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PHASE EQUILIBRIA AND TRANSFORMATIONSvIN THE
'ALUMINA-SILICA SYSTEM
Joseph A. Pask -

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science .and Engineering,
University of California, Berkeley, CA 94720

ABSTRACT

Cencentration profiles of Al in diffusion couples made from

sapphire and’fused silica were used to determine the stable equilibrium’

phase diagram of the system SlO Al2 3° Stable or ordered mullite of
the 3A1203 2810 type melts incongruently at 1828°+10 C, its solid-
'sblution region ranges from 70.5 to 74.0 wt% A1203 below 1753 C and

" from 71.6 to 74.0 wt% at 1813°C; and under metastable conditions it
melts congruently at z1880°C and its solid-solution range extends up

to =77 wt% A1203 Metastable or disordered mulllte of the 2A1203 5102

type.is‘formed by precipitation from the melt on cooling; its solid-
solution range extends to *83 wt Al2 3 with an-estimated congruent
melting temperature of *1900°C. Information is given for 3 metastable

- systems: $10,-3:2 mullite in the absence of a- A1203, 510,-2:1 mullite

203, and SiO A1203 in the absence of mullite.

The.existence of metastable systems is associated with superheating

in the absence of o-Al

"mullite and supercooling aluminum-silicate liquids beéause_of_difficul-

ties of a-A1203 nucleation, and with nucleation of 3:2 mullite.



'I. Introduction

Since the SlO2 A1203 phase equilibriﬁm system is ene of the most
important systems in ceramics, primarily inithe more traditional fields
ofrrefractories and whitewares, it would be eipected,that its relation-
ships would be completely known and egreed upon. Such agreement exis-
‘ted on the preeence of one stable compound (mullite with the s;dichio—

g metrlc comp051t10n of 3A1,0 25102)'under normal pressure conditions.

2 3°
Disagreements; however, were reported inzregerd-to three queetions:
a) eWhether mullite has a congruent or‘incongruent melting:point, b)
the extentnOf its sblid solutiod range, and c) whether two types of
mullite occurred under certaih conditions whieh would'at.leasr partiaily
account for.tﬁe observed variability of the mullite solid soiution renge.
The first syetematic phase equilibrium study1 which.showed that
mullite wae the only stable compouﬁd with eompositionvof 3A1203.28102
also showed thatkit melted incongruently at.1828°Cv(Fig. 1.). Since
bthen numerous conflicting investigationshave been reported and have been
the subject 6f.several reviews.2 Figure 1 also shows the diagram that
hae;been mest widely accepred, presented by Aramaki and Roy3, which
indicates-that-mullite has a congruent melting point and a solid solu-

tion range of 71.8 to §74 3 th Al,0 They also reported that mullite
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selidified from a meLt ‘had a higher alumina eonrent which raised rﬁed
dueetion of metestability.and the:possible'existence of a disordered
form of" mullite with the nominal composition of 2A1203 SiOz, sometimes
referred to as the 2: 1 type in contrast to the ordered or 3:2 type.

Most phase—equlllbrlum studles on the S§i0 Al2 3. system have been

conducted by either the static method of_quenching4 or by»differential
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thgrmal anélysis. These techniqﬁes,vespegiaily in silicate éystems
with an incohgruently melting compound, can lead to misinterpfetétion
because of nuéleation and growth problems.5’6'
' The objective of this paper is to.show that the conflicting reéults
in the literature have resulfed primarily because of the unrécognized
difficulty of the nucleatiog of a—Alzo3 from alumino-siligate meits éon—
-taihihg up to ~83 wt% A1203 on cooling and from mullite on heating, ife.
the melts could be'easily supercooled and the mullite could be éasily
sﬁpéfheated. The significance of the supercooling and superheating
 phenom¢na is that the resulting phase transformations lead to metastable
phése transformation rélationships or metastable‘phase equilibrium
didgrams, features of which have been confused with stable phase rela;
tidnships. Taking these factqrs into account in the interpretation of

- éurrently obtained results, stable and metastable phase equilibrium

diagrams within the S'iOz—Alzo3 system are presented,



II. Experimehtal Prgcedure _ .

A diffﬁsion couple technique has been the principle method for
studying the stable phase equilibria in our laboratory. This technique ‘w
-was'first.described by Davis as part of his Ph.D. studiesz It was then
used by'Aksay in his_Ph.D. studies which led to thé principal featufes8
to be pfesented and discussed in thisvpaper. The studies which have
been continued by Risbud9 who is‘completing his Ph.D. research havé
. contributed détails_to the metastable phase relationships and to. the
position of the metastable liquid immiscibilityvgap. Other features
are being ﬁursued by Draperlo who is completing his M.S. studies.

Quenchiné experiments were also used to obtain specific data on .
metastability.

‘The diffusion cells céﬁsiSted of fused—;ilica or éluminoASilicate.
glass disks on a sapphire substrate, both having a dia. of ~0.9 mm,
~.which were piaced in a Mo crucible and heated in a Ta resistance
 furnace. The Mo crucibles had é Mo 1id that was sealed on by electron-
beam welding>and He 1eakfchecked in order to eliminate SiOzﬂloéseé by
evaporation during heating. The amount of Mo in the melts'ﬁas below
the microprobe &etection limit.

The diffusibn anneals ranged from.15 min to one month, depending . -
op;theAfemperatﬁre and on the length desired.for #hg diffusion zone. On
cooiing_the coupiesAwere seétioned in halvgs parallél to the direction
of diffusion, mounted in polyester resin, and polisﬁed for microscépic
éxamination and electron microprobe analysis;v All the_micrqprobe
meésureﬁeﬁts were made with an\accelerating.voltage of 15 kv andva

specimen current of 0.03pA. The diameter of the electrpn_beam was: 1um,
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although the volume éffected by it was probébly in the order of 5 to
10um3;11 Concentration profiles were obﬁaiﬁed by tréveréing ﬁhe electron
beam along a desired path perpendicular to'the diffusion—coupie intef—
faées; Becaﬁse alumina and/or mullite geﬁerall§ crystaliize in.the

- 1iquid portion of the'sapphire———fusedl- silica diffusion couples during
cooling, conpentfatioh~profi1es obtained By thé point-beam technique |
were extremeiy difficuit to analyze. A scanning technique7 provided
average compositions aﬁ any disﬁancé from an interfaée éver an aréa con-
taining localized crystallizatién.

QUeﬁch e#periments were performed to supplemeht &iffusioh
expériments. Mixtures of fused-silica and.a;A1263 bowderskwere'Sealed
in Movcrucibles'as before.  After heat treatmeﬂt and cooling, the
‘crucibles ﬁere_Cut in half and polished for microscopic e#aﬁination and

 electron microprobe anélysis. Sections were ground for'X—ray diffrac-

tion analysis.
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'III. Results and Discussion
(1) Stable'Phase Equilibria -
_(A) Diffusion Couples
Diffusioh anneals at a nﬁmber of temperatures in the range of 1550°

.to 2003°C provided information for the stable equilibrium phase diagram.
Mullite growth at the diffusion couple interfaces was. observed in speci-
mens annealed at.1813°C and lower.but n&t at 1853°é and higher. .The
- diffusion-zone microstructures of cduples.annealed at 1803°and 1853°C
shown in Fig. 2 are typical. The extensive crystallization of pfismétic
muliite séen in the melt portion of these and other couples occufred
during cooling. The alumina content of théSe grainsv(determined by
* electron microprobe analysis) varied between 73 and 79 wt% A1203 with

. the higher values in the grains closer to the interface; these.values;
however, were highef than that of the mullite grown at the interface
at 1803°C which shows a gradi?n; from 71.1 wt% Al.O, at the mullite-

273

liquid interface to 74.0 wt7 A120 at the mullite-alumina interface.

3
The mullite observed at the'interface of the 1853°C‘couple, on the other
hand, ﬁés a(éonstént'composition throughout which is identical to the
preciéitates in the adjoining diffusion zone. Furtherﬁore, the prismatic
morphology of the mullite at the interface is similar to that of the
precipitateé_in the diffusion zone. and differs from that of the layer
grown{af 1803°C; Thus; all the mullite obse?yed in the diffusion zone
atﬁi853°C_f6rmed during cooling, &ith nucleétion éccurring at the sap-
“phire interfaée.

Concentration.diffusion'profiles were obtained by the écanning_

“ techniduevbecause of the crystéllization that occurs.in thé diffusipn

zone during cooling which involves shoré-range diffusion. An average

¢ €
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compbsitign at a certain distance from the interface of the couple was
obtained by rapidly scanning the electron beam parallel to the interface
over a range from 40 to iSOum depending on.the size of the.cfystals in
the diffuéion zone. When the standards are also analyzed by the same
method; inaccuracies intfoducéd by the decreased X-ray intensity as the
beam deviates from thé center of the cross hairs are'eliminatéd. The
profiles were theﬁ obtained by traversing the electron beam at fixed
intervals (0.5 to»lOum)talong a desired patﬁ perpendicular to the
diffusion couple interface. Typical computer plottéd diffusion profilés
for several temperatures énd times expressed.as concenﬁration of Al ions
‘vs. distance are shown in Fig. 3. At leaét 2 or 3 spedimen Tuns were
made at each set of annealing conditions. The interfacial éompositions
remained constant with time af.a giveﬁ temperature, indicating-ﬁhat dif-
_ fﬁsioﬁ in thé liquid phase was slower than the intrinsic dissolution

- rate of sapphire. This fact was further ﬁerified by ascertaining that,
at a'given temperature, the distanﬁe from the original (Bolﬁzmann—
.Matano).interface for a given concentration is directly proportional to
the squére root of time. Thus the average liquid interfacial cdmposif
_tion at a giveﬁ temperature corresponds to the mullite or alumina liqui;
dus composition for that temperature dependipgvon whether a mullite
layer was present at the interface or not. |

| Normally,liq a semi-ihfiﬁité diffusion éouple the grqwth of the.
mullite layer is retarded because of tﬁe competing process of”&issolu{
tion qf’the mullite by the liquid. When the fused;silica_portiéhs of
the couples were replaced by melts wiﬁh cohpositions"éorrespondihg to.

theAmullite liquidus for several temperatures, intérmédiate"muliite'
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layefs were grown to a thickness (>10um) suitable for electron microprobe
analyéis. Cross-sections of runs made at 1678°, 1753° ahd 1813°C are
shbwn in Fig..4. The thickness of the mullite layers increased linearly
with the square root of time; indicating ﬁhat the growth ﬁechaﬁism is
diffusion—controlied; The interfacial compositions of the mullite layér
obtained from these profileé, then correspond to the equilibrium limits
of the_sfable mullite solid solution region.

The interfacial compositions at the 1i§uid—mullite, liquid—alﬁmina
and mullite-alumina iﬁterfaces, the melting temperatﬁres.of crist:obalite]'2
and corunﬂum,13 and the critobalite-mullite eutectic temﬁerature14 we;e‘
used to construct the SiOZ—AlZO3 stable phase‘equilibrium diagraQ shown
in solid lines in Fig. 5. The most important feature of this diagram
'1s‘provided by the iiquid compositions in equilibfium with sapphire at
_1853° to 2003°C; these indicate.that ﬁnder‘stable equilibrium conditions
‘mullite must melt incongruently. The incoﬁgrueht melting - temperature

(determined as 1828°+10°C from the infersection of the extrapolated
liquidus lines of mullite and alumina).and‘the position of these iiquidi
afe essentially identical to the results of Bowen and Greig1 as seen in .
Fig. 1.
| (8) Reaction Experiments V _ .

The lack of alumina in the'diffusibﬁ zone adjacent to the sapphire
at 1853°C.(Fig.'2) indicates that supercooling of the liqﬁia has occuf—
red. It can be seen from Fig. 5 that this liquid has 54 wtZ A;ZO3 and
becomes oversaturated with alumina just below 1853° which should.pre—
éipitage under eqﬁilibrium conditiqns. Below 1828°C precipitated

alumina would then be completely resorbed by reacting with the liquid to
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form mullite. The realization of such an equilibrium is rare, especially
in silicates, since'the crystal phase to be resorbed becomes unavailable
for a direct reaction because. of incru_station,5 i.e. a mullite layer
forms around the alumina, and. continued reaction is dependent upon slow
chemical interdifﬁuéion through the mqllite layer. However, a metastable
hﬁllite could als§ form if the liquid is sufficiently supercooled and
vné A1203,precipitation occurs. The absence of A1203 in the rapidly
cooled diffusion zone;and presence qf mullite with the higher alumina
content thus indicates that such supercooling occﬁrred.. o

Direct evidence fqr the imﬁortance of the_réte of supercooling in
the diffusiqp‘zone was,éstabiished in 3 diffusion couples which were
anneéled together at 1903°C for 15 min but cooled at réiatively differ- .
- ent ratesvas a result of tﬁe directional flow of He ihtq the hot zone
of the furnace during quenching. fheir.microstructures differed drasti-
éally.(Fig. 6).although the averagé’diffusion profile in each»caée was
identical,Awith 62.5 wt% A1203 at the interface.v The precipitated
éf&étalline phase, as determined by electron miéroprobe and X—ray.dif-
vfraction, was oﬁly ﬁullite in the couple éooled.the most rapidly (Fig.
.SA),Aonly alumina in the couple.cboled relatively sloﬁly (Fig 6C), and
.alumina and mullite in the couple cooled at an intermediate rate (Fig.
‘6B). Eéuilibriﬁm precipitétidn of alumina occurred in Fig.:6C»whi§h
was'cboled at a sufficiently siow rate; couple in Fig. 6A was.cooled
- sufficiently rapidly to résult in Supercoqliné énd precipitation of
metastable mullite as in Fig. 2; and ianig. 6B, after‘SOme equilibrium
precipitation of aluﬁina,Athe.reméining liduid did not-maintain equili-

brium with alumina and behaved independently with the precipitation
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of mullite.
ﬁifect evidence for the difficulty of nucléating alumina out of a

melt was provided by heating 3 mixtures of aluminaland fused silica
powders, each of which contained 60 wt?7 A1203.-9 The difference was in
the size of the aiumina particles: fine; medium aﬁd coarse. The mix-
turés were sealed in Mo crucibles, heated ét 1725°C for 20 h, and then
at 1855°C for 4,h.. After quenching, X-ray diffraction showed mullite

in the 3 specimens and alumina only.in the onevprepafed with coarse ‘
.alumina powder. The|time at 1855°C was sufficiehtly long to dissolve
all the alumina partiéles7 which would be unstable if ﬁullite had a
congruent melting point as seen in Fig. 1. Thé presence of aiumina
indicated that the reaction to form mullite was not complete at 1750°C
and thatlthé alumina was stable at 1855°C according to the phase diagram
Qith an incongruent melting point_for'mullite (Fig. 5). fhe absence of
aluminé_in the first two mixtures indicated that the reaction to form
‘mullite énd liquid at 1725°C was complete énd that mullite was super-
heated to melting without the nucleation of alumina,resulﬁing in a me-
‘tastable condition. Lack of #wareness‘qf the difficulty of nucleéting
alumina ottvof superheated iiquid aﬁd mullite could lead to the incorrect'
iqtérpretation of the indicated experiﬁen£ as evidence iﬁ support of an
equilibrium phase diagram with mullite having a stable congruent mélting
point. .

Alumina, mullite, and glass wére found in a mixtqre contéining'?l.S-

wt? A1203 (cérresponding to 3Aléd3323102) which had‘beenbannealed at
1950°C(just below the liquidus), cooled slowly (=30 min)'to_1753°C,

annealed further for ~29 days, and quenched (Fig. 7). The presence of
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alumina clearly indicates the incongruency of muliite; alumina could not
be present under any circomstances if mullite solidified_congruently from
a melt. The presence of mullite around the alumina also indicates that
the peritectic reaction was incomplete'because diffusion'through the mul-
lite layer oas slow. The diffusion ﬁechanism is indicated by the pre-
sence of concentration profiles through the mullite layers ranging from
74 wt% A1203 at the alumina interfaces to 70.5 wt? A1203 at the glass in-
terfaces (Fig. 5). However, whenvthis mixture was homogenized at 2003°C
and>rapid1y cooled to 1753°C, the fact that, in the absence of sapphire
nucleation sites, the‘microstructure showed no alumina precipitates:
cooid again easiiy be misinterpreted as being indrcatiVe of the con-
gruency of mullite.

The reaction experiments described in this section support the

| stable'equilibrium phase diagram shown as solid lines in Fig. 5.

(2) Metastable Phase Equilibria
(A) Silica-3:2 Mullite System
The melting behav1or of mullite was studied using polycrystalllne

*
stoichiometrlc 3:2 mulllte (71 8 wt%Z Al,0,) specimens. They were

2 3
plaoed in Mo crucioles and heated in vacuum.‘ Temperature was measured
using blackbody conditions with a hole drilled directly.into the speci-
men. The melting-temperature was consistently 1880°C. This value is

cooeiderably higher than the peritectie-temperature of 1828°C, as de-

termined from the diffusion studies (Fig. 5),> Furthermore, the micro-
structure of the molten portions showed only recryétaliized metastable

mullite and some glass. No alumina formed because of nucleation diffi-

culties; Thus, when superheated, stoichiometric:mollite.behaved as a -

Provided by K. S. Mazdiyasni Air Force Materials Laboratory, Wright
Patterson Air Force Base, Ohio.
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congruently melting compound.

Ihcongruently-melting silicates can be sﬁperheatedfabove the
peritectlc teﬁperature_andAare tepresented by'the metastable prolonga—_
- tion of the’corresponding llquidus and solidus.6 A metastaole equlll—
brium phase diagram for silica-3:2 mullite (referred to as ordered3) in
the absence of crpstalline alumina can then be indieated by an extensloo
- of the stable mullite 1iqoidus and solidus, tﬂe indifferent point of thev

extensions being =77 wt% Al.0 3. (Fig. 5), 1nd1cat1ng a maximum solid

2
solution:range of ~7l to =77 wt% Al 0

273"

The upper limit agrees well with the compositioos of mullite
single crystals grown from the oelt at a constaﬁt temperature.bj the
Czochralski method by Neuhaus and Richartz (77 5wt Z Al 0 } and by
”Guse and Mateika (77 3 wt % Al Oé)in the absence of alumina nucleation

(B) Silica-2:1 Mulllte System |

Aramaki and R.oy3 observed that heat treatment of mullite obtained
byiprecipitation from a quenched melt causedﬁalmOSt.as mueh variation
in its lattice parameters as in its composition aod'suggested Al-Si
order—disorder as a possible explanation. Prepioos studies2 strongly
support the existence of such a disordered or metastable mulllte phase
.whieh is frequently,referred to as 2:1 or melt-mullite. The upper -
‘limltbof the 2:1 mullite solid—solutioo.range has been set at ¥83 wti
A1203 since this was the highest aluqina content detected in any mﬁllitef
_Subsequently,.Draperlo verified this value by preparing a series of'
powder mixtutesAwitH the alumina conteot increasing up to 87 §£4 A1203,

sealed them in Mo crucibles,_annealed them aé.20509c, and then qoenched

them. An examihation by X-ray diffraction in&icated a-A1203 only in
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the specimens with mbre than 83thZ,A12037
Mullite precipitating.from a‘qelt‘on'quenching élﬁays shows a

higher alumina content thén §7lth'of the 3:2 type in equiiibrium with
the melt, iﬂcluding the mull?te‘précipitating_in the diffusion.zbnes as
indicated earlier. Tﬁis,mullite is then considgred to be tﬁe metastable
~2:1 type. On heat tfeatment‘such épeéiméns ten&‘to exsolve,;lumina and
Approach the composition of =73 Wtszlzoj in‘the\presence of ligqid;

A métastable equilibrium phasg diagramnfoF silica-2:1 mullite in
the abseﬁce of crYétallinevalumina can be indicatéd bf a diagrég.similar
to the one for the silica-3:2 mullite but using values for the disordered
ﬁﬁlli;e liquidus taken from the diagram of Aramaki andrRoy,3 and the
| metastablevmullite solid solution range qf 73 to =83 th.A1203.

The upper.limit agrees well with the composition of mullite single
..-Crystals'formed by solidification from a melted spray using the flame-
fusion method as reported by Bauer et al.18

(C) Siliéa—Alumina System in the Absence of Mullite

Davis and Pask7 observed the formatién'of an interfacial
nonequilibrium liquid in.cristobalite—sépphire couples ‘at subsolidus
temperatures as a precursor to the formation of mullite and suggested
the existenée of a Silica-alumina metastable phase equilibrium;&iagram
‘wiﬁh a eutectic and no mﬁlliﬁe, which was represehted by extensions of
the stéblé éilica and alumina liquidus curves. Risbudg has determined
tﬁe eutectic_temperature to be.1270°C'on the basis of sinteriﬁg experi—‘
‘ments. The diffusion—zone ﬁicrostructure'showp in fig. 6(c) éupports_
'Vthe'eXtehsioh of the aiumina liquidus below the peritectic temperature;

the absence of mullite indicates a cobling-rate_sufficiéntly slow to
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maintain equilibriﬁm be;ween thébliQuid and alumina. 'Ihis metastablg_
equilibrium phase diagram is included in Fig. 5;
(D) Metastable Liquid Immiséibility
Risbud-9 has made thermodynamic ¢a1cuiatioh3'that outlined an
immiséibility and a posSiblé spinodal region as shown in Fig. 5. This
spinbdal region is similar to that prdpoSed by MacDowell and Beall19

 but at a lower convolute temperature. The proposed region is compatible

with the positions of the liquidi of the.phase diagram.
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IV. Conclusions
Diffusion couple experlments in the SlO A1203 system yielded
informatlon on stable and metastable phase equ111br1a. Stable, ordered
or 3:2 mullltebls fofmed by growth at temperature and melts incengruently
at‘1828°110°C as originally determined by Bowen and Greig.;‘VOn heating,
it can Be easily 5upefheated because of:difficulties of nucleating
'_a—Alzo3 and ehows ; metastable congruent melting temperature of ~1880°C

3 2 mullite can also be superheated in the presence of a llquid phase

if A1203 nuclei'ere.not present.: »
,Melts:with alumina contents up to =83 thrAle3 can beleasily
superceoled and precipitate mullite and no alumina'on'cooliné: This
mullite is referred to asxmetastable, disordered or 2:1 type and is al-
. ways higher in alumina content. In the'presence of a 1i§uid phase this :
muliite tends to exsolve alumina until it reaches‘anzeqnilibrium content
of =x’73 wtZ A1203 Difficulties of distingnishing between tneb3:2 end
, 2.1 types of mullite are increased because their solid solution ranges
bverlap. |
The ekﬁensive_metastability<relatibnsnips in the system arise ‘
prina;ily7§eeause.of the difficulty of nucleating oL'-AlZO3 both’ from the
liquid'phaSe and'frem mullite resulting in commonly occurring supercool-
ing‘en&;supefheating, resnecfively; However, under conditions of equi-

'libtium cooling of a melt with a—A1203, mullite precipitation also may

not occur in the absence of mullite nuclei.
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‘Figure Captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

810 A1203 phase equilibrium diagrams as determined by Bowen

and Greig'1 and by Aramaki and Roy.3

The relationship between the concentration profile of a semi~-

- infinite 810 -Al1,0, diffusion couple and the phase diagram, at

273

temperature T above the melting point of_mullite. Boltzmann-
Matano interface correépoods to the phase bouodary at t =
0.45-46 |

TyoiCalocompurer plotred concenrration profiles of sapphire-
fused silica couples in the temperature range of 1803° to
2603°C arranged wirh 5 common Boltzmann—Mataoo or original
interface. The 1803°C profile has a mullite layer which is oot
evident in the profile because its thickness'is only leum.
Interferenceecontrast micrographs of the diffusion zone between
a couple of sapphire and (A) 10.9 wt% AL,0 containing silicate

273

at 1678°C for 12,182 min, (B) 22.8 wtZ A1 _containing sili-

2° 3

" cate at 17539C for 6,608 min, and (C) 42.2 wtZ Al.0, containing

Fig. 5.

273

" silicate at 1813°C for 1Q;025 min. The:prismatic precipitates

in the top portion of the diffusion zone in the silicate are

mullite that crystallized during cooling.

Stable 510 A1203 equilibrium phase diagram is shown by solid

lines. Superimposed on the stable equilibrium diagram are

2
- "disordered" or 2:1 type mullite systems

possible metastable phase diagrams for $i0.~ "ordered" or 3:2 B

type mullite and SiO2

in the absence of crystalline Al,0 Data points for

2737
disordered mullite 1iquidu3'are from diagrém of Ref. 3.



Fig. 6.

" Fig. 7.
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‘Metastable phase diagram for SiO -A1,0, in the absence of

273

mullite by exten31on of‘slllca,and alumina liquidus curves 1is

alsO‘shown.? Immiscibility region Was:thermodynamigally

. calculated.9

Microstructures of diffusion zones in couples of Sapphire

(bottom) and fused silica annealed at 1903°C for 15 min and (A)

.quénched,-(B) cooled at a relatively moderate rate, and ©

cooled relatively slowly. Precipitates in diffusion zone in
(A)varevmullite (light gray); in (B) alumina (1light gray needles)
aﬁd mullite (fine preci?itates bétweep alumina needles);vand in
(C).alumina (iight gray needles); precipitates along interface
in (B) and (C) are also alumina. o

Microstructure of 71.8 wt7 A1203—¢ontaining silicate melted in

‘sealed Mo crucible at 1953°C for 460 min, cooled to 1753° C in

~ 30 min annealed at 1753 C for 42, 392 min (29.4 days), and

quenched from 1753°C to room temperature. Light gray precipi-

‘tates are alumina completely surrounded by 1ayef of:mullite

(gray). Dark gray portions between mullite layers are glass

containihg fine precipitates of mullite formed on quenching.



TEMPERATURE, IPTS-68 (°C)

| WEIGHT % Al,03
0O 0 20 30

40 50 60 70 80 90 100
ZZOOAﬁ]TT T 7 | T T T 1 ] T T | RE
T ——— ARAMAKI and ROY (1962) j
200~ —-—-—BOWEN and GREIG (1924)
ZOOOF '/'/./.
LIQUID e
L - -
CORUNDUM
+ ‘
1900} - LlQuip T
' L 1843+10°
s — ]
1800 1828X10 _

D/.

—ZZ—

1700 MULLITE (ss) + LIQUID ! S 7
N/ | | CORUNDUM+MULLITE (ss) ]
: o i | ) S
] : 1597 +10 _ :
1600 1 E _ - ‘ —J
+ o . N .
ety R \,,\ ]
so0L | . » | | SMULLITE (ss) -
SILICA + MULLITE (ss) i |
1400 1 ] 1 1 J v 1 ] 1 | 1 : ' J 1 l 1
"0 10 30 40 50 60 70 80 90 100

MOLE % AlyO3

' XBL 72I0-7078 A
Fig. 1
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Temperature, IPTS

-26-

Wt % Al>03

I0 20 30 40 50 60 70 80 90 |00
2100—F—F— I .. | : :
Sl Liquid
Alumina + Liquid
1900 _/7i~|89ot|o° .
:/'/ | 1828+10°
1800 ./'i i B
1
d Mullite (ss) ! i
1700 / 3 B . .
. // Liquid I E | Alumina
1600 1587+10° : ' Mullite (ss) |
X ]
l\\ / /’,—;7\_\\\ S|I|+co i !
7
1500~ \\ / & / '\‘\Mullite(ss) i ! —
N A B B L
\ | i : '
\ 1 ’ 1y ! '
\ 1 / i : l
\ | I -\ 1 1
1300 \vl ! i L : | |
’ ] 1 | i
! ! Ly ' .
1200}~ ! I i ! | -
| 1) ! .
,' jMetos’robble ‘.\ \\ : |
] Immiscibilit ! '
noo\y = !l y = E | .
\ 1 f L L
000 i & ! i 4
\ I I Spinodal :, ‘\ i :
oo\ | i P o .
\ I i i |
\ | i L\ - §
! / 1 1 '
gool- V ! | ! ! .
Ne P! | |
\\1 3 | .
700~ Nz, RS .
NP 2 : |
=~ Dise i ‘\ ! .
600 1 | | sl VEFE S § |
Si0p 10 20 30 40 50 60 70 80 90 Aly03
Mole % Al, O
XBL 766-7008

Fig. 5



9 811
£€€9-0T7L99X

[} v



XBB7210-5188
Fig. 7




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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