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DIFFUSION AND REACTION STUDIES IN THE ALUMINA-SILICA SYST “Mr
| Robert F. Dav;s* and Joseph A Paek_ '
Inorganic MaterialsrResearch Division, LawreﬁceJBerkeley Laboratory ,

and Department of Materials Science and Engineering,

College of Engineering; University of California,

Berkeley, California olT20
January 1972
ABSTRACT

Highetemperature'diffusion:kinetiés and phaSe_relatienships betWeeﬁ
coupleebpf'fused silica or cristobalite and sapphire or mﬁllite weree'
investigeted in air and helium. Subsolidus liquid formation between
.Sapphire,aﬁd cristobalite indicates the existence of a metastable system
without mullite.' A liquid phase isvconsidered_fo'be essential for the
nucleation~ef mullite. The growth rate of mullite exceeded its dissclu-
‘tion refevin semi-infinite fueed Silicaesapphireecouples above,l63h§C
The in£erfecial liquid eompoeitions provided dete fer a miner revision
“of the‘ﬁuilite liquidus curve.

Diffpsioﬁ coefficieqts‘calculated from the aluminum pfofiles vary
greatly Vith concentration ‘and temperature, resulting in a large range
of values for’epperent activation ehergy which:deCreaee with increaeing
A1203 content (5310 to V60 Kcal/mol.for'%h'to 22 wth A1203). The diffu-
J‘51on proce ss in the llquld is cop31dered to be a cooperatlve movement of

oxygen—cbntaining aluminum and silicon complexes whose nature changes

~ tBased on a thesis submitted by Robert F. Davis for the Ph.D. degree in
ceramic- science at the UanEIulty of Callfornla, Berkeley, Calif.,

Sept 1970. :
%Now at Cornlng Research Center, Corning, New York.
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with composition and temperature; this change in the aiffusing species

contributeé to the range in values of experiméntal apparent activation o ;

energies. -

.
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I. Introduction
Studies_bf:ionic self—diffusion and intefdiffusioé i#-glasses, and
~ of the interdiffusion and dissolutibn processes ﬁhiéh’oégﬁr betweén
refractory o#ides and glasses have been receiving'incféaéed attehtion as
shown Ey the reviews of.Williamsl and Dorem.us.2 faladihd and Kingery
‘and Ois‘hi_ah'd.K_ir_lg;ery')4 have studied fhé §elf—diffusién'pf aluminum and
oxygen, respecfively; in_A1203 while a numbef bf iﬁvestiéators have

5-8

determined tlhie oxygen diffusion in vitreous silica »

9

 éhd the dissolﬁtion-
of sapphire iﬁ silicate melts. A dearth of infor@ati;n exists,vhéWeﬁer,
concerning interdiffusion and dissolution in the A1203-5i0; systen. |

A phghoﬁenological~approéch was undertaken by‘dé Keyseflolinrstudies
of reactions getween pélleté of poiycrysta}line aiﬁmina and éfistobalite

‘at_l600°b:for 2 L. He found that a liquid phase forméd'surrounding the
criStobalite'grainS’énd that-penetrafion of a Si0z~-rich liquid into the
Al,03 pellet initiated the’formatién Qf'mullite Csttals.

Staiéy and Brindleyll have_aléo conducted_suﬁsdiidus reactiop_ekperi— -
ments ét_lSQo ahd 1550°C using pressed pelletéiéf.SiOz"(cristobalite) in |
contact'with single crystals or pressed pelleté.of‘A1203;.as well a§
‘mixed éqwdérsf They‘conclﬁded that ﬁhe formation.of an amorphoﬁs phase

was an essential feature'oflthe reaction. No mﬁllite was'obserVed when
12

the poljcrystalline Alzogbpellek was replaced by:sapphire. Wahl et al.
reported a reactibn-wifh bbwder mixtures of briéiobaiite and corundum at
tempera£ures as low as 12006C:which showed no'mﬁllite? |

’The objectives of this study were to determine fhe nature of ﬁhe
dissolution of alumina’by.silica, ﬁé dgécribe the kinetics'of:aissolution,

and to relate the latter to possible operative mechanisms.
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I1. Experimental Procedure

(1) Sémple Preparation and'Expérimentation L _ : ‘
Diffﬁéion'COuples were prepared using 11/32 in. dia. by 1/16 in.

single crystals of alumina (sapphire) or mulliteT and fused.silica,

# 5}

cristobalite,’ or 15 wt% A1,03-85 wt% Si0,.°' These materials were cut

into appropriate sizes, polished to optical smoothneSS, apd checked for

flatnéég against_their couple counterpart to efféét good'bondiﬁg and

prohibit the entrapment of He or air in an’irreguiar surface.v.Eéch
compdnéﬁt'was washed in ethyl alcohol‘and placed ihtO'll/32 inrbdié. By
5/16 in. spun molybdenum or Coors CN-2, 99.8%:élumina crucibles. Four

- to sig.épﬁﬁles-coﬁtainihg the different phéses were annealed simultaneous-
ly. in ‘each céuple the'Siiica_phase of glass resfedsupon>the sapphire
or mullité, -

¥Union Carbide, Torrance, Calif. Spectrographic. analysis: Si 0.2]1,
Na 0.05, B 0.005, Sn 0.005, Fe 0.004, Ca 0.001, Ti 0.001 wt% of oxide.
FCarborundum Corp., Niagara Falls, N.Y. Spectrographic analysis by
American Spectrographic Labs., San Francisco, Calif.: as oxides—-
Ca 0.006, Fe 0.02, Na 0.12, Mg 0.01, Zr 0.01, Ti 0.005, Cr 0.003, Mn
<0.001 and Cu <0.005, Al and Si (principal constituents). Electron
microprobe analysis showed an average of T75.8 wt% Al,03 (variance #
1 wt%). Stoichiometric mullite (3A1,03°25i0,) contains T71.8 wt% Al,03;
2:1 mullite, 77.3 wt% Al,03. : S : :
- # Amersil (Div. of Englehard Ind. Inc., Hillside, N.J.). Spectrographic
analysis: Al 0.0L5, Fe 0.015, Ca 0.0005 wt% -of oxide. ' :

#Ga. Inst. of Tech. Exp. Station, Atlanta, Ga. (prepared by crystalliza- o

" tion of fused silica rod). Spectrographic analysis: Al 0.23, Fe 0.092,
Na 0.08, Ti 0.028, Ca 0.02, B 0.01, Mg 0.008 wt% of oxide.

§Prepared from intimately mixed -325 Corning T9LO fused silica and R

Alcoa XA-16 reactivé alumina dried at 110°C, vacuum melted at 1800°C
" for 30 min. in molybdenum containers, and quenched in flowing He.
A1l subsequent compositions will be given in wt% unless specified
otherwise. ' . : ~
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The molybdenum crucibles were covered by a,l-l/8»in. I.D. molybdenum
cruciblé{to eqﬁalize heat distribution and to reducgiéilica vaporization,
and ﬁositioned in the ¢enter of a k in. dia. by 8 iﬁf'ﬁantalum (Ta)
reéistanéé'héatiﬁg element of a model 4663k Bre&lfufnace, This arfange— ‘
ment was modified‘for all temperatures below.l6506C by piacing the diffu- .
_sion‘éoupléé; topped by 1000 gram piatinum.weigbts,finto 7/8 in;_I.D.

Al,03 crucibles.

 The Ta chamber was heated to 1200°C for 1 h atxlo-6 torr to remPVe
' - 13,14

\

any OrgéniC'and hydroxide films from the sapphire“éﬁrfaces, It was
then isblatéd'and high purity.He* allowed to slole ehter ﬁntil atmo—_v
spheric preésure was attained. The-temperature\WAS'rapidly raised to
the workiﬁé-point to avoid reaction at lower fempéféfurés and subsequent
‘éracking°of the sapphire due to itsvdifference.iﬁ thermal éxpanéion from .
that of-fused éilica. : |

' Thé bfincipal temperature raﬂge in the étafi¢ He aﬁmosphere.was\
1650° toll80ooC'in 50° intérvals fof different tiﬁé$ dependingvon the
temperatﬁre (Table I)."Mﬁllite¥silica couples fired in He above 1650°C
could not. be analyzed'due to avreactionvinvolving résidual éilica—rich o
_ glaés>ana_silicoh impﬁrities’in the mullite whiqﬁ'resulted in the entrap-

15

ment of vapor spéciés as bubbles at the interface. Couples of sapphire-

cristobgliﬁe were also heated at'15§Oé and 1580°C.

The température of éﬁe éﬁeéimens heated in He>was measured by a W-5
Re/w—26 Re thermocouple (aécuracy‘i 7° étviBOOQC) connected to a Leeds
anvaorﬁhrup Speedoﬁax'H'Recéfder¥Confroller aﬁd cfoss—éhécked %ith a
Leeds énd-Nérthrupvoptical pyrometef'utiliéing blackébody éodditidns.

*Analysié‘showed'Z ppm N2 and 1 ppm Oz. .
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Fof the air'anneals; Al1,03 crucibles wefe_pieeed in a Kanthal Super'
- 33 element furnace preheated ﬁo 1200°C, and a heating schedule utilized
_ similarvtd:that for the He runs. With these elemenﬁs, 1650°C was the
highest %eﬁperature that could be maiﬁtained for,ailong beriod,of'time.
The.temﬁerature was measured ey.a Pt-6 Rh/PthO'Rh thermocouple (accuracy
+ 5° at 1650°C) and monitored éy a Leeds and Nofﬁhrup Speedomax H re-
corder.e' |

A very slow (48-96 h) and carefully controlled cooling rate was
employed for all runs to avoid the loss of 1ntegr1ty at the 1nterface>

due to-the;dlfference in thermal expansion. The.spec1mens were sub-

a
N

sequeﬁtly mounted in polyester reSin, sectioned'in half parallel to the

A dlrectlon of dlffu51on,‘and remounted for pollshlng

(2) Electron Microprobe Ana;y51s

- The Al concentration versus disfance profiles"were determined from>
the highlj pollshed carbon-coated spe01men surfaces using a Materials
‘Analy51s Co. Model Loo -electron mlcroprobe set at a beam potential of‘
15 KV_and a sample current of 0.025 u amps. The electronic data was '
automatically recorded on cemputer cards for furfher corfeetion and
evéluaﬂienf |

Crystallization of mullite occurred in the diffusion zone on cool-

ing from temperatures above 1650°C resulting in very irregular diffusion v

profiles when determined with & 1 | point beam. zTo'éurmountVthis diffi-

culty, the beam was tuned so that it very rapidly scanned a line 100 p-

¥Polishing consisted of 2 min each on a 240 u’and 15 u mefal bonded
diamond lap, 24 h each on a 6 u and 1 u diamond lap, and 6 h in a
syntron vibrated Linde A (0.03 u Al,03) water slurry.
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shown in Fig. 2 superimposed on the diagram after Aramaki and Rby.
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long ih‘a‘diredtiOn pérallél to the interface of thé couple.‘ FollbWing_
ten seconds of counting, the data was recorded,*éndvthetsganning beam.
adtomaticéliy moved 1 Y toward the iﬁterfaCe. ;£ should be‘noted thap
whilevthe measured X-ray intensity decreased as'thé.beam deviated from
the cenﬁér of the cross hairs, it did/ﬁot cause‘inéécuracies in the con-
centrainn daﬁa, as the Ai203 and siog standardsvwére measured‘in the
same ménner. |

III. Results aﬁd Discussioqs

(1) Diffusion Profiles and Phase Equilibria

Tﬁé experimental.conditions and a portion erthe reéglﬁing diffusion
data afeipfesented in Table I. Typical Al concénfration versus diétance
profi‘ie_s, obtained at 1650° and 1800°C are shown _il%l'F:i‘g. 1. No diffusion
of siliéa‘into the sapphire was detected in any expérimentt- The inter-

facial concentrations remained constant with time at a temperature and

" were the same for the mullite-fused silica couples annealed at an

eQuivalént temperature. This condition'indiéatésbthat diffusion in the
liquid, not the reaction at the ihterface, is.thé rate éontrolling step.

These‘intérfacial congentrations thus correspond to equilibrium liquid

. compositiohs in contact with mullite. The fesulting li@uidhs'cur?e is

15

(2) ‘MicrOStruCture

A fepresentatife cross-section of the'cristobalite—sapphire couples

annealed at 1550° and 1580°C is shown in Fig. 3 for the conditions of

1580°C, 8 days. Of substantial interest is the visible absenbe of the

mullite phase at these temperatures; éhd the appéarance of an amorphous

phase whose composition at the interface lies on the extended mullite



liquidus curve (Fig. 2). The diffusion profiles of Al extend 5-10 p.into
the zoﬁes contéining cristobalite. This microstructure thus raises the
question of the actual existence of the expected_équilibrium mullite

phase at the interface at these temperatures.

From a theoretical viewpoint, KidsonlY shoWs that the application of

N
|

Fick's“first law to diffusion in binary systems in which occurs a single

“intermediate solid solution phase leads to anvexﬁfeSSion of the forh
W, =B, V& - (1)

B8

(). Thé'iwo'end phases, o and y, contain higher and lower interfacial

where W, is the Widtﬁ of the intermediate phaéevébés a function of time‘
COncentﬁaﬁfons, respectively, bf‘the diffusing‘spebies than does the B
phase.  Kidson érguesAthat the complete égsencé\vaﬁhe B phase with the
interfééiél concentrations of the d‘and‘y phaséérﬁhchanged must be
pejectgd on thermodynamié_gfounds, as'it_would fhen iﬁply a.diécontinuity
in the-Chémical potentiél at.the'resulfing a—Y.intérface. This would be
- a confrédictidn of the requirémént that thé.chémical poténtial bé»éon—
tinuoﬁs and monotonic throughduf the spécimen cféés-section.

Thé appeérénce of an'amorphous phasé inbﬁhelcriétobaiite4sapphire'
_coupléé at subsolidus'temperatures_preclﬁdes ;uchbé discontinuity and
leads torthe conclusion that its occurrence is;épérgetically more
fgvofable and thatrits formatibn is a precursqr.to its immediaté reaction
with alpmina to nucleafe the equiiibrium mullite phase. ThisAphenoménon
of initial formation of a noﬁéquilibyium_liquid would necessitate a

metastable phase diagram‘without the mullite phase (Fig. 4) in which

-6 UCRL-196L4 Rev 2
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the lidﬁidus curveé'originating>fr§m pure A;zo? énd S5i0, wduld be ek_
tended.tbvlowerbtemperatures.*;.A somewhat apdiOgoﬁs‘diagram has'been
shown by'Kingerylg'fOr.the.K20-2Si02-Si02 system iq wﬁich the eéuilibfium
KZO-hSiOZ ﬁhase'cryétallizes.very slowly from a cooled melt. -

. The initial step in tﬁe diffusion pfocess (e.g. 1$OO°C) would then

be for the formation of a liguid film at the interface having a compo—

~sitionmrange from p to p', as shown in Fig. h.':The‘alumina—rich liquid,

p', reacts immediately with the sapphire surfacévto nucleate mullite and

to form liquid p''. The system then reverts to the phase diagram for

fused_sili¢a—sapphire showing mullite With theﬁremainihg_liquid reducing

its Aleg-éontent'thfough diffusion into (and subséqﬁent dissolution of)

-~

the cristobalite-compact.

The failure of the nucleated mullite to grow to'anvobservablé thick~

ness at the lower temperatures is attributed to-a growth rate slower than

kits diSsolution rate into the_silica_liquid; Staley and Brindleyll showed

that, at the temperatures they employed, mullite growth did not occur

Until‘ﬁhéiliquidbphase became saturated with alumina. If all thé
mullifé'fofmed at the interface is dissolved, thé reactionvSSQuence of
sdlutiqn of alumina, and the ﬁuéleatidn and dissolutiénxof ﬁuilite‘may
be repéatéd continuously until thelentire silicé phase begins to bé
saturated with Al,03.

t

*It should be noted that a simple binary metastable phase diagram with a

eutectic temperature below that .for SiOz-mullite could also be realized
by an. extension of the 5iOz-liquidus and Al»03-liquidus curves shown in
the phase diagram reported by Bowen and Grieg.l '
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Figure 5 shows the microstructuresvof the cfoss;sections of fused‘
silica-sapphire couples amealed at 1650°, 17005;:1750° and 1800°C as
dbser;ea at room %emperatﬁre. " At 1650°C the diffuéion.zdhe is primarily
an amorphoﬁé'phase. ‘As before, the aluminum ﬁrofiié extends 5-10 u into
the cris%obalite formed'by.devitrification at the énnealingtte?perature.

An important-feafure is the small but discernable:appearance of a mullite

‘layer at-thé'sapphire interface dictaﬁing that at this temperature its

rate of growth has surpassed its solution rate ih £hé liquid phase.
The micrographs of the couples run at 1700°, 1750° and 1800°C
reveal mullite needles which crystallized in the diffusion zone_on'cQol-

ing due to the resulting Al;03 saturation. They also show that the growth

v rate of the separate interfacial mullite grown at test température has

increased and that the fused silica has retained its amorphcus state.

The composition of the precipitated mullite was determined by point beam

'microprobe analysis to be VTL% A1,03. Sincé_mullite crystallized from a_

stoichibmeﬁric 3:2 mullite meltl6 contains T7.4% Al,03 (2A1,03°Si0,), it

is sugéeSted that the lower Alzoa'contehts of fhevdiffusion:zones are o
responsible for thellower Al,03 éoncentration éf ﬁhe needles. \
Tﬁe‘s?lid solution range of the interfacialv3;2vmullite was deterf '
mined fr6m a'IS%IAlZOQ glass—sépphire éQuple anhealed atvl700?C for 11
days. This allowed the mullite layer to grow ﬁb a greatér thickness
since the silica was already essehtially satuiatea with A1203 and disso;
lutioﬁ did not occur. The values, aferages of'a ﬁumber of profiles_:\ |
extrépoiated to the interfaces, ranged_frdm 70.5% Ales at the liquid

boundary to 73.5% at the éapphire interface. .This range is in agreement

within experimental error, with the limits of Tl.S—?h,3% A1,03 determined

>
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by Aramaki and R6y16 for 3:2 mullite.

To determine the temperéture at which the interfaéial mullite would
cease to be:recognized by optical‘methods in semi-infinite fused silica-
sapphire céﬁples, values ffom Table I of mullite'thickﬁess versus the
square route of time were plotted for the 1650°, 1700°, and 1750°C runs
as'shown'iﬁ'Fig; 6. ThicknésS‘valués for avnumber of constant tiﬁes were
taken from thiS’graph, plotﬁed versus temperature and.extrapglated to
zero thickness (Fig. 7). This-procedure revealed ﬁhat mullite under
these condifions would cease to grow to an obser&éﬁlevthickness at tem-
peratures below 163k°c. ”

Alsp; thickness values for 4,6 and 8 h were'déﬁéfmined as above,
plotted vérsus temperature in Fig. 7, and exﬂended.té_l800°C. ,The .
amQUnts 6f growth cf iﬁterfacial mullite that shouid appear at fhis
temperature after these times were 1.9, 2.3 and:2;6'Um réspectively.
These small Vélués, coupled with the extensive cry?tallizationfof mullite

in the diffusion zone on cOoling, explain thevdiffi¢ulty in discerning a

distinct interfacial layer of mullite for these relatively short times

-at 1800°C (Fig.'5).

(3) Diffusion Calculation,Methods
The bases for all diffusion theories are Fick's first and second
20-22 . : o
laws. The units generally employed are centimeters and seconds
with concentration being expressed per unit volume. If there is a sig-
nificant change in the density of the solvent with the introduction of
the solute atoms, as occursvwhen Al1,0; diffuses into SiOj, this change

must be accounted for in the calculation of the chemical interdiffusion

.
coefflplent, D.
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Déﬁsiﬁy determinations were made by the liéuid-displacement tech-
‘nique oﬁ-glaSses containing-S—hO%‘A1203'in 5% iﬁtefvals,.which were pre-
pared usjng”the‘procedure:indicated for the lS% Al2O3.glas§, Pure efhyl
alcohol yaé selected as the diéplaéemenﬁ medium, and an éccoﬁnt made- for
thefchangeﬂin its density with temperature. Tﬁe composition of the
~glasses was. analyzed with the micropfobé and found to be within one per-
cent of %he initial batch value. The resultiné»gfaph of density versus
wt%.AlZO;,is shown in Fig. 8.” As a point of inte}eét, a curve calcuiated
from thé:data of Huggins and Sun23_forvquickly.cogled giasses of the‘séme
compositioﬁ is also shown.

‘ Fraziér, ét al.2h have wfitteh_computer prOgréms which correct the
;aw miérdéfobé data for dead time, drift, baékéréuﬁd;—absorption; and
flubrescencé and record the cbmposition'of eééhvdata point iﬁ weighﬁ

» peréen#.df:the elements or their oxiaes. Incorpofatioﬁ of additional
ﬁrbgréms containiné the above dens;tybrelétioﬂshi? served to aetermine
and ploﬁ'the profiles of concentration (g/cc) of Al versus distance
(Eig.  1)'.* . | |

The extent of the growth of the mullite solid solutions at the

‘interfaces in the sapphire-silica diffusion couples was too small for the

times employed'to obtain a reliable concentration'profile through the
mullite.  Thus only the chemical diffusivity df Al in SiOz was determined

25,26

in this study. A Boltzmann-Matano analysis was used for this opera-
tion as D was found to vary as a function of the concentration of Al.

(4) Diffusion Data’

A fundamental assumption in the derivation and use of the Boltzmann-

Matano analysis is that the procesé is diffusion édhtrolled. This was .

-
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evidenéea by the linéarity\of thevplots ofAthe pehé?ration diétaﬁce from
the Mafanb interfacé'for'afgiven concentration as é functioﬁ of the
s@uafe féoﬁ of time. |

Tﬁe Matano~interface.and %»ﬁere-determiméd By taking thé concentra~
tion;diétance goéfdinates directly from the smoothéd Cal—Coﬁpbploté
(e;g.,Fig. 1) and insérting them into comﬁuter.programs written by
Appel.gT: The values of D were found to vary eXaneﬁtially (correlatién
coeffiéiéﬁt'range 0.84-0.94) with the aluminum_ion:concéntration ranging
over apbrOXimately thrée ordérg of magnitude fdr eéch tempefature és

shown by the least squares determined plot of Fig. 9 for 1800°C. The

~ graphs and the equatiohs which describe them (Tabie 1) are representative

o - N :
for all times at a particular temperature. D values were determined -from .

’ eaéh of these equations for several values of,cbnéentrafion_and'plotted

_égainsffl/T °K (Fig. 10). A least squares analyéis whenevefléppliCable
resﬁltéd in an Arfhéniusvequation cdnsiétént with the form B = Dy éxp
(-Q/RT) for the temperature dependence of b fof:each-concentration7§s
presehted:in Table fI. The aétivaﬁion energieé‘fdr'the higher cthen—'
trations,werevevaluated on the basis of -only two or three temperatures,
as fhesé cbmpositioné do not exist in the lowefvtéﬁperature diffusion

profiles,

The results show that the éctivation enefgy1and fhevpre—exponential

V(Do) values are extremely high at the low aluminum concentrationé, but

§

decrease as the concentration incfeases, The wide range of values
suggests that the diffusion mechanism is coﬁplex and that the structure
of the liquid glass and the nature of the difquing species are éhang—

ing.
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Theseiphénomena must be.dependentiupon the:nature of the éoordina_
fion.of'tﬁe A1+3 ion within the silica st%ucture.af'different Al203 con-
centrafidns and.temperafures. In studies on NaQO;AﬁZO3-SiOZ glasses,
tetréhedrai (both of the tricluster and network—formiﬁg typés) and
bctahedraiICOOrdinatiqn or ;™3

28—31

have been prop05ed_under certain coﬁ—
ditions. McDowell and Beal32 have shown‘fhat A1203—Sidz glésses
cbntaininé 5 mol% (8.2 wt%) A1;03 or less did héﬁ exhibit phase sepéfation
.on sléﬁ-cOoling; however, the 10 mol% (15.9:wt%) glasses showed'separa—
~tion eyéﬁ'When rapidly quenched. This difference is considered to be
associated with an average increase in the{Al+3 cbérdination either ét>.
temperatﬁfé or'én cooling as the‘Alzoa is increésea. Extrapolétion.of'_
the_viscdéity data of Rossin et al. tb the temﬁefétUresvemployedvby thé
‘presené éuthors provides additional indicatioﬁs of changes iﬁ fhe 1iquid
Strucéure'of aluminum silicates; approximatelygaiSix—order'decréase in
viscosity énd a decrease of_acti#atién energy from:l20 to 50 kcal/mbie
was.réalizéd with an increase from zers to 63-ﬁﬁ% of A1203.33 ' |
Cé@piex diffusihg species have been proposéd‘to €xplain diffusion
data in.fernary silicate liquids. King and’Kd?bé3111 and Towers and:
Chipman,35 using a 20 A1,03°40 Ca0+L40 Si0; li_quid at 1350° to 1520°C, |
found a higher value for the activaﬁionvenergy fdr Ca+2>diffusion than
that whiéh would Be éxpectéd for conduction.36 This suggests ﬁhat
. catiqn-anion_groups‘are important Qoﬁtributors to diffusion. Reed ana
Barretf?’7 '

have also demonstrated that under ah actual Ca, Si and O
concentration gradient in this liquid, the diffusion rate of.oXygen is

controlled by the calcium migration rate.
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Coubiihg theée findings with the diffﬁsion.and viscosity data,. the
conclusion is reached that diffusion in the binary‘A1203—Sioz glésses is
a coépérﬁtive mofement of qyygen-containing alumihum and.silicon'c¢mpleXeé.
As mullite:(or A1203) enters the fused silica Structure, the oxygens must
adjusi_ﬁo‘férm.the glass configuratioﬁ4—an enﬁiﬁj:Which is in a sta%é of
continuél chaﬁge..vWith the movement of the Al com§lex ;iong thé conéen—
tratioﬁ'gradient, there is a corresponding flux éf:a 51 comple# toward
the interface. These complenientary movements can'be visualized as viscous
molecular masses of varying size moving by a coéﬁerative rotétion mééhan—
ism in Which a minimumﬂnumber of bonds must bebbrokén. It is expected
that thé éémplexes which effect the diffusion throﬁgh,the élaés becoﬁe
frogressively smaller with additiqn‘of Al20;3 aﬁd‘ihcrease of temperature.
With a chéngé in the structure of.thg glass, thé éiffusing.complexes
wouid éiSé.be expected to charige. | Avdetailedliﬁférpretation‘Qf‘dissblu—
~tion behavior on the basis of activation energy vélﬁés then Becomes
rather'iﬁeffective. |

IV. Conclusions
(1) Mullite is easily nucleated at fused silica—sapphire intér»
. : v C
faces. Its growth rate, however, is surpassealby-itS'diSsolution rate
_béloﬁfi63h°C in sémi—infinife diffusion couples. This temperature is-
expected ﬁQ be lower if the dissolution rate, wﬁich is dependént upén
fhe“degree of saturation df fused silica with A1203;.is feduced.

(2) The interfacial COmpositiéns'of fusea siliqa—mullite or qued

silica—sapphiré couples below 1800°C describe a revised mullite—siiiéa '

liguidus curve.
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(3) DNucleation of mullite at cristobaiite;sapﬁhire interfaces at

temperatﬁres below the cristobalite-mullite euteétic (and. possibly above .

the eutéctic temperéture) by solid étate réactibﬂ is difficult; an
amorphéqsvphaée forms first which indicate§ the existence of a metastable
'phase diégram wiﬁﬁvno‘mullite phase. The iiqﬁia immediately reacfs‘with '
sapphife fé nucleate mullite and to.form a.liduid of constant composition
‘at the interface which is-in‘eqﬁilibfium'With mullitef

(h) ihe solid solution.range of the mullite grown at 1750°C exténds
from 70.5 to T3.5% A1,05 and is nominally 3A1205+28i0,. Needle-like
mﬁllité'pfécipitated from aluminum silicate liquids on Cboling'is
noﬁinéil&.ZAlzos'SiOZ;' |

(5) fhe mechanism of diffﬁsion’inyol§esla diffuéibn—contrdlled
'QoopératiVé movement of complex aluminum-oxygen aﬁd silicon—bxygen spécies
whose siié:and structure is dependént oh temperétﬁre ahdvthevAlZO3;¢on;
»centratién.l The varying size of the diffusing s§ecies and fhe change in
glass.Sffﬁcture affect the diffusivity and aré résponsiE1e for the éx_
tremely large rénge of apparent activation ene;gy.vaiues.
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Table I. Exferiméntal conditions and data for diffusion rung
Sample. Temﬁ: . Time _. Interface anér” h InterfﬁcevCoﬁc. Mullite Growth R
Designation (°c) (Sec. X1077) . ¢ - (g/cc Al) - G - {wtZ A1,03) (Microns) (em?/sec)

206 Ht "1550 1209.6 _ .

210 Ht 1550 1382.h -0863 1.2

205 it 1580 691.2 : :

209 HY 11580 11209.6 -0891 7.k

026 i 1650 604. 8

126 H* 1650 60k. 8 104

526 A 1650 604.8 - . -

626 A¥* 1650 604 .8 K

027 K 1650 777.6 ) vo(AL]
- 127 H* 1650 CT77.6 . . -13 30.49{A1
527 4 1650 717.6 .112 9.3 1.4 6.60 x 10 e :

627 A* 1650 T77.6

028 H 1650 950.4

.128 H* 1650 950.k4 1.56

528 H . 1650 950.4 . -

628 H* 1650 - 950.4 .

029 4 1700 345.6 3.60 6]

030 H 1700 60l4.8 " L,o1 _ -12 23.96[A1
031 H 1700 7776 .155 12.9 5.60 6.61 x 10 <77 ‘

032 H 1700 950.4 . 6.05

033 & 1750 172.8 _ S b7l oL o

03 'H 11750 1259.2 .285 .. 20.8 5.51 7.12 x 107H1T-270AT

035 & 1750 345.6 6.4C :

039 i 1800 ik . - _

0b0 H 1800° 21.6 .566 u2.2 5.31 x 1071011-270A1]
“Ob1 H 1800 28.8 S

* - Mullite-fused SiO2 couples H ~ Helium

T - Cristobalite-sapphire couples A - Argon .

others - sapphire-fused silica couples

g - +od »f(fz96T—"IH:Drl

_.6'[_
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Table II. Dif_fﬁsivity déta. for thevA_'L‘ZOg—'SiOz system

© 4 (gn/en’) . Cpy o (i) D, (en’fsec) @ (Keal/mole)

05 R 34T x10%7 3075 £ 1.0

) .Qf . 5.96 2.&3 x 101~ . 286.2 $ i.o
00 | 7.60 1.6 x 1019 261.8 ¢ 0.1
.11 g 9.24 1.66 x 1017 2U5.0 0.3
.15 T12.40 . _ 9.93.x 1Oi2 1 203.3 0.k
.20 S 1640 - 6.29 x:107 - 1519 : 0;5 i
25 : 20.10 13.38 x»io?‘ ~99.9 £ 0.6

.28 ‘ 22,30 ©1.91 x 1055_ " 58.6 + 0.8




Fig. 1.

Fig. 2.
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Figure Captions

Concentration of aluminum ion vs. distance for sapphire-fused

siliea couples heated in He at (a)'1800°C_for L h and (b) 1650°C

for 11 days..

‘New mullité liquidus.curve (dash line) superimposed on the

AL 0 48102'diagram'determined'by-Aramaki and Roy}6 Region‘qf

Fig. 3.

Fig. L.

2°3
liQUid immiscibility as determined by MacDowell and Beal32 is

also shown.

.Microstructurebof the diffusion zone formed between cristobalite‘

(top) and sapphire (bottom) annealed aﬁ 1580°C for 8 days. The

“amorphous phase ié shown at the intéfface;‘ The worm-like

features are cracks filled with the'moﬁnting‘resin.

Single eutectic metastable phase diagram proposed to.explain

glass formation at subsolidus temperatures in the A1203—8102

.'systém.,

Fig. 5.

 Microstructure'of the diffﬁsion zones formed between alumina

and silica (a) 1650°C, T days; (b) 1700°C, L days; (c).l750°C,

y days; (d) 1800°C, 6 h. insition of phases is the same as

. Fig. 3 with the addition of & thin layer of interfacial mullite

\

~in (a), (b) and (c)_and crystallization of mullite in diffusion

Fig. 6.

Fig. T.

zone on cooling in_(b); (¢) and (q).

Plots of thickness of mullite growth in Al203-_-SiO2 diffusion

» couples vs. square root of time for 1656, 1700 and 1750°C.

' Broken lines represent constant times.-

Graph of thickness of mﬁllite for various times vs. temperature.
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Fig. 84;’ Comparison qf measured and éalculated densities for élumiﬁb;
 ‘siiicate glasses using féctors of Huggipéfand Sun.?3
"Fig. 9. Sémi—log plot of-computer determined diffﬁ;ivities vs. concen-
‘tration for Al,0.-8i0, at 1800°C for 'l h in He. | ;‘
Fig. 10. Log diffusivity vs. reciprocal of‘absblute temperature.at con-

. . _
. stant Al 3 concentrations.
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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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