0 (als molezzA1203) reported by Kennard

2

et ::11.5'7 in solidified ingots of overall compositiou equal to 78 wt¥ .

A1203 lles at a temperature of =1450°C on the extended Al2 3

‘This observation suggests that the slowly codled melt follows the meta-

liquidus.

stable 8102 A1203 diégram proposéd in Fig. 19 with the supercooled

llquld comp031t10n following the extension of Al llquldua and the

3

strucLure consxstlng of A12 3 plus,l;quld with no mullite phase.-
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‘B. Crystallization

Considefable tendency toward metastability was demonstrated in the
previous scctibn; The relationship.between metastability, especially
liquiﬁ_im@iscibility, and crystallization of Si02~A1203 melts is now
explored.

1. Crystallization Behavior as a Function of Melt Undercooling

Two mel; compositions, containing 42 and 60.wt% A1203, were
sélected for crystallization studies because the former iies near the
center and the iatter at the A1203
lity gap (Fig. 19). All heat treatments were conducted in séaled molyb-

-rich phase boundary of the miscibi-

. denum crucibles. The melts were homogenized at 2090°C (+10°) for 50 to
60 minutes.after whi¢h:the temperature was rapidly lowered (in 1 to 3
mindtes) to a chosen suﬁliquidus temperature Tu. The undercooled melt
was held at temperature Tu for a fixed length of time (typically 1 %V
hours) and then quenched to room temperature by introducing a flow of
helium into tﬁe furnace chamber. |
The microstructure obtained after the homogenized mélt (60 wt%

Al1,0.) was held at an undercooled temperature T equal to 1862°C for

273

l-% hours.and helium quenched to room tcmperature is shown in Fig. 20.
The microstructure shows mullite needles (~200 to 250u long) surrounded
by a siliceoﬁs glass matrix. X-ray diff%action of the sample indicated
mullite as tﬁe only crystalline phase. The mullifc ncedles and the
glass matrix in Fig. 20 were analyzéd for chemical composition by the

point beam electron microprobe. Composition profiles across the two

phase structure were obtained by moving the‘point beam in 1y stepé.
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.The pfofile shows an A1203 content of ~78 wt% in mullite and ~18.5 wtZ%

in the glass.
Microstructures similar to that shown in Tig. 20 were obtained

when the homogenlzed 60 wtZ Al1,0, melts were undercooled to temperaturea

2 3
of 1860, 1725, 1500 and room temperature (i.e; a direct quench to room
temperatgre.from»2090°C). The composition of.the mullite needles in
all the microsefuctures (Fig. 21) were ~78 to 78. 5 wt/ A1203 suggesting
that they had all crystallized in an 1den;1cal_manner. In addition, no
VsignifiCant change in the iength or thickness ofbthe mu;lite needles
was-obeeroed indicating that,crystelli;ation may have occurred not at
the verious temperatures Tu but.possibly.at some looer teﬁpefature dur-~
1ng the quench to room temperature. |

. Figure 22 shows the microstructure typical of the 60 wt/ Al 03 com
bosi;ion heeted at Tuvé 1325% 1220, and 1025°C for 1% hours after the
ihitiai homogenieation.'.No significant‘miorostructural changes were
‘observed although the <‘ize of Lhe mullite crystals was slightly flner
The chemical composition of the mullite crystals in Flg 22, however,
is ~76 wt7 A1203 and the glass comp051t10n is ~20 5 wt/ Al2 3" Similar

‘heat treatments on the 60 wt? A1203 composition at.undercooling temp-

eratures of 925- and 730° C -show the mulllte comp051t10n to be ~74.5 and
75 wtZ A1203 Typlcal microstruc;u:es areﬁshown in Flg. 23 forja fepre~
sentative composition. ‘Thebcompooition 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 muliite of ~77 6 wt/ A1203 composition. ﬁhen the

undercooled melt is held for longer times, however, the mullite
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composition drops to lower Al contents reaching a value of ~73.2 wtZ

2%3
A1203 after 24 hours. The above observations suggest that mullite

crystallization’is initiated at some temperature below ~1550°C and the

coﬁposition of the first mullite crystal to form is ~78. 5 wt? A1203
This result is not surprising since formation of mullite with composi-
tions greater than that indicated by the stable phase diagram (~70.5

wt/ Al 0 ) is well documented when the mullite precipitates from a

‘1iquid phasé.61’62 The present data also suggests‘that the initially

formed mulllte (~78.5 wt/ Al,_0_.) upon continued heat treatment exsolves

23

A1203 and approaches its equilibrium composition. The A1203 rejected by

the mullite crystal during the reaction enriches the néighboring glass .
. as indicated in Fig. 24.

273
(Tu) following homogcnlzatlon at 2090 C, held at 600°C for 1 %-hours

- The microstructure of the 60 wt% AL,0, melt undercooled to 600°C

and quenched to room témpérature is shoﬁn in Fig. 25.‘ The morphology
of the mullite crystals in a glass-matrixvis similar to the sémple
quenched to room témperature from 2090°C without any intermediate |
holding (Fig; 21). Furthermoré, thé cgmposition of the mullite in both

cases is ~78.5 wt% Al 0, indicating identical'crysfallization history.

3
The temperature of 600°C in the above treatment lies near the estimated

14.6 -

glass transformation temperature (N = 10 poise) for the 60 wt?

A1203 compositionv(Fig. 19). Thus; both the as quenched sample and
~ the sample undercooled to 600 C must have crystalllzed at a temperature

above 600°C but below 1550°C. The mullite composition of ~78.5 th

A1203 in the structure of Fig. 25 also suggeksts that the initially
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formed mullite did not lower its A1203 content as in the heat treatments
corresponding to,Tu = 1325, 1220, 1025, 925 and 730°C because of cur-
tailed diffusion through the rigid high viscosity (n21014'6) medium.

When the viscosity is sufficiently low for diffusion, the initially

formed ~78. 5 wt? A1203 mullite lowers its A1203 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% A1203 This value iS'very close to

the solidus composition for the metastable SiO2 "dlsordered" (2 1)-
‘mullite diagram proposed by Aksay and Pask (Fig. 19). It is, thereforc,

concluded that when mullite is formed by precipitation from the liquid

-

phase the composition of the mﬁllite corresponds to the metastable

equilibrium value of ~73.5 wt% A1203

Table VII summarizes 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 arev~78'to

78.5 wt% A1203 surrounded by a glass of ~18 wt% Al,0,. 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}% AlZO3 surround-

ed by a glass of ~20 to 21 wt% A1, 0 These data then suggest that the

2 37
melt is supercooled without cfystallizatlon through some temperature
below 1550 but above 1325°C. Attsome-teﬁperdture between 1325°C and
1550°C crystallization of mullite is initiated and the first mullite

formed has a composition of ~78 to 78.5 wt% Al_O, which is subsequently

2 3
lowered on further heat treatment. The relationship of the observed
crystallizatlon behavior to metastable’ 11qu1d -liquid immlscibility

(Sec. IV.A.2, 3) is treated in the following section.
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2. Relationship Between Crystallization and Liquid Immiscibility

" Since mullite crystallization appears to commence at a temperature

between 1325°C and 1550°C (for the 60 wtY A120 melt) and since the

3
phésc b&uﬁdarjﬁgf the metastable liquid immiscibility (Fig. 19) is
withih fhis teﬁperature raﬁge,.it is appealing to develop a reasoning
- for the obsefved crystallizétion behavior in relation to pfior liquidb
immiscibility.

‘In genéral, a metastable glass”phaée formsvbecéuse.the more
stable‘crystélling phase ‘is kineticaliy unfavorable. if ﬁeat grégged.
. for a sufficienf length of timé, the metastable'giaés phase will sepa-
,tafelinto two glasses unless crystallization‘iﬂtervenes. This genéral
viéw baéed on kinetics_states‘that the gryst#lline phase cannot appear
simply because the other reaction (éither single phase or phase sépa—
rated glass.fbrmatioﬁ) is faster. Tﬂere is, however, a ppssiﬁility
that the crystallihe;phase will be actually forbidden by thermodynamics
té precipitate until after the precursor métastable feaction is compleﬁe,
~-as suggested by Cahn.73v Let us consider the free energy of mixing .
versus cémposition’curves for the metastable 1iq§id L and the stable
.solid S at a température T below the upper consolute temperature of>
the miscibility gap; as shown schematically in Fig. 26. If the mullite
. phase(solid) precipitates from the liquid of coﬁposition Co the freg
enefgy-is increased corresﬁonding to-the segment fL-FM. Hovever, after

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

L2 has a free energy corresponding to F Transforﬁatioh'to the mullite

s

phase now involves a decrease in free energy”(Fs to FM).
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Applying the above pfinciples to the observed crystallization »
behavior as a function of melt undercooling reported earlier, it can be

argued that the 60 wt% Al melt is supercobled to near the immiscibi-

203
lityvbouhdary because mullite formation is thermodynamically blocked
until the precursér réaction (i.e.»unmixing into two glasses) is com-
p]eﬁe. The crystallization of the melt can tﬁus bé,visualiéed’iﬁ terms
of the following stepé: (i) Supércooling of'theyliQuid to the phase
boundary of the miscibility gap, (ii) Cbmmencemént of liquid immiscibi-
lity at ~i325_t 25°C, (iii) Crystélliéation of.thé A1203;fiéh'phase
separaﬁed glass ﬁo hullite of ~78.5 wt¥% A1203, and.(iv): Reductibn in
1A1203 éonfent‘of ﬁﬁllite from ~78.5 to ~73.5 th‘leoé on heat treat-

ment above glass transformatioﬁ témpératures. In support of the above
crystallization process, glass compositions (Table VII) are very close

to the Si0 ricﬁ phase boundary of the ﬁiscibility gap (~18 to 20 wt%-

2
‘ A1203) ét a temperature of =1350°C, for ﬁeat treatmehts’involving very
little orvno time withiﬁ the miscibility gap. o

In cbnﬁrast to the ébove view of iiquidvimmisciﬁilitY'as a
précursor to.cryétallizétion, it is also pdssible to consider crystal-

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

According to
these thepries‘ﬁhe melt, although macroScppiqélly homogeneous, cdntains
regions of fluctuational heteroggnitieSVVafying in size from 200 to
5000A. TheSé heterogeneou§ compositional and s;fﬁcthrél fluctuations
"do not have sharp interfaces buﬁ resemble the "future" precipitatihg
phase (stable or metastable). As Ehe melt'cools, heterogeniétieS;dQer’

to the miscibility gap are added to the above fluctuations{
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Thé experimentél dataién'crystallization can then be expiained on
the basis of the fluctuation theories by assuming the p0551b111ty of
compositional and structural fluctuations in the present 5102 Al2 3
melts at ~2090-E.close1y resembling the high Al 3 ( 78 5 wt/) meta-
stable mullite phase. If suchvhetcrogeneous regions exist then the.
mél; will be able fd crystallize readily with é'very slight’étructu:al
rearrangement. o | | |

The fluctuations‘in the melt Will éorrespond to high—A1203 and

high-Si0, regions. During cooling of the melt, short range diffusion

2
of the SiO2 molecular species occurs. As the above molecular species

dcplete the Al,0,-tich composition flUctuations, crystallization of the

2 3
mullite phase occurs by the rapid growth of these fluctuations. Since
the crystallization to.mullite involves no long range diffusion, but
only a smail structural rearrangement in.the fluctuations in the meit,
one can reasonably expect mullite precipitates of coarse size in the
quenched melts;

The micrOstructures-in the as—quenched.melt (Fig. 21) show ﬁullite
preCipitatés of »15 to 20u X 200 to 250p dimensions. Siﬁce the melt was
quenched to room température from 20907C in 1 to 2 minutes the rapid
crystallizatioﬁ observed may héve océurred by the structural rearrange-
menfrand virtually diffusionless process‘discussed above.

The fluctuation model §f cry§ta11ization is a poSsibility for high
Al,0, melts, but the gxperiméntal data on the 60 wt% A1,0, melts

reported earlier appecars to support the view of liquid immiscibility as

a precursor to crystallization.
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3. Crystallization Behavior as a Function of Nucleation Conditions
The 42 and 60 wt¥% Alzoq melts were subjected to chosen heat

tréatmen;s’within and'outside the miscibility éép. Qﬁenched melts thch
would have_muligfe preéipitates as déscribed, wéfe then given heat
treat@énts at‘1725°C (£10) for variéus times. Severdl‘sighificant
changes both in the morphology and.the éomposiﬁion of the mﬁllite crys-
falé were observed. | o ’ N

Figure 27 shows -a typical microstructure obtaingd‘when a 60 wtZ
AlZOi contaiainglﬁelt.was homﬁgéqizéd at 2090?C,lheld:at i500°C_for 15
mins, ;eheéted 3;11725°C‘for 1 %-houfs, and‘quenéhed; 'The morphology
of the mullite ﬂeedles is very éimilaf to thé melts shéwn in Fig. 21.
Furthef; the chémiéél éompoSifibn of.tﬁé muilite and glass phases de-
términed'by thérpoint beém electron miéfoproge waé.found.fo be 77.9 wﬁ%
A1203 and 19 wt? AL,

0., respectively. These'compositions are the same
as those for melts‘undercdoled to 1860, 1725, 1SOO°C and quenched to

room temperature. Thus,‘£hé heating at.1500°C for 15 minutes (Fig. 27)
simply supercoolsdthe mel; without nuciéation and subsequent reheating
to 1725°C &id not result in ény ﬁucleétion or cr&stalliZation. The;
mullite crystals observed in Fig. 27 #ust thén have.ﬁucleated and érown '
during the quench to room temperatﬁrevbyva similar meéhanism aé thé
microstructures in Fig; 21. o |

The efféét'of nucigating a homogeﬁized 66 wt%.Al 0, melt at a

273

temperature well within the miscibility gap (925°C, 15 minutes) and

2

The finer crystal size of mullite observed here (Fig; 27) in compariSoﬂ_

recrystallizing at 1725°C for l-i kours, howevér, is shown in Fig. 28.

to the preVious'éxample is suggestive of the appearance of crystals due
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to ﬁhe'holn at 925°C. Suboequent reheating to 1725°C causes crystal
grow;hvof mullite around the nuclei established at 925°C. .The composi-
tion profile across tne two phase structure of Fig. 28'shoos a mullite
'with nnvAle3v:ontent of ~75 wtZ A1203iand a glass of ~16 wtZ A1203
(Fig. 29).

" In keeping with the steps in the crystallization process dcveloped
-earliér,,thevmoltvofvFig 28 on cooling to 925°C two glass phases whiéh
is followed immediately by prec1p1tatlon of a high Al ( 78 5 wt%)

mulllte whlch in turn begins to exsolve Al,0 During the reheating

273°
g step (1725 C 1 ;-hours) recrystalllzatlon occurs with the mullite crys-

Itals approachlng the metastable equilibrium value of ~73.5 wt% Al 3
Flgure 30 shows the microstructure obtained when the 42 wtZ% Al2 3
‘melp was quenched to room temperature and reheated at 1725°C for 1 %n
hours. The mullite morphology obtained is typical of thg needlelike
crystals growing in the prosenée of a 1iquid‘phase, The composition of
mullite in this case corresponds to 74. 5 wtZ Al2 3 A 60 wtZ A1203
composition hea;,treated at the same time under conditions identical to
those for the sample in Fig.—30 resulted in the microstfuoture»shown
'.in Fig. 31. The composition of the mullite phase is ~75 5 wt% Al2 3
'énd the'morphology of the needles shows bundles of well aligned crystalé
surrounded by tho glass matrix. The differences in morphology in these
two sampleé is probably related to the amount of mullite crystals. —
In order .to evaluane the rnte at which the precipitated mullite
crystals approach the metastable equilibrium composition of 73.5 wt%

v A1203; quenched melts were heated at 1725°C for various times. The

schedule for both the 42 wt% A1203 and 60 wt%'A1203 melts consisted of



hémogeniéation'ht 2090°C for 50 to 60 minutes and cooling to room
ﬁempefatufe by'shhtting off the furnace powér; The as-cooled samples
“showed X-ray détectable mullite which was Very fine (~0.02y) in;the
42 wty composi;;;n and éoarse (=20x250u) in the.60 wt? compositihn;
‘Thg-as—éooleq mélts Qith'ﬁhllite crystals were récrystalliz&d by.heéting
to 1725°C and holding.for various iengths of time prior to coolihg to
: rooh temperature. |

'Figure.32 shows the miéros;ructure bbtained-oh heaﬁing of the as-
quenched 60 wtZ melt at 1725°C for 1 %—hours. The morphhlogy of thé

mullite in this sample was the same as in’ ‘Fig. 31, but ‘the A1203 content

’of mulllte is 1owered to 75.5 wtZ%.

Figure'33 traces the microstructural and compoéition'changes in the

60 wt% compositioh after"heating for 1 l; 5 %3 and 70 hours at 1725°C.

The original needle-like structure of mullite in‘the as—quenched samples
(Fig. 29) breaks up into finer mullite precipitates whose composition
is reduced in A1,0, with time. Table VIII summarizes the éomposiﬁibn
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data for the 60 wtY A1203 series as a function of nucleation conditions.

The'change in crystal size of mullite with time at 1725°C_after
quenching to room temperature is shown in Fig. 34 for the 42 wt% A1203
composition. The recrystallization of mullité is accompanied by a
change in Al2 3 content from ~76 th A1203 to ~73.5 wtZ A1203 after a

hold at 1725°C for 1 %* hours, (Table IX). SubseQuent'crystal coarsen-
. ing.occurs with essentially no change'in composition, éuggesting some

interface controlled mechanism as being the rate'liﬁiting step 1In the

crystallization.‘
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Figure 35 shows the coarsening steps in crystallization of the

'42.wf% A1203'sample reheated to 1725°C (5 %~hours).-(Fig. 34, 42QR -

1 . . . L Lo '
5 E-hours). The microstructures shown in Fig. 35 indicate a coalescence

of the fine mullite crystals during the recrystallization step at 1725°%.

: Thé c6arsening'of‘the_fine muliite structure to long negdles, whose
.thickncss inéreaées wiph time of holding, occurs by the formation of.
edge confacts bétweén'two.needles. 'Subséquent mass transport results
in the int¢rface_éontrblled crystal grow;h suggeétéd by small composi-

tion changes.

4. ,Subliquidﬁs SilicajAlumin; Reactions
The.prédqct-of séiid state reactions between fused silica aﬁd

alﬁmina is bélieved to be a mullite phase (3:2 type) of composition
corresponding fo thé stable equilibrium value of 70.5 wt7 alumina.12
Thevmofphoiogy of.the mullite of the solid state type is typically
globular61ﬁwhile even ‘the slighteét amoﬁnt éf»liquid phése promotes the
needlelike morpﬁplogy.gz

) In phe previousvsection én grystallization, the.needlelike mullite
morphology was consistently observed since preéipitation had alwayé,
.occurred,from the mrlt. Furthermore, this morphology persisted even
upon reheating aé subliquidus temperatures for long times. The mullite
cﬁmpositién, in this case of the 2:1 tybé,'was‘78.5 wt? aluﬁina in the
first formed mullite and decreased‘to 73 wtZ alumina after reheatiﬁg at
1725°C for up to 100 hours. Since the mullité grown at temperature in
so0lid state reaction is expectcd to be lower in A1203 coatent, reactions

between silica and alumina at subliquidus temperatures were studied to
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determine.ehé validity of the hypothesié regarding the compositions
of mullite. |

A 60 wt% A]203 40 wtZ 8102 mixture was pressed into pellets
and fiied in air at zi700°C for 9§ hours. vThe microstrueture of the
speeimen is shown in Fig.'36. The white areae in the opticai micro-

273
by 5 1ight gray'laYer of mullite that formed at 1700°C by a diffusion

~ graph of Fig. 36 ,show 31ntered Al,0, particles which are surrounded

controlled reaction with the siliceous liquid. The thickness of the
mullite leyer adjacent Ee fhe sintered A1203 partlcles is =6y éfter
96 ﬁoufs-of reaction. The aiffusieﬁ controlled nature'of the rcaetioq
_ 'through the mullite layer is indicated in'the slow rate observed. The
:coméoéition-of fhe mullite layer wés determinedrby thexelectron beam
microﬁrobe to be =70. 6 wtZ A1203 which corresnonds to the stable
equilibriem cdmpositlon. The 11qu1d phase next to the mulllte layer has
a compositlon of 11 wt% Al 3 |
Prec1pitatlon of mullite needles in the 1iquid'§hase.Was‘a130
 observed as shown“in-Fig. 36(c). These needles formed dﬁring the‘quench
_ from 1700°C after-holdihg'atvtemperature for 96 ﬁours. The.mierostruc—
‘ture shown in Fig. 36 is unique in that two different mullite morpholo~-
gies can be seen in the‘Same’sample. The scanning eleetron micrographs

of Fig. 36(b) show the sintered.Alzo particles w1th fragment of the

3
mullite layer. The mullite'growing out of the liduid phase as isolated
needlelike islands is shown in Fig. 36(c). The relative ratios of Al/Si
in the two mullltes was determined by the EDAX (hnergy Dispersive

,:'Ana]ysls of X—rays) attachment to ‘the scannlng electron microscope.



~4 8-

The Al/Si intensity ratios are shown in Fig. 37 by focusing the beam

.( ludlameter) on the sintered Al1,0, area (Fig. 36(&)} and on the mullite

273
needles in the 11qu1d phase matrix (Fig. 36 (c)). The higher Al/Si

ratio in Fig. 36(c) is direct evidence ofvé_higher A1203 mullite pre-

cipitating from a liquid phase.

‘Additional subliquidus experiments were‘peffdrmed between 3102 and

A1203 mixtures of 60 wt/ A1203 compdsition to provide evidence forvthé'
stable phase diagram (Fig. 19). Conflicting phase éﬁuilibria studies
'tby static queﬁching méthodskrepdrted in literature.have relied on
examination_of pﬁases obtained in quenched éaﬁples, after homogenization
just ébote the liquidus. For.exaﬁple, Aramaki and Roy hbmogenizéd-a 50
"mole¥ A1203 (~63 wtZ%. Al2 3

reportéd mullite and glass as the only phases‘presént; The temperature

) composition at 1852+10 for 9 minutes and

of 1852°C is within the stable phase field of Al,0 3 plus 1liquid as shown

2

in the phase diagram of Fig. 19. _Consequently, A1203 must be observod

in such mixtures upon quenching unless no nucleation sites are available
ftr the»nucleation of the alumina phase; the difficulties in nucleating
the stable phase'1A1203) at small undercooling have been discussed by '

Aksay and Pask.12 |

It was hypothesizéd that.if the particle size of Al1,0, in reaction

273
with SiOz_was fine enough for complete reaction to form mullite_below
the peritectic temperature then no Al2 3 sites would be available for

. nucleation when the mixture was held above the peritectic temperature
(Fig. 19). Thus, even though temperatures between 1828°C and 1900°C

(for the 60 wt% A1203 mixture) lie in the stable Al2 3 phase field, the

starting mixtures containlng fine A1,0 particles will show mullite plus

273
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. glass as the phases after quenching to room temperature from above
1828°c. However if the Al, O3 particle size in the starting mixture

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

36) and A1,0, nuclei would be present at the higher temperature
(>1828°C).

To test the above hypothesis mixtures of overall composition equal
to 60 wt/ A1203 and 40 wt% 5102 were prepared by using Al2 3 particles
" of size :0.Q3u, (Linde+A1 )8u(A l6 a- Al ) and 45pu(A-14, o- Al 3
agglomerates). Well blended mixtures were sealed in molybdenum cruci-v
ebles.and_heated to 1725°C in 1 hour._ The mixtures were held at 1725°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 diftraction patterns obtained from the three mixtures using Si
as an internal standard revealed the presence of Al 3 only in the mix-
ture containing the coarse A-14 alumina»particles (Fig. 38). The long
hold at 17256C resulted in conplete reaction of the finer A1203 in the
'Llnde and A-l6 mlxtures to form mullite but residual A1203 was present
»1n the A-14 mixture when the temperature was raised to 1855°C. Since
the A1203 in thls case found itself in the stable phase field of A12 3
plus liquid (see Fig. 19) it did not go lnto solutlon even though the
diffusivity of “lOf-6 cm /secvat 1850°C would require the complete

dissolution of a 50y Al O, particle in about 100 seconds. The fact .

23
i3

that A1203 gtill persisted in this mixture indicates that at 1855°C the

mixture was in the stable phase field. It is of interest to note that

presence of Al2 3 in the 60 wt? A1203 mlxture held at 1855°C for 36

hours and quenched to room temperature is inconceivable on the basis of
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the Si02—A1 0, system showing a congruently melting mullite proposed

273 ‘
by previous authors.g_lo
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V. SUMMARY AND CONCLUSIONS
The regioné-of metastable liquid immiscibility has been calculated
from the thermodynamic data derived from the phase diagram of the Si0, -

'A1203 system. Positive deviations from an ideal solution were indicated

'both in SlOZ—rlch and A1203 ~rich compositiqns.e MisCibility>gaps were
calculated for‘varlous combindtions of'componeeté‘in the system based
on reguiar solution appreximdtions.

. GLasseS high in.SiO2 were examined by trensmission eleetfon
mietoécopy for evidence of liquid phase separatioh.- Liquid—liqUid
.v.immiscibiiity Qas demonstrated in glasses containing between ~7.5 and
20 mole/ A1203 " The fine scéle of phase separated glassy droplets
(5400A) dispersed in é glass matrix results from the existence of  the
subliquidus'(metastable) liquid miscisility gap. -

Crystalllzatlon of SlO2 Al2 3 melts homogenized at ~2090°C was

stpdied. Melts containing greater than %30 mole’ A1203 crystallized
bvery readily to ferm a metastable mullite phase plus-a residual sili-
ceous glass. Extensive crystallization studiesvonveelected melt eompo—
sitions.provided exﬁerimental evidence for the reiationship between
liquid immiséibility and crystallization.

-The microstructures obtained by crystallization of the melts were
analyied for cheﬁical composition by the‘electron beam'mieroprobe.
The. data for the 60 wt7 A1203 melt crystallized by progressive under?
cooling after homogenization at 2090°C suggests that the melt supercools
to zl350°¢ prior to crystallization. Sinée the temperature of L350°C
is near the ﬁhase'boundary of the liquid miscibility gap for the 60 wtZ

composition calculated earlier, it is concluded'that'phase separation
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may be an essential precursor to crystallization of the melt. - The

extremely rapld crystalllzatlon tendency of Al riéh melts to coarse

2

(*ZSOU long) mullite needles and the diffuse interface between the
mullite and glass phases may also be due to the existence of fluctua-
tional heterogenieties in the melt structure itself.

Mullite with an A1203 content of *78.5 wtZ precipitates from the

melt upon crystalllzatlon. The composition of this metastable mullite

phase was shown to change w1th heat treatment to =73.5 wtZ Al2 3 This

value corresponds-to the solidus cOmposition of the metastable SiO2 -
"disordered" or 2:1 mullite diagram.12 The morphology of the mullite

pfecipitating from the liduid phase was needle-like and persisted dur-r

ing the transformation of the high-alumina mullite to lower Al,)O_3

com-

positions upon heat tteatment,

i

Mullite with compositions (x70.6 wt¥% A1203) close to the stable
equilibrium diagramlz'formed at subliquidus temperature in feactions

betWeen SiO2 and A1203 mixtures. - Néédle-like'mullite crystals with an

'A1203 content higher than the equilibriuﬁ valué formed in the residual

1iquid phase during cooling. Subliquidus reactlons in 510 -Al pow-

2 3

‘ders containlng different partlcle sizes of Al 3 provided verification
of_stable phase equilibria in the system.

A single cutectic metustable_SiO -Al 03 phase diagram in the

2

absence of mullite was proposed. Extensions of.the stable SiO2 and

. A1203 liquidi to lower temperatures was based on experimental data on

phase compositions in crystallized melts high in Al calculatlon“

293>

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

The eutectic temperature of the proposéd metastable phase diagram
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determined from subsolidus reactions in cristobalite-corundum pellets is

¥1275°C; the eutectic composition is estimated to bé,zlz mole Z,A1203.
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‘Table I. Thermodynamic Data From the Silica Liquidus,'

Liquidus Composition Liquidus Activity Log Activity Partial Molal
Temp. (°K) of SiOZ- - Coefficient of SiOé Heat of Solution
Mole Fraction
of Mullite

.0167 1973 0.994 +0.0047 42.4

. 043 1927 0.983 +0.0116 102

.067 1903 . 0.977 +0.020 174

0.086 0.966 +0.024 204
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Table II. Thermodynamic Data from Mullite Liquidus (Heat of Fusion

%16,000) of mullite.

Mole.Fractibn Liquidus Log10 YMﬁllite Partial Mola}
Mullite (Liquidus) Temperature Heat of Solution
Compositions) (°K) ‘ . AH (Mullite)

' . : ’ ‘Cals/mole
'0.086 1860 .803 | 6870
0129 | 1953 0719 s
',6'172 | 11998 ' 0.635 B 836

"oas | 2013 0.552 5111
0.258 © 2025 | 0.483 - 4499
0.344 | 2068 | 0318 3561
0.430 | 2059 . | 0.291 2756
0.515 2079  o.229 o190
0.601 | 2090 ' 0.171 1644
0.687 1 am 0.122 ) 1179

0773 2115 ~ 0.082 | 798
0.945 ; ' 2133 o .009 ' 88
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Table III. Thermodynamic Data from Al,0

as Components.

-61-

273

2 273

Liquidus with S10_, and Al_.0

Mole Fraction Liquidus LogloYAi o | Pai;ial Molal |
Al,0,(Liquidus Temperature 7273 Heat of Solution
Composition) (°K) ) AH (A1203)
Cals/mole
0.40 2105 0.14441 1390.7
0.45 2148 0.14779  1452.4
10.50 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 12254 0.08057 830.8
0.75 2266 0.06390 662.4
0.80 2280 0.05118 533.9
T0.85 2288 10.03351 350.8
0.90 2301 0.02261 238.0,
0.95 2310 0.00866 91.5
1.00 2323 0.0000 o0




-62~

Table IV. - Thermodynamic Data from Al903 Liquidus with Mullite
o 0.4 SiOz) and Al,0, as Components.

v(0.6 A120

3 273
» L
Mole Fraction Liquidus. LogloYA1203 ' Partial Molal
Al1,0, (Liquidus Temperature ' : Heat of Solution
Composition) (°K) AH(A1203)
Cals/mole
0.010 2226 1.894 19394
0.125° 2243 0.816 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 13189
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




00 4y

4

6 U472

-63-"

Table V. Effect of Heat of Fusion of Mullite on Calculated Liquid

Miscibility Gaps.

\

Heat -of Fusion
of Mullite (Cals/mole)

‘Upper Consolute
Temperature( *10°C)

Critical Composition,
MoleZ A1203

16,000 -
27,000
36,000

45,000
53,900'

© 72,000

1635
1540
1380
1230
1090

725

34.5
34.0

34.0




Table VI. Subsolidus Reactions in CristobaliﬁeQCbrundum Mixtures (~27 th»A1203—73 wt% Cristobalite).
.Slge of Compacts Percent Phases identified
Temperature Time at ' before after Shrinkage after firing
(°c £ 20) Temperature . firing firing (Linear) (x-ray)
1130 40 days 0.25" dia. | 0.2495 Pellet a-A1503
X X crumbled Cristobalite
0.108" thick ?
1200 150 hrs. 0.25" dia. | 0.2492 Pellet a-Al O
' X X crumbled Cristobalite
0.110" thick ?
1230 120 hrs. 0.25" dia. | 0.2486 <17 a-A1,04
' ' x X Cristobalite
0.103 thick 0.102"
1250 120 hrs. 0.25" dia. 0.2480 %37 . a-Aly03
0.072" thick X Cristobalite
' E 0.070" o
1280 24 hrs. 0.25" dia. 0.218" 12.8% (dia) a-Al504
X X " ' ’ Cristobalite
0.107" thick| 0.100 6.5% (thickness)

~¥9-
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Table VII. | Summary of Phase Compositions in Undercooled 60 wt/
A1203— 40 wt? SlO2 Melts.
- Composition
-§a;p1e TH(°Ct10) _TU(°CtlQ)' ’ Mullite ycz AléOj Glass wt% AL,0,
60-Q | 2090°C | Room Temp. - 78.4 18.5
60-18 | 2090°C | 1862(1-1/2hrs) 77.8 18.5
60-17 | 2090°C | 1725(1-1/2hrs) 78.4 17.8
60-15 | 2090°C | 1500(1-1/2hrs) 78.0 18.0
160-13 | 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 | 1025(1-1/2hrs) 75.9 20.0
60-9 2090°C 925(15mins) 77.6 18.0
60-9 2090°C 925(1-1/2hrs) 74.5 20.8
60-90 | 2090°C | 925(5-1/2hrs) 73.7 22.5
[60-9 2090°C 925(24hrs) 73.2 23.0
60-7 2090°C 730(1—1/2hrs)’ 749 20.9
60-6 | 2090°C 660(1-1/2hrs) 78.8 17.9.




sitions in Pre-nucleated and Crystallized 60 wt% A1203-40 wt7

Table -VIII. Summary of Phase Compo
-SiO2 Melts.
Sample Melt Nucleation. Time at Crystallizétioh , Composition
" . . | s - ° N
# Homogenization History Temp. T, = (1725°C£10) Mullite wt% - Glass wt¥
Temp. (°C*10) : AL.O A1.0
(50-60mins) 2°3 2°3
60-925 | 2090°C 925°C(15mins) 1-1/2hrs 76.0 16.0
60-17RR’ ©2090°C 1725(1-1/2hrs) -
: _ + Room Temp. 1-1/2hrs 75.5 16.0
60-15R 2090°C 1500°C(15mins) '1-1/2hrs 77.9 119.0
60QR 2090°C Room Temp. 'No Reheating 78.4 18.5
60QR-1 2090°C Room Temp. 1-1/2hrs, 76.5 18.9..
60QR-5 2090°C - Room Temp. 5-1/2hrs 76.0 19.8
60QR-7 2090°C Room Temp. 70 hrs 74.5 23.5

. -99—



.Table IX. Summary of Phase Compositions in Pre-nucl

eated and Crystallized 42 wt% A1,0,-58 wt%

SiO2 Melts. , 23
_ » _ _ _ Cbmposition .
Sample Melt Nucleation Time at Crystallization ‘Mullite wt% Glass wt?%
t Homogenization History Temp. TC = (1725°C*10) A1203 ' A1203
Temp. (°C+10) ' ’ _ : _ a
- (50-60mins)
42-15R 2090°C '1500(15min) 1-1/2hrs. 75.0 16.9
42-17RR 2090°C 1 172502-1/2hrs) 1-1/2hrs. | 4.5 19.6
: ' + Room Temp. L - -
42QR-1 - 2090°C Room Temp. 1-1/2hrs. 73.5 16.0
42QR-5 2090°C Room ‘Temp. 5-1/2hrs. - 73.2 15.6
42QR-18 ©2090°C - Room Temp. 18hrs. 73.8 16.2
| 42QR-110|  2090°C Room Temp. 110hrs. - ©73.5 16.4

—Lg-

o0
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.
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FIGURE CAPTIONS

1 Stable and metastable equilibria in the 810 Al2 3 ‘System

(Reff 12).

2 Schematic free energy versus temperature plot illustrating the

" thermodynamic basis for stable and metastable phases.

3 Relationship between free energy-composition plots and the

phase diagram»fof a hypothétical binary system illustrating

" metastability.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4 Construction of a liquid immiscibiiity regioﬁ frbm ffee energy-
composition plots'inva hypothetical binary system.

!
5 Temperature dependencevof the nucleation and crystallization
rates. | |
6» Cell assembly for ﬁeat treatment experiments.
f Electron beam microprobe images showiﬁg'distributiOn of molyb-
denum in heat treated crucible cross section.
8 Aétivity coefficients (logarithmic) of 3:2 mullite plotted:
against mole ffaction'of mullite (Heaﬁ of fusion of mullite *16,000
cals/molé). |

9 Activity coefficients (logarithmic) of Si0 plotted agalnst

-2

mole fractlon of 3:2 mullite (lleat of fusion of mulllte *16,000

cals/mole).

AN

10 Activity coefficients (logarithmic) of AlqOV plotted against

mole fraction of A1203 using SiO2 and A1203 as components.

11 Activity of A1203versus mole fractlon A1203, immiscibilipy{is

to be expected below 1100°C.

12 Activity coefficients (logarithmic) of 810, versus mole.
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f t Al O
raction 2 3

Fig. 13 .The_a—test for 810 A1203 supercooled liquids (see equation 7).

Fig. 14 Variation of free energy of mixing withvcomposition in the

metastable 8102—3:2 mullite system (Heat of fusion of mullite

16,000 cals/mole.)
Fig. 15 Calculated liquid miscibility gaps superinposedfon the phase

diagram12 of the 8102—A1203 system.
Fig

g. 16 Computer plotted compositions for the 23 wt¥ A1203—77 wt/

"Si02 glass composition determined by the electron beam microprobc.

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

Fig. 18 Transmission electron micrograph of 42 wt A1203—58 wt? 8102

glass.

Fig. 19 Metastable SlO A1203 phase diagram and calculated liquid

misc1b111ty gap (corresponding to heat of fusion of mullite =27,000
~ cals/mole superimposed on the stable phase diagram.]
Fig. 20 Microstructure of 60 wt% A1203 melt undercooled to L862°C

~after homogenization at 2090°C.
Fig. 21 Microstructures obtained on undercooling a homogeniied 60 wtZ

A1203 melt to room température (60-Q), 1725°C (60-17), and 1500°C

(60-15).
Fig. 22 Microstructures obtained on undercooiing a homogenized 60 wt7 -
A1203 melt to 1325°C (60-13), 1220°C” (60-12) and 1025°C (60-10).

Fig. 23 Microstructures obtained on undercooling a homogenized 60 wtZ
A1203 melt to 925°C (60-9) and 730°C (60-7).

Fipg. 24 Changes in compositions of the mullitc and glass phases with

heat treatment.
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25 Microstructure of a 60 wt A1,0, melt undercooled to 600°C

-

after homogenization at 2090°C.
26 Thermodynamic barrier to precipitatidn of stable phase until

precursor reaction has occurred.

27 Microstructure of a‘hbmogenized 60 wtZ Al_O, melt nucleated at

273

'vlSOO°C.(15 minutes) and crystallized ét 1725°C (1 %-hours);

28 Microstructure of a homogenized 60 wt% A1203 melt treated at

925°C (15 minutes) and crystallized at 1725°C (1 %~h0urs).
29 Computer plotted composition profile across the two phase

structure of Fig. 28 determined by point beam electronmicroprobe.
3 melt by

quenching to room temperature and reheating to 1725°C (1 %-hours).

4

30 Microstructures obtained on nucleating a 42 wt A120

31 Two mullite orientations by scanning electron fractography of

60 wt% A1203 melt quenched to room temperature, rcheated to 1725°C

(1 %—hours), and quenched to room temperature.

32 Microstructure of 60 wt% A1203 melt quenched to room temperature

and reheated to 1725°C (5 %-hours). (Magnification 640X).

33 Changes in microstructurc with heat treatment at 1725°C for

60 wtZ A1203 melt‘nucleated at room temperaturé.

34 Crystal growth of mullite in 42 wt¥% A1,0, melt heat treated at

N W

1725°¢C after room temperature quench, for 1 - hours (42QR-1 %)
1 1
and 5 5 hours (42QR-5 3).
35  Mullite crystal growth by coales%chcc of finer mullite crystal-
ites. (Fig. 34, 42-Q).
36 Microstructures of a 60 wt% Al O, composition fircd at "1700°C

273

for .96 hours.
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fig,i37 Energy disperSive analysis‘of X-rays -(EDAX) images of.the
_phases in Figf 36.. |

. Fig. 38 >X—fay Aiffraction data for phases obtainéd.in th;ee mixtures of

6Q‘wt2.A1203compqsiti&n»contéiniﬁg A1203 pafticiés of three

different sizes.
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APPYIDIX 1

puter Programs for Tmmiscibility Calculations.

S PROGRAM RISBUD(INPUT, QUTPUT)

DIMENSION TCRIT(2GC).X HﬂLF(?O)oA(lO)yQ(ZO 20),QQ(20),TEMP(20)

OIMENS TN SS (20),R (20,200, ACTSILI100),FENERGY(100),44CTSIL(100)

TOIMENSICN S{20,20) .1ARRAY {112)

17

100

NPTS=20

1

201
232

203

204%

205

T TRUKGKK )=D K KK ) +ALOG(AB S XMOLE(1))) /2,303

369

401

TTT00 400 KK=1,207

COMMON ISTAR, IBLANK
READ 17,1STAR, [ELANK

FORMAT(2A1)

READ 100, (TCRIT(1),XMOLE( 1), I=1, 20)
FURMATIFE.1,FT.4) R )
NTERMS =4

PRINT 1

FORMAT (5POLYNGM IAL FIT FOR ACTIVITY COEFF N THE ALUMINA
1SILECA SYSTEM%//)

MODNE=-1

R

DN 200 [=1,20

K=0

P==4T778.36%(1./TCRIT(I)~1./2323.)+1.5038% (ALOGU(TCRIT{1)/2323.))
1-0.0004796%{TCRIT(1)-2323.)+79442.6% (1. /TCRIT(I)%%2-1./2323,942)
1-ALOG (XMDLE(1))/2.303

TUPRINT 201, ICRIT(I) T T

FORMAT (//28HTHE (RITICAL TEMPERATURE [S ,Fé6.1)
PRINT 202, XMOLE(!D)

FARMAT (// 21HTHE MOLE FRACTION IS ,F7.4)

PRINT 203,P

FORMAY(//55HL0OG OF THE CRITICAL ACTIVITY COEFFICIENT OF ALUMINAILS

1 ,F10.5)
2=P+(ALOG({XMOLE(1)))/2.303
PRINT 204,2

FORMAT (7/43HLOG OF THE CRITICAL ACTIV(TY OF ALUMINA IS,F10.5)
KK=XK+1

PRINT 205

FORMAT(//% 77 L0G ACTIVITY COEFFICIENT OF ALUMINA
ITEMPERATURE . ACTIVITY ALUMINA PARTIAL HEAT ALUMINA*//)
DO 300 J=973,2373,100
K=K+1

TEMP(K)=J

Q(K +KK) =TCRIT(I)*P/TEMP(K)

SUK.KK)=10.%%R (K KK)

PRINT 301, Q(K,KK},TEMP(K)yS (K, KK)
FORMAT(33XF7.5,15X1F6.1125X,F10.7)
CONT INUF :
CONTINUE

PRINT 888, TEMP(K)

FORMAT(///*THE TEMPERATURE (S *,F6.1//)

PRINT 399 ' ’

FORMAT (/7% ACT IVITY OF ALUMINA MOL-E FRACTIUN OF ALUMINA
1/}

PRINT 401 ,S{K, KK} XMOLE (KK)
FORMAT(13X4F10.7,21X,F10.7)
SS{KK) =S (K+KK) -
QQ(KK)=Q4{K ,KK)
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400 CONTINUE
PRINT 402
402 FORMAT(/ /%A PﬂLYhOMXAL FIT FOR ACTIVITY OF ALUMINA AS A FUNCTION
10F MOLEF FRACT TUNX%//)
CALL POLFITIXMULF,SS, S IGMAY, NPTS « NT ERMS , MODE, A-CHISQR)
PRINT 499
449 FURMAT (/% MOLE FRACTION ALUMINA ACTIVITY ALUMINA
1LUG NOF THE ACTIVITY OF ALUMINAX//)
NG 600 =40, 100
xX=1/100.-
ACT=ACY)+A(2)%X+A{3) s X2, 0A(4)°X**3.
DIVACT=ALDGLACY )/ 2.303
PRINT €314 X,ACT,OIVACT
601 FURMAT (12X,F6.4416X,F10. 7.l9x F12.7)
600 CONTINUE

PRINT 779
PRINT 756 '
766 FORMAT(/ /= ACTIVITY OF ALUMINA%/)
PRINT 767 . '
767 FORMAT(#% .60 «T0 «80
1 +90 , 1.00 1.10%7)
PRINT Téa S ARSI T3 A v R
768 FORMAT(# e ——————— P ——————— e = tmmmm o
| L i e T ST TPy, e5)
PRINT 769

769 FORMAT(® XMOLE®)
03 700 1=40,100
H=.60
G=200.
GG=120. .
X=1/100.
ACT=A( LI #A( 2} XA 3V X2, ¢A(4) 0 X¥a T,
CALL PPLOT(ACT, [ARRAY, Gy GG, H)
. PRINT 701,Xs[ARRAY = T
701 FURMAT (F7 .44 1Xs 11241}
700 CCNTINUF :
PRIMT 768
PRINY 779
779 FUORMATI{1H1)
' ‘PRINT 801
801 FGRMAT(//%A POLYNLM!AL FIT FOR ACTIVITY COEFFICIENT OF ALUMINA
1AS A FUNCTION OF MOLE FRACTION *//) ]
CALL POLFIT(XMOLE, QQeSIGMAY NPTSNTERMS,MODE»A,CHISQR)
B=A(2)
C=A(3)%*2,
D=Al4)*3,
X40= .40
Y401 =B%((1.-X40)-ALCG(1.-X40) )
Y402=-C%{{1e-X40)¢22,/2.-2.%(1a-X40) +ALOG(1.~X40))
Y403=0%((1.-X40)*%3,/3,-1, 5*(l.—x40)~¢2.03.*(1.-xao)-ALOG(1.—x40))
SUM= (Y401 +Y402+Y403)
" BRINT 899 . B U T
399 FORMAT{//*MOLF FRACTIUON ALUMINA ACTIVITY OF SILICA
1A0JUSTED FRFE ENFRGY PARAMETER B¢//)
00 90N 1=41,99 ‘ i
x=1/100.



9C1
900
902

903
1

~112-

Y1236 {1.=X)-ALCG(Llo~X)) .

Y25 -0 (Le~X)%%2./2.0~2.%( Lo=X)+ALOS {1 a=X) }

Y30 ((La~X)*53./30m] 551 oX) k2. +3. *(1.—X)—ALOG([.—X’)
GAMAS[L=-{YL+tY2+Y2-SUM)—-0. 30 o
AACTSIL(T)=GAMAS TL+ALOG(L.-X)/2.303

ACTSILA{T) =10 ¢«*AACTSIL(T)

FENCRGY (1 )=4,57SHTEMP (K )* (X¥RA{ K KK)+(1.~X)*AACTSIL(I))

PBB=-0.5125%973,/T1FMP(K)

AFE=1000.%(FENERGY(1)/{ 4. 575* TEMP(K) }+BBAXX-RRB)

PRINY 901 +X+ACTSIL(T),AFE, BSB

FOPMAT(L14X s Fbats14XFL0.6,04X,FLO.5 410X,F10.5) "

CUNT INUE

ORINT 779

PRINT 902 _

FORMAT (# _ ACTIVIYY OF SILICA®/)

PRINT 903 Coe e R TR .

FURMAT ( % «05 ' .15 25
.35 , 45 ' «55%/)

PRINT 768 ’

PRINT 769

D0 905 [=41,99

TT=10.

X=1/100.

1=200.

ACTSI=ACTSIL(])

905

923

925
924
926

927
1

U=.05

CALL PPLOT(ACTSI,IARRAY.T, rr.u)

PRINT TOLlsXs [ARRAY

CONTINUE

PRINT 779

PRINT 923

FORMAT(/«MOLE FRACTIUN ALUMINA' FREE ENERGY®//)

DY 924 [=41,99

x=1/100. C

PRINT 925, X.FENERGY.(I)

FORMAT (15X F6 .44 11X, F10.3)

CONTINUE

PRINT 779

PRINT 924 .

FORMAT( /% h T T T FREEENFRGY R/ )

PRINT 927

FORMAT(* .00 : ~700 - 1400
~2100 _ ~-2800 ~3500%/)

PRINT 768 C

. PRINT 769

" 00 950 I=41,99 7

TTCALL PPLOT(FEN, [ARRAY,V,VV,UU!

950

500

x=1/100.
v=l. -

vv=0.

uu=0. _

FEN= (ABS (FENERGY (11))/35. e
PRINT 701,X,[ARRAY

CONT INUE

PRINT 779

IF(TEMP(K).GE.1673.) GO TO 7

CONT INUE
T CONTINUE
END




O OAOACONROANTADANNAOAROADAOANANADNANA

0

Uy 0d603497
-113-

SURQUUTINE. PLLFIY (XY 4+SIGMAY . NPTS, NT ERMS ) MUDE; Ay CHISQR )
OGUBLF PRECISION SUMX, SuMY, XTERM, YTERM, ARRAY, CHISQ
DIMENSTON X(500),Y(500),SI1GMAY (1}, AL10)
DIMENSIUN SUMX(19), SUMY{10), ARRAY(10,10)
SUBRCUT INE POLFIY

 PURPISE

MAKE 4 LFAST-SQUAKES FIT TO DATA WITH A POLYNOMIAL CURVE
Y o= ALL) ¢ AC2)%X ¢ A{3)2X4%2 ¢ A(G)¥XEE3 ¢ o o o

" USAGE "

15 SUMY(J) = 0.

CALL POLFIT (X, Y, S(GMAY. NPYS, NTERMS, MODE',A"CHISQR)

OESCRIPTION OF PARAME TERS : ' '
) S . =" ARRAY OF DATA POINTS FOR INDEPFNDENT VARTABLE

Y ~ ARRAY CF DATA POINTS FOR DEPENDENT VARIABLE ~~ =~~~
SIGMAY - AQRAY GF STANDARD DEVIATIONS FOR Y DATA POINTS

NPTS - NUMBER . OF PAIRS OF DATA PUINTS

NTERMS - NUMBEK 0OF COEFFICIENTS (OEGRFE 'OF POLYNOMIAL + 1)
MODE — DETERMINES METHOD OF WFIGHTING LEAST-SQUARES FIT

+#1 {(INSTRUMENTAL) WEIGHT(I)

0 (NJ WEIGHTING) WFIGHT{I) .«

-1 (STATISTICAL) WFIGHT(I) LY (D)
A - ARRAY OF COEFFICIENTS OF POLYNOMIAL
CHISQR = REOUCED CHI SQUARE FOR FIT

Lo/SIGMAY (T)%%2
\

SUBPOUT INES AND FUNCTION SUBPROGRAMS REQUIRED
NETERM (ARRAY, NCRDER) . oo
FVALUATES THE DFTERMINANT OF A SYMMETRIC TWO-DIMENS{ONAL
MATRIX -OF ORDEK NURDER

MUDIFICATIONS FOR FORTRAN 11
CMAY .NOUBLE PRECEISION SPECIFICATIONS =

COMMENTS
DIMENSTON STATEMENT VALXD FOR NTERMS uP TD 10

ACCUMULATE WFIGHTED SUMS

11 NMAX = 2#NTERMS — 1
DO 13 N=1, NMAX
13 SUMX(N) = 0.

DO 15 J=1l, NTERMS

CHISQ = 0.

21 DO 50 1=1, NPTS

XI = x(1})
Yl = Y{I)

31 [F (400E) 32, 37, 39
32 IF (YFP) 35, 37, 33
TTT33TWEIGHT TE LTV

GO T2 41

35 WEIGHT = 1., / (—YI)

GO T2 41

37 WEIGHT = 1.




39
41

44
45

48
49
50

[aXaNae}

51

54

57
59
61
62

65
66

70
81

[a N e N

T1

715
76
17

175

80

"PRINT 775,CHISQR,FREE

~114-

G0 TN 4l

WEIGHT = 1. / SIGMAY(1)#%2
XTERMSWEIGHT

NG 44 N=1, NMAX

TSUMX (N = SUMX(N) ¢ XTERM

XTERM = XTERM % XI

YIERM = WEIGHT*YI

DG ¢8 N=1, NTFRMS

SUMY(N) = SUMY(N) + YTERM
YTERM = YTERM *= XI '
CHISQ = CHISQ + WFRIGHTxY [%%2
CONTINUE

CONSTRUCT MATRICES AND CALCULATE

N0 54 J=1, NTERMS

DG 54 K=1, NTERMS

N=J +K -1

ARRAY(J,K) = SUMX(N)

DELTA = DETERM (ARRAY, NTERMS)
IF (NELTA) 61, 57, 61

CHISQR = 0.

DO 59 J=1, NTFRMS

A{J) = 0.

GO YO 80

DO 70 L=1, NTERMS

DO 66 J=1, MTERMS
DO 65 K=1, NTERMS
N=J+K~1 ’

ARRAY (J,K) SUMX (N)
ARRAY(J L) SUMY(J) v
A(L)=DETERM{ARRAY,NTERMS)/DELTA
LL=L~-1

PRINT 8le.LLsA(L)
FNRMATI(/1TH

U]

CALCULATE -CHI SQUARE

DO 75 J=1,NTERMS
CHISQ=CHISQ-2.*A{J)¢*SUMY (J)
00 75 K=1,NTERMS

N=J+K-1
CHISO=CHISQ+A(JI)I+A(K)+SUMX(N)
FREE=NPTS-NTEFMS

CHISQR=CHI SQ/FREE

FORMAT(/23H CHl SQUARE

1ES OF FREEDOM.////)

RETURN .
END

COEFFICIENTS

E12.6y 8H

WITH

DEGREE 12,20H CUEFFICIENT OF X = E20.10)

F5.0,20H DOEGRE
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”funcrxon DETERM

 USAGE

TIF(ARRAY(KK) ) 41721541

DO 46 1=K1.NCRDER
T'DQ 46 J=K 1. NURDER’

D01 T=1,112

i§ _{3 g 6 10 5 4 ¢§" 8
. ;llsf ) ‘

FUNCTION OETFERM (ARRAY,NURDER)
DOUBLF PRECISION ARRAY,SAVE
DIMENS[ON ARRAY(10,10)

PURPOSE
CALCULATE THE DETERMINANT OF A SQUARE MATRIX

T DET= DETERM(ARRAY.NORDERS

OESCRIPTION OF PARAME TERS

ARRAY - =. MATRIX

"NORDBER - OROER OF DETERMINANT (DEGREE UF MATRIX)
SUBROUTINES AND FUNCY TON SUBPROGRAMS REQUIRFOD ~ 7 777
NONE

COMMENTS
THLS PROGRAM DESTROYS THE INPUT MATRIX ARRAY
_DIMENSION STATEMENT VALED FOR NGRDER UP YO 10

DE TERM=1.
00 50 K=1,NORDER

INTERCHANGE.CGLUMNS [F OIAGONAL ELEMENT (S ZERQ

DO 23 J=K +NURDER

IF (ARRAY(K,J4))31,23,31
CONT INUE
DETERM=0.

GO TO 60

D0 34 "1=K,NORDER™
SAVE =ARRAY(1,J)

"ARRAY ([, J)=ARRAY(I.,K)

ARRAY (14K} =SAVE
DETERM=~- DETERM

T 'SUBRRACT ROW K~ FROM LOWER™ ROHS “T0 GET DlAGONAL ‘MATRIX
¢

NETERM= DETERH*ARRAY(KyK)
[F(K-NORDER}43,50,50
Kl=K#+]

ARRAY (1 ,J)=AFRPAY ([, J)-ARRAY (I, K)‘ARPAY(K'J)/ARRAY(K K}

CONTINUE
- RETURN

END
SUBROUTINE PPLOT(X1,IARRAYS,B,88,C)
DIMENSION TARRAYS(112):
COMMGN ISTAR, IBLANK = _

TARRAYS ( [ }= IBL ANK
CONTINUE

IF{X1l .LE. CIGO 6 2
XX1=X1¢8-88 ,
IX1=XX1 ]

TARRAYS{ IX1)=ISTAR
CUNTINUE '
RETURN

E£ND

S et c D et e oo
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Computer Programs for Electron Beam Microprobe Analysis.

MICROPROBE ANALYSIS A60-17

20 JAN 76
SUBMITYED BY= SUBBASH H. RISBUD '
DESCRIPTION=  60-17R,60-17

MEAN CHEMICAL COMPOSITION AND TWO

SIGMA LIMITS BASED ON 151 ANALYSES

WEIGHT - ATOMIC
ELEMENT PERCENT PERCENT

s1 14.17 +~ .93 9.44 s 61

AL 20.15 +~ 1.46 14.11 «- 1.08

0 » 65.68 +- 1.15 76.45 +- .92

-

= DETERMINED BY DIFFERENCE

MEAN INTENSITY RATIOS AND TwQ SIGMA LIMITS

ELEMENT ' K
SI KA~ .251% +- .0188
AL KA ..3568 +- .0270
ACCELERATING VOLTAGE 15.0 KEV

X-RAY EMERGENCE ANGLE 41.0 DEGREES

PEAK-TO-BACKGROUNDG RATIOS (P/B), SENSITIVITIES
( SENS),  AND MINImUMm DETECTABILITY LIMITS (mDL)

ELEMENT P/B " SENS - moL
SI 113471 .05 0/0 ’ 36 PPM

AL 195471 .07 9/0 30 PPM

XBL 766-8452
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"ELEMENT

S1
AL
0

S1
AL
0
SI
AL
0

s1
AL
0

st
AL
]

S1
AL
R

Si
AL

.0

s1
AL
0

$1
AL
Q
SI
AL
0

SI
AL
- a

st
AL
0

S1
AL
0

KA
KA

KA
KA

KA
KA

KA
KA

KA
KA

KA
KA

KA
KA
-

KA
KA

KA
KA

KA
KA

KA
KA

KA
KA

KA
KA

WEIGHY

PERCENT

11.94
36 .68
51.38

11.89
36.75
51.36

11.99

36 .67

51.34

12.71
35.56
51.73

12.46
35 .84
51.70

8.55
41.29
50.16

10.65
38.57
50.78

11.93
36 .56
51.50

11.58
37.56
50.87

11.24
3r.57
51.19

10.42
38.49
51.08

11.71
37.35
59.94

12.12
3.8
51.30

o
Lo

4 9
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ﬁlCROPROBE ANALYSIS A60-17

ATOMIC

PERCENT

8.51
27.21
64 .28

8.47
27 .26

64.26

8.55
27.21
64 .25

9.04
26 .34
64.62

8.87
26.55
64.58

T 6.13
30.79
63.08

T.61
28.69
63.790

8.50
27.11

64.39

8.27
27.93
63.80

8.02
27.89
64.09

T.44
28 .99
63.98

8.36
27.717
63.87

8.64
27 .15
64.21

K-RATIO UNKN

.1872
L6793

L1863
. .6806

" .1881
L6792

.2008
6576

-1965
.6630

.1298
7699

.1648
.T162

. .1872.

.6768

.1805
6979

L1751
.6965

L1613
7149

.1828
16929

L1992

6TT6

INTENSITIES
ST
7531 40227
22158 32620
7495 40227
22202 32620
7565 40227
22155 32620
8078 40227
21452 32620
7993 40227
21627 32620
5222 %0227
25085 32620
6628 45227
23361 326 20
531 49227
.22079 326290
7260 40227
22736 32620
7045 40227
22720 32620
‘6488 49227
23291 32620
7352 40227
22604 32620
7652 49227
22103 32620

20 JAN 76
BACKGROUNDS
UNKN STD

86 86
38 38
86 86
8 8
86 86
38 38
86 86
38 - 38
86 86
38 s
86 86
38 38
86 86
38 38
86 86
38 8
86 86
38 38
86 86
8 38
86 86
‘38 38
86 86
38 38
86 86
38 38

ITER gBS
R ] 1
4 2
4 3

4 4
4 5
4 6
4 7
4 8
4 9
4 10
4 11
4 12
Al S 13

XBL 766-8468
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ooor .

PROGAAM DOOP ( INPUY,OUTPUT, TAPEY, TAPES  TAPET) . s
OIMERSION DENSITY(500), SUM(500), AW(500), BW(500), CW(500) ) 10
COMMON 2(500),AWPCT(S00), BWFCT(500),CWPCT(S00) ACONC(S00) BCONCISO 15
103, CCONC(S00),COAP1I(500) COAP2(S00) API(500) WPI(500) AP2(500),WP2 20
. ztsoo),An(soo),uP:(soo),60AP3(§001,AcnP(1),acm’(\),canU,ELnA(x) 2%
3, ELMB ), ELACL 1) 30
REWIND & . 35
L) REWIND 5 N 40
6 REWIND T : 4s

10 READ 110, ATWTA ATWTB ATWIC,STEP AWTP BUTP, CWTP,CPLOENS
1Y READ 115, ACMP BCMP,CCMP ELMA,ELMB ,ELMC . : 55
54 READ (5,120) NX NA 60
(1] PRINT 120, NX,NA 65
1L KPT=NX . 10
Te 00 10 Izt NPT 1 L]
TY READ (4,125) WPI(I), API(]) 0BS 80
12 READ (4,125) WP2(1),AP2(1),08S 85
126 IF (NA.€Q.3) 5,10 . . 90
132 S READ (4,125) WPH 1),AP3I(]),0BS ”
186 10 CONTINGE 100
151 IF (STEP.LT.1.0) 15,20 105
155 15 READ 130, (I(1),1=1,NPT) . : . 1o
164 6o 10 30 1ns
185 20 00 25 1=1,NPT 120
174 ZO1I=CFLOAT( £)~1.)eSTEP 129
176 25 CONTINUE . 130
177 30 6O FO (35,35,45),NA ’ 135
206 35 00 40 1=1,NPY : . 140
218 AWCTIZAPTO 1) sATWTA : 145
217 BW( 1)=aP2( 1)»ATUTE 150
221 SUMC T)=AWC T }eBUWC ) tss
222 BWPCT( [)=(BWE I)/SUM(T))I»100. : 160
224 AWPCTC I)=(AWC 1 )/SUMC ) )=100. . 163
225 40 CONTINYE 170
227 GO TO 55 . ' 175
227 4% DO 50 (=1, NPT 180
237 AWCTIzAPLCT)ATWTA 18%
240 Bu( 1 )=AP2C [ }»ATWTR . 190
242 CWC 1 1=zAP3C [)saTWTIC 195
248 SUML T I=AWC D) «8WC ) +CWE ) 200
296 AWPCTCII=CAWC [)/SUMET))»100. © 208
250 BWPCT( 1 )=CBW( [ }/SUM[))v100. 210
251 CWPCTCI)=(Cuwl [)/Sumi 13)e100. . : ©21s
253" 50 CONTINUE 220
259 5% DO 85 I=t NPY 22%
257 : IF (BWPCT(1)-80.0) 80,45,65 2130
262 60 DENSITY(1)=.00806°BWPCT(1)+CPLOENS ’ 235
266 GO0 10 75 240
266 45 IF (BWPCT(1)-130.0) r0;8%, 85 248
2n T0 DENSITY(1)z21.965 . 250
274 7S COAPI( I)=(DENSITY([)eAWPCT(1)}/100. 253
277 COAP2( J)=(DENSITY( [ )=BWPCY( [)}/100. ’ 260
301 GO TO (85,85,80),NA - 268
310 80 COAPI( I)=(DENSITY( [ )eCWPCT(1))/100. . : 270
s 85 CONTINUE . .. 2rs
nr PRINT 135, ACPMP BCMP,CCMP,ACMP BCMP,CCMP ELMA ELMB, ELMC 280

XBL 766-8447
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DoOPY

PROGRA! DOOPY ( INPUT OUTPYT, TAPES ,TAPET,TAPESE, TAPEDS) s
DIRENSION 20500), ACONC(S00), BCONC(SO00), CCONC(500), IBCD(10) 10
COMMON NO,ELMTAC L), ELATBCL) ELATCCL ) NPLT, XMX YMX  ° . 20
. REWIND 5 : 25
L] REWIND 7 30
. READ (5,40) NX,NA . . 3
16 . NO=NX . - : . 40
20 READ 45, SAMPLE NPLOT ELMYA ELATE, ELAT, XAX, YMX (13
41 . ENCODE (30,50, 18C0) SAMPLE | 50
1 IsC0(10)=0 ' 55
s2 GO Y0 (5,5,10),KA 40
(3] S READ (7,55) (2C1) ACONCC]), BCONCC]), 1=1,NO) : 5
103 - 60 10 1S 70
108 10 READ (7,60) (Z(1),ACONC( 1) BCONC(I) CCONCCID, [=1,NO) 75
n 15 CONTINUE 80
131 GO TO €20,25,30), NPLOT. T 85
140 20 CALL GRAPH (2 BLONC,ACONC,ND,IBCD,THMICRONS, 16HCONCENTRATION AL) %0
187 60 10 35 . . 95
150 25 CALL GRAPH (Z,ACONC,BCONC,NG,IBCD, THMICRONS, 16HCONCENTRATION SI) 100
157 CALL GRAPH (Z,BCONC,ACONC,NO, IBCO, THMICRONS, 16H_ONCENTRATION AL ) 105
166 GO 10 35 1o
167 30 CALL GRAPH (Z ACONC BCONC NO, IBCO,THRICRONS 16HCONCENTRATION Si) 115
176 CALL GRAPH (Z,BCONC,ACONC NG, 1BCD, THAICRONS, 16HCONCENTRATION AL) 120
208 CALL GRAPH (Z,CCONC,BCONC,NO, IBCD, THRICRONS, 16HCONCENTRATION CA) 125
218 35 CaLt CCEND . 130
218 sTor 135
C ’ 140
40 FORAAY (212} 143
43 FORMAT (1A10,15,3(A2) 1X,F8.3,2%,F8.3) 150
S0 FORMAY. ( 11HSAMPLE NO. ,1410) - 153
55 FORAAT (3F10.5) 160
60 FORMAT (4F10.5) ' ) 185

anr END o ) 170~

PRAGRAM LENGTH INCLUDING [/0 BUFFERS
ore30
STATEMENT FUNCTION REFERENCES v
LOCATION GEN TAG Svym TaG REFERENCES
STATEMENT NUMBER REFERENCES
' LOCATION GEN TAG SYm TAG REFERENCES

000062 L00024 s 000057 000060
000105 L 09032 10 000061
000132 L00037 15 000104
00014) L 00041 20 000136
000151 LO00YY 25 0003137
000170 L000%1 30 000140
00021s L0005 T 35 000150 000167
000264 C00042 40 000007

000264 C000%y s 000020

X8L 766-8443
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ccueL

SUBROUTINE CCLBL (NX1,NY1) LBL 5

COMMON /CCPOOL/ XMIN,XMAX, YMIN,YMAX, CCXMIN, CCXMAX,CCYMIN,CCYMAX . LBL 10

COMMON /CCFACTY/ FACTOR LBL 15

: 1S2ER0=0 L8L 20

L} XO=XMaX-XMIN LBL 2%
[ YOzYMAX-YRIN L8t 30
10 CCXD=CCXMAX-CCXMIN LBL 35
12 CCYD=CCYMAX-CCYMIN LBL " 40
e XI=XD/FLOAT(NX1) LBL 45
1 YIizYD/FLOAT(NYL) LBL 50
20 KSIZE=2 LBL 35
21 KORIENT=O LeL 60
C LABEL FROM RIGHT TO LEFT ALONG THE X-AX1S. LBL &3

23 00 5 NX=ISZERQ, NX1 LBL TO0
s CCX=CCXMAX-CCXOSFLOAT(NX )/FLOAT(NX) LBL I5
3 X=(CCX-CCXMIN)I*XD/CCXOeXMIN LeL 80
14 SET X TO A& TRUE ZERO IF Xx=0. YO WITHIN MACHINE ACCURACY. LBL 65

s IF (ABS(X/XI).LT.1.0E-6) X=0. LaL 90
42 WRITE (98,153 X . LBL 9%
52 5 CALL CCLTR (CCX-49.2°FLOAT(KSIZE)/FACTOR,CCYMIN~10.*FLOARTC(KSIZEY/FLBL 100
1ACTOR XORIENT, KSIZE) LBL 105

70 KSIZE=2 . LBL 110
70 KORIENT=0 cLaL 118
c LABEL UPWARD ALONG THE Y-AXIS. LaL 120

T2 DO 10 NYTISIERO, NY| LBL 125
7% CCY=CCYMINSCCYDB*FLOATINY)/FLOATINY]) LBL 130
100 Y2{CCY-CCYMIN)I*YD/CCYDYMIN LBL 135
. € SET Y TO A TAUE ZERO IF Y=0. TO WITHIN MACHINE ACCURACY. LBL 140
1013 1F CABS(Y/Y]).LT.1.0E-6) ¥=0. LBL 145
(B0} WRITE (98,20) ¥ LBL 150
121 10 CALL CCLTR (CCXMIN-TO.*FLOAT(KSIZE}/FACTOAR,CCY, KCRIENT KSIZE) LaL 153
139 RETURN . . . LBL 160
[+ LBL 163

15 FORMAT (F10.1) LeL 170

20 FORMAT (F10.31) LBL 7%
134 END LBL t80-

SUBPROGRAM LENGTN

00206

STATERENT FUNCTION REFERENCES

. LOCATION GEN TAG  SYm TAG  REFERENCES

STATEMENT NUMBER REFERENCES
LOCATION GEN TAG SYm TAG  REFERENCES
000145 co0004 s 000043
000ia7 cooolo 20 . 000112

BLOCK NAMES AND LENGTMS
CcrOOL - 000010701 CCFACT - 000001702

XaL 766-8439
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. GRAPY

TSUBROUYINE GRAPK (X Y I N AG Ax RY) .
COMRON /CCPOOL/ XAIN, SAAT YAIN, YAAX, COXMIN, CCXMAX CCYRMIN, CCYmAX
CONAON NO ELMIACL ), ELATBC L) ELATCC 1 ), NPLT, ENX, YA
BINENSION ROUNDIN), (i), YLD, 21 S
BIRENSION YSC(2),
OATA (ROUND( L) lc1,a¥/1.,2.,2.9,8./
DATA NAOUND ,PART/4 10./ -
LSRRI IR

12 0L 2relin ) .

n 90 3 Isi,N

1] OF CYO1).GY.vSCUY)) YSCLLdeY( D)

23 BF C2C1D.6Y.¥SCC1)) ¥8LC1 =20 )

s 0F CYOB).LY. vSCC2)) YSCL 203V )

3 $F CRCTI.LT.VSCE2)) YSCI2)Is2( 1)

¥ » $ CONYINUE ’

. CCEALNZ100.

8 CCImazz2400.

a2 CCYM Nz 190,

. CCYynaxz1000.

. WRITE (99, 28)

L 3 ERINZO0.0

$2 1F C2(ND)-500.) 10,10,18

41 16 BAAXCINAL

[ 2] 60 10 20

(1] 13 INAZz2(NQI«100.

[ 13 20 YAINzO,

o? YRARSYAX . .

" CALL CCGAID (1, IFIRCPART) ONNOLBLS, ), IFIR(PART))

Te CALL CCLOL CIFTE(PART) IFiR(PaRT))

102 CALL CCLYR €(110.,50.,0,3, A6,22)

1 " CALL CCLTA C1480.,50.,0,3,01,7)

1”1 CaLL CCLTR (130.,400.,1,3 Ry, 141}

12 CaLL CCPLOT X ,Y N, 4NI0IN, 1, 1)

13 CaLL CCmExT

136 ¢ KL TUAN

: 25 FOARAT (ogPLEASE POSITION PENe/)Ne)
7 0

ISPAOGAAA LENG TH
e02is .
STATEAENT FPUNCTION REFEAENCES

- LOCATION GEN TAG SYA TAG AEFERENCES
" SYATEAENT MURBER REFERENCES

LOCATION GEN TAG  SYA TAG  REFEMENCES

90003 L0003 1 ] 90003

900042 L000aT 10 80004 |

000068  LO0OSI 13 00004 1

900047 L00032 20 . 90004
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APPENDIX IIIL

Computer Programs for X-ray Lattice Parameter Measurcments

LSy

PRCGRAM LCLSQUINPUT,QUTPUT ,TAPE2= INPUT, TAPF 2:0UTlPyLT) MALN 1O
LCLSC (MARK V) MAIN 20

CRYSTALLUGRAPHIC LATTICF CCASYANT LEASI-SCUBRES REFINEMENT PRCGRAFMPAIN 30

ae

CAMOLE AOD,,P I SN

'ﬁ;!‘lll’ [ S} T L Tt ) oo - ° co

Xt (AMBOA DACFIVAT (AN THETA(OBS) IYREY) ' NGEEY) SIGHATQ)
4 2 2 1 ag .72 0¢ hh 482 1.09967 _ LR2694 _  |.6RS2Y
a 4 o i 130.497 45.248 LALALT 1.390u6 t.2e174
T 6 0

1 137.797 48.998_ .. _ _ .R2561 146706 . . 1.13227

Cr MTO L Caep ) SN L

e A0 06 D2 L0 0 A 0O ) 0.0 _ 1.1 0
CIPATIAL DIFCAT LATTICS CANST ANTS

A s 7.56149 T areva =7 T9o00000 7 T TTT T
N x T.6RTG AFTA = 90.00000
[ 7. 89409 GaMMA = 7'90.00000

TTUHR T LA PoeFTT L ATYTE
[ 13225 . ~ ALPHA x 90.00000
B o= .17008 RETA = 90.00000 T
[ .34553 . _ GAMMA = 90.0N000

WAVFE | EMATHE
1 1 .540%50

AMPLF AN, @1 QN

PECTAVEN ANM CALCULATFED INTERPLANAR "SPACINGS, D, RASFD CN INOUT PavaM<TFRS TA CYTle™~

'_“” RESTCUBL S NF A ATSIDUACS DF Y
C a8 recaLcy (NBS-CALC)  (NBS=CALC)/SIGMA (0BS-CALC)  {NBS-CALCI/SIGMA
“ 2 2 1.99967 110090 77 7T claer23 T T 7 TTootio T T T T T Lo0t8sT 00110 :
] “ 0 . A6B1LT TS ITS .00001 .00002 ) . =.00003 -.00002
T & o0 LA2561 82584 -.00025 - T Tlvo089 T T T L00079

SAuP| € 60N, [<HUD

NISFREDAMCY FACTAPS AASED (IN T80T PAKAMETFOS TO CYCLE 1
suvace rE CRSFEVATIANG (M) = 13 Tt
MIMACS NE YAP[EP PARAMET FRS (V) = H

FALTNR S FCE N U
e (U (NuS-CALC)ee2) = ] .92T4C-06
CQET(SUM( N (CRAS-T AL ) es2) /M-M] a2 G .55862F 04 _

FaeTres €as 0 i
i (Wa(nac-CALC)e22) = | .H22T4F-06
L. TTTTHSUM(HSIrBS-CALC )4 ) /M) 2 G 546505206




004046 ds502
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SAWPLE 600 P SAUN ™

TF, BASEN ON BETINEN PaRaAME TEAC BFTFR CYCLF Q@

CACERVED AND C. P aCIN
o PEOTDUALS OF Dy TETITTTTUTTTTRFR IDUALS CF O
oKL nings) otcatcy (ORS-CALC) _(NRS-CLLLI/SIGMA I0PS~CALC)  (NPS-CALCH/STGMA
& 2 2 1.0%967 1.099R7 60n00 . + 00000 .00000
A& 0 SRGB1T  LR&TS4 00023 -.00078 = .00059
T & 0 JA2581 22568 ~.0000% .0001R 00016
o T v e . . . o= - -— ——— — i v s mie e w—
TS PEPANCY FACTNPS BASED ON REFINFD PAREMETERS ASTER CY(LF 9
T WATMBER PF ORSERVATIONS (M) = AT T LT o
. KUMACO NE VAOTEN PARAMETERS (A e ——— ;
EACTORS ENP D
SUM (We {NAS-CALCI®*2) = 3,71001F-07 .
I._._E_QLLMS HELORSTCALCIO®2) /M-l x 3.5]16636-06 |
__£2CTORS €00 Q. e e .
| L™ (uo(oa(-fnlr)oo)) = 1 7127QE 07
L] Miye Jee2) /M-N) = 3, 51T95E-04 ——
ATBECY LATTICF CONSTANTS GFTER LcaST-gouUaRFS CYCLF &~ e i
/ PARAVETEQ e T ewancE T T TNFw T chpnR
A {ANG, ) 7.55938 __ ) 7.55938
" (aNG.) 7.6A508 7.6859R
r{ANTL) __2.88906 Q0009 _2.A8904 200219 .
ALPHA IDEf.) 90,00000 i 9¢. 00000
—_—RETA . (N(G.)  ___90.00000 _ — £0,00000 .
GAvwA (OFC.) 90.00000 §0. 00000
T T CELL VALUME Tt T
(CURIC ANG,) 167,8577 20090 167.8577 21272 e .
DIEELY | ATTICF CONSTANY VARJANGE-COVAP [ANCF saTo{x "
A{ANG,) L PUANG,) CLAMG, ) ALPHALOAN, ) _AETAIRAD, ) . GAMMALRAD.)
a 0. 0. i 0. : 0. 0. 0.
— L 0s I 1Y o. 0. .0
. 4. 790111 €-us 0. 0. 0.
8Lk U U ' * S . 0. 0.
RETA [ 8 Q.
GAMYA R - 3
SNIOFLY LATYICF CONSTANT COPREL AT JIN_MATA IX R,
a A 4 sLPHA o BETA . ._GANMA
a 1.009000  0.0"70000 0.000000 0. 000000 0. 003000 0. 000000
L L .. ..1s000000 . _ 0.000000 0.000000 0. 0UV0U0 0.00000V
r T T 1.000000 0. 000000 ¢. Cnoeoe 0,000000
Y LT .. 1.000000_ - 0.000000 0, 000000
- PETA . . : 1.000000 0.0000J0
, napia . : 1.000000
TBRPEAMETER SHIFTS, LFAST-§AQRaTS FyrLF” 9 : : o
T eEeAvE TEP T oo T £HAMGE NFu Faena
-_ AL 12286 . _ e13229¢
- R e «1301n7 130107
. e ..o M6 LY =e000000 Jdeble 0282
[TLET ) 20,0000V TTT96.0840%0
AETL o a0, 00000 9Q,00000 .
- T Gamuma » 90.,00000 90, 0000 e

TECTIMATER STAMNARD FORID NE UNMTT WFIGHT -CRSFOVATICN OF 0, BACEN CM FCFINCMFAT F | PLRAMETEQS
SNOTIIMIW o(NPC=CALC)® 92N /M=) s 000410



X-ray Parameters of Mullite

Sample

a(R)

~-124~

APTENDIX IV

‘b(K)

c(})  Cell
I'D'* (avzlsll‘;\f c)
60-Q 7.5606 7.6867 2.8902 167.971
- 60-18 7.5320 7.7340 2.8930 168.5
60-17 7.5501 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 7.7062 2.8814 168.188
60-6 7.5609 7.6871 2.8901 167.977
42-Q 7.5702 7.7071 2.8879 168.493
42QR-1 7.5628 7.6852 2.8872  167.808
42QR-5 7.5618 7.6846 2.8870 167.762
42QR-18 '» 17.5591 7.6872 2.8857 167.682
4RQR-110 7.5592 7.6885 2.8838 167.605

*
. See Tables VII and IX.
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