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DIFFUSION STUDIES IN THE ALUMINA-SILICA svsTEM
Rabert FosferVDavis
Inorganlc Materlals Research DlVlSlon Lawrence Radlatlon Laboratory,
_ and Department of Materials 801ence end Engineering,
: College of Engineering, University of Callfornla
Berkeley, California
ABSTRACT
'Juiy 1970 |
?hefdiffusion kinetieé and phase equilibria between silica and
sapphire'dr.mullite éoupleévénnealed in helium éﬁd air were inVestigéﬁed
with pgrﬁiéular emphasié_plabéd on the relaticnsﬁips betweeﬁ atomistic
mechéhisms énd structural changes. Dissolution 6E9ﬁrred iﬁ the 8i0z2-rich
liquid aééo_mbanied by the formstion of a 'detectable_mﬁ_ij_it'e s0lid solution
(sapphifé—siiica couples) above 1634°C. : The mullite "li‘quidlirit‘erfac‘ial
compositions formed“a fevised iiquidus éurve betwéenbﬁhe méltihg‘pointvof
mullite and the mullite-silica eutectic. This curve was extended below
the eutectic temperafuféﬁﬁue_to the appearance of a @etastable,amofphous
phase at thé éapphire~crigtobalite_couple interfacé.v_The.presence of a
liquid phase is thought to be"a,n-iﬁitial step in the nucleatioﬁ of mullite -
at the sapphire interféce. vThe growth of mullitg.is'depéndent upon the
relafivé'dissolution rates 6f mullité in the liQuid;

The . dlffus1v1tles of the aluminum ion vary greatly w1th concentra-

tion and-temperature. As ‘& result Q and D values are very’ hlgh at low

v aluminquCOncentrations-and_decrease as Aleg_ls taken into the glass as

shown by tpe,following‘equations:
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atvh.30¥w)o Al,03 D 3.47 x 1023 exp (-307.5 Kéai/RT) o |

at 7.60 w/o Al,03 D = 1.6h x 10'° exp (-264.8 Kcal/RT)

i}

at 12,40 w/o Al20;3 D = 9.93 x 10'? exp (-203.3 Kcal/RT) | @

Bl

st 20.10 w/o A120; D = 3.38 x 10%"exp (;99.6'ch1/RT)
Alumihum'boordihéinn megéuféﬁénts and phySical propérty data from

the litersture spégest thétildw Alzoavcohcentratidné-are iﬁcorporated

into the silica struét@re'thféugh the fotﬁatidﬁfof "iriclusters" composed. .

of.oﬁe A104 - and two SiOu groups. Higher éoncentratipﬁs of Al»03 allows

the fo:mation of AlOngctahédia as well as normal AlOu tetrahedfa; however,

thevAlOé,bctahedré‘do.not form_as readily with an inérgase in temperature. é
'The diffusion process in the liquid'is_thought £o‘be a cooperative ' |

movement of iargé_oxygenﬂcqntaining‘aluminum and Siiicbn complexes in afﬁ ‘

type of fipg ﬁechanism.  The‘decrgaée in‘activatioﬁ'eﬁeréy and viscosity

suggests afgraduél decfease in size of the diffusing unit with an increase

in Al,03 concentration at a'givén_temperature.and'a change in size with

an increase of temperature at a given concentration.
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DIFFUSION STUDIES IN THE ALUMINA-SILICA SYSTEM

I. ‘INTRODUCTION |
The studles of ionic. selfmdlffu81on 1n glasses and the interdiffu-
sion or dlssolutlon processes which ocecur between refractory ox1des and

glasses have been rece1v1ng 1ncreased attentlon from many of the dis-

eciplines of physical science as shown by the reviews»of.williainsl and

Doremus.g ' There are two primary reasonSn First,ba knowledge of these
processes is necessary in, order to understand the reactions that: occur in
these materlals and, secondly, it is 1nstruct1ve 1n the determlnatlon of

the mechenlsm by whlch the particular_atoms or groups of atoms‘move at

,highvtenperatnre.

Paladlno and Klngery3 a.nd Olshl and Klngeryu have studled the self—-

dlffu31on of aluminum and oxygen respectlvely, in A1203 while Sucov5 has'

.studled‘the movement of oxygen in v1treous 5102, A dearth.of 1nformat10n

exists, however, onbinterdiffusion in the'Ale3—SiOz system even though
it is one of the most important and most studled blnary systems in re;
fractory technology A phenomenologlcal approach to this problem was .
undertaken by de Keyser6 who studled reactlons between polycrystalline
alumlna and crlstoballte at 1600°C for two hours.‘ He found that as a
result of the dlffuslon of Alea into the SlOz, a glass phase formed sur;d

roundlng the cristobalite - gralns._ In comparlson, the diffusion of a

810z-rich glass into the Al;0y initiated the formation of mullite crystals

which tended to grow along its C axis parallel to the direction of the

diffusion of Si0z.
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Staléy?rhas conducted.e more enlightening.studyiof the:subsolidus
reactlons between these- phases us1ng pressed pellets or SLngle crystals
of the 1nd1v1dual oxldes in contact as well as mlxed powders. His find-
ings were similar to those -of de‘Keyser..6 No mulllte was observed when
the polycrystalllne alumlna pellet was replaced by an alumlna single
crystal A klnetlc analy51s at. 1500°C indicated that the dissolution of
the corundum grains is prlmarlly a dlffu31on process with an effective

~13

diffusion coefficient,of:approximately,2.5 x 1072 ‘em?/sec. The rate,of

dissolution:of cristobalite; on the other hand, appeared to be controlled

by the reaction at the-cristobalitefglass interface leading to a constant
phase boundary velocity of 1.6 x 1077 em/sec. k
The purposes of thisgstudvaere to. determine definitely the_hature

of‘the'dissolution of alumiha by silica,'to describe the kinetics of

: dlssolutlon in technologlcally useful terms., and to relate the latter to

poss1ble operatlve mechanisms.

YQ

"




5
k4

II. EXPERIMENTAL PROCEDURE

A, ‘Matérials and Samplé Préparation

Several types of diffusion couples‘wére'preﬁared.using alumina,
silicaé‘anaﬂmullite.,.Highly,polishea 11732 in. dia. by 1/16 in, high
single- crystals of alumlna (sapphire) cut with the C‘axis oriented-”'

approx:.ma,tely 30° frem thga vertlca.l were purcha.sed from the Unlon Carbide

,Corporatlon Torrence, Callfornla. “High purity air and. water-free 3/8 in.

dismeter v1treous silica rod, sold under the trade name "Amersil," was

_obtained ffom.the Ehglehard Compan&; San'FranciSéo5 California. The

crlstdballte phase was prepared by crystalllzatlon of fused silica rod

by the Georgla Instltute of Technology Experlmental Statlon Atlanta

Geqrgla. 'The.mullite used. in the dlffuslon,studlesv(prov1ded by the

’Carborundum'Corporation Niagara Falls, New York) waS'frdm,the center of.

. - :
a .much larger ingot cooled from the melt. A,chemical analysis revealed

'a molar comp051tlon of approx1mately 2 A1,04+8102 (77 3wt % Alea) plus

. unreacted Al203,.

Aléo;-a lS wt % Alz@a;BS W£ % SiOz glass ﬁaé'?réparéd=ff§m poﬁders
of high‘purity'—BQS.mesh éérning T9L40 .fused siliéa;and Alcoa.XA—16
reactive alumina. Theée wefe intimatelyvmixed in isopropyl alcohol,
dried at 110°c; and vacuum melted at 1800°C for thirty minutes in thinA'
wélledfmolybdenum.containers which could be separated frbm‘the gléésa.
This glass was,suﬁsequenfly used in a-diffusionicQuple with Sapphigé ﬁo

determine the rate of growth of mullite and the rate of aluminum ion

_ diffusion in the mullite.

¥ See Appendix I. for the eanalysis of all,diffﬁsion.couple'materials.
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The silica,.mullite;.aﬁd lS%Ialﬁminq glass4Were.Cﬁt into appropriate
sizes, poliéhed to.optical smoothness, and chQCkéd}for,flatness against
their diffusion couple.COuntérpart. This last'opefation was performed
to effecé‘ﬁot onlyvgood bonding between the materialss'éomposiﬁg the ' @
couple, but:also to prohibit the entrapment;of Hg/pr air in the irregular»

surfaces of the unpolished silica.

'B. ‘Diffusion Eiperiments.

Thé'materials to.bé_used fof the runs were washed in'ethyl alcéhol

- to femove any.foreign matfér; and'piaced_ihto 13/32 in; dia. by 5/16 in.
high sPuﬁ5mblybdenum or .Coors CN;Q 99,8% alﬁﬁina'cfucibles in the manner
shoims ianigs; 1 and 2. .

The molybdenum crucibles wefe pia&ed into ﬁhe?centef-of an 8 in.
lqng'by 4 in. diameter tantalum fesisténce heating éiémentbof a modéi
L66S-U Brew Fﬁrnace.. The arrangement, as shown in Eig. l; consisted of
two_layéfsbdf four'crucibles éach, covéred by é moljbdenum disk. The
‘bottom foﬁr cruéiblésvcontéined cbuples df sapphire‘and:siiica while the
top section held thfee:muilite—silica couples and one of the 15% Aizo3

A glass—s@pphife type. The.total'assembiy was covered by a largé 1-1/8 in;
I.D. molybdénum crucible to equalize the;heat distribution and to reduce
the vaporization,of SiOz,during.heating. This afrangement was modified o
fdr all temperatures below 16505 by placing the éouples toppéd by 1000

_gram platinum weights into 7/8 in. I}D; Alea cruciﬁles,' In this_case,"

only fouﬁ semples could be.run at one time. - ' o . '._ : vv

The‘taﬁfalum chamber was then heated to 1200°C ﬁﬁder a pressure of
10—6 torr., This was found necessary to rémové“Qrganié and reportedQ’lO

hydroxide films from the sapphire surface. The chamber was then isolated
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“ A - Sapphire _ _ F -Spacers.
B - Mullite G -Sample Cover
C -Silleca _ H - Sample Container .
D = 15% Al,05Glass I -Sample Holder
~ E ~ Black Body : J —Support Stand

XBL 707-1404

Fig. 1. Schematlc diagram of diffusion couple arra.ngement .
oo . " in helium., Parts E~J are of molybdenum.
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and hightpurity He allowed”to‘enter et‘a reteislew.enqugh.to permit the
cbntrolierﬁto hold?theﬂtempereturevcoustant."Hauingrobteined atmospheric
preeeure'Witﬂin'theﬂfurnace chamter;'the‘temperetureiWaS'rapidly (approxi_
mately lO mlnutes) raieeafte:the workimg,point tevatoid’reaétion.at low
temperatures and subsequent cracklng of the sapphlre at hlgher tempera—
tures due to the drfference in thermal expan51on between,lt and the
.fused.siltee: o | |

'The ﬁrincipai temperature fahgé of'intérestvusiug the He etmoephere
was l650° to 1800°C in 50° 1ntervalsvfor tlmes ranglng from.hours to days
dependlng on the temperature (see Table II Sectlon IV) Couples of
sapphlre-3111ca and . mulllte—3111ca were also run-at subsolldus temperar
.tures, as mentlonedrabove;,te determlne the 1nterfae1al,concentratlon of.
Al. The":",c:ri’stoba,lit"e—sap‘phire "coupl‘es were firea at 1550° and 1580°C and
the 157 Alg@a glass-sapphlre couples at 1650°, 1700°;'and 1750°C{‘

The temperattre of the He flred samples was measured,by a W=5
| Re/W—26'Re thermocouple'(accuracy‘f 7° at 18009 )'connected to a Leeds
end Northrub Speedomax H Recor&er4Contreller endvcrOSS'checked'uith a
Leeds_and-NorthrUp.optical pyrometer utilizing blaek—quy cenditions,

By-cemparison; thelAlZOg crucibles were plaeed in aiKanthal_Super 33
element.air atmosphere.furnaee'preheated.tobe temperature_ofvlaoooc. The
speelmens remalned at this temperature for one hour; as before “and |
agaln were rapldly (approxlmately 45 mlnutes) heated to l650°C——the only
temperature comparable to the He runs that could be safely malntalned for -
a lqng’perlod_of tlme_wlthrthese elements,"There were elght spec;mene»;n
all containing the Varioue‘couple types,disbussed'iuueonneetion with the

He .runs. The temperature was measured by a Pt-6Rh/Pt=30Rh thermocouple



~8-

(accuracy * 5° at 1650°C) and.mohitored,by.a.Leeds and.Ndrfhrup Speedomax
H recorder:_

A very slow-(h8¥96}hour3)'aﬁd_very‘caréfullyvcontrolled cooling rate
was'emplbygd for all .runs in order to.évoid>the'léss-of ihﬁegrity at the.
interfaée.due fo.the différenée in thermal‘expansion{- The épecimensvweré
then reméﬁéd from the,fﬁrpace; mounted‘in.pdlyesté;”casting resih, sec-—
tionedviﬁ.half parsllel to.the direction of diff@éion; and remounted fof

_ polishihg*'iﬁ.such a wayithat-each‘mount contdinéd.two hélvesfof two
diffefenf specimens. This last procedUIe Was,bothfnécessafy and time
saving in“tﬂat'it préventéd faqeting df the.polishéd faces, and fewer
méunts.ﬁéfe‘fequired for the electron microprdbéﬁanalysié.

€. 'Eleetron Mieroprobe

The highly polished surfaces of £he specimens were made elect}ically
conductivé 5y the vapor dePOsition of carﬁpn and 5y péinting thévmounﬁing
»matérial and'extremitigs1of the diffusion couple Wifh a slurry of Cafbnn
in ethenol. . |

A Materials Analjsis Coméanbeodel 400 electron microprobe analyzer
was uséd fo determine the profiles of Al concentration versus distance.

In this type of instrumeht, & monoenergetic beam of electrons is produced

by a hested tungsten filament and focused onto thejspecimen, The result-

ing exciﬁation of the electrons of the atoms in the material produces
characteristic X-radiation which is monitoréd, reproduced as a number on

logic circuit counters, and punched on IBM cards for computer data

- ¥ The polishing procedure.consisted of 2 min'éaCh'on a-QMOﬁ and 15y metal
bonded diamond lap, 24 hrs on 6p diamond lap, 2L hrs on' 1y diamond lap,
and 6 hrs in a syntron vibrated, Linde A (0.3W Alz03)-water slurry.

".7
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correction(and'evaluation;o
All:data'from.the“variousJdiffusion‘couplesvdiscuSsed;previously was
measured at an electron beam potentlal of lS KV and a sample . current of
025u amps. in order that. they could be compared Two.spectrometers
Operated in. vacuum w1th 1ncorporated Rowland Clrcle optlcs of 5.6 in.
radius and_equippedeith:KAP (potassium.acid phthalate)”curved,crystals
bent and ground in the Johansson mode were used to.view the speCinen
s1multaneous1y Detecrors were of the.sealed,flou‘proportional typeycone

Lalnlng 937 argon and 77 methane and ut111z1ng 2500 A polypropylene

w1ndows. In normal use the beam dlameter is lu, however the resolutlon

for light.elements may be'3—5u. 1L

| Crystalllzatlon of mulllte occurred in:the glass on coollng at
temperatures above 16SO°C. As a result‘ the measured diffusion proflle o
perpendlcular to the 1nterface was very 1rregular in . shape (Flg. 3a) and
thus- dlfflcult to measure quantltatlvely. To . overcome thls difficulty,
fhe“polnt'beam was tuned so that it very rapidly_scanned a line 100y .long -
in a direction parallel to the interface of the couple. After‘ten seconds

of counting, the dats was recorded as discussed above, and the scanning :

beam moved toward the interface in 1y steps. This averaging procedure .

greatly enhanced. the smoothness and, thus, fhe interpretaxionvof the

diffusion profile as seen in Fig. 3b. ‘It shquldlbe‘noted'that While the”,
measured X~=ray intenSity decreases'as the beam deViates from the center
position (see Fig. h); it does not cause inaccuracies inpthe‘concentrae
tion data since the'AléOa_and\SiOZ.StandardS'are neasured in the same

manner,
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Fig. b. Drop of :Lntensn.ty of X-radiation with' dev:Latlon of’ electron -
- . ‘beam from center of mlcroprobe Cross halrs
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, D.'3compuxer'Ane;ysis'and‘DénSity;Measuréments.;

Frazier,.e’t’;.al;l.2 have written' computer programs .which.correct the
raw mlcroprobe data for dead tlme, drlft background absorptlon and
fluorescence and .record the. comp051t10n of -each- data.p01nt in weight per
cent of thehelemﬁnts or their oxides;

Diffueion equations are;ﬂhowever; formulated in terms of concentra—
tion (i:e.'grams/cubic centimeter) and not weight‘or'mole.ber’cent. If
there ie'a significant'chenge'in the densitycof.theﬂsolvent with the in-

‘troduction of the solute atoms, as is the case when.Al,0; diffuses into.

510z, this change must be.accownted for in the calculation of the diffu-

_sioh coefficient.

Dehéiuy determinetionevwere-made ou giassee containing 5-k0 Qt-%'
A1,0; in 5% intervals. Higher AizOgbcohtents resulted'in‘extensive‘
.'crysfaliizetion of thehcooled.melt.h The'preparation and vacuum firiné of
- the samples followed the" procedure outllned in part A for the 157 A1203

85% 8102 glass.' All specimens were. quenched by turnlng off the power -
to the fUrnace and allow1ng He to flow rapldly through the furnace when_
the temperature dropped to 1500°C. The glasses wereicooled to 500°C ’
within three minutes.leegions along the.edgesrshouing'crystallization,
‘heterogeneously nucleated by .thé walls of the cohtainer;_were removed in
order to obtain the true densitj of the élasses} ‘The'COmpositiOnvof
Alzoa in the glass was checked by microyrohe.analysis ahd found to be

within 1wt % of the starting value.

The densities were determined using the displacement techhique._ Two'

hundred proof ethyl alcohol was selected as the'displaCement medium, and

an account was made . for the change in its density'with;a change in room

[N



-13-

temperature. The'meaSUrements are'given.in'Table'I,e

" Table I Measured den51ty value of
alum1n031llcate glasses hav1ng 0-ko wt7 Alzoa.

w0y Den'sify‘\'.'(?gfxc_'_c‘)'i
o reld T o
5 _‘:' SR T ~2.23u'
0 o a.97
5 236
20 o [ 2;3uoil
25 B 2.381
30 o | 2,543
35 | - | | 2.h%h:
o - s

\Thefreeulting graphgof.deneity versos yt% Aiépg;:determined”from‘e
leeétAeqoaree fit of the measﬁred velues:"is.shoWn:in Fig. SIend'compared_
with a curVe~calculated'from the theoretieal-datefofoﬂoggins and Son13
for . qulckly eooled glass of the seme. combositioni_‘The'devietion'of the
measured data from theory is thought to be. caused by.the formation of two;
1mmlsc1ble glasses: one rich in Alzoarand the.othervln 51i0z. VThlSi
microphaSe glasssin—glass.separation'end.the resoiting tendency for
crystalllzatlon tlghtens the structure of .the glass and therefore in-

creases the denslty beyond that calculated from theory’based on a per—

.fectly random structure. A check of the literature. for this system re-

vealed_oply one density value of 2;359‘g/cm-for a 23 wt % AlzoaglaSs;;lh
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Fig. 5.- Comparison of measured ahd theoretically calculated densities
for aluminosiliqate glasses. ‘
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a value between the‘two.curves._
‘The. equatlon for the data of Flg. 5 15 qulte adequate for the

determlnatlon of the’ concentratlon of A1203 in. the glass in these studles

~ since- the' max1mum compos1t10n at the hlghest temperature of 1800°C is

.h2.2 Wt%. At the 1nterface however the dlffu51on proflles go qulckly

through a range of wt % A1203 values untll they reach the value for

'mulllte or sapphlre dependlng on the type of dlffu31on couple examlned

In order.for the,computerato determlne the.concentratlon of A1203
throughout'the:COmplete.range‘Of wt %'Al£O§*values and to produce a cohn

tinuousscurve-of.concéntration.versus distance, "IF",statements are used

: to gulde the computer to the correct den51ty equatlon for the A1203 con-

tent for that date pOlnt. The calculated,den51ty 1s then.multlplled by
the correspondlng wt % Ales to obtain a value of A1203 concentratlon
(grams/cm ) ; Since above 40 wt 7 Alzog, only the dengitles of the

mnlllte solld solutlon and - sapphlre are known hypothetlcal density

..curves must.be drawn'from the'measured.curve.to mulllte and from mullite

to A1203(Fig; 6). The short horizontal curve.rep?esents the solid solu-

tioﬁ‘range"of mullite._ This is not to imply that these'curveS'are the

-actual densities of‘the'glasses.at these Al203 compositions since the-
: densityhoffavmullite or alumina glass5would.obviously.be'lOWer thah‘its
.'crystalline:modification.‘ This ihaccuracy,.is, howevefs'not critical

.since'theseﬂCOmpositions are not.actually found in the diffusion'?rofile.--

The equations for these curves serve only:to'smooth.the portion of the.

. concentratlon versus dlstance proflles from the 1nterfac1al comp051t10n

. to. that of the ox1de component of the dlffu51on couple.
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Addltlonal programs were wrltten and 1ncorporated 1nto those of
Frazier, et al. 12 which- carrled out the above calculatlons determined
the Al. atom concentratlon from that of Alzoa,'and plotted the concentra-

tlon of Al versus distance proflles on graph paper.

E.- Coordlnatlon Number'Of Al in Glass

The>wavelength_ofuthe'characteristic X—radistion'emitted by certain
elements.deﬁends.to an -extent upon the‘Valenee.stape.Of the element,15
For certaiﬁselemehfs,of‘low.atomic number;.the;wsselesgth of the charac-
teristio:X—sadiation.is also infloeneed bysthe'ooordinetion nﬁmber of
the site'oocupied by:the'element. IhiK—emission”X—rey spectroseopy of
lighteeiemeﬁfs_in the third-pefiod, the ejection of an inner K-electron
triggefs s.spectrum,of'Kd and KB lioes (aﬁd baﬁds).generated by 7K end

MK electronic transitions, respectively. The diScovery~bnyhite, et al.l6

.that thevKa‘emission'wave length of aluminum is ‘affected significantly

when the coordination riumber changes "from. four to'six, paved the wsy for

. determination,of the coordination nﬁmber of this ion in disordered clay

17 and in sodium aluminosilicate glasses
by Day and Rindone18 using X~-ray fluorescence techniques.

More recently Dodd and Glenlg have adapted an -electron microprobe

into.a versatile X=-ray spectrometer and measured the complete Ko and KB

emission spectrs for Mg, Al, and Sieas_elements endvas selected siXQfold 

and four-fold coordinated crystalline oxides.. This techniQue wasﬂadopsed'
for the measurement of Al coordination number in the 5-L0 wt % alumino-
silicate glasses.

vTheisample'preparation was similar to:.that for the lvat % Alzog glass

described in section A . above. As for the'microProbe,'a'small strip—ehart
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recorder ﬁotor with a speed,of‘;OS,rpm was attacheqopo.the spectrometer
adjuStmentrwheEl.to‘effect a very slow (;OQSHZ/min)amovement of the KAP
crystal thfouéh a rahge;of'wavelenéfhIValueslwhich.included the wave-
lengths for the different:aluminum coordinationsf: The beam diameter was
lu and.the'epectromeief glit fOOSvin. .The'counter'was connected to a
Honeywell Electronlk 17. strlp chart recorder hav1ng a speed of 5 small
d1v1s1ons per mlnute whlch reproduced the change in Xuray 1ntens1ty |
monitored.by‘the‘detectors as the'crystal.moved,thrOughvthe Wavelength::
range for that particular coordination. Sample current was adgusted 8o as
to produce similar . peak helghts for all Alea comp031tlons. The electron
beam potentlal was 15 KV &nd 20 KV for Ka and KB studles, respectfully.

The procedure for mzasurlng the peak p031t10n of the Al Ka and Al

KB radlatlon was Simllar.to that of Day and Rindone.18 This method con-v'

sists of measurlng the peak p051t10ns at- half the total helght for
alumlnum metal and the relative dlsplacement of thls p031tlon for the
alumlnoslllcate glasses.. The dlsplacement of the Ka and KB peaks from
the alumlnum metal p051tlon for alumlnum ions in four. fold and six fold
coordination was determined'by using A1POy end.Alzoa; respectively, as
standards; | |

Since the changes‘in Kd andeB‘wavelengths with“COofdihation_number

of aluminum are small, certain precautions must be .observed. The room

temperature was held to within * 1°F during all'measurements.. The micro-

probe was allowed to stabilize. for twelve hours before measurements were
made. All peaks were .scanned three times'for each sample and the average
Aof.these'ualueS‘was taken.to be the position of the peak. Using this

technique, the peak position could be detérmined to within * 0.000k A,
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The results and conclusions drawn from these experiments are given in

Sectibn Iv.
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III. MATﬁEMATICAL ANALYSIS .
A Generel
Diffﬁsion.isva process_byLwhiéh-Chemical unitéfdistribute.themselves

in‘ofderlfp establish and"méintain homogéneity’or.chemical équilibrium in o
aysystem; For a siﬁgle phaée:at.éonstgﬁt.temperatufé:and;pressure;‘dif_v
. fusion occurs in a direction that,dééreaSéslthe1aétivity'gradient..vThe
.quantity_bf‘ﬁaterial thét.diffﬁses’past‘a.unit7area”n0rmalato the diffu-
sion direction in unit time'ié'propértionai,to‘fﬁe.aéfivitj gradieht.
.Bécausefit is difficult to,detérmine théﬂactivity gfadient.aécurately in
various diffusion éxperiments,Aconcentration gradientS'afe usually used

in the diffuéion equations. Fick'é first"law.fér a bihary one-dimensional
case stgtes that fhe driving force.for the diffuéion process is the

chemical concentratibq'gradieht,}

Ji = - D,Eim | ' | (;)

Thé'chaﬂgefof.concentration of .the diffusing substance with time is

~given by Fick's second law:

8¢, - 3%,
i i

(2) -
ax2

where J = flux of species i paséingﬁa planéfof'ﬁnit'area in unit time,
Ci = concentration of species i per unit volume, X = distance in the . . 14
v diffuéion direction, t‘=-time,'and D = .the diffusion coefficient or

 diffusivity.
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If'£here‘isvno.net'@aSS“tréﬁsfer;;Dvé Dz,-wﬁiéh;is;the.seif—
diffusioﬁiéﬁéfficieﬁﬁqbffig:ﬁhéﬁ maés;ﬁfansfer'is.involved;'D =D, a
chemicalviﬁtefdiffﬁéiqﬁfcoéffiéién£;  Num¢roﬁsvtéxfsfaré available whiéh_
| discuss diffusion theory in detail aangivé.solﬁiiphs.téathefdifferential |
eqﬁations fof‘specific initial and dendary,cbhditiéns;zo’gl;gz

Fiék;s equations asawriften reQuire that D ge{indepeﬁdent of concen-
tration. This assumption greatly Simpiifies the'solutiéh of the differen-
tial equaﬁidn; it is; hoWéQéf; farély'fbundwiﬁ.aétﬁéi'pfactiCe.over more
than a iimifed compositisn:range.

' Theidéfazof this.stﬁdy arevtreatéd'in two'wﬁys.  For the'profiiesvof
the aluﬁiﬁﬁﬁ ion.diffusioh in silic; glass: theeconééntration dependenCe,
of the 1nterd1ffus1v1t1es is determlned by.£he Boltzmann—Mat#no method. E
Tor the dlffu31on of. the alumirium ion through the mulllte layer formed in.
the 15% Alzos glass—sapphlre couples, the dlffu31v1ty is assumed constant
and determlned from an_analy81s derived by Wagner?3.and'presented in

Jost,20 3

B. " Concentrabion Dependent Diffusion in the Liquid Phage

The éktent of fhe‘growth éf'the muliite"solide6lution in the
-sapphiré»silica couples.is~very_small_and.ddes.ndt éxist in the'muilite_
silica samples. Dissolution_éf Al1203 or.mullite.oééurs in the'sili;a;
rich liquid pﬁase._ Chemlcal diffu51v1ty of Al in SlOz is analyzed by
the follow1ng method

In the more . general case where D (subsequently referred to as D)
is a function of the'chcentration of the'diffusing*species, Fick's

second law becomes
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2 [y E’E_ » )
‘ ot | 9X 8X ‘ , _

for the'one—dimensional case. ngorous solutlons of thls equatlon are
not usually avallable, therefore, graphlcal solutlons are used to obtaln

numerlcal values of D" Boltzmanzh has shown that 1f the lnltlal con.-

dltlons can be descrlbed in terms of one varlable n= X/tl/2 ' iv-is a

function-qf n only, and_Eq. (3) can'beatransformed‘;nto an ordinary

homogeneous differential equation

wace (g |
T2 dn " dn B an >_‘ ‘ ' (4)

This trensformation coupled with the procedures outlined below was first
 used to determine B (c)-experimentally_berétano;zS“F

If two infinite media are brought together at t = o, the diffusion

- coefficient and its concentration dependence may be. deduced from the .con-

centration vs penetratiOn:ourvés observed at some known time. This type:

of diffusion . couple can be described by the following initial conditions:

Q
it

CA:for X <0,att=0

C=0 for X >0, at t'=

it

where C is the concentration of the component of 1nterest and X 0 is
_ the p031t10n of the- orlglnal 1nterface of the two components at-t = 0.

Integration of Eq.~(h) with respect to.m results in
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o i S v .
D a0 1 6=C, _ _
- %ﬂ J{f,ndc = Eﬁ %%}. e | o (5)
. C:.Ov ‘ . )

wherevci = any .concentration along thé:profile.l'The“khbwn data for C(X)
are obtained at some fixed time so that,substituting,for n and realizing
that at (=0, dC/d¥=0, one obtains
L c=C, -
2 ;}r'XdC ot fac oo 9— = | (6)
5 @, & Jo
C=0 - i e

Rearranglng Eq. (6), ﬁ(G ) cen be found from the graphlcal 1ntegratlon and

differentiation of C(X) uslng the equatlon

 Figure T.shows thefquahtities heeded,and the slopes and aress in-
volved in the solution Eq. (7).

C.. Coneentration Independent DiffusiQn'injthefMﬁllite*PhaSe

B in mullite that is growing in a system in which no dissolution in
the reacting phases occurs, can be deteérmined in the following manner.

The Al,0; concentration range in the mullite.solid solution layer is very

small (2.5 wt %) end, thus, the diffusivity:can be assumed to be.constant |

across this-phaSe;V Figure 8 is a«schematic.representation for the 4ifu-

sion proflle in the compound. ‘Théaconcehtration‘designations CA C89

II I° and Co are the concentratlons of. the dlffu31ng spec1es in (l).phase

III(A1203 (2) the upper and lower‘llmlts-of the solid solution phase'
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mmllitex.and,(B) Phase I (the saturated glass) 'respectively. As diffu—
sion proceeds in phase II, reactions w1ll contlnue to.occur at each inter-
faoe rgvoroer.tovmalntalnfequll;brlum-comp051tloos and thus growthrof

the pheée}A At time fnsthefregion:of this pheSe Will extend from b'e ;'fX
to x ='fx;“ The system, as . shown, is considered’ to ‘be one of constant

volume, and therefore, the p051t10n of the original 1nterface (X— ).does

not move with resPect to a flxed p01nt in elther phase..

‘The diffusion: process will be governed by Eq. (2) ‘where a concentra-

tion 1ndependent dlffu31on coefflclent has been assumed. The concentra-
tions at the-interfaceS'are asSumed constant and eQual to the equilibriuﬁ:
values. ”. o |

Whlle the interface between phase I and. phase IT is dlsplaced by dx |
in time . dt ~the amount [C

11 I Co] dy of dlffu51ng substance must be.

:suppllea per unit area: from the reglon X < +Yy thus

=S

A particular integral of Eq. (2) is

¢ .v= _CS - B er‘f E< 2_V.__>E ; for --‘X_‘<_>X <+x - | | ‘('9)&

. W_agnerg?.’-has assumed tha£ the’ ple.nes _of-diseontinuity at +x and -x

are shifted‘proportionally with et; therefOre :

x = tx) = oy o (o)
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where Yy is a dimensionlesé7parameter;vanOWingvthatlat X & +y, C:CII 1>
: _ : . . _ ;8 ‘ ,

and substituting Egs. (9) and (1) into Eq. (8),. one’ obtains

Cg=Oqp=Bertiy) o ()
and
c - o= —E_ exp (= 42). . ! (11b)
II,I ' - N '. : o i .
. \any‘ :
By eliminaﬁing B, one obtains |
S ILT L Y V) = ' ; ,
T e fyﬁ:ye - erf (Y)‘_hF(y). | (12)
NG5 0% e : . | | |
The constant,*y, may bé,determined,for,a'giﬁen-systém:fromaa plot |
of F(y)vvérsus Yy as shown in Fig. 9. DU may now be determined from the
observed displacement,pf X = (=x) by»meéns of Eq. (10) which gives
pole=C0l® (13)
byt Lo N
D, 'Temperai‘;ufe_'-Dep;éndgn‘ce ‘of Diffusivity
The diffusivity is a .function of temperaturé aS.Weil-as'ancentra;
tion. The nature of this. temperature dépendence-isvgiven by the'equation 
* D=D_exp (- @R (1k) -

~ vhere D_ is a constant incorporating the mean free path of atoﬁid'mové;v ‘
ment, the lattice vibration frequency and the entrbpy of aCtivation expf'

(AS/R). .The energy of activation, Q, and.the*pré—expohential term, Do,
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may be found by r‘earrapgi.n&g (11) to-

1@13%:,,111."1)0;%_(%) | N - (15)

or

and subsequently plotting logio (or ln) D.versus 1/T.. From the slope

and intercept of the curve, these quantities may be determined.
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Iv. "RESULTS AND DISCUSSIQN .

A.  Diffusion Profiles and Phase Equilibria

The éxperimental conditions and data.obtained from:these expéri—
' ments.neéessary for calculations 6f diffusivities ih_the liquid phase:
are présentéd in Table II. The silica-was,found to.be.insolubl¢ in the
sapphire ét“the.temperatures”eﬁpioyed,'.Thgldiffusion'pfofiles for each
of theﬂtouplesﬂwére plbtted,byﬁthé.COﬁputer és:cénqenfration of alumkrium
ion vefSusvdistande.iiThé.choice‘of thiS'parametérﬁﬁas-made in lieu of
. the'éoncentration df 41203‘or:o£hef'Al—d spécies.dﬁé.to a_léck of knowl-
edge of ghéﬂactual diffﬁéing species. A discussion of the possible
speciesjand:mechanismé involved ih the'diffusiqﬁ-pfocess will be pre;\
sentedalaﬁer in‘this Séctibﬁ; ingﬁrele'hﬁs}been'inéluded as a réferencé
~graph fof“theﬂéonve?sionzof alﬁminum.ionvconcentratioh‘intb thé c6ncen¥ g
tratibﬁ‘of A1203 in terms jof grams perlcubic.éenﬁiméter; wéight'éercent,
‘or moié'ﬁefcent; o

T&piéél.plots_6f‘00ncen£fation Qersus distahééiprofiieS'ére ex—
emplifiéd‘by.thdse;for'sapﬁhire—éilica,couplesvsden inifigs. 11 and 12
- which Veré obtained.a£'18009 and 16506C in an.He:atmosphére. These two
curves are‘for.the;extremés of temperature for Vhich.diffusion co-
efficients were calcuiated and demonstra&e the'progressive flgttening'
of the'pfofilés with a decreaée in temperature;i_Muliite was. found by
' means:éf 6ptical microscopy to develop at the'aiumina—éilica interface
in meaéurable aﬁouﬁts'aﬁ.fest temperatures of l650°,to“175000f it.was
not possihle to.determiné.the'amount,of.mullitg.é¢,18oo°Cjbecagse of
. the relatively short apnealing time and thé'considéféble'crystallizaxion

on coOling, - Its detection was also hindered at the interface by the
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~ Table II. Experimental condltlons and date for
' ' ‘ai fqul on runs -

Sample Temp, Tﬁme.
Designation . .. (°g). ' -

Interface Conc. Interface Conc.

........................................ o Cpomilefee M) Cp - (WtE-AL20a)
900 H 1kao. 1209.6 LN10TL 962
206+ 1550, 1209.6 U | |
210t 1550 1382. 20863 T2
205+ 1580 691.2 o
209t 1580.. 1209.6 0891 T
026 H 1650 60k4.. 8
126 H¥* 1650 60k4.8
526. A 1650 60Y4.8
626 A¥ - 1650 604. 8
027 H 1650 - TT77+6 ,

127 H#* 1650 TT7.6 R o
527 A 1650 T77.6 Lz 9.3
627 A¥ 1650 TT7.6

028 H 1650 950. 4

128 H¥* 1650 950. k4

528 H 1650 950.4

628 H¥* 11650 950. L

029 H 1700 . 345.6 :

030 H 1700 604.8 .

031 H 1700 T77.6 155 12.9
032 H 1700 950.4

033 H 1750 -172.8

034 H 1750 259.2 285 22.8
035 1750 -345.6 .

039 H 1800,] 14,k

ok0 H 1800. 21.6 572 - ho.2
-0k H - 1.800.. 28.8 e

#* ..b"'Muliite—fused 810, .couples .
.t~ Cristobalite-sapphire couples

All@thers —-sapphlre-ai‘used 5111ca coupies T

H - Helium
A - Argon
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to concentration of A1203 in terms of grams/cc, welght
and mole percent.
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aroreﬁentiéﬁed'low.reSQlution of the microprobe fér iightleléments.v The
concentrati@n_of aluminum at the fiﬁal iﬁterface'andvthe‘general shape
of fhe_diffﬁ;ioniprofilé of theﬂaluminafsilicaqcoﬁpieé'remained conétahf
wiﬁh incféaéipg.hééting fimés for each température indicéting that diffu—
sionvin the*liquid and.not.thé'entry of‘the'AleQ'(iLe.;'the dissolution
of.mullité) into the liquid Waé'the'faté'controliihg éte§.

The proflles for the" sapphlre-fused silica. couples annealed at 1650°C
for different lengths of time matched those obtalned under equlvalent

condltlons‘forvmulliteﬁfused silica and-sapphire—cristobalite couples,

,spggestiﬂg that the interfacial and diffusion,conaitions,were similar.

Heating similar coupiés in’air,at i656°C produced eséentiaily identicél‘
curves and interfacial COmposiﬁidns aé fhoSe dbtainea;in He; implyinginb
effect from étmoséhere-on diffuéion.

 Muilitéasilica,couples fired'intHe.atftemperatures higher than l6SO°C

could not be &uccessfully analyzed due to & mullite decomposition reaction

‘at low oxygen pressures.vhich'rgsulted in the forﬁétion:of 41,03 on the

surface of the mullite and the entrapment of the-vapor species in the

. form of.bubbles in the fused silica. These bubbles created convection

currents which resulted in profiles ‘varying in composition and length

within the same couple. This decomposition was found,to‘occur:to a‘very

small degree in air, however, .even when the mullite wes fired for eleven

. days.at 1650°C:71Fﬁr£her:details of this reaction are presented in

Appendix II.
) . 26 e 2T e o as . -
.Short and Roy = and Swindells ' have demonstrated how diffusion data
can'be used to yield information on equilibrium phase diagrams. Much of

the binary interdiffusion data in ceramic¢ materials has been cbtained for
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systems in which both compenents were completely soluble in each other.

in the 51203~Si02Asystem;.hOWevéf, the'diffusion.couples-haVe compositions
which fai;_in two—phéSe:regions. If the compositions of . the two phases.
are.consfaﬁﬁ; no Eomposition gradients.gxist; and diffusion énd growth
cannotvogéﬁfﬂ.VConseqUently; only one—phaSe:reéions.will’be observed,

for he're,.‘bcémposition_'gradients AO oc_'cur-,. and.fhe"_t:ompbsition will vary
between the limiﬁS'of:Sblubility. It must be noted, hoﬁever, that the

’ thermodynaﬁic requirements are not an infailible cfiterion for.determinw
ing whiéh phasés actﬁally will be formed in a.réacting system.‘ Since:the
atomic motioﬁ in sdlids is strongly reéisted'and.r§QuifesIlaréé energies -
of activafion, uﬁstable.phases may fdrm‘at.lower:temperatures and coexiét.
with.Other‘phaSes forvextremely long timés;' Sucﬁ a case wiil Be dis-
cussed later in connectioﬁ with the.Qisibie aﬁéenceiof.mullite at SUb—.
.solidus;témperatures.

_EIffthéfconcentfationé'inAthe respective phaSésl&t the phasé.bdundgry;
reméin ébnstént With‘aﬁ increase in fiméaaf a givén temperature; as'is
the'c@sé fof the;diffpsion couples pfeparéd iﬁ'thié étﬁdy; ﬁhe& représent
the equilibrium concentrations for -that temperature ana, aé such, can be
used to vefify and improve the accuracy of the curves.determined by other
methods;' |

The A1203 concentration . at the interface fdr a given.temperatﬁre was
determinedvby averaging the.concentrétionsvfor different times at pqinté
3—6ﬂ preceding the point of diécontinuity in'ordéf ﬁo”avoid interference .
frém.theﬂmullitetor sapphire during microprobe‘measurements. These data .
_éonstitutefpoints‘on the liquidus curve between mullite and the mullite~

silica eutectic. . The results are presented in Table II and in Fig. 13 as

\j.
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Fig. 13. New mullite liquidus curve shown with region of liguid

immiseibility superimposed on the A1203-8102 diagram

determlned by Aramaki and Roy.28
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the dotted curve superimpoeed‘on the A1203—8i02 phase diagram after
Aramaki,and Roy.-28 .It ecan .be. seen thatvtﬂe neﬁiliquidus curve has a
small change in slope from mullite to approiimately 20.wt % Al,03. At
this.composition.it begins to-drop more sharply foethe[eutectie pemperar
ture. .Thls shape is lndlcatlve of a rather hlgh,rate of . evaporatlon of
the s1llca from the melt28 3, as well as the ex1stence of a llquld
1mm1301b111ty gap. :

Such a region‘ofrmetastable li@uid immiscibility has been found.hy
MacDowell and Beall (Flg. 13 shows the portion above 1400°C) and was
shown to be the essential cause of the formatlon of mulllte on heatlng
the_glasses above 100090.: The classical mechanism of nucleation and

~ growth wasvdiscovered to be operative.during tweéiiqﬁid phaSe separatien
in the comp081tlon reglons of 11-30 wt % and. h8~67 wt % Alea, while a
splnodal mechanlsm appeared to be functlonlng 1n the reglon from 30 to
48 wt % - Aleg. The temperature of the upper consolute p01nt of the
1mmlsc1b111ty gap is thought to be approx1mately lOO°C below the lqulduS
as no phase separatlon was.observedvby these.authore on coollng melts
Just below the'liquidus; This liquid immiscibilitj is .to be expected in:
this eyetem because of the high field strengths of‘the'cations; as well
as the.iimited abiiity for A173 ions to remain ip four-fold ceordination,i
.especially.at subsolidus.temperatures where the'avaiiahle thermal enefgy-
is low. |

The'points onfthe liquidus curve below the'eﬁteéfievtemperature were’
dbtained:dae to_the'fdrmation of amorphous diffusioﬁ zones.. The inability
to. detect mpllite at the interface does not,.hoWever;arule out its

occurrence, ‘A discussion of the formation of mullite and its subsequent
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_ growth to an observable. thickness at higher.temperatures.is given in.the
followipglseotion ori micrOStruoture.

Thefmicrostructure;of.the dlffu51on.zoneslreveals*important clues.
‘.concerﬁlné:the'fOrmation'or.abseoCe of ﬁullite end_theﬂaoCOmpenying
liquid‘phesé." | | | |
The‘ﬁicrostructures]of.theﬁlh00°; 1550° and l§80°¢'cristobalite-
sapphirezspecimens are shown in Fig; lh,.fFor the .1550° and 1580°C
,temperetures’the diffusion zone is denoted by an emorphoUs phase bouhded
.by sapphire (below) and cristobalite (sbove). The diffusion-prdfiles |
extend . approxlmately L lOu past the beglnnlng of the grain boundary
structure in cristobalite." The lhOO°C photographs do not reveal an
Obv1ous ‘glassy- layer as such, but what appear to. be gralns of crlstoballte
vwhlch_extend to.theyalumlna 1nterface.' Mlcroprobe analy31s reveals a
'deflnlte dlfquLOﬁ proflle hav1ng an average lnterfaclal concentratlon of

9.2 wt % Alea, Staley!

also»found & similar mlcrostructure in pellets
of corundum and cristobalite heated togetheriatFISGOQC. An optical
-examination by Staley of a thin section,of.the_reection zone'revealed a
_ glass region adjoining the corundum; thls.region corresponded to the diffu-
sion zone revealed by the microprobe anelysis in. this. study. .Mullite wes_
not obsérVed at the'gla8s;sapphire interface for any'ofvthese‘temperatures.
Theﬁsubject of‘concern is, thus, the . occurrence of an amorphousv
phase at subsolidus temperatures instead of the 1ntermedlate mulllte
solid solution zone as indlcated,byxthe'phaSe‘diagram.
This anomalyhas been[reported'et,tempenatures as.low as 1200°C by

Wahl, et;al.Bl.for reactions in cristobalite-corundum powder mixtures
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Fig. 14. Microstructure of the diffusion zones formed between
cristobalite (top) and sapphire (bottom) annealed under
the conditions of (a), (b) 1L00°C, 1k days; (c) 1550°C,
16 days; (d) 1580°C, 8 days. The amorphous phase is
clearly revealed at the interface only in (c) and (d).
The worm-like structure in (c) and (d) is the mounting
resin.
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analy'zed: ‘oy'high-.-temperaturebl_X-ray diffraction.‘ "Irvi ,Ith:’ts ce'se » mulli‘te.
did not. develop until lh50° unless the startlng materials:were very
flnely ground. | '

In studles of. the:reaCtions at the'interface BetWeeh compacts . of
alumlna and cristobalite. at 1600°C DeKEyser6 found a: glassy phase having
a comp051t10n of sbout 8.4 wt % of Ales at the 1nterface which penetrated
both pellets. Mullite.TOrmation was confined, however,,to the alumina
s1de of the 1nterface.".By.increasingvthe}COmpaction and .density ofvthe

alumina . pellet"the dépthiof the silica'penetrationbwas decreased, thus

'1mply1ng that the glassy phase moved along the graln boundarles of the

alumlna compact The A1203 content of the llquld and the l600°C tempera«

.ture'employed in DeKeyser s=exper1ments 1ndlcate equlllhrlum.condltlons

in. terms of a. eutectic. temperature of 1590° * 10°C ‘and. composition of

8.2 wt % A1203.3h

T,

Staley has conducted 51m11ar reactlon experlments at 1500 and 1550°C

._u31ng couples of pressed.pellets of corundum and crlstoballte,-and

: cristobalite.pellets and'sapphire,ﬂasnwell aé»mixed.powders of these

phases. . .He also noted.the formation of an amorphous phase and concluded

‘that it was an essential feature of the subsolidus reactions iu the

systemvand not the result,of liquiddformation,(i.e., the eutectic would

‘actually be below 1500°C) or the vitrification of ‘cristobalite. A sum-

- mary of his results is as . follows.

(1) The rate. and degree of fOrmation,of.mullite-in,powdef mixtures

_ increased at ahout the game rate. as corundum decreased, and thus was

inverselyzdependent on the”particleusize;ofithe‘alumina phase. On the

other‘hand,,the”amount;of.nohcrystalliné'materiallincreased.at.about.the
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seame rate as.fhe'cristobalite.decreased:and was.foﬁndito.be:extensive
regardless,of:the Silica:pérticle size;"A kinetic analysis of the
coarseegréined powdérs reacted at ISOO?C indicated.thatrthé initial_
amount of.éofundum.decfeaSed’primarily.By'thé,méchaﬁism“of ionic diffu-
sion throﬁgh a solid oxide medium; while‘thAt;of cristobalite decreased
by a mechanism based on pﬁaéé'boﬁndarj motion: _If:tﬁé pblycrystallihe B
alumina pelléts.weré repladéd;by éapphire.in thé‘diffuéion couples, the
penetraﬁibh 6f silica intbvthé alumina;ceasedlana:theiamount of the non-
‘crystalllne phase notable 1ncreased |

(2) It was inferred that the poor.-. development of mullite was not
: develOped in the first few hours of reactlon. It appeared that a require-
ment for'mulllte gro n vas rapld enough dissolution of corundum to cause
sufflclent alumlna saturation of the glassy‘phase. :Consequently, with:

: the dissolution of" crlstoballte belng more rapld than that of corundum,
a 5111ca rlch glassy phase would be favored for a longer period of time
as the’ s;zesiof the cristobalite and corundum'crystais_1ncreased,

The ébsencevof the'thérmodynamically.stablé_éhaée of.mullite at the
subsolidus ﬁemperatures‘is not unigue. In the'Al—Ni:system,-for eXamplé;
four phases are indicated in the equilibrium diagrah, The B8 phase'ﬁas a
‘zero solubility range , fhe' Y a.nd € phases’ moderafe' ranges, and the § '
phase a relatively wide renge. -However, in'aiffusioﬁ experiments at
annealing temperatures below thé eutectic; bnly.#he'B and Y phases were
Obsérved and,the high melting § and € phases‘werg not detgcted,33
From a.theoretical viewpoint, Kidsoth'has shonathat the applica-

tion of Fick's first law.to .polyphase diffuéionvin binary systems leads

<




~h3-

to expressions for the interface pesitions as functions of time and

temperafure;' Figure.lS.showsea concentration Versus distance curve for
a blnary system in whlch a s1ngle 1ntermedlate phase occufs.

It lS assumed that . the concentrations at the Lnterfaces are constant
and equal'to the equlllbrlumvvalues; :If‘we‘consiaer first the flux of
material;from right to left; the rate:of_advanée,bfethe'interface at XBY
is given by | ‘

A

[CBY CYBl at JBY _JYS' o _ (1)

That is to say, sz, the fluxv'fx"om.th'e' B.phase .'af the interface, mist _

supply.the-surplus.quantity (C ) dXBY per unlt time in order to

YB

vadvance the 8 phase into. the Y phase region.’ Substltutlng for J from

Flck's flrst law Eq (l), ofie obtains

d%xi - 1 . _<_ Dgc) _ (: DBC),_ s (18)
, X ToaX :
o BY YB ' By NV /4B

This portlon of the system fulfills the condltlons required for the

application of the .Beltzmann theorem,28 and the concentratlonuc (X,t)
may be. expressed as a. function of & single parameter A= X// f Using
the' deflnltlon of A, one has ‘
¢ g o1 - (19)
X .d}\.B.X -~ dy : - o
Since the'COncentrations”at.the'interfade?haNE'beenlasSumed'as'constant,

the value of A must be constant. But dC/d\ is again & function of A
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Fig. 15. Concentration vs. distance curve er ‘a system in which
' a single intermediate phase occurs. :
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alone, and hence it is also constant at,the[interfeee..,Thus (1h),may

be rewritten as °

TfCDK)? - (DK g,

,xdx'; :
By = E;Q _
Tat - (20)

oy YB"'. Pore

‘where . -

Integrating (16) one gets

Yo = 2 Dyg - (DK)BY T ‘(21)1
By - " C, =C R , _ ‘
v By "vB : , o

 and similarly for the XQS interface

,‘"(DK)Q&'.;.'(DK)'&Q i R - | - (22)
~ Cog~C%a . -

- Xog T
The width of the 8 phase layer as a function of time is simply

"8 = Xgy ~ Xag

R R I I A (DK)OLé /'_'— Bjt. (23)
| T | © CypC B
BY Y8 | o8 Ba -

EQuafion (19) exhlblts the experlmentally observed parabollc time
-dependence of the lnterface movement with a temperature dependent growth

rate constant (BB) whlch-lnvolves_the d1ffus1on.coeffic1ents in its two
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bordering pfimary phases, as well as those in tﬁe 8 phase itself.

Equation (19) indicates.tﬁat from an algebraic point of view, BB
may be positive, zero;’or negative depending upoh the relative values:
of the sdlid‘solution‘rapge of the.phases'of the equilibrium diagfam
and the ﬁK terms involvedl The twe ihterfaces"can‘botﬁ“move.left_or
right mth different rates or in opﬁoéite direct_ioris relative to the
Matano iﬁterfaee (x #40): | |

:For Bgeo;‘the*fate of formation of the new B phase from the Y phase.-
is greatef”than the transition of the B to the o phase; and, eonsequently,
the width of the B phase increases vith time. Bg ¢ 0 implies either a
dynamlc balance or that the rate of supply of materlal fromAthe a phase
to the B phase be so- fast compared to the dlffuslon rate in the B phase.
that there would be .no tlme for the B phase to form from the Y phase.
The absence of the B.phase.must, however,.be:rejegted on thermodynamlcv
. grounde”aeait'impliee aneinfiﬁite CHemical‘§ofential,at the-aeY inter-
face. rThis ie e.contradiction to the requirement fhatvthe'cﬁemical.
'.pofential:be continuous andemonotonic‘throughout the‘speeimen. Castle~
ma‘a.ng5 has . shown that-BB € 0 implies DB £ 0; thus one must conclude that
while the growth rate constants canvvary.over a wide range, they must
be positive and finite however small. The apparent absence of inter-
mediate phaSes; as,reportea in the literature; including mullite et sub~-
solidua‘temperatures;vspggests that the rate.constants are.too small to |
permit'detection of fhe.phaéezlayers by'ordinaryymicroscbpic techniques.

'Thé’ﬁagnitude,of'the'diffusion coefficient in.the § phase is aleo
an importanf‘factor in,ita'érowth,. If D is sﬁell compared to those of

| 8
.its:neighboring.pﬁeses;'the'rate of supply of material at the g~y
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interfaee,required to.advehce the B phaSe into Yewiil:be low. This
effect w1ll tend to make the growth rate . of . the B phese small in .the
dlrectlon .of Y. Cenversely,,lf DB 1s relatlvely‘large the B phase will
‘tend tejg;ow rapidly:both into o and y.- Thns.thefbeCUrrehce'or non-
,occurreeee‘cf a.phaSe,isfgoverned.by coﬁditioes peculief,to a partieular
annealiné>femperature-and.does not depend éolely‘ﬁpen sufficiently high
temperetﬁree_ef‘iong timeé{. |
.The.experimeﬁtal.andAthebretieal obserVatiohs'of the ebove authors,
as wéll:es:thoséeof.this.éuthor; démenstrate"thetfmullite (i. e.; the B
: phase) does not have to occur to a VLSIble magnltude even though it is
- .the thermodynamlcally stable phase at . low. temperatures. However,
'.mechanlstlcgexplanatlons.should accompany\these'observations for a com—
plete. understandlng of thls phenomenon. |
.Staley7 ‘has shown that at 1500° and 1550°C mulllte does begln to
- grow in thefamorphons_phase'Once the'latter'is;saturated with,A1203, |

34 arguments, demonstrates that nuclea-

This fact, reinforced by Xidson's
tioe of theemullite muet.eceur.at'the Alzoa—SiOZNiniefface'as a rapid
step iﬁ.the overall diffusion process. Hoﬁever, the'présence of - an ex;
tensive'amorphous phaee at these‘low temperaturee leads this author to"'
believe that in order for nucleation to, occur, 1t must be preceded by

the formatlon of e metasteble glassy phaee; partlcularly in the case.of
'crlstebel;te-sapphlre couples. Such a.phase‘would.form,more egsily due -
to the;greater‘eaSe“of.rearrengeﬁent in;theeglass;phase:reiative to that
.:of'crietdbalite:and;sapphire.' |

. The}phehOmenon,ofitHE'metastable:glaSS"phaSe;fermatioﬁ necessitates -

a single eutectic typé of .phase disgram shown. in Fig. 16 where the Iiguidus
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Fig. 16. Single eutectic metastable phase diagra:n~pr0posed- to exylain
glass formation at subsolidus temperatures in the A1,03-5102
system, ! "
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.curveéldfiginating atvthe,extremities of the systém'are extgnded to a
point of inferSectibn. |

The:first'step:in.thé diffusion process (e,gﬁ_ét 1500°¢) Qould be
, the”formﬁtion of a liQuid phaSé haVingfa ccmpoéition rénge.from p at the
silica iﬁtérféqe to p’.at thérsapphire interfaCé;ﬂ:On the basis of the
-work bf.MécDowell-andeeali;lh it isvbéliéVéd that the alumina-rich glass
would thén feédily1reacf With the sapphiré.sﬁrfécékto nucléate.mullite'
since p' is within the metastable immiscibility region. This reasoning
is especiéiiy true if the consolute,poiht should'ﬁé nearer the liquidus
.curve than'ié shown in Fig} 16; .Oncé mullite is:fOrmed, the system re—
verts to the equilibrium disgram (shown dotted in Fig: 16), and the re-
maining li@uid éttempts.tq,reach its equilibrium. composition indicated.
by the extended liquidus through dissolution ofk.c:risvto't.)a.lit‘e. This
' mééhanisﬁlﬁouldvéccoﬁnf.for the;liqﬁidus péiﬁts.béibw thé eutectic
tempera@ure‘indiCAted'in Fig: 13. The'higher AIZO;.céntént for the
liquid at 1400°C is an indication of the lack of equilibrium within the
“time ofvthe annéal. Tﬁeﬂfdrmation‘of the”amorphbus.phase may appeér to
be controlled by a mechanism based on phaSe'boundaiy motion of cristo-
balite,Y'ﬁut; in .actuality, is governed by the rate of diffusion of
Al203 ﬁQWards the'silica—riéh.éone.évThis isrtrué §ince cristobalite is
diésélvéd.és the‘Alegncéntenﬁ exceeds .the SiOz‘liqﬁidus"amouﬁt at a
,giveﬁ ﬁeﬁbérature; This mechanism of the formation of a liquid phase
at .subsolidus temperaturés*may not.bé'neceSSary,:hQWever, for thoée
systems that contain a glassy phase such as vitreoué silica as a start—

ing material.
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Once nucleated, the mullite phase falls to groﬁtto an obeervable
magnitude at thellowér'temperatures. This can be explained on the basis
that the growth rates;ofemullite are'Slowerlthan_its dissolution rates
in unsafﬁrated'silica.glass;; If'all.ihéﬁmollite dissoives, (e possi-
bility in this case éincelthefpreeence’of & metestable liquid phase pre-
vents the'oﬁemical potentialjfrom becoming infinife)lthe'phase relation-
ships feturn'to thatdof the single‘eutectic eystém.ﬁo repeat continuously
the'éequenoe,of entrance;of.élumina;vphaSe'sepa£a£ion of glass, and the

_ formation and.subseQuent diseoldtion of.mullite;. This and all succeed~
ing series of.evente would .oceur reéardleSS'othhe initial form of silicé.

When the silica. phase becomes saturated with alumlna. the mulllte
_ grows.to‘an observable gize. This analysis may be applled to the experl—
mental evidence of StaleyT who showed that mullite began to grow when.
the 1n1t1ally formed interface lquld moved to occupy the grain bound-
aries and.pores of the corundum and became saturated w1th~A1203.

As the temperature‘of the-d1ffusmonrexper1ﬁeots is 1ncreased above
. the eutectic temperature; the fofmetion of a stdole1liQuid occure, which
readilyvleads to nucleation of muilite at the Saﬁphire interface.
Figures iT and 18 show the microstructure of the diffusion zones and
their relationship to the fused silica and sapﬁhifé. or mullite boundary
phases - for 1650°,; 1700°, 17”5o°‘, and 1800°C.

At 1650°C, as atithe:subsolidusvtemperatures, the diffusion zone is .
primarily an amorphous phaSe., As before;'the'aluminum'pfofile extends
5~16ﬂ,beyond.thelboundary;of'cristObalite;l,In this case, the cristo-
‘balite is fOrmedﬂat.temperature by crystallization in the'fused'eilica;'

As the Al-containing:species diffuse toward the'erisiobalite, the
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Microstructure of the diffusion zones formed between (a)
mullite-gilica, 1650°C, 7 days; (b), (c) alumina-silica,
1650°C, 7 days; (d) alumina-silica, 1700°C, L4 days.
Position of phases is the same as Fig. 1L with the addition
of a thin layer of interfacial mullite in (c) and (d) and
crystallization of mullite on cooling in (d).
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Microstructure of the diffusion zones formed between (a),
(b) alumina-silica, 1750°C, 2 and L days; (c), (d) alumina-
silica, 1800°C, 6 hours. Position of phases is the same

as in Figs. 14 and 17 with the addition of increased
crystallization on cooling.
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cristobalite is gradually redissolved. One of the most important
features is the small but discernable growth of mullite at the inter-
face (Fig. 17c). This indicates that the rate of overall growth of the
mullite has surpassed its solution rate in the‘liquid phase. The growth
can occur at either or both the mullite-liquid and mullite-sapphire
interfaces. The assumption is made that growth at both interfaces is
dependent on counterdiffusion in mullite of hAl+3 and 38i+)4 in essentially
a fixed oxygen lattice. Because of extreme experimental difficulties,
it should be noted that mullite could not be detected in every specimen
annealed at 1650°C due to the disruption of the mullite~sapphire phase
boundary on cooling.

As the temperature is increased to 1700°C and above, the rate of
growth of mullite at the interface increases, and the fused silica re-
tains its amorphous structure. Mullite, however, also crystallizes in
the glass diffusion zone on cooling. This mullite can be discerned from
that which grows at the interface except in the specimens held at 1800°C.
In this case, a large number of long mullite needles extending through-
out the diffusion zone are heterogeneously nucleated by the mullite pre-
viously grown at the alumina surface. 4Their composition was determined
by microprobe analysis to be T4 wt % Al;03. The classical mullite com-
position (3Ale3'25i02) has 71.8 wt % Al203; while mullite formed by
crystallization.on éooling”fyom a melt of mullite composition has TT.4

wt % Al203 (2A1203~Si02).28’36

It is suggested by this author that the
lower Alz03 compoéitions of the diffusion zones relative to that of a
'3:2 mullite melt is responsible for the Alz03 content lower than the 2:1

composition.
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In order to determine the composition range of the interfacial
mullite grown at temperature, and thus establish the boundaries of the
mullite solid solution, a 15 wt % A1,03-85 wt % 5i02 glass was prepared
as described in Section II and heated in contact with sapphire at 1700°C
for 11 days. At this temperature, the glass is essentially saturated
with alumina. Mullite nucleated at the interface can grow to a greater
extent (Fig. 19) since there is no competitive dissolution process.

The solid solution range determined by point beam microprobe analysis

is about T70.5 wt % Al203 near the glass boundary to T3.5 wt % Al,03

near the sapphire boundary. These values are averages of a number of
profiles extrapolated to the boundary interfaces. Caution was taken to
avoid concentrations measured exactly at the mullite boundaries as these
values would be affected by the adjacent phases because of the measuring
method. The composition of the mullite prepared from the crystalliza~
tion of a melt on cooling and used as an end member in the 1650° diffu-
sion couples was determined to be almost invariably 76.3 wt % Al203.

Mullite has been shown to be incapable of a higher concentration of
silica than 3A1503°25i0,(71.8 wt % Aleg).28 As discussed above,
mullite crystallized on cooling from a melt of its composition has been
found to consistently have a concentration of 2AizOg'SiOz (T7.% wt %
A1203). Within experimental errors, the values related to mullite com-
positions obtained in this study can be considered to agree with the
values determined by Aramaki and Roy.28

Calculations were made to determine the temperature at which
mullite would cease to be. recognized by optical methods in the SiOz2-

Al,03 diffusion couples. Mullite thickness versus the square root of
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Microstructure of the 15% Al O_-sapphire couple annealed
at 1700°C for 11 days. Mullité is shown as a solid layer

at the interface as well as random crystals throughout
the glass.
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time was first plotted for 1650°, 1700°, 1750°C (Fig. 20) from the data
of Table III. The thickness values for a number of constant times were
then plotted versus temperature (Fig. 21) and extrapolated to zero
thickness. This procedure showed that mullite would not be observed
below 163L4°C. This does not imply that mullite does not form or nucleate
at these temperatures, but that the dissolution rate is so fast that it
cannot be observed to grow. This is in agreement with Kidson's argu-
mentBh that the growth rate constant of the intermediate phase must be
positive anq finite however small.

Lastly, thickness values for 4, 6, and 8 hours (the times used in
the 1800°C runs) from Fig. 20 were plotted versus temperature in Fig. 21
as before. The resulting lines were extended to 1800°C, indicating
that the thickness of the interfacial mullite that should appear after
4, 6, and 8 hours would be 1.9, 2.3, and 2.6p, respectively. These
small amounts of growth; coupled with the extensive crystallization on
cooling, demonstrate why one is unsble to discern a distinct interfacial
layer of mullite at 1800°C for these short times.

C. Diffusion Data and the Coordination Number
of the Aluminum Ton

+
To ascertain if the diffusion coefficient of Al 3

is functionally
dependent on the concentration along the profile, one may use the
Boltzmann-Matano equation (Eq. 7) to solve for D. As discussed in
Section III, the fundamental assumption made by Boltzmann in obtaining
his solution to Fick's second law was that the process is diffusion con-

trolled. This means that the distance from the Matano interface

(i.e. X=0, Fig. T) for a given concentration of the diffusing species
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Table ITI. Thickness of mullite formed. at different times
at the interface of the alumina-silica and 15% alumina
~ glass-sapphire couples - »

A. Alumine-Silica Couples

. Temperature N . Time k (Time 1/2 " Thickness
...... ‘.\.‘(°C)‘.,.,.f.,..‘(Davs)‘ffi‘...(secl/e),..,f....(Mlcrons).,.‘..
1650 9 - 882.0 1.41
1650 11 975.0 1.56
11700 o 587.9 3.60
1700. 7 TTT.5 4.91
1700. 9 882.,0 5 .60
‘1700 1 975.0 6.05
1750 2 Las.t k.11
1750 3 509.2 5,51
1750 4 587.9 -~ 6.40
| B. .15% Alumina Glass—Sapﬁhire Couples
1650 T 1775 7.65
1650 9 882.0 . - -8.83
1650 1 975.0 . 10.00
1700 o - 587.9 8.53
1700 7 7.5 - 11.30
1700 9 882.0 13.35
1700 - oo 975.0 15.10 -
1750 2 Ws.T v 6.62
1750 3 509.2 ' 8.42
L

1750 §87.9 - 9.43

must be directly proportional to the square root of time. That such a
criterién-holds for this system is shown by Figs. 2226,
The interdiffusivities (D) of the aluminum ion as a function of

composition were determined by computer analysis,of_the.COncentration
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VersusvdiStance profiles.(e,g., Figé.‘ll aﬁdViE);E Theee veluesvwere'
found te Vary exponentially with:the aluminum‘ion.ccncentration over a
range of approx1mately three orders of: magnltude for each. temﬁerature,
as shown by the sample curﬁes in Flgs; 27~30 These graphs and the
equations which describe’ them are typical of. those determlned for all
times at a partlcular temperature. From the equatlons determlned for
.these graphs D values were determinedvfor several‘values of concentra-
tion. for each temperature and plotted agalnst the: reclprocal of absolute
4 temperature (Fig. 31). A least squares analy51s of each Arrhenius plot
resulted in an equatiqnvfor the temperature dependence of D which glves_
the values of D and the .activation energy, Q;.fef each concentration,
as presehted in Table IV. _ | |
Tebie.lv.._Diffusivity_date er‘theﬂAlengtbg system_

o Alfsg(gm/Cm3)ﬂ- - C AlpOs (wt-3) - Dy (em?/sec) . Q (Keal/mole)
L0500 k3o © 3.7 x 1077 307.5 £ 1.0
.07 5196 2.43 x 1021 286.2 % 1.0
.09, | - 7.60 ©1.6h x 10" 26L.8 * 0.k
A1 9.24 1.66 x 1017 245.0 * 0.3
L5 12.%0 9.93 x 10’2 203.3 + 0.k
20 16.40 1 6.29 x 107 151.9 * 0.5
s 20.10 . 3.38 x 102, 99.9 * 0.6
0 23.75 2.06 x 10°° 8.k £ 0.0

1t should be noted that at the higher concentration values, the
interdiffusivities are calculated from D versus.concentration curves

extrapolatedfto concentrations which do not exist in the actual profile.
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These values were . found to fall on the extended portlons of the straight
lines (shown broken. in Flg. 31) drawn through the experlmental points |
and were used to calculate D and Q

The results of the‘Boltzmann—Mateno enalysisvreveal that'both,the
diffusi&ity.and the acti?ation energy'vafy:gfeetiylﬁifhvthe‘eluminum.
coﬁcencrafien and teﬁperature; As a re5u1t,ﬂitl§es:found'fhaﬁ,the '
actlvatlon energy and the pre—exponentlal (D )‘ﬁalues are extremely high
at the. low alumlnum concentratlons and decreased Wlth an increase of Al
so that at”approximately'QO,Wt %-Alzos,;the'values”are similar to those
nOrmaliycessociated.ﬁithNintefdiffueien in:oxides;ev | |

To égﬁtémpi'.ﬁo unde;r.‘st's.nq'why the 4 £ fusion parameters of B and Q
are soelerge at,ldw.conceniretichs cf.aluminum.endjeteadily decrease'
with.an:increase in alumiﬂum.Composition; one.ﬁuét cohsider the struc;
. ture of fﬁsed silica; the effect on this structure of increasing amounts -
of Alz‘c{a'; end the ionic or molecular species which are likely to be in
motlon through the g]ass.

The structural unit of Vltreous 5111ca ConSlStS of a 3111con
.coordlnated,by four oxygen atoms  at the.cernerSQOf a tetrahedrOn. vao
. tetrahedra are joined at a.corner by sharing an oxygen. . The orientation
'of:theVietrahedra in'space'is; hovever;.COmpletely'randcm withethe.re—’
sult ﬁhat the SiéO«Si.bona angle iS‘not.neceesarily”180° as in some

~crystailine.forms of silice, but may range from 180 .to.150 degrees ‘or

When Al203 is introduCed into this structure, the question of
structural p051t10n 1mmediately arlses._ The answer must be primarily

1nferred from data and conclu51ons gathered by authors using ternary
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glasseé, as &ery little informatibn is,availablé.céﬁcérning the proper-
ties of‘ﬁheAglasses iﬁ‘thé'Alzog—SiOZ hinary.system...Thé intérﬁretétioﬁ
of thesé studies is; howevér, sﬁbjectvtoﬂc0njécture.r‘For example,
recent stﬁéies have not agréed aé to coordiﬁétionnof the alumiﬁum ions

7 found that

in SOdiﬁm‘aluminoéiliéaxe:glasseé witﬁuAl/Na5>.1.O; 'isé£d3
thévactivationwene:gy.for eiectrical condubtién in theéé-giasses shows
a'prdnouncéd minimum.af.ﬁompoéitionsvhaVing ﬁhisflzl aluminum—éodiuﬁ
‘ratio‘but increases‘agéih as .more aiuhinum is;édded. He concluded that

the size of the-Oxygen.éhells'ardund Na increases'as.AlOQ tetrahedra are

introduced into the hetwork up to the limit Al/Na = 1.0. Beyond this
,point,’aluminum is assumed to go into six—fold‘coordinaiion as a network

' modifier'allowing the'ééordination shell of the sodium ion to decrease

vagain.'ngy.and }?ixl<1c)1'1¢aj"8"38 haVe'similarlyVProposed that all excéss

+3- e s : . N - S ' N :
Al 3’ions in . this system go into .octahedral coordination. .They based
their grgnment on measurements of refractirve ihdek, density, infrared

absorption, and internal friction, as well aS'X—fay;fluorescence shifts

;of the aluminum Kd”peaké for the glasses in question.

39

Lacy™ has subsequently argued from a stgndpoint:of geometry and
energefics that AlQe octahedra would bé'unstable.in these glasses above
the 1:1 ratio and proposed thatva’pfoportioﬁ'bf individusal oxygen atoms
ere shared between an AJO;.group and two SiOg‘ﬁetraHedfa. In othér
Wbrds;_dﬁe oxygen.atom'tribridges three.Sucthetréhédfa for every
aluminum—for—silicon.replaéement £01maintain.charge'balance. This im-

plies that this oxygen is not chemically bonded to the aluminum. Figure

32 is & two-dimensional representation of this "triclustering" of tetra-

‘hedra for slumina substitution in fused silica.
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Fig. 32. - Two-dimensional structural model showing the tri-
clustering of AlOy and Si04 tetrahedra.
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Heckmeﬁ,.et.al.uo and.Tefaihl have incerporetedeLacy's erguments
into theifeexplanatiens:of the self—diffusionvand»electrical.conductiyity
in the Sediﬁmpalumiposilicate glasses;z Terail 'suggests that.the‘increase
in micreherdness-of these'giasses in.thE'EOmpositidn range Al/Na =
1.0-2.0 is 1nd1cat1ve of the dlsappearance of non—brldglng oxygen 1ons,
i. e;; the formatlon of trlclusters.

Lastly; Riebling-has,considered‘molai,volume ﬁedels’as ﬁell'as‘
viscosity and ekpansion'datdfand concludedﬂthatfthe bestestructufal '
model fo:.glasses*haVingwAl/Na > 1.0 involves oﬁiyfégéé\bf the-eiceSS'“
aluminum‘iehs in OEtahearal‘eﬁvironhentl, He.noted that only 50% of the
Al+3 1ons ‘are in 31x—fold coordlnatlon in s1111man1te (Alzoa-Sloz) and -
that .a pressure of 22.kllobars was requlred to force all the alumirum
ions into. octahedral coordinatlon at 1500°C. to form kyaﬁlte

Extendlng these thoughts to the binary. Alzoa—Sloz system and
coupllng them with experlmental ev1dence, it is p0551ble to postulater
the change in fused Sioz.structure as Alea is.added.' A port;on of this
zreseareﬁ has iﬁvelﬁed electron ﬁicroprobe'ﬁeaeurementsvof the Alka and
AlKB WeVeleﬁgthﬂshiftsief the'54h0.wt % 31203 glaeses.described in
Section II. The'results;of.the‘AlKa.meaSureﬁents‘COmparedﬂto aluminum
metal, AiPO,, and.A1203.as standards are given in Table'V; They'show:
ithat aﬁiE Wf % A1203,.£he.aluminum ions are in‘teﬁrehedral coordination.
At compoeitions-of'iO_wt % and higher, the'measﬁfements indicate a
definife shift to,octahedral coordination; The'AiKB etudies gave
analogous'resulte:for‘concentrations above 15% A1203. Below this compo-
sition; thefvery’Week'X—rayvintenSity and.the*larée;3catter'prevented

any,meanihgful analysis;;vThese results give a direct indication of the
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Tﬁble V. Alumirum coordination data‘determiﬁed:from v
- AlIK  X-ray emission spectra. 'AlPOy and Al>03 were the

¢ Bfo1d and 6-fold coordinated standards.

-Peak Position ~ Displacement A

'-vMaterialh . ngalf»Héight~(K)~- " ..from-Al Metal
Moo 833907 0 - o 0.0000
AIPO, . . 8.337 - .0.0033°
A1,0, 83339  o0.0051
5% A1,03 . 8.3353 ©0.0037
0% " | 8.330 . 0.0050
1% " o 8.3339. | © . 0.0051
203 " 8337 - . 0.0053
25% " 1 8.3339. o 0.0051
0% " | - 8.3337 . - 0.0053
354 " - 8.3336 . o 0.0054
vz " | 8.33% - o.o05h

environmenf'of the initial concentrations of’the aluminum ion; howeVef,
they should be substantiated by other'types_of’reéearch.
v Lo :

Rossin; et al. _ﬁaVe measured the high.te@perature viscosities aﬁd_
.activatién energies for viscous flow at several‘cquOSitionshin the
Ales;Si02}binary system; These viscosity v&iﬁes-ﬁerevextrapolated to
the femperatures,of the'diffusiqn runs (Table VI) and plottéd as a
function éf the cqnéentfatiogﬂof Al203 and also the rééiprocal of
absolut§ temperature (Figs,ﬁ33vand BM); A‘large.and continuous.décréasé_
iin the'?iééosity ié'nofedlas‘the‘amount of alumina is inéreased.' fhis

‘trend suggests that while the low concentrations of the aluminum ion may
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— - . ha oo
Table VI.. Viscosity.data of Rossin et al.  extrapolated to
o temperatures of the diffusion anneals.

S  tegn.
Composition . — — — -
We. % A1:0a T650°. . 1700°  © 1750°  1800°
- 0.0 - | T.14% 6.81 “6;&7_-- © 6.16
9.6 sAk . sa1 k9 L5S
20.0 . - h.ok 3.81 . 3.60 3.3
31.0 T8 2,56 S 23k 206

62.6 S 111 0.97 0.8k 10.65

be in Aqutetrahedra, fhé change in coordination tovdctahedral is gradual

rather thén discontiﬂuous‘as ﬁould be ihférred frdﬁ'thé'X—ray emiséion '
studies}ﬂ Lécy39 has ndféd that triclusters haﬁeié:smaller:oxygen re-
‘quiremenﬁ than a fully connected network (0/8i ratio = 2.0) while AlOs

~ groups héve,é greaterroné. it isvtheréfbfe joséibie that at é cérfﬁin'
low.Al+3-§oﬁcentratiéﬁ; enoﬁéh dxygen is made avaiiablé.id initiate the
formation of.ocﬁahedral groups. Tﬁese deductiéns.érévalso suppbrtéd by
the con£inudﬁs increase in density (Fig. 5) andvdécrease in_activaﬁion
énergy fof diffusion with higher concentrations of Ales(Fig. 35).

In sddition, MacDowell and Bea11* have found that A1203-5i0z
glassés having 5 mole % (8.2.Wt %) Al203 or less aid.not ?haée separate
or érystailize.even When.cooied very éléwly, On the other hénd; the
10 mole % (15;9 wt %).glasses showed phase separation even whén'rapidly;
.quenched; The'explanétion-can be most-easily visualized by considering

that the structure of siilimanite orvmullitetconSistSjof an Qrderéd
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distribﬁiipnﬂof four-and éix—coordinatedLaluminug aﬁdufour—coordinated
silicon aiomg. AThe'structurél barkbonéscan.bépcpﬁsiaeredﬂto-be composed
.of infinite chains of edge-shared Aideuoctahedra.  This mixed oxygen
coordinafion'can be asSﬁmed to.exisﬁ in. the'alumiﬁosilicate,glasses,
partlcularly those with: hlgher A1203 content. 'Wheﬁ.phBSe'separation
.oceurs,’ one can .thus speculate that the’ octahedral portlon of the
‘aluminum.iQns‘plays.thé'major_role_in forming thé’dispersed glass phases.
Thié_feaSoning isfsﬁppoftéd'byfthé'kncwiedéeiﬁhatfanvana;ogoué.‘
‘coordlnatlon change occurs in titenium ledee when it is added to a

43 ‘has shown that at hlgh temperatures, the Tl +h

_ glass.compoaltlon. Weyl
ion,mayféésﬁme a coordination of four compatible w;th.the 510, network
and miSéibié in the melt. Dufing cooling of thé'melt;.the'teﬁdency will
be for'tﬂg titanium‘ions;fo aséﬁﬁe the'equilibrium éoordinétién nunber
df six? be displééed from thé'silicéfevnetwork;'and appéar as a separate
phaée'o# in.cbmbinatioﬁ with.ofher modifying 6xides; This phaée separa-—
tion'cfééféd.by‘TiOé.is‘the basis of almost all glassaberamic reactions.
By éoﬁpariéon, Alzos with its lower radius rafio is.even more likely to
vassume'tetrahedrai éoordinafioﬁ, especially’at high temperaiures. How-
ever, 1ts +3 valence and high field. strength,(~7 = 12 O) also encourages

.octahedral coordlnatlon and. . subsequent competltlon with SlOz to form a

second phase.

From the above results and theories, the followihg hypotheses can be

madé.édnderning the structure of the aluminosilicate glasses. -
(1) A1203 is incorporated into the fused SiO, structure at low
.temperatureé with Al essentially-in.four—fold'coofdination up to a con~

centration of approximately 9 wi % Alea.r,Thisﬁconfiéuration.occurs
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through the fOrmaﬁion]of tricluSters»composea.of,one A10, and two Si0,
~groups tribridged by an oxygen ion. A continuatién of .this strgcture'
produces a tightening of the tetrahedral rings (tﬁOPdimensiénal) or
cageé (three-dimensionsl) of.the SiOz_glaSS‘and results in a high energy
configuration. | |

(2) As fhe’Alzoa concentration is increaséd;.this high energy con-
. dition is>alleviatedfﬁy.the férmatiOn.of K106 octahedral groﬁps; This,
in turh; permits the formation of normal AlOﬁvtetrahedral-groups; ir
‘necessary. It is the.author'é thinking that the continued adéitioh of
AléOa and formation of the‘AlOe.grbupé lcosens the structure permitting
mofe-AlOu—SiOu priclusters,to form silumtaneously as well. 'Nazé.renkoh
has shown that thelfdrmation of Al1-0-Al bonds is favored over the Si-0-Al
structure by increasing temperatufe, pafticularly ébove 1600°C. The
shape of'the'diffusion profiles in Figs;vll and 12 suggests nonideality
which is probably positive in natﬁfe'due.to the formation of Al—O-Al.
bonds. This alSO';ndicates,tﬁat the Al0y4 and AlOg groups occur in close
prokimity;to one another rather than réndoﬁly thrbughout the glass. The
.étrucfufai'arrangement.would thus be analogous to'that of mullite or
sillimapite with short range order. The reason that the Ka studies re-
vealed a sharp change from tetrahedral to .octahedral coordination at
10 wt % Alzog rather than a gradual shift in the peaks, is probably due
to the limitéfioné of the instruments and analysis. .

(3) As mentioned above;bthe glass structure which forms at the
higher A1,03 éOncenfrations is probably a randomized . version of mullite.
The fact that mullite*érystélliies on cbpling to form the "2:1" éompo—

sition points directly to.the initial formation and continued existence
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of aluminum in four-fold coordination.:

In"‘c_bn'clusion','-,i’c is intéres‘bilng,tdnote'thaf .'Aramaki-and Ro'y28"
found that heat treatment of both 3A1,05+2510, end 2417035102 mullite
compositions incréssed the a and c cell parameters. This is again a
reflectibﬂf§f the'Al-Si'disorder‘whibhﬁbanZOCCUr,at hiéh.temperatures.

D.  Meshanisms of Diffusion -

Wiﬁh this backgfound on the' coordination of the aluminum ion; it is
of interest to.postulate”éémé méchanisms;of diffusion and the nature of
the diffusiﬁg species; 

Iﬁ a search of>the:literaturé on felétediéfudies,.it is revééled,
that.Sﬁcva has employed'£hé'stable iséfopeiiéO dnd'mass spectrometer |
analysis o0 determine tﬁé'diffusiviﬁyiéf Qi&éen in fused éilica erf the
.temperafﬁré range 925-122590? Hé céncluded“from ﬁhé T1 Kcal/méle ébfiva—
- tion energy that the oxygens participating in'the'diffusion musthﬁe.

'singiy.ﬁbﬁaed to éiiicon and‘mOQe through the interstitial voids of the
‘ gléss;E-Sﬁgov noted:that these oxygehs,would; by neceséity; be those
Which.,;;,ordinatebthe’ various 'ix;lpuritikes snd-.c.oﬁtribute. to the creation
of defeété;‘just as in the case of multicomponent.glaéses; rather than

bridging oxygens which furnish continuity to‘the.fuéed silica network,

katrapolation of his diffusivity values .to the temperature range of -

interest in this research gives values which are close to those measured

for aluminum (Fig. 36). Thus, it is possible %o hypothesize the move- -
ment of an Al_O complex,
xy
Kingery and LeCrdnh5 using a 20 A1,03°40. Ca0+k0 Si0, glass have
supported Sucov's argument that the oxygen .ion can move independently of

silicate groups.- This opinion was deduced from the fact that Q for
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Fig. 36. Extrapolation of low temperature ‘data for the
o diffusivity of oxygen in fused 510 to the temperatu*”e
range of this research.
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oxygen diffusion was 1/2 Q for viscous flow. TheSe:authors' views are
not, hoﬁeVer; withoUt_théir opponeﬁts.

Kipg gnd,Koros,h6fusiné the'Same‘calcium.aluminosilicate glass,
have found higher diffusivity andAacfivation eneﬁgj values . for oxygen
than for the cations, as .shown in'Tablé'VII:helbw:: TheyiruledAout the
. movement of singleioxygénlions sincé they would Be:priﬁafyvconfributors
to‘electfical.conduct@qn: |

" Pable VII. ‘Values of Diffusivity and Activation Energy .
. for Ca, Si end O from King and Koros

uAmom:Type . D(cw®/sec). . . . Q-(Kcal/mole)
Ca | - 107f . 70
si 10”7 o 80
-0 o h!x 10_§ E o 95
b7

TbWéré and Chipméﬁ,
.that‘the;éctivation.engréy,for diffﬁsion ofvthe:qalcium ion ié.mﬁch
highervthaﬁ.that for conduction and agree with King and Koros that the
- movement of calcium aiso involvés the éﬁygénlion as WEll;

Doremus2 has countered this reasoning With.thE'argument.that King
and Korés measured the diffusivity of "dissolved oxygen;" (i;e., oxy gen
which is introduced from é'gas_phase and diffusés as a.molecule), while
Kingery and Lecron measured the diffusivity of latfice oxygen.. This
authbi fee;s.that Doremus is ipcorrect;.since.theﬂgqtu&l expgrimental
setup of Kingery andeeCTOn involved.the'incorpg&a@ion-of:rao from an

oxygen gas phase while thal of King and Koros was the capillary effusion

in earlier research on this glass, have shown -
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method inhwhich‘the leéfis;incqrpéfate@?dif¢Ctly'intpla silicate.

Reed end 13aatrx'et’cu8 héﬁé also refuted Doremus'_éoﬁjecture'by show-
ihg that in a real Ca; S8i, and O éohcentfation grédiént, the diffusion
rate of éxygEn must.be cbnﬁrolled:by the caldium_migiation rate. Also,

3

the'oxygenAmust be partially covalently bonded to AL"” and Si+LL ions at

all times or it will agein comtribute to electrical conductivity.
. w7

'In_reference to thié last statement,-TOWeré‘ané Chipman and King

and Korosué.also found Déi = 1/10 DCaf Furtﬁérmére, the work of
Bockris, et 81." seems to indicate that ‘the diffﬁsin-g species is not
an ion éf'charge +2 oru+hvbecausé bf tfansport nuﬁbers.  The diffusion
of silicon.would, therefore, appeér to bé,somethihg 6thef.than simple
cationic_mdvement. A mechanism involving the ruptﬁre of two of the
bonds by.Which a-SiOu tetrahedra is héld to the siiicate network or to
a largé ion would permif mbvemeﬁfvof two Qxygens.along with thé silicon
resulﬁing_in no net transfer ofacharge. The additibn of oxyéen ions tov'
Si would ﬁake the diffﬁ#ion?céefficient of oXygéﬁ éniy_tﬁo or three times
that of the cations instéad of.mOre‘thén an order Ofvmagnitude. Other
' édﬁsidérations are the large energiés required td move silicon and
aluminum from theif latbice positions (105 énd780.Kcal/mole, respéc-
tively) and the 10w coﬁducti§ity of thesé ions in glaSseé.hg Thus it
| -suggests fhat neither Sifh'nor A1+3 exists in a free-stgte in glasses.
This bﬁckgrouhd informatidn;»élﬁhqugh diffefing in‘resﬁlts and -
conclusions, is useful iﬁ a_discussion éf the nature of diffusion in
 the Ai203-8i02 syétem. ‘As discussed above, thé.factvthat the.eXirapola—
5 .

'tion of the oxygen diffusivity data reported by Sucov’ coincides with

the diffusivity of aluminum at the higher concentrations iS a direct
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indication of the concurrent movement of both gluminum and oxygen in this
system,  06héidering that the oxygén dété is obtained from the singly
bonded oxygens surrounding:ﬁhe,impurities in fused SiOz, it is quite
likely that the velue of the diffusivity of a doubly bonded or bridging
oxygen is ciose to thétpﬁéagnréd_for thé}low aluming concentrations.

Coupling these ideas with the facts of high bond stfength and vis-
cosity, one is drawm to thévéoﬁcluéion fhat the diffusion in the binary
glass is:a cooperative motement ofﬂl&rge oxygen—containing aluminum and
silicon Qoﬁpiexes.' As Alzog (ér mullite) enters the fused silica struc-
ture, the oxygens must adjuéﬁvbo fofm the glass configuratibn-—an éntity
which is also in a state of coné%éht ch&ngé. With the m@vemeﬁt of the
Al complékvdlqng thé ccﬁééﬂtréﬁidﬁigrédient,’therekmhst be abcorrespond_
ing flux:of'the Sivcom@lékﬁﬁgward thé iﬁtéffaée;: These cqmplementary
movements ﬁéy be vieﬁé&?gﬁﬁéhé_molééuiaf scale asvviQCbus.ﬁasses progfessn
iﬁg through'the fused Siiiéﬁ-structure_in & type 6f ring hechahism of
&iffusion in which several bonds must be broken and the structure
(particﬁlariy that of oxygeh) rearranged to'allow'thé movément of each
species,

This‘species which effects the diffusion tﬁfough the glass becomes
progressively smallervwith the onset of AlOs bétaﬁedra formatien and the
corresponding formation of ﬁonmbridgingagxygen. This is noted_in the
decreased‘acfivation energies for diffusion and ¥iscosity with increasing
Al,03 content. No attempt was made to directly relate viscosity and
diffusivity values to thé size of the mobile species by the use of the
Stokes-Einstein equatibn.' Doremus2 and others have observed that while

phenomenological comparisons are valid to an extent; particularly in

g
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liéuids,.nd exact cqrrelation exiéts between the diffﬁsion coefficiénts
or theif temperaturé-dependence aﬁd-the.viscositiéé of noncrystalliﬁe
si?icaﬁéé,ivﬁ detéiléd ihterpretation of the diffﬁsion pfocess in terms
of the actlvatlon energy wes not attempted for as Samaddar,vet al.so
have p01nted out, thP llquldus comp031t10n and consequently the derlng
force for_the diffusion process changes with tempexature. Wlth.thls
change,vthére will be cofresponaing changes -in the-éffective diffusion
"coefficienﬁwiﬁh temperature ﬁhich'&re mpreycomplex than any éétivated
process éloné; The diffuéién.COefficients'in silicate systems depend
greatly énvthe compositioﬁ’ﬁnd‘liquid structure.:’All these factors com-
bine to make'interpretatioﬁ ofldissolution behaviof‘on the basis of
activatiéﬁ énergy_rather inéffeétive.

_ﬁiﬁally, an attempt has been made to indirectly ﬁeasﬁre the diffusion
coefficiéhts of Al+3 innthe interfaciai1mullite fOfmgd at the higher
temperétufes utilizing the ﬁamhematicalvscheme,descfibed'in-Section IIi.
The averagea of these results are reported in Table VIIT and plotted on a

partial graph of the diffusivities of Al *3 in glass versus l/T in Fig. 37.

Table VIII. Experimental data for the calculations of
diffusivity of A1%3 in mullite

o CeCrg ' . S 2 om?

Temperature Er_“—:gf = F(vy) Y v? D= K B

(°c) -~ TII,ITo N T
1650 . T.46 x 1072 L1901 .03648 6.90 x 10712
1700 . T.46 x 1072 L191 .03648 1.52 x 1071

1750 7.6 x 1072 191 . .03648  1.79 x 107%
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TEMPERATURE (°C)

DIFFUSIVITY (cm?/sec)

81800 170 1700 1650

0°F E
10| :

10 = 3
O.l

!dHr B —

:, .o;

_ 0.05-
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- 0480 ' 0500 - - - 0.520

/1 (°k~'x103)
XBL 707-1569
, Fig,VST,: Points of hypothetical mullite diffusivity (x) superimposed

‘on diffusivity curves of A1*3 for four concentrations in the
glass. : : :
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‘Also,uthe‘flux-density'valueseof'Ai+3 in‘the:ihserfacial liquid com~
position:are greater than in mullite. Furthermore, the differenee in
these values, as well as those of alumiﬁuﬁ diffusivities in mullite and
the interfscisl iiéuid:inereasesvwith temperaxure;l Kidsonsu has shown,
.however that the growth of mulllte.to an observable thickness is depen-
dent on a hlgher flux den31tV in the mulllte than in the llquld at the
1nterface. - | | |
This.discrepaney_can be explained on the Basisvof the nature of the

diffusing species.  In the mullite there is an interdiffusion of Al 3 and -

51ty catiens, while in the liguid, the species mist be some aggregate
complexIWhicﬁ iﬁc]udes oxygen.ions ss well as eations:aetisg as a unit.
The concentratlon gradlent of such species would be less than that for .
Al *3 based on the Al—concentratlon profile, and would also be dependent
on the size of the dlffu31ng species. TherefOre the flux densities of
>-the dlffu51ng complex would also be less and . actually less than that in
the mulllte above about l63h°C. 'The 1ncrea51ng thlckness of mulllte with
temperature for a given time also suggests that the size of these poly—
ionic species changes with temperature. This behawior may be due to a
lesser tendency for the formation of AlOs oct&hedra and thus, non-
-brldglng oxygens because of the lesser tendency for‘llquld 1mm1sc1b111ty
as shown by‘MacDowell and‘Beall.lh

Of interest also, is the‘ﬁossibility'of determining the activation
energy for_growth of mullite and thus the activatipn energy for chemical .
iﬁterdiffﬁsion in mullite. The value of about 220-Kcal/mole determined

from.measurements made on sapphlre-fused gilica. couples is an apparent

actlvatlon energy s1nce there 1s a competltlve process of dl solutlon of



mullite by the liquid. Therefore, it isﬁhééessary'tb set up diffusion
couples in.ﬁhich ohlybthe‘growth of muliite.occurs;y This condition~is
achieved by using liqﬁias'satufatéd with Alzoavféfléofrespohding tempera~
turesni In this study oﬁl& one liéuid was prepared_which contained 15 wt %
Al1,03. Tl.q'is'>‘ gl'aés wes used with sapphire in diffu'éi‘oﬁ couples at 1650°,
17000,117509C; The liQuidﬁé cﬁrvé determihed in fhis study shows that |
this liquid”is_saturated with Alzbg at abéut 1680°C. This situation-
creates é condition of éome_dissoiufion of mullite into the liquid at
1700° and lTSOOC and of some additional growth at 16506C. A lower limit
of activgtion energy of i25 Keal/mole can be péssibly established by
assuming tha’ﬁ the mullite thickness values at 16 5(5°. ‘and 17do°c are cor-
rect‘Within eX§erimental error. On the other hané, if it is assumed that
the meaéﬁfed'ﬁ_for l6SO°C.ié high and that for 1700°C is low, then the
activﬁtién.énergy ﬁalue would be larger énd may ¢orrespond to the value

of gbout 177 Kcal/mole‘obtained in éreep experiments on mullite}sl

o
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V. SUMMARY AND CONCLUSIONS

- The kihétics and mechanisms of tﬁe diffusioﬁ prééesseS‘which océur
.between'éilica and aluminé.(sapphire) or mullite héve been determined
and correlated with thebreéults of suppiementary:e%périmenis and the
. findihgsﬁdf previous aufhors. The reactibﬁ between fhese materials in-
volves the formatibﬁ of muliite ét thé iﬁterfaéé'(sépphiré»silica couples
oniy) and the digsolution of this phase by the dlffuslon—controlled move-
ment of an alumlnumrrlch oxygen—contalnlng specles through a silica~-rich
liquid,"The.aluminum,concentration versus distance'profiles are similar
" for thé»sappﬁirefsilica and muilitg—siliéa couples annealed at 1650°C in
air and Heiiﬁﬁ; This behéﬁibr“indicétes that the diffuéioﬁ process is
not cohtfolled b& redc#ion at the inferface or affected by the surfoundn
iﬁg atmoéﬁhére. The sdlid solution fange of the'iﬁiérfacial-ﬁullite ex~
téndé ftbﬁ‘fb;S to TSAS‘wt”% Ai2O3. This réhée Agree3~within experimental
error Wifh tﬁe values determined by Aramaki:xand Rby.28 The composition
zone on - coollng from 1800 C is Tk Wt % A1203, whereas 2A1203‘8102 has
, ?7.3 wtv% Algoa. Thig dlfference 1ndlcates that the "2 l" mullite may
have a solld solutlon range and that its composltlon on crystallizetion
1s.a functlon of the total>alum1na concentratlon in the liguid.

The - experlmentallv determined 1nterfac1al composgitions descrlbe a.
revised liquidus curve which'is indicative of a rather high rate of-
éilica é#&pofation aé well as the eéxistence of a ii@uid immisqibility
‘region. ’Tﬁis curve was extended below the eutéctic temperaturé due to
the'presencejOf avmetastablevamdrphous_phase at the diffusipn coﬁple
interface. fAisingle‘eutectip noneéuilibrium,phasé diagram.is postulated

for cristobalite-sepphire couples fo'explainvthe appearénce of this
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initial liquid phase, The formstion of the liquid or'its initial presgence
(fused siiica;-_-sapphire couples) immediately leads to the subsolidus
nucleation of“mullite on the sapphire surface. _Tﬂisfhucleation précéss : w
is rapid édlfhaﬁ, as theorétidal argumeﬁts show, a "mullite complex" con-
tinues to forﬁfat the'interface even at subsolidus temperatures wherevthe.
rate of dissolution of mullite by thevliquid,bécomés mbré rapid than the i
growth ra&e, 'Once a liquid'is formed, the dissolution of cristobalite
occurs by aiffusion of the Al—O'species toward the silica~rich zone.
Cristoﬁéliﬁe.is, thus, unsteble in liquids containing'Ai203 cohteﬁts_
greater than.that indicated_by thé'Sioz;liquidus éﬁrve»in fhe ?hase dia—
gram, | | |

Above the eutectic temperature, the. formation of a stable liquid.
occurs, and’ mulllte readily grows to an dbservable size above approx1mately
1634°C if the specimens are held at temperature for e sufficiently long
time., _In thls case,_the rate.of overall growth of the mull;te surpasses
its solﬁtidn rate in the‘iiquid phase.

Theﬂépparent chemicél ihtérdiffusivities of the slumirnum ion in the
liquid phase‘vary greatly with concentration and'teﬁpefature. As a re-

- sult, the apparent activation energy and the.pre-ékpongntial-(Do) values
are extreﬁely high at low aluminum concentrations and decrease as more
Al203 is-taken into the glass. |

‘Thevinterpretation-of these.resulﬁs is based»on aﬁ_attempt to under-
stand bo%h the structural changes which occur as the Al,03 concentration . ' o

in fused silica increases and the nature of the diffusing species. The
alumingm codrdination meésureménts were performed and the results com-

pared with additional physical property data reported by previous
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resé&réhe%é;illt'is‘postuiatedlfhai-the'Alzoa°is iﬁ¢ofpofated into the
silica éffﬁéture to apprdiimately 9wt % fhréugh the.forﬁafion of tri-
clusters éomﬁésed of oné Alby and.two Sibk groups tribridged by an oxygen
ion whose éﬂa;ge is satisfied only by the coordinating 5i ions. As thé
AlzosAconceﬁﬁratiqn-increaﬁés,'AiQGIoctdﬁedra deveiopuwhich simultaneously
allows tﬁé_fqrmatibn'Qf_ﬁormaliﬁiOu tetréhedra. :The‘glass struétﬁrevthus
. gradually beéomes ahalogous tpyfhétvof ﬁulli£e_or‘siiiiﬁanite_with Short
rangeiofgé?}.vAt higher te@ﬁerdtﬁréé théﬁe iS'some,eQidéncé thet Al begihs
to aevelbé'éhpreférencé'fdf § tetrahedrai>c§ofdinati§n.

It'ié”cbnclﬁdéd thax fhe diffusion prbcess in.the.binary glass is a
conperati§é ﬁovement.of_large'oxygen—containiﬁg aluminum and silicon com~
plexes thréugh the fused silica7sf?uéturé in avtype of ring mechanism.
The formafion of AlOe'octahedra:and corresponding ﬁon—bridging oxygens
creates prbgressiveiy,sﬁalier'diffusion species in the glass_indicated by
thé‘graduéi'decréase'in,gefivation energy and viscosity with an increase
in'Aléog’c6QCentrati§n.‘ Correspondingxw,_the,sizé.of the’species also
changesfwith.an increage in'temperature at é given concentration'bgcause
of an incerease of tetr@hgdrélly coordin&téd Al.

Caléulations of the diffusivities and flux densities of the aluminum
ion in‘tﬁéﬁmhllite iayer f0rméd at high téhperamufes result in lower
valueé fhan'those»found for the aluminum movement‘atlthe iiquid inter-
face. Thisfbehavior is contrary to thé.requirement_for mullité growth
but.supﬁorts the hypéthesis-that polyiénic sPecies ére diffusing in the

liguid rather than'singie:ions..
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APPENDIX I

‘Table IX. Spectrogragphic analy51s of Sapphlre
o amer31l and crlstoballte

Spectrographic analysis of Union_Carbide'aluminé single crystals,
Englehard Co. "Amersil," and Geqrgia‘lnsﬁitute of Technology Experimental
Station dfistdbalite‘reporfed in weight percent of the oxides of the

impurity<eleménts indicated. "P.C." indicates "Principal Constituent."

Impurity Sapyhire Amersil . Cristobalite
AL - P.C. .0L5 0.230
Ba. ~o.001 - 0.001
‘Ha 0.050 - | 0.080

Ca . 0,001 0.0005 ~ 0.020

Mg  0.0005 0.0007 = = - 0.008

Fe 0.00k 0.015  0.092
Sn ' 0.005 - . 0.001
B 0.005 - 0.010
Mn - . ~ 0.001
Cu 0.0005 ~0.0005 10.001
Ti 0.001 - o0.028
81 ©0.210 ~ P.C. .. P.C.
_Total iﬁpurities ' .2880 . © . 0.061T7 0.L72

Analy51s performed by Amerlcan Spectrographlc Laboratorles, San Franc1sco,
Callfornla.‘ : ‘ ,
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Table X. Chemical analysis of mullite

Carborundum Corporation fused ingot cooled from the melt. .
_Reporﬁed in weight percent of the oxide as an averagei<of three separated |

runs,

1205 S 78.3h | - :t
Siﬁovz.. . - 23.50 - |
Ca0 . o0.02

éezos- ' _ o 0.16»".
Naz0 | : 0.28 - o

Analysis performed by Coors'Spectro—chemical‘Laboratory; Golden;' ; ' f
Colorado. - ' ' S o S o

'
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."APPENDIX-II‘._ The Decomposition of Mullite

The dlscovery of the decomp051tlon of mulllte at low oxygen pressures
has led to a separate qualltatlve study of this reactlon on the surface of ’
cleaned &nd hlghly pollshed mulllte sguares hav1ng a molar comp081tlon of
2Al203-8302._ A search of the literature reveals that thls reaction is
v1rtually unknown among researchers worklng with the A]zOé—Sloz system.
okola,re uslng eray ana1y51s'and optical mlcroscopy, reports that pure
syntheticfmﬁiiite was partielly decomposed when heéted between,graphite
plates iﬁ a cafbon'resisfaneé;furnace at 1700°C siﬁee_approximately 5%
v corunduﬁlWae detected igmﬁeemullite residue after‘fogr hours.

| Wrightxeﬁd Wolffss discoveréd that mullite.brickevwere severely!

attacked'by feducing agehﬁsbabove l370°Cvin a neiﬁrel.gas cracking plant.
In the zone of greate%t attack a coverlng of porous corundum.was found.
They concluded +hat SlOz, free or combined in the mullite, was reduced to
510 by carbon deposlted from the cracked methane. The free Si0 then re-
oxidizea elsewhere or reacted with the corundum left by the first reaction
to reforﬁ ﬁullite. This reasoning suggests that fﬁengraphite plates used
in Skole!e experiments acted as a reducing agent and contfibuted to the
formatibneof.corundum.
o The auﬁﬁor's réseerch cbncerﬁihg this decomppéitiohiwas prompted by
the forﬁation.of gas bubbles in the fused silica Wwhen heated in He with
mullite-to form ; diffusinp»eouple. The initial work wes,therefore, cdn—
dueted at low ox&gen pressures for‘sevefal different times at the tempefa«
tures Qf‘fhe diffusion rune. ‘The heating schedule included a rapid heafiﬁg
und f:o.(;;l<ti,r‘ig cycle with a one-hour intermediate h%eé.ting step at >1200°C‘.

The mullite pieces were not covered; thus the'oxygen pressure in the
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furnace- was détermined by the tantaium heating element and shieids, as
disouésed below.

The résolts, as deferﬁiﬁed by X—fay diffracfion and photography were
simila; tobﬁbose of previous invéstigators,'i.e., an>élumina powdér formed
on the Sﬁrfaoe in greater amounts with time at tempefature ond increased
with tempelégmre at constant time, as shown in Figs. 38, 39, and bO.

X-ray anaiyéié revealed onlj‘AléOg on the sﬁfface:éfter hééting for 12
hours st all the temperatures of this research. In confrést, corfesponay
ing anheais.conducted in air produced almost no decoﬁﬁosition even after
11 dsys st 1650°C (Fig. 4of). |

Theoohotographs feveal that'tho reaction is most infenée on those
crystals ﬁhioh appear dark (aotﬁally‘clear)'in the unheated mullite
(Fig., 38aj,voAé heating time, Aﬁd theréfore the fofmation of élumina,
iincreasés,kif can be seen.that the bounéaries ofbsomé of those crystals
have regoted}more extensi&él&>£han.have-the crystélsffhemselvesf

To.oxpiéin the méchéﬁiém of this‘deoomposition, several reactions
were proposed and their équilibrium conStantS-evaluated:at 1900°K (1627°C).
Only those reéctions.which contained Al,03 as a product in solid form had
eqﬁilibrium constants high enough to be'considéred'55 tho principal de-
composition reactions. If'shoﬁld_be noted that the calculations for this
and the fol;owing date wero oonducted using muliite of a 3A1203°28i02
composifion, as data.fof the 2:1 composition is not évailable.. However,
therewis'ﬁhopght to be little difference in the results, since the crystal
.structuresféfe similar and the_diffefences in composition_afe not large.

The reactions considered to be governing the decomposition process are
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XBB707-3068

Fig. 38. Microstructure of mullite pieces fired in helium at
1700°C for (a) unfired, (b) 30 min., (e¢) 1 hr.,
(d) 3 hr., (e) 6 hr., (f) 12 hr.
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XBBTOT-3066

Fig. 39. Microstructure of mullite pieces fired in helium
at 1700°C for (a) unfired, (b) 30 min., (c¢) 1 hr.,
(d) 3 Hr., (e) 6 hrs., (f) 12 hr.
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XBBT07-306T

Fig. L40. Microstructure of mullite pieces fired in helium at
1750°C for (a) unfired, (b) 30 min., (e¢) 1 hr., (4)
3 hr., (e) 12 hr., (f) in air at 1650°C for 11 days.
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AlSSizOlg(s) > 3A1203(S) + 25i02(g) (A1)

s;oz(g) + 1/2 0?(3) + SiO( (A2)

g)

The decomposition is written as a two-step process, since no free
silica was found in the mullite. In other words, since all the available
silica is in mullite in the composition of 5i0;, it is thought that the
silica leaves the mullite as a gas phase. The S5i0O; gas subsequently de-
composes to 5i0 and Oz to a degree governed by the Si0,/Si0 ratio or
ultimately by the partial pressure of oxygen in the system.

To understand this reaction more fully, the reaction expressed by
Eg. (A2) can be considered to be in equilibrium. The equation for the

*
standard free energy of formation of Si0Oz gas can thus be expressed as

The values of AF® were. calculated from known data for this reaction5

/ e

(P,

and used to determine log [P ] for the temperature range

Fsio
of 1800°-2100°K as given in table XI.

Si02

*The author is indebted to Mr. Ilhan Aksay for suggestions concerning
the thermodynamic procedures and help in the various calculations and
interpretation of the results.
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Teble XI. AF° and log PSioz/PSio°Pozl/2

range 1800°-2100°K, determined from Eq. (A2)

values for temperature

w " Temperature (°K) - AF° (Kcal/mole) - Log PSiOQ/PSiOPOz
1800, -16.988 2,07
1900 - 15.148 1.75
2000, ~ 130347 16
2100 ~~11;£89:* B 1.20

i

Analogous calculations were performed for thevreaction'deécribed.by
Eq. (Al) to determine the equilibrium pressure of 8i0,. These results
ere given for several températures in Tablé XII andvplotted:against

absolute temperature in Fig., (41).°

Table XII. AF® and PSio?‘vélues;fbf,témperaturé range
1800°-2100°K, determined from Eq. (A1)

Temperature - ARC P..
(°K) . (Kcal/mole) (2;2§
1800 | 133.749 7.09 x 107°
. S 1900 126,219 . 5.12 x 107°
2000 - 118.706 3.09 x 1077

2100 . 111.206 1.58.x 10°°
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Fig. 41. Curve of P

' ’ 1 . |
1900 . 2000 2100
TEMPERATURE (°K)

XBL 707-1529 o

versus absolute temperature determined o

| 510,
for reaction (Al).
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In air, the partial pressure of oxygen equals OgZOfatm; however,
under noﬁoxidizing conditions similar to those of this research, PO is
o : . 2
determined by the equilibrium partial pressure of oxygen in contact with

o heated tantalum. The reéaction between tantalum and,oxygén,may be written

as

2Ta + 5/2 0y + Tap0s . . S (A3)

Again, the standard free energy of formation of Tap0s5 may be calculated

25

from known data,”” and the equilibrium partial pressure of oxygen
determined from these results fof the temperaturesféf the diffusion runs,
as shown in Table XIII end Fig. (k2).

Teble XIII.  AF° and»;og.PO£ values for temperature fange'.

1923°-2073°K Getermined for the reaction' described in Eq. (A3).

Temperature = . © AF° _ - Log P

7o o -/ . 02
o (Keel/mole) (atm) . .
1923 - 297.890 - 13.59
1973 293.318 - 13.04
Ce023 . 288.769 L =125
2073 . 284,226 -712,03
» Knowing the range of oxygen pressuréS'for both air and helium con-

ditions of this research, plots of log ( versus log POz can be

Psi0,/Fs10

constructed for =ach temperatufe by assuming values of POz Which_fail.

within this range (F}g. 43), From these‘graphs, va}ues Of.lOg,(PSioz/PSiO)
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Fig. k2. Curve of equilibrium partial pressure of O}qygen versus
' temperature of the diffusion runs for reaction (A3).
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can be deﬁermined at the different temperatures for the known oxygen
pressures in the helium and air atmosphéres as shown by the isobaric
lines drawn iﬁ Fig. AB. A tabulation of these values is given in Table
XIV bélbw._”‘

e ' : [} o
Tsble XIV. PSioz/PSiO‘values for.temperatu?e range 1650°-1800°C

determined at constant oxygen pressures from Fig. 43.

o . . .
Temperature (°c) PSiOZ/PSiO (He) . PSiOg/PSiO (air)
Coe © 512 10l+30
1650 10 5 10
1700 v 10"‘0*97 101525
1750 : g0 u-88 ' h 10100

1800 . 1074+ 82 o 100+90

These ratios of P, /P

. .~ given above must be maintained to insure
SlOz i0

S
equilibrium in air and He for the given temperatufé. For example, Fig. Ll
shows that at 1650°C, one musﬁ establish énd maintain a pressure of

Te2 x 10_8 dtm of Si0; to prevent further dissociition of mullite. For

P

an air éfmosphere, one finds the ratio of P Pasio to be lQl°3°. Thus

SiOz/
the cd}responding 510 pressure would be T.2 x 107%°3% gtm, - Since there is
little decomposition of mullite heated in air at this temperature, the
pressure of SiOz iﬁ the system ﬁust come relativeiy peaf the equilibfium
value., As the Si0O; is vaporized from the mullite;_it will, in ﬁurn,
degomposé'to 5i0 and 02 to a degree,detérmined by the surrounding oxygen
pressure.  As seen above, for an air atmosphereithe PSiOz/PSiO ratio-is

approximately 10, i.e., the partial pressure‘df'Si02 is only ten times
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that of 10, - This value has also been reported by Porter, et al.,56 for
the equilibrium constanﬁ for the deComposition‘of>3102_gas. 'Hehce, under
oxidizing conditions, the dioxide becomes the majdrképecies.with the
monoxide 8lso & primary constituent.

In the case of a tantalum heatéd:heliumAatmoéphére at 1650°C, the
equilibrium partial pressure for Si0, is still 7.2_#_10"8 atm; however,
the PSiOz/PSiO

rium partial pressure increases tremendously to a value of 7.2 x 10 2788

ratio is now 107°'*?, Thus the corresponding Si0 equilib-

atm.

This means that with the low 0xygen'pressuré'ahd'thus the high équif
1ibrium partial pressure of the monoxide, the Si02 gés reédiLy dissociates
to 810 and‘free oxygen. The équilibrium partial pfessure of 5i02 gas is
never reached and ﬁhe‘mullite continues to decbﬁpoSe.v The amount of SiO

present is approximately 10% times larger than that of gaseous Si0,.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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