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ABSTRACT

Tﬁe 'cencentration profiles of semi-infinit_e di ffusion couples
between sépphire‘and fused silica were used to'determine the staﬁle equi-
] librium phase disagram of the Si0;-A1303; system. The“intermediate‘cem— v
vvpound mulllte, 3A1203'28102, was shown to melt 1ncongruently at’ 1828° C
+10°C and 1ts stable solid solution reglon ranged from 70.5 to 7h O wt7
'IA1203 below 1753°C and from T1.8 to TL4.0 wt% at 1813°C. The mlcrostruc;‘
. tures of the diffusion zones and of épecimehs heat treated by the static
method of- quenchlng supported the incongruency of mulllte. These-micro—
structural studles, comblned w1th electron beam mlcroprobe analysis,
“also provided additional information on the'existencé'bf metastable
systems: _ki) $10,-A1203 in the absence of mullite, (ii) SiO,-ordered

_mullite in the absence of alumina, and (iii) SiOz-disordered mullite in:

‘Presented at. the T5th Annual Meeting, The American Ceramic Society,
Cincinnati, Ohio, May 1, 1973 (Basic Science Division, No. 45-B-73). A~
report based on this-work appeared in Science, 183 [14120] 69-71 (197k).

Based on a thesis submitted by Ilhan A. Aksay for the Ph.D. degree in

‘ceramic science at the University of California, Berkeley, Calif. Apr. 1973.

Supported by the United States Atomic Energy Commission under Contract
W-TL05--eng-48.
» ¥Now with Xerox Corp., Webster Research Center, 800 Phllllps Road
W-11k, Webster, New York 14580.
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;(1ﬁ.the dbséﬁce of alumina. Mullite, under'métastaﬁieiconditions, vas
-;shdﬁn_to'mélf'congruently gtl=1880° +10°C with ifsfﬁblid solution'rgnge
,extending:ué to 75.8%wt% Alzas. The solid solutioﬁ'fange of disordered
?:mullite éxténded to 83.2 wt¥ Al,0; with a éroposed mélting»temperaturé '
of =1900°C. The existeﬁce of metastable'systems is associated with the
.superheatiné{of mullite above' the incongruent melﬁing:temperature and
:;vith probieﬁsv related to nucleation of alumina and mullite in'Super-j,

cooled aluminum silicate liquids.
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"I. INTRODUCTION

The'first systematic phase equilibrium study in the Si0,-A1,0;

system was conducted in 1924 by Bowen and Greigl who showed that mullite

(3A1,03°25i0,) was the only stable compound of this_system and that it

. melted incongruently at 1828°C. Since then, numeroug conflicting inves-

2_5 have been conducted. Among these,'ﬁhefstudies by Tromel

p

ét‘al;3 and Arameki and Roy’ were the most extensivé.and'representative.

The findings of Tromel et al., in general, are in agreement with those

of Bowen and Greig. On the other hand, Aramaki and Roy indicate a con-

éruent melting point for mullite. Mullite studies have been the subject
matter of several reviews. '
Another problem of the Si02-Al,0; system is_the'éxtent of the solid |

éolution range of mullite. . It has been reported to extend from 71.8 wt%vr‘

 to VTh.3 wt% A1203.5 This range, however, is only realized when mullite
- is prepared by solid state reactions in the presence of alumina. When.

solidified from a melt, the composition of mullite may extend up to..

82.6 wt% ‘Ale_a,7 raising the question of metastability and the possible

. existence of a disordered form of mullite with a nominal composition of

2A1,03°510.°
Most phase equilibrium studies on the SiOz-Alzog'sySteh'havenﬁeeﬁ
conducted either by the static method of quenching8 or by differential:
thermal analysis (DTA). These techniques, espeéialij_in silicgtéb o
systems with'an incongruently melting compound, cantléad'to’miginterpre_
tation due tovnucléation and growth problems.g’lo"rl'
In a recent diffusion study utilizing semi-infinite céﬁples‘ofv

silica and alumina and the electron microprobe for determining,composition
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'vprofiles, Davis -and Paskll demonstrated the usefulness of this feehniqne
fof obtaining stableland met?stable phase equiliﬁéiﬁ# data. Theee
.studies, however, were made %n fhe_temperature renge.of 1552° to‘18039C,
vhich isibeiaw the melting point of mullite. ' |
The:objectives of the present study were to ufiiize the diffusion

Qcouple technique‘to determine (1) the phase equilibfia above 1800°C and
thus the nature of the stable melting behavior of mullite and (2) the
solid . solution range of mullite. Experlments by the static method of _‘
quenching were also carrled out which provided addltlonal data on stable
: and metastable equillbrlum conditions. The data on the diffusion k1net1cs
: obtained by ‘the same. experiments will be presented elsewhere.12 13

II. EXPERIMENTAL WORK

A. Diffu51on Cokp;e Experlments

(l) Sapphire-Fused Silica Couples

Sapph;re-fUSed silica couples were used to determine tﬁe AliOafand'
muliite iiquioi. The couples.were prepared from 51ngle crystals (8 7 ‘mm
5'1n diemeter by 1.6 mm) of A1,03 (sepphire)* and fused s111ca+ disks
(9 mm in d;ameter by V7 mm). The sapphlre single crystals were cut witn

~ the c-axis oriented n30° from the vertical and had an as-received snrfaCe
finish of “0.27 um. The fused silica disks were subjected to a standard

*Union Carblde Corp., Torrance, Callf., Spectrographlc analy51s by
American Spectrographlc Labs., San Francisco, Calif.: as oxides (wt%)
Si 0.210, Na 0.050, Sn 0.005, B 0.005, Fe 0.004, Ba 0.001, Ca O. 001,
Ti 0.001, Mg 0.0005, Cu 0.0005. .

tAmersil, Division of Engelhard Industries, Inc., Hillside, NLJ.~ Spec~-
trographic’analy51s by American Spectrographic Labs., San Francisco,
Calif.: as oxides (wt%) Al 0.045, Fe O. 015, Mg O. 0007, Ca 0.0005,

Cu 0.0005.
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ceramographic polishing on one surface.

(2) Sgpbhi’r_e—Mullite-Liquid Couples
Aluminum-silicate glasses of 10.9, 22.8, and hé,2 wt% Alzoa'wefe

prepared_qsing powders of Alcoa XA-16* reactive.a-Alzos and -325 mesh
Cdrning 79h0 fused silica.+ The powders were mlxed in isopropyl alcohol
calc1ned at lOOO°C for 10 h, vacuum melted in open molybdenum crucibles
vat 1900°C for 30 to 60 min and quenched in He toffoom temperature in
. less than Simin. Rods, 9 mm in diaﬁeter, were cere—drilled, cut into
T mm thick sections and polished on one side. A representative-sectiOn‘
of each-glass was analyzed;by electron microprobe, and the éompositioﬁs‘
were found to be within 1 wt% of the starting value.

| Thesevglasses are in equilibrium.with mullite at 16786, l753°, and
1813°C according to the mullite liquidus of Davis and Pask.’ Thus, the
elumina-glass'diffusion couples of these compositiehs‘at the cdrrespeﬁd-
_ing anneallng temperatures could be used to study the growth klnetlcs of

‘mullite as an intermediate phase, without dlssolutlon by the end phases.13

(3) Diffusion Cell

The diffusion cell arrangement consisted of mbiybdenume(Mo) crucibles
containing a fused silica or aluminum-silicate gless disk on a sapphire

substrate (Fig. 1). The runs at 1678°C were done in air with covered "

% Aluminum Co. of America, Pittsburgh, Pa. Chemical analysis (wt%) Naz0
0. 08 Si0, O. 05, Ca0 0.03, MgO 0.05, Fez03 0.01, MhO Q. 0015, B,03 <0.001,

Cr203 0. 0002.

tCorning Glass Works, Corning, N.Y. Produced by hydrolyzation of SiCly
vhen spreying into an oxygen-hydrogen flame. Practically free from
‘metallic impurities, but contains a high amount of OH (NlOOO ppm) and

Ccl (n100 ppm)
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alumina crucibles.* The amount of molybdenum in the melts was below'the'
detection limit of the electron beam microprobe. .The crucibles and the
diffusion couple parts vere cleaned ultrasonicall&fin ethyl alcohol.

‘The Mo crucibles were sealed around the 1lid by electrOn beam.welding"
V(Fig;?;)fand He leak-checked. This sealing was necessary to eliminate

Silica losses by evaporation during annealing.

(4) Diffusion Anneals
The tantalum resistance heating.furnace+ was used for all the anneals
above 1700°C. The diffusion cell assembly as shownvin Fig. 1 was placed

" on a Mo support stand and heated to 1200°C at 10’6’mm‘Hg. The chamber ’

o was then fllled with helium slightly below atmospherlc pressure, and the

. temperature was rapidly raised (2-3 min) to the anneallng point..

The diffusion anneals ranged from 15 min to a month dependlng on
the diffus1on zone length de31red ‘The pr1c1pal temperature range was -
from 17539 to-2003°C. The temperature of the tantalum chanber was moni;
‘tored and electronlcally controlled (preclslon +l°C) through a WSRe-W26Re
thermocouple (accuracy +7° at 1800°C). 'The spec;men temperature, how- |
”ever, was measured separately with two optical pjrometers# (accuracy ilob
| at'é000°C) utilizing black body conditions. The pprometers were fre—vf
‘quently calibrated against an' NBS secondary standardrpprometer and at .

the meltlng p01nt of platlnum** (1772°C)lh and Alzoa (205h°C).lsh The -

| #Coors Porcelain Co., Golden, Colo Crucible CNeZ, AD998 (99.8 wts .
A1,03). | g

+Richard D. Brew and Co., Inc., Concord, N.H.; Model L66S.

#leeds & Northrup Co., Philadelphia, Pa.

##NBS standard platinum was provided by K. S. Mazdiyasni, A1r Force
“Materials Lab., erght—Patterson Air Force Base, Ohlo




S- LBL-2T4T

melting temperature of Al,03 was verified withineé°‘utilizing black Body
conditioﬁs:with a hole core-drilled directly intef33sapphire erystal.
“Furthermere; the pyrometers themselves were fredqenrly checkea against
each ofher.fe'detect any malfunction. - Al the temperatures reported -
.here are based on the 1968 International Practical Temperature Scale
(IPTS-68)

A Kanthal Super 33 resistance heating furnace was used for the air
runs at 1678°C The furance was loaded at 1200°C,an§ ralsed to thev
’ennea;lngjtemperature in V45 min. The furnace teﬁperature was ﬁonitored
- and electroniéally controlled (precision *1°C) threugh a Pt6Rh-Pt30Rh
thermocouple (accuracy +5° at l650°C). The specimen temperature was
‘separately measured and recorded through a Pt6Rh7Pt30Rh‘thermocoupie.

The diffusion anneals were completed by rapidiy eooling the_furnaCes
| dovn to 1500°C (A1 min) to prevent excessive crysteliization in the dif-
efusion zene.-,bontinued cooling to room temperature,‘however; was'very :
slow (up to'ﬁ days) to avoid loss of‘integrity at the interface as a
. result of the difference in thermal expanSion Some crystal grewth ﬁust
have occurred in the diffusion zones below 1500°C (Sectlon IIIB). Tﬁe._
‘. couples vere subsequently sectloned in half parallel to the dlrectlon of
diffu51on, mounted in polyester resin and pol;shed,_

B. Phase Equilibrium Studies by Static. Method of Quenching -

' Quench experiments were also performed to supplement\ihe difquioni
 experiments. Aluminum-silicate mixtures of 42.2, 60.0, 71.8 and 80.0"

wt% Al203 were prepared as before, but they were melted at 1953° or

*The Kanthal Corp., Befhel, Conn.
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2003°C for 15 to 30 min. The composition of & representative section

vas anélyzég by electron microprobe. Crucibles‘ﬁeré'then sealed in argon

and heatvtreatéd in the tantélum furnace in the ﬁemperature ranéé of
1753° to 1953°C. The.specimens.we;e cooled byrturning off the power to
“the fufnhée-and allowing He to flow rapidly throUgh thevfurnace.' ‘

. A T8.3 wt% A1,0; speciﬁen was a commercial grade fused cast aluminum-
silicate* prepared by the arc fusion process. Miéréscopic examination
showed thaﬁ'the mullite grains were surrounded by‘a continuous_glassy

.phase;l6 -Specimens 9 mm in diameter by 10 mm thick were cére-dfille@i.
~ from a ﬁoreéfree portion ofia fused cast ingot. |

>C. Electron Microprobe Analysis

The aluminum and silicon concentration profiles of the diffusioﬁ R
couples aﬁd the compositions of the microstructuré‘specimens of the
-Quenching’eSPEriments were determined using an electron miéroprobe
. . + '
analyzer.
- of 15 kV and a specimen current of 0.03 yA. The diameter of the elec-

All the heasurements were'made with an accelerating voltége

tron beam was 1 um, although the volume affected by it was probably in

7

the order of 5-10 cu um.l Two spectrometers wefé,used to record the

_intensities ¢f'the AlKa and SiKa peaks simnltane0usly,'
The concentration profileé'were obtained by traveréing’the electron
beam along a desiréd?path perpendicular to the diffusion couple inter-
. . _ . |

‘#Carborundum Corp., Niagara Falls, N.Y. Sold as fused cast mullite.
Wet chemical analysis was performed by Coors Spectro Chemical Lab.,

. Golden, Colo. Spectrographic analysis by American Spectrographic Lab.,
San Francisco, Calif.: as oxides (wt%) Na 0.12, Fe 0.02, Mg 0.0l, Zr
0.01, Ca 0.006, Ti 0.005, Cr 0.003; Cu <0.005, Mn <0.001.

Model 400, Materials Analysis Co., Palo Alto, Calif.
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faces.‘-Béééuse crystallization of alumina aﬁd/o£ mﬁilite_generally .
~occurred iﬁ the liquid portion of the sapphire—fuééd'Silica diffusion
couples during cooli_ng; concentration profiles obfainéd .by-the point-
‘beam ﬁechnique were extremely difficult to analyze}f A scanning tech-
nique described by Davis and Paskll provided averége éomposiﬁions at anyv
distance from an interface over an area affected'byilocalized crystalli-
zation. fﬁ.wAS'thus possible to obtain diffusion profiles in the liquid
adJoining'the interface at temperature,. -
A compﬁter progfam written by Frazer, et al.l was uséd to éorrectv'
: ﬁhe eleétrbn microprobe data for dead time, drift;‘baékground,xabsorp;
tion, and flﬁorescence. Atomic number correction-ﬁas'not necessary
since-the-différence between the atomic numbef offAi«and Si is small.
The outpﬁt of this electron microprobe program givéﬁ.in wt% of the
~  elements §£.their oxides in the melt was converted to gm/cm3 of the
eieﬁents apd their oxides with an additional program utilizing déﬁsity'

vdata.lg The density vs wt% relationship used in this second program was
P1900 = 2.106 + 0.0085 (wt% Alng) (1)

wherevplgoo is the density of the melt at 1900°C. This single relatidnf

-ship rather than a separate equation for each temperature anneal was

used since the differences in the densities were too small (i0.0Q3 gm/cm3

at 1800°-2000°C) to introduce eny significant change in the diffusivity’

values.
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III. RESULTS AND DISCUSSION -

A. Diffusion Profiles and Phase Equilibria

(1) Sepphlre—Fused Slllca Couples N  ;f"- |

The experlmental condltlons of the diffusion anneals in the tempera-
ture range of 1803° to 2003°C are outlined 1n-Table I.. The annealing
times were §£ least 15 min in order to ensure that;the anﬁealithtiﬁe
wasvconsiderably longer than the time needed to aﬁtéin*thermal stability
in the furnece (v30-60 sec). Above 1913°C, hcwever;iéJIS min anneal Wae
the maximum since at longer times the diffusion préfiies were too long .
(>2600 m) foriconvenient electron microprobe analyeie.

At least two'or three specimen runs were made at each set of.anneal-

ing conditions. The 1nterfac1al compositions remalned constant with tlme
{

at a given temperature, indicating that the dlfos1on .in the llqu1d phase :

'i was slower than the 1ntr1ns1c|dlssolut10n rate of sapphlre l? Althoughr{
" no tlme studles could be performed at 1953° and 2003°C, it was assumed

.that the difoSIOn in the liquid phase was still the rate controlllng

: step at these temperatures. The average interfacial compositions;listed
in the table; then, correspond to liquidus composiﬁidns.l2 No silieon,_v
was detected in the sapphire subtrate by the electron mlcroprdbe

Mullite growth at the saﬁphlre-fused silica 1nterface was: observed‘

in specimens annealed at 1803°C but not at 1853°C (Sectlon IIIB),
indicating that_mulllte became stable at some temperature below 1853?C.f:
Thué, fhe,interfacial composirioﬁs of Table I correspond to the liAuidus
" of alumina at 1853° to 2003°C while the one at 1803°C‘eorres§onds'tov |

that of mullite.
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‘TYpiCél computervplotfed diffusion profiles”ﬁsed in the determina-
tioﬁ of the interfacial compositions are shown in Fig. 2. The Boltzmanﬁ—
Matano,20 or the.original'interface, is located at x = o. - The bésic |
requireﬁent’of.the Boltzmann-Matano analysis, i.e;? that diffusion is the
rate conttdlling process, was further verified byhéécértaining thaﬁ at 'a -
given temperature the distance from x=o0 for a giveﬁ concentration is»

directly proportional to the square root of time.lz'"

(2) Sapphire-Mullite-Liguid Couples

| " When the fused silica portions of the couplesiqf the previous éection
were replaced by melts with compositions corresponding to the muliitg‘
liquidus,llbthe intermediate mullite layer could bé growh to a thickness
(>10 um) suitable for electron microprobe analysis (Fig. 3)§* The-rééat‘
.sults of these runs in the temperature range of l678° to 1813°C are |
tabulated in Table II. .The thickness of the mullite layer increased B

13 indicating that the growth

‘linearly with the square root of time,
.mgchanism‘is_diffusion controlled. The interfacial:compositions Qf the

A".mﬁllite layer obtained from these profiles, then,hcbrfespond to equilib-
Crium solidﬁs compositions. T

(3) Stable Phase Equilibria

The interfacial compositions listed in Table I and II are incor-

“.pbrated with the data on the mullite liquidus by Davis and Pask,ll the

--melting temperatures of cristobalite21 and corundum, 5<and the eutectic
. temperature of-cristobalite-mullite2 are used to construct the stable

510,-A1,0, phése diagram, as shown by the solid lines in Fig. L.

%A1l the micrographs are by reflected light, Nomarski differential inter-
ference-contrast microscopy utilizing a Zeiss Ultraphot II metallograph.
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The most important feature of this'diagram'is‘that mullite melts
incongruently. The temperature, which was determined as 1828 *10°C from
. o ‘ . ‘ 1 5!| | ,v v
the intersection of the extrapolated liquidus lines of mullite and

“alumina, is essentially identical to the one measured by Bowen and Grieg.1

B. Diffusion Zone Microstructuréo

1 “Typioa1¢diffusion zone. microstructures of tﬁe Sépﬁhire;fused silico
couples_anﬁooled at 1863° and 1853°C are shown in:Fig.‘S. The‘extensivo '
‘crystallization of mullite in the melt (top portion of the micrographs)
occhrred even. though the couples were cooled to 1500°C in less than a
.minute, suggestlng that some crystal growth occurred below 1500°C. Theb
aiumina conteot of such prismatic mullite grains, osldetermined By ;.
."electronomioroprooe analysis, varied between 73—ZQthZiA1203 in contrast
to the stablé.équilibrium values of 7l.l‘wt%lAle§gat:the nmelt interfacéi
to Th.0 wt% Al1,03 at the sapphlre interface in mulllte grown at 1803°C
by sol:Ld state reactions (Fig. 4). Similarly, mull:.te that prec1p1tated‘
in the dlffu51on zone of the sapphlre-mulllte-llquld couples annealed at
1678°C, 1753°C and 1813°C (Fig. 3) also was always'rlcher in alumlnav'.
- {T3-79 wt% Al,03). In all cases, however, the liquréus composifiooo'as'
'adetermined‘by the technique mentioned in Section Iic:corro5pondeo'tovthé
raralues shoﬁn”in Figf'h. o |
S '.The oéoentially continuous mullite léjer st the interface of the
couplo _anoea.léd at -1.853°C (Fvig.‘ 5B) ho.s a constant composition.throughf |
oﬁfland identical to tﬁat of the precipitates ih the adjoining diffuoioo,
'2one. Furthermore, 1ts prlsmatlc morphology is 51m11ar to that of the

precipltates and differs from that of the 1ayer grown at 1803°C (F1g. Sa).

Therefore, the preclpltates in the: dlfos1on zone of the spec1men
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‘annealed at 1853°C formed on cooling with nucleation starting at the
sapphire interface. bv -

The composition of the liquid in the diffusiéﬁ_zéne-at 18536vaariés
from O to sh;o wt% Al,0, (Figs. 2 and 4). On cébling, the diffusioﬁ
zone adj&éént‘to the sapphire becomes oVerSaturatea‘wifh respecf to
*éiumina Just below 1853°C. .Under equilibriuﬁ condifions, alumina would
then precipitate in the liquid and below 1828°C wouldvbe completely re-
sorbed by reacting with the liquid‘to form a mixtﬁre of mullite and
liquid. The realization of an equilibrium of thiéinéﬁure, especially in
silicates,xis-rare since the crystal phase to beffééqrbed becomes unavail-
able for é-direct reaction through incrustation,gvi;e;, in this case
formation of a mullite layer zone around alumina. A ﬁixture of muliite
and liquid, however, could also form metastably if the liquid were
sufficiently supercooled without any'precipitatiOn of-élumind. The.
absence of alumina in the rapidly cooled diffusioﬁ‘ione,'then,'indicétes
.that such supercooling occurred. | |

The aireét evidences for.supercooling of the 1iquid in the diffu;,
sion zone were cilearly brought out in three diffusion couples, each.of
'which'was aﬁnealed at 1903° for 15 min but cooied.at relativélyldifferent
‘ rates due to directional flow of the He into the QQf'zone durihg Quench;
ing. The microstructures aifferedvdrastically ésvéhoﬁnfiﬁ Fig. 6_
.alﬁhough the average diffusion pfafiles were idéntiéal to the one shown

in Fig. 2 with a range of O to 62.5 wt# Al;03. 'Thé:precipitated
crystalline bhase as détefmined by electrdn micropfobe and.X-ray diff-

rection was only mullite when the couple was.quenched (Fig. 6a), only
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alﬁmina'when.the couple was cooled relatively sloﬁiy (Fig. 6c), and
alumina ahd mullite when cooled at a moderate'ratéj(fig. 6b). ,Siﬁce the
vliquidus_coéposition;at the geritectic temperaturéji; 52.3 Wﬁ%'Aizds,
m350 Hm §f;£he diffusiqn zone adjacent to the sapphire'would,expériénceA
some alu@inaﬂprecipitation during equilibrium céoling.= The absence'bf»
alumina ihithis.portion of the diffusion zone of a quenched couple -
-(Fig.'6a)7and presence of alumina in a_slowly.cdpied:couple (Fig. 6¢c) =
can_only‘be;explained on the basis of nucleation-and»supercooliﬁg

j phenomena :'o_f';_the liquid. .

The céexistence 6f.alUmina,'mullite and liQuia (glass)'in-the dif—'
.fusion zdﬁevpf the moderétely cooled couple (Fig.u6b),is in violation;of
the phase'ruie. With this.intermediate cooling ratéjfhe residual_liQuid;
vhich does not maintain e‘quiiibrium and does not reéc'f extensively;wi{chi
‘alumina; behaves independently*and upon supercooling'pfecipitates-mulliﬁe.
'Therefore; thé phase rule is only observed localiy, wﬁile the eﬁtire
. mixture'itééif is unstable.
 Devis end Pask,™ who observed the formation of an iritez'lfacié; non-
_equilibrium';iguid in the cristobélite-éapphire é&ﬁples at subsolidus
temperaturéé,vsﬁggested the existence of a metastéblé Si0,-A1,0; phase
 -diagram witﬂ a eutectic and no mullite;ﬁhase fofmed'by'exténgiqns;ofvthe

1

S5i0, and AléQa liquidus curves. The diffusion zone microstructure shown

L)

in Fig. 6c, then, is in further support of their observations since the
, total'absence of mullite indicates a sufficiently slow_cooliﬁg rate to

‘.maintain equilibrium between the liquid and alumiﬁa’and thué‘necessitates

the.metastdblefextension of the alumina liquidus belck_the peritectic

1

temperature.
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| ﬁiffuéion zoné microstructures of 1953° and 2003°C coﬁples'showed
only.alumina precipitates in a glassy matrix even when they were quenched
at.the‘fastest rate possible. The sapphire substfate acted as a site
for heterpgéneous nucleation of alumina. R

C. Microéostructures of Quenched Specimens

The i@terpretation‘of microstructures obtaihed by the statip method
‘of quenching mixtures of a given composition is assisted by the facts
that have beén established in the previous sections: (1) mullite»melté
.vincongruently'under equilibriu& conditions, (2) a'métastablg Si0,-A1,03
phase diagram cen exist without the millite phase, and (3) liquid»phaéeé
can be supercooled through the alumina-liquid fiéld'ﬁﬁaer certain coh-
'ditions. Numerous quenching experiments»were,conducfed. On;y some of
the more critical microstructures are diécussed below. |

The microétrﬁcture of a mixture containing 60.0 wt% A1,03 thét_was[
hdmogenized above the alumina liquidus at 1953°C'and cooled slowly
(60 min) below the transition temperature before qgé§ching showed
mullite and glass. The absence of alumina_again=§ﬁggeéts the super- ’
cooiing of thé melt below-fhe alumina liquidus. Fo?‘pomparison, onvélow
cooling of a melt of similar composition (60.0 wt% A1203) that Qas.
‘formed in the diffusion zone adjacent to the sapphiré.in the 1903°C -
diffusion couples (Figs. 2 and k), alumina readilylpfecipitated (Figs.
" 6b and c); supercooling with preéipitation of mulli;§ in the diffusion
) %one was éﬁiy'achieved by quenching (Fig. 6a). Tﬁéxdifference_in be-
havior éah-beréttributed tq the presence of the sapphire in the diffuf
sion couplé which acted as a si£e for heterogeneous nucleation of alumina

for the more slowly cooled specimens;



- tBL_27Lf

Alumina, mullite and glass were present in a'mlxture of'7l.8.wt%
'Al203 (3Alz?3'28102) that was annealed at 1953°cC;, cooled slowly (%30 mln)
to 1753°C. aﬂd further annealed for - approxlmately 29 days, and quenched
'(Fig. 7. _The presence of elumina clearly 1nd1catescthe.1ncongruency of
.,mullite;_almmina could not be present uader aoy'circumstances'if mullite
solidified:congruently from a melt. The presence of mullite around the
: .alumima also’indicates that the peritectic reactiom“was still'incomplete
' due to the slow diffusion through the mullite leyer.  The diffusion
mechanism is-supported by the presence of concentratlon profiles throuéh
'the mullite layers ranging from Th wth Al,0; at the ‘alumina interfaces -
to 70.5 wt% Alzoa at the glass interfaces (Fig. h)

Typical microstructures of the silicate mlxtures of 78 3-and 80 0
'wt% Al,0, that were homogenized at 2003°C, above the alumlna llquldus,
 are. shown in Fig. 8 the degree of mulllte and/or alumina prec1p1tatloo
| in these melts was highly dependent on the coollng rate followed. A- .
quench by turnlng-off the power and a rapid 1ntroductron of helium iato
the.furnacelalways resulted in the precipitation of omly,mullite with, -
compositions varying up to 83.2 wt% Al203 and some residual'high;sllicai
~ glass betweep the mullite grains (Fig. 8a). OccaSioﬁal precipitation of

'alumina was observed around the sharp edges'of the crucibles_that;mustv

;haye acted as nucleatlon sites for alumina. When:the melts cooled
moderately by Just turnlng off the power to the furnace, alumina pre-::
cipitated readlly (Fig. 8b). The 1ntermed1ate liquid phase apparently.’
did not maintain equilibriumvyith the precipitated.alumihaiand_cooled.l

indepehdently to form mullite and residual glass. :When the melts were
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.cooled elowly to 1753°C and quenched only prec1p1tates of alumina sur-‘
rounded by a glassy metrix were present (Fig. 8c). The needles embedded
in the glas‘vsy inatr-ix were in general only a ,few';nicrons thick and thus
~were toe small for »electron microprobe ana.lysm,x-ray diffracticn

. analysis of such specimen surfaces, however,'indiceted a-Ale§ as the

" only crystalline phase. These needles were thusbicentified as secondary

) aluﬁina”thafvprecipitated‘out during quenching from 1753°C. The_overall
compositioneof the matrix surrounding the primary‘alumina precipipates,i-

_‘as dete;mined by scanning-beam electron microprobe_analysis, wae @LS wt%'
Al,0;. This composition is identical te that of.fbeialumina_liquidus

at 1753?0 wheh it is extended below tﬁe peritectic temperature (Fig.ih),_
a.nd. provides additional evidence for the existence" *c_f' a metastaﬁie »
SiO;-A1263 ﬁihary'diagram without any muilite phase. |

"D. Melting Behavior of Mulllte

The meltlng behavior of mulllte was studied us1ng polycrystalllne
'sﬁoichlometrlc 3:2 mullite (T71.8 wt% Al,03) spec1mens synthesized by
‘ vacuum hot press1ng coPrec1p1tated high-purity, submlcron oxide powders.23
The specimensv(s mm X 5 mm X 8 mm), placed in Mo crucibles, were melted
in vacuum in the tantalum heatiné element furnace. The speciﬁen‘teméera—
ture was measﬁred utilizing black body condiﬁionsfwith a‘hole drilled
‘directly into the specimen. The heatlng rate to 1800°C was ‘fast (5—10

min) followed by a 5°C/min heatlng rate from thereon 1n order to maln— B

- tain thermal equlllbrlum The meltlng temperature was assumed to be

‘#The specimehs,were provided by K. S. Mazdiyasni, Air Force Materials
Lab., Wright-Patterson AFB, Ohio.
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thatvat'the first instant of the specimen slumping; ‘Some speciﬁens were

only partially melted and quenched by turning off the power to the fur-

| !
|

- nace . and allowing He to flowl rapidly through the furnace.

The melting.temperature of'stoichiometrlc mullite'was consistently
determined‘to be 1880°C. The same nelting‘temperature was determined
indenendently bi{Mazdiyasni and»Brown23 using an-identical material and

- similar experimental conditions. This value is'conEiderably higher than

" .the peritectic melting temperature of 1828°C as determined from the

.idiffusion_studies (Fig. 4). Furthermore, the microstructure of a. par-"
vtially meited.snecimen (Fig. 9) showed no alumina formation in the moiten
' portion but‘only recrystallized mullite and some glaes. Thus,'etoicnio-
metric mullite melted congruently at 1880°C |

| According to the stable phase diagram presented in Fig. h a mullite
of T1.8 th'Alzoa comp051tion becomes unstable at;1816°c and dissoc1ates
to a mixture'of»a silica rich liquid phase and a niéner~alumina:mullite”
as temperaturebie increased sbove 1816°C. The testfspecimens had sub-
_micronvsize'grains and contained no liquid phasé.?3‘ The non-slumped
fportion of such a specimen after heating to a black body temperature of
1880°c (Fig. 9) shows & mixture of A5-10 um size mulllte grains and a |
- glassy phase 1ndicat1ng that,in addltlon to the formation of a llquid :
phase, considerable amount'o{ grainbgrowtn-also took place above l8l6°C._
The composition of these.muliite grains as determined by pointAbefmi

microprobe analy51s was cons1stently 75.8 wt7 Alzoa. o
Eitello has pointed out that 1ncongruently melting silicates can be
superheated above the peritectic temperature with- the metastable pro-

longation of the corresponding liquldus. The result of this prolongation-
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then, is.the-metastable congruent melting of thatlcompound at a higher
temperature than the peritectic temperature. 'It is interestiné to note
that the mullite liquidus of Fig. 4 when extended beyond the peritectic
temperature intersects the 71.8 wt% Al,03 comp051t10n line at "1880°C
which corresponds to the congruent meltlng temperature measured in thls
study. Such metastable congruent melting of mullite would also necessi-
tate thetertehsion of the mullite solidus above the transition tempera-
ture to higher alumina contents and thus provides the explanationvfor
'.,the shift in alumina content of mullite to 75;8 wtd A;;oa.

E. Metastable Phase Equilibria

The results of the last two sections on metastahle equilibria cau -
be represented_by metastable binary eutectic diagramS'between silicaevjf
mu;lite iu the;absence of aluminavahd silica-alumina in the absence of a
:mullite superimposedhon the stable silica-alumina diagram, shown ‘as
ddotted lines in Fig. k. The silica-mullite-diagram as drawn represents
a'composite~of:all the enalyzed data experienced ih the study. The upper
'iimit of the mullite solid solution range is uncertain but has been set
at 83;2 wt% Al203 since this was the highest alumina content detected'in
:any.mullite. This limit agrees well with the COmpositions'of mullitev
’ single crystals grown from a melt by Bauer, et al.l (82.57 wt% A1203)
_and Neuhaus and Rlchartz2 (77.5 wt% Al203) although mulllte preclpltated
‘from a melt with a higher alumina contents has recently
been reported. 25 The maximum meltlng temperature.for(mullite in this
composite dlagram is set at N1890°C as obtained from the extrapolatlon
of the mulllte llquldus to 83.2 wt% Al1,03. The metastable silica—

mullite equilibrium dlagram, as presented in Fig. 4 thus includes the
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'high-alumihs mullites formed by solidification from a melt.in the aBSense
of alumina. Mullite grown by solid state reactions with alumina is |
limited to T4.0 wt% A1,05. B | '

The diagram, however, does not provide an expléhation for the pre-

_cipitationfsf alumina-rich muilite,(¢73-79'ﬁt% Aizos) in the diffusioﬁ”
zdneS‘of‘thé;couplesﬂannealed at 1678°C to 1813QC.(Section IIIB), in

which the“mslts.at the interfaces ranged from 10.9 to L42.2 wt% Al,0;.

Mullite precipitated from these melts, under stable equilibrlum con-

_ditons, could not be richer than T1.5 wt% Al,03 at 1813°C and T0.5 wt% :

‘A1,03 below 1753°C. A pos51ble explanation could bevthe existence of

a disordéred mullite phase with a broader and higher alumina solid solu-

tion range'ss illustrated by the free energy of mixing'vs compositibﬁf
.curves in Fig. 10. | |

Aramaki and Roy5 by X-ray studies, observed that heat treatment of
mullite caused nearly as much change in its lattlce parameters as varia-
.'btion in comp051t10n and suggested Al-Si order-disorder as’ a p0551ble _
explanation. Later, similar observations were'madefby-Majumdar and.
i,Wéléh26 asd Mazdiyasni and Brdwn;23 On the basis of the_available
infbrmation, the possibility of the exisﬁence of disordered mullits.
_hecessitatesitwo ove;lapping%mullite solid~solution fieldsvas shan-in‘
Fig, 10 instsad of the single field shown in Fig.ahﬁf The ordered
mullite has .a field ;hat extends up to about T75.8 wt% Alzog and melts

1
at 1880°C as determined in this study, and the disordered mullite formed

by precipltation from a liquid phase extends from.%73 to 83.2 wt% Al,03
or possibly higher alumina content.es A study of the 1iterature6

strongly suppbrts the existence of such a metastable mullite phase,
. o ) R
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frequently referred to as 2:1 or melt-mullite. Temperatures as high es
1913°C have'oeen associatedeith the melting benavior of 2:1 mullite;h’2h
an average of the reported values of 1900°C is used in Fig. 10. The
Yalues that were used for the disordered mullite liquidus were taken
from the diaéram of Aremeki end Roy’ who obtainedﬁ‘tneir ‘data by the
quenching‘uechnique. ”

The immisc1b111ty reglon shown in Flg. 10 was: ‘determined by

MacDowell and Beall. 21 Recently, Takamori and Roy.8

questloned the
eccuracy of this immiscibility region based on their crystallization -
temperature measurements on flame-sprayed and/or‘éplat-cooled glasses{'

vThe position of the alumina llquldus as determined 1n this study also

' ‘raises questlons on the position of the splnodal reglon since the exten-

- tion of the alumina liquidus cuts through the center of this region.
Belowvthevcritical temperature of the immiscibility region, the AG
mixing curVe of the liquid will require two minima, and alumina,will‘ne
at equillbrlum with liquid compositions in the 1mmed1ate vicinity of one
of these minima. Thus, any proposed spinodal reglon has to be elther
completely under or outside the extension of the alumlna llquldus.
» : VI. CONCLUSIONS

Diffu$ionocouple experiments in the'Sioz—Alzog system, in the
femperature range of 1678° to 2003°C, yielded infornation on stable;and_
| several mefastable phase equilibria-diagrams. TheudiSSOIution of . |
alumina in fused silica and the growth of interfacioi mullite were
diffusion-controlled. ‘The interfacial compositions of the phase
boundaries, thus, corresponded to the equlllbrlum llquldus and solidus

comp081tions end were used ‘to construct the stable equlllbrlum
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vSiOz-Algba-phase'diagram, in which mullite is shownfno.melt incongruently
at 1828° +lO°C es originally determined by Bowen end Gréig.l The stanle
solid solution range of mullite was at TO. 5 to Th o wt% A1,03 be*ow
1753°C and at 71.8 to 7h 0 wt% Al20; at 1813°C.
The exemlnatlon of the dlffu51on'zone microstructures and the miere-

structuresfof'sPecimEns'heat treated by the staﬁiefmetnod of quencning

- supported the incongruency of mullite. They also pfoduced‘information 1
: _-indicating'fhe existence of metastable equilibria and’indicated mete;
steble mullite solid solutions up to at least 83.é wt% ef Alzoa,i”When
i;alumlnum-5111cate melts with alumina contents up to the solid solutlon

- limit of mulllte were cooled rapidly below the alumlna llquldus pre—
cipltatlon of only-mUlllte was real;zed. When the sPecimens were coolen
slgwly or eites for heterogeneous nucleation of alumina were ayeilable;ﬁ
alumina did precipitate as predicten by the stebie_Sioz-Alzoa phase é; 
diagram. ._Direct evidenc_e was a.lsb prdvided for the existence of a
“metestable_sidzeAlzoa binary phase diagram withont eny mullite nhase

- formed by the;extensions of the silica and aluminaxiieuidus curves.
Stoiehiemetric or ordered mullite of T1.8 wt% Al,0; composition.'.

 melted congruently at 1880 $10°C due to the superheating of mullite
' i | B ' ' '

indicating the existence of a metastable silica—mullite phase diaegram in

. 1
the absence of alumine with éomp051t10ns up to T5. 8 wt% Al1,03. The

|
possible presence of dlsordered mullite that occurs only on pre01p1tat10n
from the melt is indicated with the existence of a metastable,51l;caf

disordered mullite phase diagram with compositions up to at least 83.2

wt% Al1,03.
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. The:coﬁflicting investigations that have appeaféd in the literature
appear tQ be associated with pfoblems rélated toiﬁﬁcleation of'aiuﬁina
_ﬁnd ordergd mullite, and supercooling of aluminum silicate liquids.
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" Table I. Experimental conditions and data for
sapphire-fused silica runs ‘ '

. Interfacial Composition in the Melt c;

 1PIS-6 " Time A A1,04 A1,0,
(°c) (sec x 103) (g/cm?) - (mol%) (wt%)
1803 _~ &6,1hA,21£,* ‘ .
- 28.8," 602.1 0.547 if 29.0  40.9
1853 0.9, 1.8, 3.6, T.2, o
| 5.1, 91.5 S o152 k.9 sho
1903 0.9, 1.8, 3.6 0.893  ~ 49.6 . 62.5
1913 0.9, 1.8 0.919 S os1e 6ho
1953 0.9 | 1.048 j"'59.6' 1.5 .
2003 0.9 - 1.313 . 78.2 85.9
L1

- *Davis and Pask™
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~ Table II. Experimental conditions and data for
' sapphire-mullite-liquid diffusion runs v

' h i

~ Temp. | © . Time . - . Interfacial Composition Mullite
IPTS-68 ~ (sec x 10%) (wt% A1,03) . Thickness
(°c) ' in Melt in Mullite (pm)
[c;] [y~
11678 ©7.309 10.9 . 70.5-Th.0 10.00 -
1678 - 28.k428 109 70.5-Th.0 18;00 ,:
1753 3.965 22.8 70.5-Th.0  13.00
1813 6.015 k.2 T71.6-T4.0 36.00

VThe runs with a melt composition of 15.0 wt% Alzog'Weré conducted by =
Davis end Pask.'t |




Fig. 1. .

Fig. 2. |

Fig.'3.

‘Fig. k.

“A1,0

FIGURE CAPTIONS

Diffusion cell assembly. All of the COnfainer parts are

molybdenum. Crucibles had a 9. l mm I. D.";_;'

-Typlcal computer plotted concentratlon proflles of sapphlre- "

fused silica couples in the temperature range of 1803° to 2003°C

_arranged with a common Boltzmann-Matano 1nterface.

Interference-contrast micrographs of the diffusion zones in
coy@les of sapphire (bottom) and (A) 10.9'w£%eA12 3 contalnlng
silicate at 1678°C for 7.309 x 107 sec, (B) 22.8 wt% A1,0 3 con-
taining silicate at 1753°C for 3.965 x 195 sec, and (C) k2.2 wt?
A1,04 containingvsilicate at 1813°C for 6.015>x 10? sec. -
Couples were cooled rapidly to 1500°C (~1 min) and then very |
slowly to room temperature. The intermediete.layers are.ﬁulli?e
fdrmed'ﬁy'solid state reaction at the anneeling temperatUreef

The prismatic precipitates in the top portion of the diffusion’

" zome in the silicate are mullite that crystallized during cool-

iﬁg;

The sta‘ble'SiO2-A1203 equiliﬁrium phase diagrem is shown 5y fhe 
selid lines. A'composite metastable equilibrium‘Sioz-mu;lite
system is shown by the dotted lines; metaeﬁaﬁie extensione of

the ‘alumine liquidns‘and silica liquiduS'are also shown'r‘The
relatlonshlp between the concentratlon proflle of a seml-lnflnlte 
Si0 -.A1203 diffusion couple and the stable phase equlllbrlum v'
diagram is drawn for temperature T; CA corresponds.to 100% _ |

273"
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. Fig. 6.

Fig. T.

-30- © LBL-27MT

Interference~contrast micrographs of the diffusion zones in

couples of sapphire (bottom) and fused silica annealed at

[}

(A) 1803°C for 602.1/x 10° sec ‘and (B) 1853°C for 7.2 x 10° sec.

Couples were cooled rapidly to l§OO°C (~1'min) "and then very
slowiy to room temperature. The prismatic pfecipitates (1ight
gréy) in the top portion of the dif;usioﬁ”zbne are‘muliite that
crysﬁéllized during cooling; the mullite‘léyer_at the sapphire-
melt interface of microstructure (A) grew at the interface at
temperature. |

Interference-contrast micrographs of tﬁevdiffusion zoneé in
éouples of sapphire (bottdm) and_qued'siiica7annéa1ed atxi9Q39C
for 0.9 x 103 sec and () quenched, (B) ¢§6;éd at a relatively
modefate rate, and (C) cooled relatively slowly, to 1500°C
(slowest-overall time ~1 min) and then véry siowly‘to rodm-/'

témperature. The precipitates in the diffusion zone are (_Al) -

‘mullite (light gray), (B) alumina (light gray needles) and

mullite (fine precipitates between the alumina needles), and -

() alumina (light gray needles); the precipitates along theM
interface in (B) end (C) are also alumina.
Microstructure of the T1.8 wt% A1203 containihg‘silicate ﬁelted

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

‘in 30 min, ennealed at 1753°C for 42,392 min (29.4 deys) and

quenched from 1753°C to room temperature. . The light grayipree;

cifitates are alumina that are completely surrounded with a

layer of mullite (gray). The dark gray portions between the

y b




rFig. 8.

Fig. 9.

Figg 10.
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-jmullite layers are glass contéining fine‘precipitates of

'mullite formed on quenching.

Microefructure (A) of a T78.3 wt?% A1203 containing silicate
melted in a sealed Mo crucible at 2003°C for 30 min and quenched '
1n He (the matrix is mullite with glassy 1nclu51ons) Micro-

273

rate in vacuum by turning off the power to the’furnace (the

structure (B) of a 80.0 wt% Al_0. melt cocled at a moderate

light gray portions- are alumina; the gray,'mullite; and dark
gray,‘glaSS). Microstructure (C) of a 80.0 #t%.A1203 melted at
2003°C for 90 nin, cooled to 1753°C in 60 min, and quenched in
Hevfo room temperature (the laige and needle precinitates are
all alumlna in a glass matrlx) | |

Mlcrostructure of stoichiometric mulllte (71 8 wt% Al 0 ) after
partial melting at 1880°C and quenching in He. Recrystalllza—‘
tion of mullite has occurred; the dark gfa&'pontions are glass
andvthe black,ﬂpnll-oute. The upper portion was in contaci
with the crucible and shows more melting;:’

Superlmposed on the stable SlO A12 3 phaee:equilibrium diagrém
are p0551ble metastable phase dlagrams for SlOz-mull1te and |
2-dlsordered mulllte systems. The hypothetlcal free energy
of mixing vs concentration curves for.1753°C'represent phase
relationsnips shown by the phase diagram. ;Tne immisecibility

region is by MacDowell and Beall.?7
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ALUMINUM CONCENTRATION IN MELT (gm/cm3)
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Weight % Al>03
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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 Atomic Energy Commission, 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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