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DIFFUSION AND PHASE RELATIONSHIP STUDIES IN THE 

ALUMINA-SILICA SYSTEM 

Ilhan A. Aksay 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
and Department of Materials Science and Engineering, 

College of Engineering; Uni versi ty of California, 
Berkeley, California 94720 

ABSTRACT 

Sapphire-fused silica diffusion couples annealed in air or sealed 

Mo crucibles in the temperature range of 1678° to 2003°C were analyzed 

by electron beam lirlcroprobe. The diffusion profiles were analyzed 

by the Boltzmann-Matano analysis to determine th~diffusion parameters 

foraltunintun-silicate melts, and mullite (3Al20
3 

·2Si0
2

). Interfacial 

compositions across the phase boundaries were used tb determine the 

stable composition range of the mullite phase field, ranging from 70.5 

to 74.0 wt% Al20
3

, and the alumina liquidus. Incongruent melting of 

mullite, at 1828±lOoC, as originally determined by Bowen and Greig (1924) 

was confirmed. Experiments by the static method of quenching also 

confirmed the incongruent melting of mullite. However,metastable 

extension of the mullite field above the peritectic temperature and the 

metastable solidification ofmullite with altunina contents up to 

.83.2 wt% were easily realized. The extension of the altunina liquidus 

below the peritectic temperature provided a direct evidence for the 

. metastable existence of a Si02-A120
3 

binary ?;lhase diagram without any 

mullit e phas e • 

The activation energy for diffusion in the altuninum-silicate melts, 

above the softening temperature of fused silica,decreased from 211 kcal/mole 
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for pure silica to 42 kcal/mole at 63.1 mole% Al203 ~ This substantial 

change in activation energy for diffusion is attributed to the gradual 

increase in the ratio 'of Al06/Al04 groups with increasing alumina content 

and thus the formation of non-bridging oxygens. Below the softening 

point, the ac'tivation energy for diffusion in fused silica increases 

to 338 kcal/mole due to the tightening of the network structure. At 

45 mole% Al20
3 

content, the continuous network structure of fused silica 

is completely broken down to form discrete anionic groups. High 

activation energies in fused silica and high-silica melts are attributed 

to the rupture of M-O bonds of tetrahedrally coordinated silicon and 

aluminum. Diffusion in high alumina liquids, on the other hand, is by 

mutual rotation of anionic groups involving only coulombic interaction 

and thus requires a lower activation energy. The structural model for 

the Si0
2

-A120
3 

melts is further supported by the viscosity and density 

data. 

An activation energy of l68±7 kcal/mole was determined for diffusion 

in mullite. 
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1. INTRODUCTION 

Diffusion studies in condensed phases are of interest because many 

kinetic processes at elevated temperatures are transport-controlled and 

thus are governed by diffusion phenomena. A continuum approach to 

. 1 
diffusion phenomena neglects the atomistic nature of the diffusion 

process and provides macroscopic parameters, such as diffusion co-

efficients, for use in rate equations. 
2-6 

An atomistic approach provides 

a broader picture of the diffusion process since it relates these macro.,.. 

scopic parameters to atomic parameters, but a prior understanding of the 

structure of the phases involved in the diffusion process is required 

i:ri order to complete the picture by the atomistic approach. However, 

should this structural information be lacking, the macroscopic para-

meters determined by the continuum approach, when incorporated with 

other physical properties, may provide some of the missing information 

about the structure. 

When a diffusion couple is annealed at a sufficiently high tempera-

. . ~ . 
ture, atom mobility is enhanced, and the components of the end phases 

interdiffuse to achieve .a state of chemical equilibrium. The diffusion 

of the components is in such a direction as to eliminate any chemical 

potential gradient. At constant T and P, under equilibrium conditions, 

all the phase fields intersected by the corresponding isotherm and the 

isobar between the end phases will form as layers in the diffusion zone. 

The thickness of each layer is dependent upon the growth rate of the 

corresponding phase. Regardless of its thickness, however, each phase 

must exist in the diffusion zone in order to provide a continuous and 

monotonic chemical potential gradient throughout the zone. If diffusion 
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transport is the rate controlling mechanism, a local chemical equilibrium 

will exist at each interface. These interfacial compositions, then, 

correspond to either a liquidus or a solidus composition 7 and can be 

used to construct the equilibrium phase diagram involving the end phases 

of the diffusion couple. 8 ,9 

Having thus outlined the extent of the information one can obtain 

from a diffusion study, the reason for the choice of the Si02-Al203 
, 

system for such a study becomes apparent since (1) limited structural 

information and diffusion data are available on the binary aluminum 

silicates, and (2) although this system has been the subject of numerous 

phase equilibrium studies during the last half century, questions about 

the melting behavior and about the solid solution range of its inter-

mediate compound, muili te (3A1203 -2Si02), still remain to be answered. 

The" first systematic study of the Si02-A1203 system was conducted 

iIi 1924 by Bowen and Greig
lO 

who showed that, under atmospheric pressure, 

mullite (3Al203'-2Si02) but not sillimanite (Al203-SiC)2) was the only 

stable compound of this system. Furthermore , it was shown that mulli te 

melted incongruently at 1828°c. The findings of Bowen and Greig were 

generally accepted without any serious question until 1950, when Bauer 

et al.llwere successful in growing mullite single crystals by the 

Verneuil method. Since single crystals of incongruently melting compounds 

are not ordinarily produced by this method, the incongruency of mulli te 

was thus questioned. 
" 12 

Subsequently in 1951, Toropov and Galakhov pro-

vided additional evidence that mullite melted congruently. Since then, 

fl ' t' . t' t' 13-28 h b d t d numerous con lC lng lnves 19a lons ave een con uc e , some of 

h · h t d th . 13-21. . all d t . d b B w lC suppor e e lncongruency as orlgln y e ermlne y owen 

.,<:~ 

• 

.. J 

\i 

. 
<; 

4 

',. 
\, 
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and Greig and some of which supported the congruencyof,mullite decom-

·t· 21-28 . T .. 15 . pOs1. 1. on . Among these, the stud1.es by romel et a1. and Aramak1. 

26 
and Roy should be mentioned as the most extensive ones. The findings 

of Tramel et al. , in general, are in agreement with those of Bowen and 

Greig. 
10 

Aramaki arid Roy's 
26 

diagram (Fig. 1), however, supports the 

congruent melting of mullite; and, at the present, 
" 

their study stands 

out as the generally accepted one. The details of these studies will 

riot be discussed here since this subject matter has been covered by 

. 31-35 several reV1.ews. 

In addition to the melt'ingbehavior of mullite, a second outstand-

ing problem of the Si02-A1203 system has been the determination of the 

stable solid solution range of mullite. As shown in (the Aramaki and Roy 

diagram (Fig. 1), mullite, normally, corresponds to a composition of 

3A1203 -2Si02, and its solid solution range extends from 71. 8 wt% to 

'\,74~3wt% A1203. This range, however, is only realized when mullite is 

prepared by solid state reactions in the presence of alumina. When 

solidified from a melt, the composition of mullite m~ extend up to 

77.3 wt% A1203 (2Al203-Si02), a fact which raises the question of meta~ 

stability.26 No satisfactory explanation for the fact that high alumina 

mullite is formed only from a melt has yet been presented. 

Most phase equilibriUm studies on the Si02-Al203 system have been 
< 

conducted either by the static method of quenChing
36 

or by differential 

thermal analysis (DTA). Difficulties of obtaining accurate phase 

equilibrium data by these techniques, especially in a silicate system 

with an incongruently melting compound,have been discussed both by 

Bowen37 and Eitel. 38 Because of the sluggish nature of reactions in 
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silicates, often non-equilibrium crystal phases 8J.so.occur which have 

. . 

their own metastable equilibrium diagrams. Among the investigators of 

the Si02-Al20a system, this concept was first indirectly considered by 

.0 . 15 
Tromel et al. who argued that although the original work of Bowen and 

Greig reflected the stable equilibrium, it was possible to obtain a 

metastable congruent liquidus by means of supercooling of the liquids 

without any alumina precipitation. This concept was strongly rejected 

by Aramaki and Roy26~n the· grounds that precipitation of corundum with 

a relatively simple structure would occur readily when it is the 

. 26· . 
equilibrium phase. Aramaki and Roy's argument, however, should now be 

considered with reservation since recent studies have shown that liquid 

1 o· "t If bId as much as .2000C.39-4l F th Of a . u:rruna 1. se can e supercoo e ur ermore, 1. 

supercooling of the silicates with high alumina contents is indeed a 

possibili ty, any data obtained by the conventional quenChing technique 

or DTA should be reviewed critically. 

In a recent diffusion study, Davis and Pask,42 utilizing semi-

infinite couples of silica and alumina and the electron microprobe for 

determining composition profiles, demonstrated the power of this tech-

nique for obtaining not only diffusion data but accurate stable and 

metastable phase equilibrium data as well. These studies, however, were 

confined to the temperature range of 1552° to l803°C (Fig. 1), below the 

melting point of mullite, with particular emphasis on the diffusion 

kinetics in the high-silica liquids. 

The objectives of the present study were to extend the studies of 

Davis and Pask above the melting temperature of mulli te in order (1) to 

obtain diffusion data not only on the high-silica liquids, but also on 

~. 
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the high-alumina liquids, and (2) to determine the phase equilibria in 

this portion of the system by a technique not handicapped by the 

deficiencies of the techniques utilized in the previous phase equilibria 

studies. Furthermore, diffusion studies below the melting temperature 

of mullite were also conducted in order (1) to determine the stable 

solid solution range of mullite, and (2) to study diffusion kinetics 

in the mullite phase. 



.. 

-7-

II. MATHEMATI CS OF DIFFUSION 

The kinetics of diffusion can be interpreted. by means of the well-

knownF'ick's first and second laws for the one-dimensional case: 

J = - D(~~) 

ac a (D ~xc.) at = ax a 
(2) 

whereJ is the net flux of the diffusing species passing through unit 

area of a plane normal to the x-direction in unit time (gm/cm2 -sec), c 

is the concentration of this species per unit volume (gm/ cm 3), t is the 

time' (sec), arid D is the diffusion coefficient (cm2 /sec). In these 

relationships, concentration rather than the chemical potential gradient 

is generally used because of the ease in determining the former. 

Ina diffusion couple of non-ionic substances, when two species 

intermingle, the rate of mixing is dependent upon the self-diffusion 

rates of both species. In such a case, D as determined from the above 

equations is the interdiffusion coefficient and can be related to the 

self-diffusion coefficients through Darken's equations. 43 Diffusion in 

ionic substances, however, has a restriction since a local space charge 

neutrality has to be maintained. The measured interdiffusion coefficient, 

then, is not only dependent on the self-diffusion rates but also on the 

ionic charge of the diffusing species. The relationship between self-

diffusion and the interdiffusion coefficients in ionic systems has been 
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discussed by Cooper and Heasley. 44 

As expressed in E~. (2), D is concentration dependent. In the 

Si02-A1203 system, diffusion in the li~uid phase above the melting tem-

perature of mullite extends over a wide concentration range (Fig. 2); 

thus D would normally be expected to be concentration dependent. Davis 

42 
and Pask have shown that D is concentration dependent in the high 

silica liquids of the Si02-A1203 system. The solid solution range of 

,the mullite phase, however, is very small (~3 mole%) (Fig. 3); the 

assumption that D is independent of composition in this case thus is 

satisfactory. DiffUsion mathematics of these two cases is outlined in 

the following sections. 

, 
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A. Concentration Dependent Diffusion in a Multi-Phase System 

Boltzmann 45 has treated the case where a pair of semi-infinite media 

form one phase so that c(x,t) is a continuous function with continuous 

deri vati ves for all t>o and _co<x<+oo. If di ffusion t:tansport is rate 

controlling, c - c(xt-l / 2 ) only, then by substituting A = xt-l / 2 , Eq. (2) 

can be transformed into an ordinary homogeneous differential equation: 

a a 
ax = ax 

_ __ ;;.;;x-:--

2t3/2 

1 

tl/2 

1 
tl/2 

Substituting Eqs. (3) to (5) into Eq. (2), one obtains 

(4 ) 

(6) 

Experimentally, c(x) is always determined at a constant time, t, thus 

xdc 
2 

Now, if c(x) is continuous with continuous derivatives over the entire 

range, _oO<x<+oo (Fig. 4) ,Eq. (7) may be integrated with respect to c 
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from 0 to c', where o<c'<c and the initial conditions are 
A 

c = cA for - oo<x<o 

c = 0 for o<x<oo , 

c' 

f 
o 

Since 

.( ~~) 
c=o 

c' 

D( c' ) 
1 - - 2t J xdc 

o 

If the above integration is carried from c = 0 toc = c A' 

cA 

f xdc = 0 

o 

where _oo<x<+oo. Equation (13) sets the condition for x = 0 for the 

evaluation of the integral in Eq. (12), i. e • 

c" 

f xdc (-x)dc 

o c" 

.~ 

( 8) 

(10 ) 

(11) 

( 12) 

( 13) 

(14) 
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where c=c" at x=o (Fig. 4). This x=o interface is usually called the 

Boltzmann-Ma.tano interface, 46 which corresponds to the plane of mass 

balance of the diffusing species. Thus, if a pair of semi-infinite 

media is annealed at a constant T and P for a certain time interval and 

the concentration profile is obtained by experimental means, D( c') of ,. 

Eq. (12). can be determined by measuring (~) and ofc' xdc graphically 

(Fig. 4). Furthermore, since c is a function of A only, at a constant 

composition, ~=xt -1/2 must also be a constarit. Then, the basic require-

ment of the Bolizmann-Matano analysis, i.e. that diffusion is rate 

controlling, may be verified by plotting values of x at a given compo­

sition versus the corresponding values of tl/2. If the process is diffu-

sion controlled, a straight line relationship has to be obtained. 

The Boltzmann-Matano analysis as presented above, however, is not 

applicable to a multi-phase system since c(x) is not continuous with 

continuous derivatives over the en tire range, _oo<x<+oo (Fig. 5). A 

modified solution of the above method for a pair of semi-infinite media 

of two different phases has been first presented by Jost47 and more 

. 48 
recently by Appel. In this case, the condition which determines the 

x=o interface (Fig. 5) becomes 

o 

C3 

xdc + (CZ-Cl)·~ + f xdc = 0 

Cz 

where ~ is measured from x=o. Thus, up to the discontinuity, i.e. for 

c'<cl' Eq. (12) applies, and for C'>Cl including the discontinuity 
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c' 

D( c' ) 1 - - 2t .! ( 16) 

cz 

The interdiffusion coefficient, D(c') is again determined graphically 

(Fig. 5). 

B. Concentration Independent Diffusion in a Multi-Phase System 

The Boltzmann-Matano solution as presented above is also applicable 

to this case. When the interdiffusioncoefficient, D, however, is con-

centration independent, a more straightforward approach can be followed 

without an explicit determination of the concentration profile c(x,t) 

through the phases. A solution to this case was first presented by 

Gibbs 49 based on a more general solution of Kidson. 50 ,51 

In a three-phase system with two moving boundaries (Fig. 6), the 

movement of the phase interfaces ~' and ~" with respect to the Boltzmann-

Matano interface is described by 

(18) 

Wagner52 has shown that the piane of discontinuity is shifted in pro­

portion to tl/~ 

'-
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~." = 2YB (D t)1/2 8' , 

where Y
A 

and YB are constants. Particular integrals of Eg. (2) are: 

(l) in the a-phase 

c = Cs -

(2) in the 8-phase 

c = 

(3) in the y-phase 

(20) 

(21) 

(22) 

Substituting ~! and ~~ from Egs. (l9) to (23) into Egs. (17) and (18), 

(C2-C;;l) 
+-------

erf YB - erf' YA 
(24) 

", 
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When the particular empha.sis is on the diffusion kinetics in the inter-

mediate phase, i.e. mullite, Eqs. (24) and (25) can be simplified if 

c,+ = Cs and Co = Cl (Fig. 6) • Then, 

1/2 
-,--- = Y

A
7T exp (YA2) (erf Y

B 
- erf Y

A
) 

CS-C3 
(24a)* 

(25a)* 

Equations (24a) and (25a) may be solved graphically to determine Y A and 

YEo From Eqs. (19) and (20), 

(26) 

*Solutions to this limiting case have also been provided by Wagner and 
presented by Jost,2 p. 75, Eqs. (1.332) and (1.333). However, typo­
graphical errors appear in Wagner's solutions. 
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Concentration independent diffusi vi ty ip. the S-phase can then be deter-

mined from Eq. (2b) by directly measuring the thickness of the inter-

mediate layer if the equilibrium solution limits are known. 

C. 'Iempera.ture Dependence of the Diffusion Coefficient 

Interdiffusion coefficient values to be· genera.ted by the methods of 

the previous sections are of practical importance since they can be 

directly used to predict the kinetic processes iIi industrial applica-

tions. A greater importance of interdiffusion coefficients, however, 

lies in the information they yield about the migration mechanism of the 

diffusing species. Generally, the diffusion coefficients are expressed 

. 53 54 in the form of an Arrhenius equatlon, ' 

D = D exp(-~) (27) 
o R'T 

where D is the temperature independent pre-exponential constant, Q is 
o 

the activation energy, R is the gas constant, andT is the absolute 

temperature. D and Q have different meanings for different diffusion o 

mechanisms. Tbe pre-exponential factor Do contains .the mean free path 

of atomic movement, the la.ttice vibration frequency, and the entropy of 

activation as exp(LlS/n). Converting Eq. (27) to logarithmic form gives 

lnD=lnD o 
~ 
R'I ' 

thus Q and Do can be determined by plotting In D versus liT. 

(28) 

. 
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III. EXPERIMENTAL WORK 

A.Diffusion Experiments 

1. Sapphire~FusedSilica Couples 

Sapphire-fused silica couples have been used to study the diffusion 

kinetics in the liquid phase. The couples were prepared from single 

crystals (8.7 rom in diameter by 1.6 rom) of A1 2 03 (sapphire)* and fused 

silica disks (9 rom in diameter by ""7 rom) of lowest water content, sold 

under the trade name "Amersi1." t The sapphire single crystals were cut 

with the c-axis oriented ""30 0 from the vertical and had an as-received 

surface finish of '\..{).27 llIJl. The fused silica disks were subjected to a 

standard ceramographic polishing on one surface. Polishing consisted of 

approximately 10 min each on 45, 30, 15, and 6 llIJl metal-bonded diamond 

laps,** 24 h of vibratory1 polishing ina slurry of 6 llIJl diamond particles 

and 24 h of final vibratory polishing in a slurry of,l llIJl diamond par-

ticles. 

*Union Carbide Corp., Torrance, Calif. Spectrographic analysis by 
American Spectrographic Labs., San Francisco , Calif.: as oxides Cvtt%) 
Si 0.210, Na 0.050, Sn 0.005, B 0.005"Fe 0.004, Ba 0.001, Ca 0.001, 
Ti 0.001, Mg 0.0005, cu 0.0005. 

tAmersil, Division of Engelhard Industries, Inc., Hillside, N.J. Spec­
trographic analysis by American Spectrographic Labs., San Francisco, 
Calif.: as oxides (wt%) Al 0.045, Fe 0.015, Mg 0.0007, Ca 0.0005, 
Cu 0.0005. 

**Minnesota Mining and Maqufacturing Co., So. San Francisco, Calif. 

1Syntron Division, FMC CorP., Homer City, Pa.; Vibratory polishing 
machine. 
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2. Sapphire-MUllite~Liguid Couples 

Aluminum-silicate glasses of 10.9, 22.8, and 42.2 wt% Al203 were 

prepared using high purity powders of Alcoa XA-16* reactive a-A1203 and 

-325 mesh Corning 7940 fused silica.~ The powders were intimately mixed 

in isopropyl alcohol, dried at 90°C, calcined at 10000C for 10 h, vacuum 

melted in open molybdenum crucibles at 19000C for 30 to 60 min and 

quenched in He to room temperature in less than 5 min. The calcination 

stage atlOOOoC and a slow heating rate to the fusion temperature were 

necessary to de~ompose the hydroxyls of the fused silica powder. Forma-

tion of a melt before the elimination of the hydroxyls resulted in ex-

cessi ve bubble formation. Rods, 9 mm in diameter, were core-drilled, 

cut intci 7 mm thick sections and polished on one side. A representative 

section of each glass was analyzed by electron microprobe, and the com-

positions were found to be within 1 wt% of the starting value. 

These glasses are in equilibrium with mullite at 1678°, 1753°, and 

42 
l8l3°C according to the mullite liquidus of Davis and Pasko Thus, the 

alumina"":glass diffusion couples of these compositions at the correspond-

ing annealing temperatures coUld be used to study the growth kinetics of 

mullite as an intermediate phase, without any dissolution in the end 

phases (~ection lIB). 

*Aluminum Co. of America, Pittsburgh, Pa. Chemical analysis (wt%) Na20 
0.08, Si02 0.05, CaO 0.03, MgO 0.05, Fe203 0.01, MnO 0.0015, B203 <0.001, 
Cr203 0.0002. 

#Corning Glass Works, Corning, N.Y. Produced by hydrolyzation of SiC14 
when spraying into an oxygen-hydrogen flame. Practically free from 
metallic impurities, but contains a high amount of OH (~1000 ppm) and 
Cl (~100 ppm). 
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3. Diffusion Cell 

The diffusion cell arrangement consisted of molybdenum or alumina 

crucibles containing a fused silica or aluminum-silicate glass disk on a 

sapphire substrate (Fig. 7). Molybdenum crucibles with 9.1 mm ID and 

'Vll mm internal height were machined from high purity rods 12.7 mm in 

diameter.. Some of the runs at 1678°c were done in air with covered 

alumina crucibles* of comparable dimensions. Prior to a cell assemblage, 

the polished surfaces of the diffusion couple parts were checked for 
. . 

f~atness against their counterparts to effect good bonding and prohibit 

the entrapment of helium or air in an irregular surface. The crucibles 

and the diffusion couple parts were cleaned ultrasonically in ethyl 

alcohol. The molybdenum crucibles were sealed around the lid by electron 

beam welding (Fig. 7) and He leak checked. This sealing was necessary 

to eliminate silica losses by evaporation during annealing. An assembly 

of as many as six couples could be run during each annealing by stack-

ing the crucibles with spacers in between. The crucible assembly was 

covered with u thick wall Mo crucible to ensure temperature uniformity. 

A similar arrangement of alumina crucibles was used at 1678°C in air 

runs. 

4. Diffusion Anneals 

A tantalum resistance heating furnace** with a heating zone 10 cm 

in diameter by 20 cm was used for all the anneals above 1700oC. The 

diffusion cell assembly as shown in Fig. 7 was placed on a Mo support 

*Coors Porcelain Company, Golden, Colo. Crucible CN-2, AD998 (99.8 wt% 
Al2 0 3) . 
**Richard D. Brew and Co., Inc., Concord, N.H.; Model 1466s-4. 
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-6 stand and heated to 1200 0 C at 10 mm Hg. The chamber ,Was then filled 

wi th helium slightly below atmospheric pressure, and the temperature was 

rapidly raised (2-3 min) to the annealing point to avoid chemical bond 

formation at the interface at lower temperatures and subsequent cracking 

of the sapphire due to thermal expansion differences between sapphire 

and fused silica. 

The diffusion anneals ranged from 15 min to a month, depending on 

the diffusion zone length. The principal temperature range was from 

1753° to 2003°C. The temperature of the tantalum chamber was monitored 

and controlled by a Leeds and Northrup Speedomax-H Recorder-Controller* 

(precision ± 1°C) through a W5Re-W26Re thermocouple (accuracy ± 7° at 

180006). The specimen temperature, however, was measured separately 

with two Leeds and Northrup optical pyrometers* (accuracy ± 10° at 

2000 0 C) utilizing black, body conditions. The pyrometers were frequently 

calibrated against an NBS secondary standard pyrometer (No. 8632-C, 

NBS No. 4172312; accuracy ± 3°C) and at the melting point of platinum# 

(1772°C)55 and Alz03 (2054oc).30 The melting temperature of AlZ03 was 

verified within 2° utilizing black body conditions with a hole core-

drilled directly into a sapphire crystal: Furthermore, the pyrometers 

themselves were frequently checked against each other to detect any 

malfunction. All the temperatures reported here are based on the 1968 

. 55 
International Practical Temperature Scale (IPTS-68). 

*Leeds & Northrup Co., Philadelphia, Pa. 

#NBS standard platinum was provided by K. S. Mazdiyasni, Air Force 
Materials Lab., Wright-Patterson Air Force Base, Ohio. 
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A Kanthal Super 33* resistance heating furnace was used for the air 

runs at 167Boc. The furnace was loaded at 12000 C and raised to the 

annealing temperature in 'V45 min. The furnace temperature was monitored 

and controlled by a Honeywell Electro-O-VoltlB Recorder-Controller** 

(precision ± 1°C) through a pt6Rh-Pt30Rh thermocouple (accuracy ± 5° at 

1650 0 C). The specimen temperature was separately measured and recorded 
. , 

with a Honeywell Electronik 193 Recorder** through a Pt6Rh-Ft30Rh thermo-

couple. 

The diffusion anneals were completed by rapidly cooling the furnaces 

down to l500 0 C ('VI min) to prevent excessive crystallization in the 

diffusion zone. Continued cooling to room temperature, however, was 

very slow (up to 4 days) to avoid loss of integrity at the interface as 

a result of the difference in thermal expansion. The couples were sub-

sequently sectioned in half parallel to the direction of diffusion, 

mounted in polyester resin and polished as described in Section IIIAl. 

B. Phase Equilibrium Studies by Static Method of Quenching 

Concentration profile discontinuities across the phase boundaries 

provide very accurate information about the stable composition range of 

. B 9 
the phase fields.' Normally, this information alone would be suf-

ficient to complete a phase diagram. However, due to the great con-

troversy about the melting behavior of mullite, quench experiments were 

also performed to supplement the diffusion experiments of the previous 

section. 

*The Kanthal Corp., Bethel, Conn. 

**Honeywell, Industrial Div., Fort Washington, Pa. 
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The compositions· of the specimens used in the quenching experiments 

were 42.2, 60.0, 71.8, 78.3, and 80.0 wt% Al203. The aluminum-silicate 

mixtures of 42.2, 60 and 80 wt% Al203 were prepared (as in section 

IIIA2) by intimately mixing Alcoa XA-16 reactive a-Al203 and -325 mesh 

Corning .7940 fused silica in isopropyl alcohol. The mixtures were sub-

sequently dried at 90°C, calcined at 10000C for 10 h to reduce the 

hydroxyl content of the fused silica and melted in Mo crucibles at 1953° 

or 2003°C for 15 to 30 min. The composition of a representative section 

was analyzed by electron microprobe, and the crucibles were sealed by 

electron beam welding before the heat treatment .. The sealing of the 

crucibles, as before·, was necessary to avoid silica losses during long 

anneals. Heat treatment was done in the tantalum resistance heating 

element furnace in the temperature range of 1753° to 1953°C The speci-

mens were quenched by turning off the power to the furnace and allowing 

He to flow rapidly through the furnace. 

The· 78.3wt% A12 0 3 specimen was a commercial grade fused cast 

aluminum-silicate* prepared by the arc fusion process. Specimens 9 mm 

in diameter by 10 mm were core-drilled from a pore-free portion of a 

fused cast ingot, for the heat treatment as described above. A ceramo-

graphic (reflected light ) examination of the as-received specimens 

showed mullite grains surrounded by a continuous glassy phase. 

*CarborundumCorp., Niagara Falls, N.Y. Sold as fused cast mullite. 
Wet chemical analysis was performed by Coors Spectro Chemical Lab., 
Golden, Colorado. Spectrographic analysis by American Spectrographic 
Lab., San Francisco, Calif.: as oxides (wt%) Na 0.12, Fe 0.02, Mg 0.01, 
Zr 0.01, Ca 0.006, .Ti 0.005, Cr 0.003, Cu <0.005, Mn <0.001. 
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The 71. 8 wt% Al 20 3 specimens used in these quenching experiments 

were the by-products of the efforts made to synthesize stoichiometric 

mullite (3Al20302Si02). Highly reactive Y-Al203* and amorphous Si02t 

powders were mixed in isopropyl 'alcohol, dried (90°C), calcined (700°C) 

and vacuum hot pressed in graphite dies at 3.5 x 106 Nt/mz up to 1500oC. 

X-r~ diffraction analysis of the hot pressed and annealed (1300 0 C) 

specimens always revealed some unreacted a-Al203and cristobalite. The 

presence of a glassy film would be expected from the findings of 

DeKeyser , 56 Staley arid Brindley, 57 and Davis and Pask. 42 These specimens, 

as before, were core-drilled and sealed. in Mo crucibles for quenching 

experiments. 

The melting behavior of mullite was studied using polycrystalline 

stoichiometric 3:2 mullite (71.8 wt% Al203) specimens# synthesized by 

58 vacuum hot pressing mixed high-purity, submicron oxide powders. The 

mixed oxide powders were prepared by the hydrolytic decomposition of 

mixed metal alkoxides. Translucent and completely reacted specimens, 

99-99.5% of the theoretical density, could easily be obtained by hot 

'0 ,6 I 2 pressing at 1500 C and 3.5 x 10 Ntm for 30 min. The reported com-

position of the specimens was verified by electron microprobe analysis. 

The specimens (5 mm x 5 mm x 8 mm), placed in Mo crucibles, were melted 

in vacuum in the tantalum resistance heating element furnace. The 

*Cabot Corp., Boston, Mass. Alon-C, a colloidal y-Al203 made by the 
hydrolysis of AlC13 in a flame. 
tCabot Corp., Boston, Mass. Cab-O-Sil,produced by the hydrolysis of 
SiCh at 1100oC. 
#The specimens were provided by K. S. Mazdiyasni, Air Force Materials 
Lab.; Wright-Patterson AFB, Ohio. 

0' 
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specimen temperature was measured with an optical pyrometer utilizing 

black body cbndi tions with a hole core-drilled direCtly into the speci-

men. Since the melting temperature of mullite was expected to be between 

1800° and 1900 0 C, the heating rate to i800 0c was fast (5-10 min) followed 

by a 5°C/min heating rate from thereon in order to maintain thermal 

equilibrium. The melting temperature was assumed to be that at the first 

instant of the specimen slumping. Some specimens were only partially 

melted and quenched by turning off the power to the furnace and allowing 

He to flow rapidly through the furnace. Cross sections of these par-

tially melted specimens were subjected to ceramographic examination of 

their microstructure just in and just out of the melting zone. Similarly 
. . 

all the other specimens of the quenching experiments were subjected to 

ceramographic examination, and the composition of the phases, when 

necessary, was determined by electron microprobe analysis. 

C. Electron Microprobe Analysis 

The aluminum and silicon concentration profiles of the diffusion 

couples and the microstructure specimens of the quenching experiments. 

were determined using an electron microprobe analyzer.* The electron 

microprobe is a combination of a conventional X-ray tube, an X-ray 

emission spectrograph, a light microscope, and an electron microscope 

all in a coronion vacuum chamber. The specimen to be analyzed is bom-

barded by a monoenergetic beam of electrons to excite the characteristic 

X-radiation of the elements present in the specimen. Theprimary 

characteristic X-ray intensities emitted from the specimen and a standard 

*Model 400, Materials Analysis Co., Pal~ Alto, Calif. 
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may then be compared to obtain quanti tati ve data on the concentration of 

each element in the specimen. Corrections for absorption, fluorescence, 

atomic number, dea.d time, drift, and background ha.ve to be made to 

improve the accuracy of the analysis. 59 ,60 

Prior to the electron microprobe analysis, the highly polished sur-

faces of the specimens were made electrically -conducti ve by vapor 
o 

depositing a carbon film of about 200 A thickness and by painting the 

mounting material and the corners of the specimen with a slurry of carbon 

in ethanol. All the measurements were made with an accelerating voltage 

of 15 kV and a specimen current of 0.03~. The diameter of the elec-

tron beam was 1}lIn, although the volume affected by it was probably 

in the order of 5-10 cu }lIn.59 Two spectrometers were used to record the 

intensi ties of the AlKa and SiKa peaks simultaneously. The analyzers 

were cUrvecl"KAP (potassium acid phthalate) crystals bent and ground in 

the Johansson mode. The detectors were of the flow proportional type 

containing a mixture of 93% argon and 1% methane and utilizing 3 }lIn 

thick mylar windows. 

The concentration profiles were obtained by traversing the electron 

beam along a desired path perpendicular to the diffusion couple inter-

face or the phase boundaries. An integrated count per 10 s at a loca-

tion was monitored by logic circuit counters and simultaneously punched 

on IBM cards for the introduction of corrections by computer. The beam 

was then advanced automatically by a fixed distance (0.5 to 10 }lIn to 

repeat the same procedure. 

Extensive crystallization of alumina and/or mullite occurred in the 

liquid portion of the sapphire-fused silica diffusion couples during 
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cooling. T~us, the concentration profiles obtained by the point-beam 

technique were extremely rough and difficult to analyze. Davis and 

42 
Pask overcame this difficulty by rapidly scanning the electron beam 

parallel to the interface of the couple in order to obtain an average 

composition over an area affected by localized solidification. When the 

standards are also analyzed by the same method, inaccuracies introduced 

by the decreased X-ray intensity as the beam deviates from the center 

of the cross hairs may be eliminated. This methodwas used in the 

analysis of all the diffusion couples that showed extensive crystalliza-

tion during cooling. The scanning span ranged from 40 to 150 ~m 

depending, on the size of crystals in the diffusion zone. 

D. Densities of SiOz-Alz03 Melts 

The concentration profiles obtained by the electron microprobe 

analysis are expressed as wt% oxides or cations after the introduction 

of the correction factors. For the use of the diffusion equations, how-

ever, the concentration units have to be expressed as weight per volume 

of the diffusing species unless the density of the matrix does not 

change with the introduction of the diffusing species into the matrix. 

Over a wide concentration range, as in the sapphire-fused silica couples 

(e.g. 0-78.2 mole % Alz0 3 at 2003°C), the densities would be expected 

to va.ry. Thus, the densities of the SiOz-Alz03 melts had to be deter-

mined in order to convert the wt% values to gm/cm3.·· 

The SiOz-Alz03 melts up to about 30 mole % Alz03 form glasses when 

h d b t · t h' 61 Th d . t' f th 1 quenc e yconven lOnal ec nlques. e enSl les 0 ese gasses 

may then be used for the above conversion although these densities would 

correspond to a ficti vetemperature somewhat 'lower than the annealing 
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temperature of the diffusion runs. In the diffusion studies of Davis 

42 
and Pask this method was used since the highest alumina concentration 

dealt with had only 29 mole % A1203. The densities of the melts with 

higher alumina contents had to be measured at temperature since they 

readily crystallized during quenching. 

62 An X-radiographic technique developed by Rasmussen and Nelson was 

used to determine the densities of the Si02-Al203 melts in the tempera-

ture range of 1700° to 2000 0 C for the entire binary system. The tech-

nique consisted of measuring the volume of a melt at temperature from 

its radiographed image obtained with a 300 kV X-ray source and of re-

, 
lating this volume to its density. This technique was especially 

sui table for the Si02-Al203 melts since the specimens could be sealed' 

in their containers to eliminate silica loses during measurements . 

The compositions chosen for this study contained 22.8, 42.2, 60 •. 0, 

and 80.0 wt% Al203 which were mixtures used in the diffusion and the 

phase equilibrium studies of Sections IlIA and B. These mixtures were 

melted in Mo capsules at 1953°C in vacuum for "'30 to 60 min. The Mo 

capsules with a wall thickness of 0.4 mm and 7.6 cmhigh were machined 

from high purity Mo rods with 1.27 cm OD. The weight of the fused cast 

material in each capsule was determined prior to the sealing of the 

crucibles by electron beam welding the lids. Subsequently, each crucible 

was He leak checked for possible cracks. 

the 

The X-radiographic measurements were performed by Rasmussen* using 

62 
system described by Rasmussen and Nelson. The. specimens were 

*Rasmussen, J. J.; Battelle Pacific Northwest Labs., Ceramics and Graphite 
Section, Richland, Wash. 
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melted in a W-mesh resistance heating element vacuUm furnace. The speci..,.. 

men temperature was varied in the temperature range of 1700° to 2000 0 C 

wi th a 3°C/min rate, and the specimen images were radiographed on film 

at 'V25°C intervals. The temperature was measured continuously with a 

two-color optical pyrometer with an accuracy of ± 10°C. The volume of 

the melt was determined from its height and the crucible diameter, and 

corrected for thermal expanSion. 63 In most instances, the column length 

could be measured reproducibly to give a density variati on of ± 0.004 

gm/cm3
• Atypical set of radiographs used in these measurements is 

shown in Fig. 8. 

E. computer Analysis 

.., . 64 
A computer program written by Frazer, et al. was modified for use 

with the CDC-7600 computer system of this laboratory and us~d to correct 

the electron microprobe data for dead time, drift, background, aqsorp-

tion, and fluorescence. Atomic number correction was not necessary 

since the difference between the atomic number of Al and Si is very 

small. 

The output of this electron microprobe program given in wt% of the 

elements or their oxides in the melt was converted to gm/cm 3 of the 

elements and their oxides with an additional program utilizing the 

densi ty data of Section IIID. The density vs wt% relationship used in 

this second program was 
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where P1900 is the density of the melt at 1900oC. This single relation­

ship rather than a separate equation for each temperature anneal was 

used since the differences in the densities were. too small (± 0.003 

gm/cm3 at 1800o-2000 0 C) to introduce any significant change in the 

diffusivity values. The relationship between Al and Al203 concentration 

(gm/cm 3) in the melt vs mole and wt% Al203, basedonEq.(29), is shown 

in Fig. 9. Similarly, the conversion for the diffusion profiles through 

the mullite layer was made by substituting the theoretical density of 

mulli te ,58 3.19 gm/ cm 3 , for Eq. (29). . Cal-Comp programs were incor-: 

porated into the above programs to plot the concentration of Al vs dis-

tance profiles on graph paper. 

The Boltzmann-Matano interface defined by Eq. (15) and the inter-

diffusivities of Eq. (16) were determined by inserting the concentration 

of Al(gm/cm3) vs distance coordinates of the smoothed diffusion profiles 

into the programs written by Appe1
65 

(Appendix). These programs were 

also incorporated with additional Cal-Comp subroutines to plot the 

diffusivity (D) or In D vs concentration values on graph paper. 

.... :' 
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IV. RESULTS AND ANALYSIS 

The densities of the aluminum-silicate melts are tabulated in 

Table I. . The values reported .here are those obtained during the cooling 

cycle only. The measurements obtained during the initial heating cycle 

were· considered erroneous due to the formation of bubbles and the 

presence of cores in the melts. However, consistent results could be 

obtained during a subsequent reheating. This phenomenon has also been 

observed with MgA1204ahd Al20366 during the formation of initial melts 

from single crystals which are usually grown in the presence of H2 or Ar. 

The densities varied linearly with temperature within the tempera-

ture range studied, as illustrated in Fig. 10. The solidification 

temperatures for the 46.92 and 70.21 mole % Al20 3 melts were determined 

during the cooling cycle when an·· abrupt volume change occurred due to 

the precipitation of mullite or alumina. Because the 14.82 and 30.08 

mole % Al20 3 melts formed glasses during cooling, they showed no abrupt 

volume change during cooling. 

The density of liquid alumina has been measured by various investi-

gators. 66-71 
The results of Mitin and N.agibin70 who made their measure-

mentsby hydrostatic weighing technique and obtained a linear density 

temperature relationship between the melting point and 2550 0 C are 

reproduced in Fig. 10. The density of solid alumina up to its melting 

point was calculated using the coefficient of expansion data of Wachtman 

et al. 72 and the room temperature density of 3.965 gm/ cm 3 .73 

The density data of liquid silica also shown in Fig. 10 are by 

Bacon et 
74 . 

al. who reported five density values between 1938° and 2326°c. 
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Table I. Densities of the Si02-Al20
3 

melts. 

22.8 wt% Al
2

0
3 

42.2 wt% Al20
3 6o. ° wt% Al20 3 

80.0 wt% Al20
3 

(14.82 mole%) (30.08 mole%) (46.92 mole%) (70.21 mole%) 

Temp. p Temp. p Temp. p 3 Temp. p 3 
(OC) (gm/em3 ) • (OC) (gm/em3 ) (OC) (gm/em ) (OC) (gm/em ) 

1707 2.319 1758 2.475 1755 2.736 . 1966 2.811 

1752 2.319 1789 2.466 1773 2.132 1993 2.799 

1813 2.320 ·1813 2.461 1803 2.724 1995 2.791 

1858 2.316 1838 2.465 1808 2.724 

1907 2.313 1858 2~460 1835 2.629 

1909 2.313 1880 2.454 1859 2.627 

1963· 2.305 1881 2.455 1882 2.626 

1988 2.302 1909 2.448 1910 2~625 

2008 ·2.302 1913 2.449 1938 2.615 

1941 2.445 1959 2.612 

1975 2.446 1985 2.608 

. 
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AI203 
MITIN ond NAGIBIN (1970) 

p= 5.370-1I.46 x 10-4T(OC) 

70.21 MOLE % AI 203 
P =3.956 -5.82x 10-4T("Cl 

46.92 MOLE % AI20 3 
p=2.902-1.47 XI0-4 T (OC) 

~14.82MOLE% AI 203 
p' 2.436 ~ 0.66 x 10~4 T (oC) 

----------- . S i 02 
BACON et 01 (1960) 

P =2.508 - 2.13 X10-4T (GCl 

• 

TEMPERATURE,lPTS -6.8 (OC) 

XBL 7210-7071 . 

Fig. 10. Variation of the aluminum-silicate melt 
densities with temperature. 
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A least squares fit 75 to a straight line including all the data points 

has a poor correlation, while a correlation factor of 0.998 is obtained 

when the last data point at 2326°c is excluded from the set. Further-

more, when this'last point is included in the set, the extrapolated 

value of the liquiddensi ty at the melting temperature of cristobali te 

is higher than that of the solid. Thus, it is concluded that either the 

density of liquid silica varies linearly only up to '\>2200 o C (Fig. 10) 

and deviates 'from linearity from thereon or the value reported at 2326°c 

is erroneous. 

The vari ati on of the melt densities with alumina content in the 

temperature range of 1800° to 2200 0 C is illustrated in Fig. 11. In this 

temperature range, the densities increase linearly only up to ~45 mole % 

A12 0 3' The negative deviation from linearity at higher alumina contents 

is indicative of the formation' of a looser structure. 

Also illustrated in Fig. 11 are the room temperature densities of 

the ',' ° 42 glasses quenched from 1803 C. On the basis of. the data of Fig. 10, 

these room temperature densities correspond to a fictive temperature of 

No attempt has been made to calculate the partial molar volurr~ of 

A1203 and Si02 in the melt. The partial molar volume data of the 

components of silicate melts are useful in estimating the densities of 

complex silicate and magmatic liquids that are of interest to ceramists 

and petrologists but are difficult to study directly at high tempera-

tures. The partial molar volumes, in general, are composition, tempera-

ture, and pressure dependent. However, 

Sun,76 Bottinga arid Weill, 77 and others 

the data compiled by Huggins 

78-81 "d" t th t t" 1 ln lea e a par la 

and 
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molar volumes are constant in a certain range of silicate composition. 

These data may then be used to calculate the density of any sj licate 

liquid within that range. 

The only partial molar volume data available on AlzO a are those 

obtainedfiom ternary alkali or alkaline earth aluminum-silicates. 76,77 

The values reported by Bottinga and Weil177 were extrapolated to 19000 C 

and used to calculate the densities of binary aluminum-silicate melts in 

the range of 20 to 60 mole % A1 2 0a. As shown in Fig. 11', the a.greement 

between' these calculated values and the measured ones is poor, especially 

at higher alumina contents. SiIILilar results are als'o obtained if the 

values compiled by Huggins and sun76 are used. Then it appears that the 

partial molar volumes obtained from ternary aluminum-silicates may only 

be satisfactorily used to predict the densities of other ternary or more 

complex silicates of similar composition but not those of binary 

aluminum-silicates since a denser structure is present in tbe la.tter 

case. 

The density da.ta presented above may also be used to determine the 

fractional volume change of mullite and alumina upon melting or solidi-

fication. A search of tbe literature showed tbatthe only information 

available on the fractional volume cbange of mullite during solidifica­

tion is that by Tyrolerova and Lu
82 

who reported a volume decrease of 

10.3% during solidification for a fused-cast mulli te specimen of 75.1 

wt% Al203. The density of stoichiometric mullite (71.8 wt% A120a) at 

its metastable congruent melting temperature, l890 0 C (Section IVE) , is 

3.10 gm/cm3 when calculated from the expansion data of mullite.
58 

The 

densi ty of the corresponding melt at the same temperature is 2.774 gm/ cm 3 
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based on the data presented in Fig. 11. Thus, the fractional volume 

decrease of mullite on solidification is 10.28% which agrees with the 

value reported by Tyrolerova and Lu. 

The fractional volume decrease of alumina on" solidification based 

on the data of Fig. 10 is 20.7% which is much higher than the correspond-

ing value for mullite. SiIliilar values for the fractional volume change 

of alumina melts. on solidification have been reported by Kingery68 as 

20.4%* and by Tyrole~ova and Lu83 as 19.9-20.1% .. The values reported by 

'. . 69 66 
Kirshenbaum and Cahill . and Bates et ale on melting are 22.0' and 

24.0%. For comparison, however, these values should also be expressed 

as fractional volume change on solidification not melting. Then, the 

new values are 18.2 and 19.4%, respectively, and compare well with the 

values reported by'Kingery68 and Tyrolerova and Lu. 83 

B. Diffusion Profiles and Phase Equilibria 

1. Sapphire-Fused Silica Couples 

The . experimental conditions of the diffusion anneals in the tempera-

ture range of 1803° to 2003°C are outlined in Table II. The annealing 

times were at least 15 min in order to ensure that the annealing time 

was considerably longer than the time needed to attain thermal.stabili ty 

in the furnace ("-'30'"-60 sec). Above 1913°C, however, a 15 min anneal was 

also the maximum limit since at longer time the diffusion profiles were 

. extremely long (>2000 lJIll); thus their analysis by the electron micro-

probe was not feasible. 

*This·value was erroneously reported by Kingery68 as fractional volume 
change on melting instead of solidification. 
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Table II. Experimental conditions and data for 
sapphire-fused silica runs. 

Temp. Time Sample Interfacial Composition, CI 
IPTS-68 (sec x 10-3 ) Designation A13+ Al203 Al20} (OC) 

(gm/cm3 ) (mole%) (wt% 

1803 3.6 8.71. 7A 

1803 3.6 8.71. 7B 

1803 3.6 8.71.7C 

1803 14.4 8.71.lA 0.547 29.0 40.9 

1803 14.4 8.71.1B 

1803 14.4 8.71. 2 

1803 14.4 039* 

I 1803 21.6 040* 0.547 29.0 40.9 

1803 28.8 041* 

1803 602.1 1. 72.2B 0.547 29.0 40.9 , 

1853 0.9 8.71.9A 

1853 0.9 8.71.9B 

1853 1.8 8. 71.1lA 

1853 3.6 8.71.4 

1853 3.6 8.71.5 0.752 40.9 54.0 

1853 3.6 8.71.6A 

1853 3.6 8.71.6B 

1853 7.2 9.71.1 

1853 65.7 7.70.4 

1903 0.9 5.72.3AM 

1903 0.9 5·72.3M 

1903 0.9 5.72.3A 0.893 49.6 62.5 

1903 1.8 9.71.4 

1903 3.6 4.71.2 

* .. 42 
R. F. Davis and J. A. Pask (1972). 
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Table II. Experimental conditions and data for 
sapphire-fused silica runs. (continued) 

Temp. Time Sample Interfacial Composition, CI 
IPTS-68 (sec x 10-3 ) Designation A13+ .Al203 . Al20 } (OC) 

(gm/cm3 ) (mole%) (wt% 

1913 0.9 9.71. 2 I 1913 1.8 9.71. 3 0.919 51.2 64.0 

1953 0.9 9.71.5 

I 1953 0.9 5.72.8 1.048 59.6 71.5 

1953 0.9 6.72.1 

2003 0.9 7.72.1 1.313 78.2 85.9 

.. 
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Also outlined in Table II is the composition of the melt at the 

sapphire interface as obtained from the diffusion profiles. The com-

position of sapphire at the same interface always corresponded to that 

of pure Al203 since the solubility limit of silica in the sapphire sub-

. strate was below the detection limit of the electron microprobe. These' 

interfacial eomposi tions remained constant wi thtime at a temperature, 

indicating that the diffusion in the liquid phase was slower than the 

disSolution rate of sapphire. 7 The diffusion-controlled nature of the 

dissolution· of sapphire, then, satisfies the basic requirement of the 

Bciltzmann-Matano analysis as discussed in Section IIA. Although no time 

studies could be performed at 1953° and 2003°C, it is assumed that the 

diffusion in the liquid phase is still the rate controlling step at 

these·temperatures. These interfacial compositions, then, correspond to 

a liquidus composition. 7 

Mulli te growth at the sapphire-fused silica interface at tempera-

ture was observed at 1803°C but not at 1853°C (Section IVC) ,indicating 

that the stable range of the mullite field lies below 1853°C. Thus the 

interfacial compositions of Table II correspond to the liquidus of 

alumina at 1853° to 2003°C while the one at 1803°C corresponds to that 

of mullite. 

Extremely long anneals were necessary to grow tlremullite layer at 

1803°C to a feasible thickness for microprobe analysis. This difficulty 

42 
was also encountered by Davis and Pask who, by optical methods, were 

unable to observe any mulli te growth at 1803°C due to insufficient 

annealing times (Table II). However, their kinetic data on mulli te 

growth obtained in the temperature range cif 1653° to 1753°C, when 
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extrapolated to l803°C, 'predicts that interfacial mulli te would grow 

to athicktiess of 12 ]Jm when a sapphire-fused silica couple is annealed 

at l803°C for seven d8\Ys. This prediction was in excellent agreement 

wi ththe data of this study since approximately' seven d8\Ys (602 .lxl03 sec) 

were required to grow a mullite l8\Yer of ~10 ]Jm in thickness at l803°C. 

The composition of this l8\Yer ranged from 71.1 wt% Al203 at the melt 

interface to 74.0 wt% Al203 at the sapphire interface. 

Typical computer plotted diffusion profiles used in the determination 

of the interfac'ial compositions and the diffusion parameters are shown 

in Fig. 12. The choice of the diffusing species was abritrary because 

there is·. no information on the nature of the actual diffusing unit. 

Thus, the diffusion profiles were expressed as concentration of aluminum 

ions irs distance rather than as concentration of Al203 or other Al-O 

spe'cies. 

The Boltzmann-Matano or the original interface is located at x=o. 

The basic requirement of the Boltzmann-Matano analysis, i.e., that 

diffusion is the rate controlling process, could be verified once more 

by ascertaining that at a given temperature the distance from x=o for 

a given concentration is directly proportional to the square root of 

time. Such straight line plots are shown in Figs; 13-15. 

2. Sapphire-Mullite-Liquid Couples 

When the fused silica portion of the couples of the previous 

section were substituted by melts with compositions corresponding to 

that of the mullite liqUidS,42 the intermediate mullite layer could 

be grown to a thickness (>10 ]Jm) suitable for electron microprobe 
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Fig. 12. Typical camputerplotted concentration profiles of sapphire­
fused silica couples in the temperature range of 1803° to 
2003°C arranged with a common Boltzmann~Matano interface. 
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analysis (Fig. 16).* The results of these runs in the temperature 

range of 1678° to 1813°C are tabulated in Table III. The experimental 

results of Davis 84 who conducted similar runs with a non-equilibrium 

liquid at 1653°, 1703° and 1753°C are also included in this table 

for comparison. The 15.0 wt% Al
2
0

3 
containing liquid used in his 

studies is at equilibrium with mullite at 1718°C.
h2 

The use of this 

liquid then creates a condition of some mullite dissolution into the 

liquid at 1753°C while some additional growth occurs at 1653° and 

1703°C. The runs at 1703°C, however, may be approximated to an 

equilibrium case since the equilibriUm liquid at 1703°C contains 13 wt% 

Al
2

0
3

, which is quite close in composition to the liquid used by Davis. 84 

The thickness of the mullite layer increased linearly with the 

square root of time, indicating that the growth mechanism is diffusion 

controlled. The diffusion profiles across the mullite layer were quite 

similar to that of Fig. 3. The interfacial composition of the mullite 

layer obtained.f'rom these profiles, then, correspond to equilibrium 

solidus compositions. 

3. Phase Equilibria 

The interfacial compositions reported in Table II and III may 

now be used to construct a portion of the equilibrium binary Si0
2

-A1
2
0

3 

phase diagram in the temperature range of 1678° to 2003°C. The 

complete diagram, as shown in Fig. 17, is constructed after these 

interfacial compositions are incorporated with the data on the mullite 

* All the micrographs are by reflected light, Nomarski differential 
interference-contrast microscopy utilizing a Zeiss Ultraphot II metallograph. 
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Fig. 16. Interference-contrast micrographs of the diffusion zone between a couple of sapphire and 
(A) 10.9 wt% Al203 containing silicate at 167°C for 7.309xl05 sec (1.72.1), (B) 22.S wt% Al203 
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Table III. Experimental conditions and data for sapphire­
mullite-liquid diffusion runs. 

Temp. 
IPTS-68 
(OC) 

* 

1653 

1653 

1653 

1703 

1703 

1703 

1703 

1753 

1753 

1753 

1753 

1813 

Time 

(sec x 10-5 ) 

6.048 

7.776 

9.504 

7.309 

28.428 

3.456 

6.048 

7.776 

9.504 

1.728 

2.592 

3.456 

3.965 

6.015 

Sample 

Designation 

1. 72.1 

2.72.3A 

2.72.lA 

1.72.2A 

Interfacial Composition 
(wt% A1

2
0

3
) 

Melt Mulli te 

15.0 

15.0 

15.0 

10. 9* 70.5-74.0 

10.9* 70.5-74.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

70.5-73.5 

22.8* 70.5-74.0 

42.2* 71.6-74.0 

Mullite 
Thickness 
(11ID) 

7.65 

8.83 

10.00 

10.00 

18.00 

8.53 

11.30 

13.35 

15.10 

6.62 

8.42 

9.43 

13.00 

36.00 

Equilibrium liquid compositions. All the other runs with a non-

equilibrium melt composition of 15.0 wt% A1
2

0
3 

were conducted by Davis. 84 
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liquidus by Davis and Pask,42 the melting temperatures of cristobalite29 

and alumina30 and the eutectic temperature of cristobalite-mullite. 85 

The metastable immiscibility and spinodal regions were reported by 

61 MacDowell and Beall. 

The most important feature of this diagram is that mullite melts 

incongruently to form a silica rich liquid and solid alumina. The 

incongruent melting temperature was determined to be 1828 ± 10°C 

from the intersection of the extrapolated liquidus lines of mullite 

and alumina. Although this transition temperature is identical to 

the one measured by Bowen and Grieg,lO its accuracy should be verified 

by conducting additional diffusion runs between 1813° and 1853°C, 

the temperatures used in this study. 

c. Diffusion Zone Microstructure of the 
Sapphire-Fused Silica Couples 

The microstructure developing in the diffusion zone during cooling 

was greatly dependent upon the cooling rate followed. Thus, in 

addition to the diffusion data obtained from these couples, information 

on stable and metastable equilibria could also be obtained from a 

study of the diffusion zone microstructure. 

Typical diffusion zone microstructures of the sapphire-fused silica 

couples annealed at 1803° and 1853°C are shown in Fig. 18. Extensive 

crystallization of mullite in the melt (top portion of the micrographs) 

could not be eliminated although the couples were cooled down to 15000 C 

in less than a minute. The alumina content of these prismatic mullite 

grains as determined by the electron microprobe analysis almost never 

corresponded to the stable solidus composition of mullite as presented 
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XBB 7210-5300 

Fig. 18. Interference-contrast micrographs of the diffusion zone between 
a couple of sapphire (bottom) and fused silica (top) annealed 
at (A) 1803°C for 602.1xl03 sec (1.72.2B) and (B) 1853°C for 
7.2xl03 sec (9.71.1). The prismatic precipitates (light gray ) 
in the top portion of the diffusion zone are mullite that 
crystallized during cooling. However, the mullite layer at the 
sapphire-melt interface of microstructure (A) has an isomorphic 
texture since it grew at the interface at temperature. 
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in Fig. 17 but was always rich in alumina and varied between 73-19 wt% 

Al
2

0
3

. The composition of the isomorphic mullite layer at the sapphire 

interface of the couple annealed at 1803°C, however, distinctly differed 

from that of the precipitates; and its composition was not constant 

through but varied, as shown in Fig. 3, from 71.1 wt% Al
2

0
3 

at the melt 

interface to 74.0 wt% Al20
3 

at the sapphire interface. Simil arly, 

mullite that precipitated in the diffusion zone of the sapphire-mullite-

liquid couples annealed at 1678°c, 1753°C and 1813°C (Fig. 16) was 

always richer in alumina (73-79 wt% Al
2

0
3

) than the equilibrium solidus 

composition determined from the interfacial mullite layer grown at 

temperature (Fig . 17). 

Formation of mullite with alumina contents higher than the limits 

outlined in Fig. 17 occurs only when it is solidified from a melt cooled 

from above the melting temperature of mullite. 26 The composition of 

this mUllite generally is close to 77.3 wt% Al
2

0
3 

(2Al203'Si02), although 

values as high as 82.57 wt% Al
2

0
3 

have also been reported. 86 Precipitation 

of mullite with alumina contents (74.0 wt% Al20
3

) higher than the 

solidus composition outlined in Fig. 17 was also observed by Davis 

and Pask
42 

in the diffusion zones of sapphire-fused silica couples 

annealed at 1803°C. They, by analogy to the mullite grown from a melt 

at higher temperatures, suggested that the composition of the melt 

was responsible for the composition of the precipitated mullite. A 

discussion on this subject will be provided in Section V; however, for 

the purposes of this section, the fact that the composition of the 

precipitated mullite clearly differs from that of the mullite layer 

grown at the sapphire interface serves as a useful criterion in the 
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differentiation of mullite grown at temperature from mullite precipitated 

during cooling. 

The sapphire interface of the couple annealed at 1853°C is also 

covered with essentially a continuous mullite layer (Fig. 18B). The 

composition of this layer was constant throughout arid identica l to that 

of the precipitates in the adjoining diffusion zone. Furthermore, the 

prismatic morphology of this layer is similar to that of the pre­

cipitates away from the interface and differs from that of the layer 

grown at 1803°C (Fig. 18A). Therefore, it is concluded that this layer 

did not grow at temperature but precipitated at the sapphire interface 

during cooling . As discussed in the previous section, the growth of 

mullite at 1803°C but not at 18530 C indicates a transition point between 

these temperatures (Fig. 17). 

The composition of the liquid in the diffusion zone at 1853°C 

varies from 0 to 54.0 wt% Al
2

0
3 

(Figs . 12 and 17). A portion of the 

diffusion zone adjacent to the sapphire becomes oversaturated with 

respect to alumina just below 1853°C. If an equilibrium path were 

followed, alumina would precipitate in the liquid during cooling, and 

at the transition temperature, 1828°C, alumina would be completely 

resorbed to form a mixture of mUllite and liquid. A similar mixture 

of mullite and liquid, however, would also form if the liquid were 

supercooled below the transition temperature without any precipitation 

of alumina. Thus, the absence of alumina in the diffusion ~one of 

Fig. 18B does not necessarily imply that any precipitated alumina was 

resorbed at the transition temperature and an equilibrium cooling path 

was followed. In fact, the realization of an equilibrium of this nature, 
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especially in silicates, is rare since the crystal phase to be resorbed 

becomes unavailable for a complete rea.ction through incrustation,37 

i.e., formation of a mullite layer zone around alumina. The absence 

of alumina in the diffusion zone, then, is actually an indication that 

the liquid was supercooled below the transition temperature. 

The direct evidences for supercooling of the liquid in the diffusion 

zone were clearly brought out in the couples that were annealed at 

1903° and 19l3°C. The diffusion zone microstructures of three separate 

couples that were annealed at 1903°C for 15 min each but cooled at 

different rates are shown in Fig. 19. The microstructures obtained 

differed drastically although the diffusion profiles were identical 

to the one shown in Fig. 12. The precipitated crystalline phase was 

either only mullite when the couple was quenched (Fig. 19A) or only 

alumina when the couple was cooled relatively slowly (Fig. 19C), while 

at a moderate cooling rate both alumina and mullite precipitated 

(Fig. 19B). The composition of the diffusion zone at 1903°C ranges 

from 0 to 62.5 wt% A120
3 

(Figs. 12 and 17). The liquidus composition 

at the transition temperature is 52.3 wt% Al20
3

• Thus, the portion 

of the diffusion zone to be affected by alumina precipitation during 

an equilibrium-cooling is ~350 ~, as determined from the diffusion 

profile of Fig. 12. The absence of alumina in this portion of the 

diffusion zone of a quenched couple (Fig. 19A) , while slowly cooled 

couples clearly show alumina precipitation, can only be explained by 

the supercooling of the liquid but not by the alumina resorption at the 

transition temperature. 
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Fig. 19. Interference-contrast micrographs of the diffusion zone between 
a couple of sapphire (bottom) and fused silica (top) annealed 
at 1903°C for 0.9X103 sec and (A) quenched (5.72.3M), (B) cooled 
at a relatively moderate rate (5.72.3AM), and (C) cooled relatively 
slowly. The precipitates in the top portion of the diffusion 
zone are (A) mullite (light gray), (B) alumina (light gray 
needles) and mullite (fine precipitates between the alumina 
needles), and (C) alumina (light gray needles). The precipitates 
along the interface in (B) and (C) are also alumina. 
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The coexistence of alumina, mullite and liQuid (glass) in the 

diffusion zone of the moderately cooled couple (Fig. 19B) is in violation 

of the phase rule. However, as already pointed out37 ,38 in systems 

showing incongruency, complete eQuilibrium is rarely attained on cooling . 

At the transition point, the residual liQuid, instead of reacting with 

alumina, may simply behave independently, and mullite may crystallize 

from it upon further cooling. Therefore, the phase rule is only observed 

locally, while the entire mixture itself is unstable. 

42 
Davis and Pask, who observed the formation of an interfacial 

non-equilibrium liQuid in the cristobalite-sapphire couples at subsolidus 

temperatures, suggested the existence of a metastable Si0
2
-Al

2
0

3 
phase 

diagram with an eutectic and no mullite phase. The diffusion zone 

microstructure shown in Fig. 19C, then, is in further support of their 

observations since the total absence of mullite in this slowly cooled 

couple would also necessitate the metastable extension of the alumina 

liQuidus below the transition temperature. 

The diffusion zone microstructures of the 1953° and 2003°C couples 

showing only alumina precipitates in a glassy matrix are shown in 

Fig. 20. Similarly, the absence of mullite in these couples would be 

explained by the existence of a metastable Si0
2
-Al

2
0

3 
phase diagram 

with no mullite phase. 
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Fig. 20. Interference-contrast micrographs of the diffusion zone between 
a couple of sapphire (bottom) and fused silica (top) annealed 
at (A) 1953°C for 0.9xI03 sec (5.72.8) and (B) 2003°C for 
0.9xI03 sec (7.72.1), and quenched. The light gray pre­
cipitates in the diffusion zone are alumina. 
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D. Phase Equilibria by Static Method of Quenching 

The interpretation of the microstructures obtained by the static 

method of quenching would be quite difficult if the facts that have 

been established in the previous sections were not kept in mind: 

(1) mullite melts incongruently, not congruently, (2) a metastable 

Si0
2
-Al

2
0

3 
phase diagram can exist without the mullite phase, and 

(3) the liquid phase can be supercooled through the alumina-liquid 

field without any alumina crystallization with increasing ease as silica 

increases. Numerous quenching experiments were conducted in order to 

test these conclusions. The results were in good agreement. Thus, only 

some of the typical microstructures and the ones that provided additional 

data are presented below. 

The microstructure shown in Fig. 21 corresponds to an overall 

composition of 42.2 wt% A1
2

0
3 

that was homogenized above the mullite 

liquidus (Fig. 17) at 1953°C, cooled slowly below the mullite liquidus 

to 1753°C and quenched. The extent of mullite precipitation was highly 

dependent on the cooling rate due to the glass forming tendencies of 

the melt at this composition. 61 The mullite precipitates showed 

dendritic morphology, and their composition, as determined by point-beam 

microprobe analysis, varied from 73.0 to 78.5 wt% Al20
3

. The formation 

of mullite in this melt during cooling is in agreement with the 

equilibrium phase diagram of Fig. 17; however, its formation with 

higher alumina contents than that of the equilibrium mullite solidus 

indicates metastability. 

The microstructure of a 60.0 wt% Al
2

0
3 

containing mixture that 

was homogeni zed above the alumina liquidus at 1953°C and cooled slowly 
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Fig. 21. Microstructure of the 42.2 wt% A1203 containing silicate melted 
in a sealed Mo crucible at 1953°C for 30 min, cooled to 
1753°C in 30 min, and quenched in He from 1753°C (4.72.2). 
The light gray precipitates surrounded by a glassy matrix are 
mUllite. 
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(~60 min) below the transition temperature before quenching showed only 

mullite but no alumina (Fig. 22). The absence of alumina in this 

slowly cooled specimen, then, suggests the supercooling of the melt 

below the transition temperature. For comparison, it should be pointed 

out that melts of similar composition (~60.0 wt% A1
2

0
3

) also formed to 

a large extent in the diffusion zone of the sapphire-fused silica 

couples that were annealed at 1903°C (Fig. 12 and 17). However, when 

these couples were cooled relatively slowly, the diffusion zone melts 

could not be supercooled since alumina precipitated out readily 

(Figs. 19B and C); and supercooling in the diffusion zone was only 

achieved by quenching (Fig. 19A). This comparison, then, suggests 

that the ease in precipitation of alumina in a diffusion zone but not 

in a homogenized melt would be attributed to the presence of the 

sapphire substrate in the former as a site for heterogeneous nucleation 

of alumina; the appearance of the microstructure supports this suggestion. 

The precipitation of alumina, however, was observed in a mixture 

of 71.8 wt% Al20
3 

(3Al20
3 

. 2Si0
2

) that was homogenized at ~1953°C, 

cooled slowly (~30 min) to 1753°C, and annealed at 1753°C for approxi­

mately 29 days (Fig . 23). The formation of alumina in a melt of this 

composition clearly illustrates the incongruency of mullite. Although 

this mixture was annealed at 1753°C for approximately 29 days, the 

peritectic reaction was still incomplete due to the diffusion controlled 

nature of the reaction through the mullite layer that grew around each 

alumina precipitate. The composition profile through these mullite 

layers corresponded to the stable mullite solid solution range of 

70 .5-74.0 wt% Al
2

0
3 

(Fig. 17) indicating that local equilibrium existed 

• 
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XBB 7210-5303 

Fig. 22. Microstructure of the 60.0 wt% Al203 containing silicate melted 
in a sealed Mo crucible at 1953°C for 30 min, cooled to 
1703°C in 60 min, and quenched from 1703°C (12.71.3). The 
light gray prismatic precipitates surrounded by a glassy 
matrix are mullite with their elongated direction (A) perpen­
dicular and (B) parallel to the polished surface. 
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Fig. 23. Microstructure of the 71.8 wt% Al203 containing silicate melted 
in a sealed Mo crucible at 1953°C for 460 min, cooled to 1753°C in 
30 min, annealed at 1753°C for 42,392 min (29.4 days), and quenched 
from 1753°C (9.70.2 and 8.71.8A). The light gray precipitates are 
alumina that are completely covered with a layer of mullite (gray). 
The glassy inclusions (dark gray) between the mullite layers also 
contain fine precipitates of mullite. 
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throughout the specimen. The microstructure around each alumina 

precipitate of Fig. 23, then, actually represents a sapphire-mullite­

liquid diffusion couple (Fig. 16B), except that in this case alumina 

is grown in situ. 

Typical microstructures of the silicate mixtures of 78.3 and 80.0 

wt% Al
2

0
3 

that were homogenized above the alumina liquidus, at 2003°C, 

are shown in Figs. 24-26. As illustrated in these microstructures, the 

degree of mullite and/or alumina precipitation in . the melts was highly 

dependent on the cooling rate followed. A rapid quench through the 

alumina-liquid field always resulted in the precipitation of only mullite 

with compositions varying up to 83.2 wt% Al
2

0
3 

(Fig. 24). Some residual 

high-silica glass was always present between the mullite grains. 

Occasional precipitation of alumina could only be observed around the 

sharp edges of the crucibles that apparently acted as nucleation sites 

for alumina precipitation. When the melts were not quenched but cooled 

slowly, alumina precipitated readily. The microstructure shown in 

Fig. 25 was typical of a specimen that was furnace-cooled at a moderate 

rate by just turning off the power to the furnace. Incrustation of 

alumina precipitates by a mullite matrix with glassy inclusions is 

again indicative of an incomplete incongruent reaction. 

The microstructure shown in Fig. 26 which was typical of a very 

slowly cooled specimen containing 78.3 or 80.0 wt% Al20
3 

is a unique 

one since it contains no mullite but only alumina surrounded by a 

glassy matrix. The needles embedded in the glassy matrix were in 

generaDy only a few microns thick. and thus were too small for electron 
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Microstructure of the 78.3 wt% Al20~ containing silicate 
melted in a sealed Mo crucible at 2003°C for 30 min and 
quenched in He (12.71.2). The matrix is mullite with 
glassy inclusions (dark gray). 



-71-

XBB 7210-5187 

Fig. 25. Microstructure of the 80.0 wt% Al203 containing silicate melted 
in a sealed Mo crucible at 2003°C for 30 min and cooled at a 
moderate rate in vacuum by turning off the power to the furnace 
(12.71.4( 2)). The light gray precipitates are alumina that are 
surrounded by mullite (gray). The dark gray inclusions are glass. 
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Fig. 26. Microstructure of the 80.0 wt% Al203 containing silicate melted 
in a sealed Mo crucible at 2003°C for 90 min, cooled to 1753°C 
in 60 min, and quenched in He from 1753°C (12.71.4(1)). The 
light gray, large precipitates and the needles are alumina 
surrounded by a glassy matrix. 
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microprobe analysis. X~ray diffraction analysis of such surfaces, 

however, indicated a-Al
2

0
3 

as the only crystalline phase; thus, these 

needles were indirectly identified as the secondary alumina that 

precipitated out during quenching from 1753°C. The overall composition 

of the matrix surrounding the primary alumina precipitates, as determined 

by scanning-beam electron microprobe analysis, was ~48 wt% A1
2

0
3

. This 

composition is identical to that of alumina liquidus at 1753°C when it 

is extended below the transition temper.ature (Fig. 17) and provides a 

direct proof for the existence of a metastable Si0
2

-A1
2

0
3 

binary diagram 

without any mullite phase. 

E. Melting Behavior of Mullite 

The melting temperature of stoichiometric mullite of 71.8 wt% Al
2

0
3 

composition was consistently determined to be 188ooc. Exactly the same 

melting temperature was also determined, independently by Mazdiyasni 

and Brown58 using an identical material and similar experimental 

conditions. This value is considerably higher than the peritectic 

melting temperature of 1828°c as determined from the diffusion studies 

(Fig. 17). Furthermore, the microstructure of a partially melted 

specimen (Fig. 27) showed no alumina formation in the molten portion 

but only mullite that resolidified during cooling. Thus, stoichiometric 

mullite melted congruently at 1880 0 c but not incongruently at 1828°c, 

as expected on the basis of the results reported in the previous sections. 

According to the stable phase diagram presented in Fig. 17, a 

mullite of 71.8 wt% A1
2

0
3 

composition becomes unstable at 1816°c and 

will dissociate to a mixture of a silica rich liquid phase and a higher 
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Fig. 27. Microstructure of stoichiometric mullite (71.8 wt% A1203) 
after partial melting at 18800 c and quenching in He (3.72.6). 
Unmolten section (bottom) is the porous (pull-outs) portion 
of the specimen where glassy inclusions (dark gray) are 
present between the mullite grains. The large precipitates 
that formed in the molten portion (top) are also mullite 
surrounded by a glassy matrix. 
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alumina mullite as temperature is increased above18l6°C. The specimens 

used 'in this study had submicron size grains and contained no liquid 

Phase. 58 The unmolten portion of such a specimen after heating to 

l8800 c (Fig. 27) shows a mixture bf 'V5-l0 llm size mullite grains and 

a glassy phase indicating that in addition to the formation of a 

liquid phase, considerable amount of gr,ain growth also took place above 

l8l6°c. The composition of these mullite grains as determined by 

point-beam microprobe analysis was consistently 75.8 wt% Al20
3

. Similarly, 

niullite that resolidified in the molten portion (top) corresponded to 

the same composition. 

Eite138 has pointed out that incongruently melting silicates can 

be superheated above the peritectic temperature with the metastable 

prolongation of the corresponding liquidus. The result of this 

prolongation, then, is the metastable congruent melting of that compound 

at a higher temperature than the peritectic temperature. It is interesting 

to note that the mullite liquidus of Fig. 17 when extended beyond the 

peritectic temperature intersects the 71.8 wt% Al203 composition line 

at 'V1880oc which corresponds to the congruent melting temperature 

measured in this study. Such metastable congruent melting of mullite 

would also necessitate the extension of the mullitesolidus above the 

transition temperature to higher alumina contents and thus provides the 

explanation for the shift in alumina content of mullite to 75.8 wt% 
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F. Stable and Metastable Phase Equilibria 

The results of the last two sections on metastable equilibria are 

now outlined in Fig. 28. The diagram shown in this figure is simply 

the composite of two binary eutectic diagrams between silica-mullite 

and silica-alumina. When superimposed, the outcome is the stable 

phase diagram outlined with the solid lines, which shows a peritectic 

at the intersection of mullite and alumina liquidus lines. The upper 

limit of the mullite solid solution range with respect to alumina has 

been set at 83.2 wt% A1
2

0
3 

since this was the highest alumina content 

detected in any mulli te during this study. The maximum temperature 

for this composition has been tentatively set at rv18900e and is subject 

to change as more data become available on the metastable extensions 

of the liquidus and solidus lines. However, on the basis of the liquidus 

temperature determined at 71.8 wt% A120
3 

(Section IVE) , it may be stated 

that this maximum temperature is definitely not below l880oe. This 

upper limit agrees well with the compositions of mullite single crystals 

11 86 grown from a melt by Bauer, et al. ' (82~57 wt% Al
2

0
3

) and NeUhaus 

and Richartz87 (77.5 wt% Al20
3

). The metastable silica-mullite equilibrium 

diagram, as presented in Fig. 28, then effectively explains the formation 

of high-alumina mullites only when they are so+idified from a melt. In 

the presence of alumina, the solid solution range is limited to a 

narrow range; thus the highest alumina content that can be incorporated 

into mullite by solid state reactions is 74.0 wt% Al
2

0
3

. 

The only shortcoming of the diagram presented in Fig. 28 is that 

it does not provide an explanation for the precipitation of alumina-

rich mullite in the diffusion zone of the couples annealed at 1678°e 
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to 1813°C (Section IVB2). The composition of the melts in this diffusion 

couples ranged from 10.9 to 42.2 wt% A1
2

0
3

, and they were at equilibrium 

with mullite at the stated temperatures. Any mulliteto precipitate 

out in these melts, under equilibrium conditions, could not be any 

richer than 71.5 wt% A1
2
0

3 
at 1813°C and 70.5 wt% A120

3 
below 1753°C. 

A possible explanation for the precipitation of an alumina-rich phase 

in these high-silica melts would then be the existence of a disordered 

mullite phase as illustrated by the free energy of mixing vs composition 

curves in Fig. 29 . 

. Aramaki and Roy26 by X-ray studies, observed that heat treatment 

of mullite caused nearly as much change in its lattice parameters as 

composition and suggested AI-Si order-disorder asa possible explanation. 
. . 88 

Later, similar observations have also been made by Majumdar and Welch 

and Mazdiyasni and Brown58 in support of AI-Si order-disorder in mullite. 

A disordered mullite phase, as shown in Fig. 29, will have a broad 

free energy of mixing vs composition curve and may easily vary in com-

position to higher alumina contents when precipitated from a melt. At 

the present, however, no definite proof for the ex1.stence of such a 

disordered phase is provided. 

G. Diffusion Data 

Diffusivity values as a function of aluminum concentration in the 

melt were determined by the Boltzmann-Matano analysis, utilizing the 

diffusion profiles as presented in Fig. 12. Diffusivities varied 

exponentially with aluminum concentration at 1803° and 1853°C. At 
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1903° to 2003°C, however, the concentration range covered was wider 

(e.g. 0-80.0 mole% Al
2

0
3 

at2003°C), and it was necessary to express 

the diffusivity-concentration relationships with two exponential 

functions. Such computer drawn diffusivity-concentration plots, 

representative of various runs conducted at a temperature, and the 

corresponding exponential equations are given in Fig. 30. Similar 

diffusivity-concentrationrelationships were determined by Davis and 
42 .. .. 

Pask in the temperature range of 1653° to 1803°C. For comparison, 

their data have been replotted in Fig. 31 .along with the data obtained 

in this study. In both Figs. 30 and 31, the termination of the solid 

portion of a line represents the solubility limit of the liquid in 

contact with mullite or alumina (Fig. 17). 

In order to determine the temperature dependence of diffusivity 

CEq. 28), InD values at a certain composition were determined and 

plotted as a function of inverse temperature in Fig. 32. The D and 
o 

Q values were determined from these Arrhenius plots by least-squares 

analysis and are tabulated in Table IV. Due to an apparent change in 

diffusion mechanism, the entire temperature range could not be covered 

by a single Arrhenius equation, and it was necessary to show a break 

at ~18700C. However, such a break at a specific temperature is only 

for convenience in analytical analysis, and any change in diffusion 

mechanism over this temperature range should rather be considered 

more gradual. This topic will be discussed further in Section V. 
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Table IV. Diffusion data for the Si02-Al20
3 

melts. 

CAl C <rv1870oC > rvlB700C 
A120

3 Do Q Do Q 

(gm/em3 ) (mole%) 2 (em /sec) (kael/mole) 2 (em /sec) (keal/mole) 

0.05 2.53 B.03xl022 303.3±1.6 7.00xl0
12 205.2±0.1 

0.10 5~10 1. 55X l0
1B 

256.0±1.3 -1. 33X l0
12 196.4±0.1 

0.15 7.66 5.B6x l013 211.5±3.7 2.51x l0
11

. IB7.7±0.2 

0.20 10.25 2.07xl011 
IB5.6±2.5 2.07xI0

11 
IB5.6±2.5 

0.30 15.51 5.B7Xl09 167.1±O.B 
I 

0.40 20.B7 3. 25Xl07 141. 4±2.0 

0.50 26.37 1. BOXl05 115.B±4.0 

0.60 32.00 1. 47Xl05 112.1±0.9 

0.70 37.81 4.53X l03 94.0±0.8 

O.Bo 43.Bl 1.4OXI0 2 76.0±0.7 

. 0.90 50.00 16.9 64.9±0.7 

1.0Q 56.45 1.B9 53.6±0.1 

1.10 63.10 0.21 42.4±0.B 

.,'. 
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·2. Diffusion in Mllllite 

Concentration independent diffusivities for diffusion in mullite 

were determined by utilizing the data reported in Table III and Eq. 26. 

The constants YA and YB needed for the calculatiori of the diffusivities 

by Eq. 26 were obtained by solving Eqs. 24A and 24B graphically. The 

values for (YB-YA) and diffusivity are tabulated in Table V. As dis­

cussed in Section IIC, the use of Eq. 26 assumes a concentration 

independent diffusivity. The validity of this assumption was checked 

by the Boltzmrnm-Matuno analysis of the layer grown at lB13°C; and 

exactly the same diffusivity with no concentration dependence was also 

obained by this method. An Arrhenius plot of these diffusivities 

is shown in Fig. 33 along with the low-temperature and low-concentration 

portion of the diffusion data for the Si0
2
-Al

2
0

3 
melts. An apparent 

activation energy of l68.l±7.0 kcal/mole was obtained for diffusion 

in themullite phase. 
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Table V. Data for diffusion in mullite. 

Temp. Diffusivity, D 
IPTS-68 

YA YB . YB-YA 
... 2 

(Oc) .. (c:m /sec) 

1678 -0.140 0.112 0.252 5.39xl0-12 

1678 -0.140 0.112 0.252 4. 49xl0-12 

1703 !...o.140 0.115 0.255 8.10Xl0-12 

1703 -0.140 0.115 0.255 8.12xl0-12 

1703 -0.140 0.115 0.255 8. 82Xl0-12 

1703 -0.140 0.115 0.255 9.23XI0-12 

1753 -0.135 0.126 0.261 1. 56X I0-11 

.1813 -0.135 0.130 0.235 9.76Xl0-11 
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Fig. 33. Arrhenius plot of diffusivity vs reciprocal of 
absolute temperature for diffusion in mullite. 
Broken lines correspond to low temperature 

. regions of Fig. 32. 
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Y. DISCUSSION 

The parameters reported in Table IV for diffusion in the 

Si0
2
-Al

20
3

melts correspond to a wide composition range extending 

from pureSi0
2 

to compositions as high as 60 mole%A120
3

• The cor­

relation of these parameters to operative diffusion mechanisms in 

these melts requires a prior knowledge of the fused silica structure 

and the changes brought about by the addition of alumina. 

An acceptable interpretation of the fused·silica structure 

follows the principles set down by Zachariasen89 some 40 years ago and 

supported by the experimental work of Warren, et al. 90 Zachariasen's 

model draws an analogy to the structure of crystalline silicates where 

the structural backbone consists of oxygen tetrahedra sharing corners. 

In crystalline silicates, silicon lies in the center'of such tetrahedra 

with a resulting Si-O-Si bond angle of ~1800. Fused silica, although 

consisting of a similar structural backbone of oXygen tetrahedra joined 

at the corners, lacks the systematic packing of the crystalline phases. 

Its structure is described as a random network where the Si-O-Sibond 

angle can range from 180 down to at least 150°. 

The random network model of Zacharias en and Warren, however, has 

not been free of criticism91- 93 because the radial distribution function 

method of Warren, et al., used in their experimental work is inadequate 

in describing the average coordination numbers of the atoms beyond the 

first or second coordination spheres. Most recent studies92 ,93 support 

a short-range order cyrstallite structure in which tri~ite-like regions 
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of up to ~2oA or more are bonded together in essentially random 

orientations. 

For the purposes of this study, either model is equally acceptable 

since the discussion of diffusion mechanisms will only consider the 

. degree ofSi-O~Si continuity in the melt structure but not the degree 

of ordering. 

In binary silicates, the continuity of the network structure of 

fused silica is dependent on the nature and the 8JJlount of metal oxide 

addition. Alkali and alkaline-earth metals with low M-O bond strength 

and high coordination number (modifiers) are incapable of replacing 

tetrahedrally coordinated silicon and instead fit into the interstices. 

A continuous silica network model is generally accepted at high-silica 

contents when the O/Si ratio (determined by the amount of modifier 

oxides) is. high enough to result in at least two of the oxygens of a 

tetrahedra being shared with two other tetrahedra (bridging oxygens). 

The role of the aluminum ion in the silica network differs from 

that of the modifiers since it can either participate in network 

formation by replacing silicon isomorphously or go into six-fold co­

ordination, as predicted from an oxygen/aluminum ionic ratio of 0.41. 94 

In the polymorphs of Al
2
Si0

5
, for instance, the observed ligancies 

are four and six in sillimanite, five and six inandalusite, and only 

six in kyanite. Similarly, in mullite, the ligancies are four and six. 

Extensive studies concerning the coordination of aluminum ion 

in silicate glasses and melts, thus far, have been limited to alkali 

a.luminosilicates. Isard95 measured electrical conduction in sodium 

aluminosilicate glasses and observed a pronounced minimum in activation 
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energy at compositions having a sodium to aluminum ion ratio of one. 

He proposed that up to the limit where the Na/Al ratio equals one, aluminum 

is directly substituted for silicon in tetrahedral coordination; thus, 

the coordination shell around the sodium ions expands a non-bridging 

oxygensare eliminated, and the activation energy decreases. Beyond 

this limit, all the aluminum ions in excess of sodium ions are assumed 

togo into six-told coordination as a network modifier, allowing the 

coordination shell of the sodium ion to decrease again. This structural 

model was further supported by the more systematic·studies of Day 

and Hiridone 96 who measured refractive index, density, infrared absorption, 

internal friction and X-ray fluoresence shifts of the AlK peaks for 
ex. 

similar sodium aluminosilicate glasses and observed analogous changes 

in these properties with composition. An implication of this model 

then is that in the total absence of alkali ions , i.e., in binary 

. aluminum-silicate melts or glasses, all the aluminum ions would be in 

octahedral coordination. 

The dependence of density, index of refraction, and internal 

friction on the Li/AI ratio in lithium aluminosilicate glasses has been 

studied by Dei and Steinkamp.97 . The similarity between the property 

dependences on the RiAl ratio has been related to the structural 

similarities of both sodium and lithium aluminosilicate glasses. 

8 
Lacy,9 on the other hand, has argued that in glasses and melts with 

a high proportion of basic oxides, the fonmation of Al06 groups would 

be unlikely since this requires the sharing of oxygens with other 

tetrahedral or octahedral groups and thus constitutes a spatically 

and energetically unfavorable configuration. He therefore suggests 
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that a proportion of individual oxygen atoms may be shared between 

an A104 group and two Si04 groups or between an Si04 group and two 

Al04 groups, i. e., "tricluster". He also pointed out that due to the 

formation of tricluster, oxygen may be made available for incorporation 

in octahedral groups in compositions where this otherwise would be 

impossible. 

Similarly, Riebling~9 who based his arguments on molar volume 

models, viscosity and density data of sodium aluminosilicate melts, 

suggested that when the Al/Na ratio is greater than one, ~ Al06 

octahedra may exist in the melts, "but not every aluminum ion in excess 

of the sodium ion total finds itself in an octahedral configuration. 

He also noted that this model for the high-temperature liquid state 

would agree with the corresponding high-temperature crystalline-state 

information, especially for melts close to the Si0
2
-Al

20
3 

binary system. 

This background information on alkali aluminosilicates may now 

be extended to the binary Si02-Al20
3 

system in order to explain the 

changes brought about in the fused silica structure by the addition of 

alumina. The activation energy for diffusion in the Si0
2
-Al

2
0

3 
melts 

above "'1870oC dropped drastically from 205 to 42 kcal/mole as the 

alumina content increased from 2.53 to 63.10 mole% Al203 (Teble IV). 

S ' '1 1 t t' t' f' fl 100,101, th ~m~ ar y, he ac ~va ~on energy or v~scous ow. ~n e 

Si02-A12()3 melts, above 1860oc, drops from "'120 kcal/mole to "'40 kcal/mole 

as the composition ranges from pure silica .to alumina. When plotted 

as a function of alumina content (Fig. 34), it is noted that the large 

changes in activation energy are actually confined to the composition 

range up to ",45 mole% Al20
3 

while the changes beyond that composition 

are more gradual. As discussed in Section IVA, the densities of these 
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aluminum-silicate melts increase linearly up to' 'V45 mole% Al
2

0
3 

and 

show a negative deviation from linea.:dty beyond that composition. Such 

anomalous changes in activation energy for transport and density then 

are indicative of a fundamental change in the structure of these melts 

at'V45 mole% Al
2

0
3

• Studies 81,102,103 on alkali and alkaline-earth 

binary silicates have indicated analogous changes in properties over 

the cOmposition range of 10-20 mole% metal oxide. Activation energy 

for viscous flow,102 for instance, decreases from''V120 kcal/mole for 

pure silica to 'V50 kcal/mole at 10 and 20 mole% M
2
0.and MO, respectively. 

Changes beyond thiscompositibn, as in the Si0
2
-Al

2
0

3 
system, become more 

gradual. In an attempt to explain these anomalous changes in properties, 

103 104 , 
Bockris and co-workers, ' have postulated anionic model which 

assumes·· that at a certain metal oxide content the continuous network 

structure of fused silica becomes unstable with respect to discrete 

ionic silicate groups. These silicate groups vary in size and complexity 

depending on the nature of the cations and the overall composition. 

The range 10-20 mole% M20 or MO corresponds to the stability limit 

where the continuous network structure is com.pletely broken down in 

the presence of modifying cations. In comparison', then, the fact that 

this stability limit is considerably higher ('V40 mole% A1
2
0

3
) in the 

Si02-Al20
3 

system indicates that aluminum itself acts as a network 

former and is present m.ainly in tetrahedral coordination, at least at 

high silica contents. 

More direct evidence for the presence of aluminum ion in tetrahedral 

coordination, in·binary Si0
2
-Al20

3 
glasses, has been provided by Davis

84 

utilizing X-ray fluorescence measurements. He showed that AlK a 
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wavelength.of aluminum-silicate glasses quenched from 'V1200oC, when 

compared to the X-ray emission spectra of metallic aluminum, corresponded 

to that of a tetrahedrally coordinated aluminum at 3.0 mole% Al20
3 

and 

octahedrally coordinated aluminum at and above 6.2 mole% Al20
3

• Wardle 

and Brindleyl05 have recently pointed out that although the X-ray 

fluoresence techni(rl~e provides a means for determining coordination 

numbers ,when more than one coordination state occurs simultaneously, 

the results reflect the weighted average of the two coordinations. Thus, 

the findings of Davis do not necessarily indicate a sudden change from 

four~f6ld to six-fold coordinationat6.2mole% Al20
3 

but could also 

indicate a gradual change from a predominantly four-fold coordinated 

structure to a predominantly six-fold coordinated one. Furthermore, 

these findings reflect the coordination states at room temperature 

after some of the glasses were cooled into the immiscibility re%ion 

and microsegregated (Fig. 28). The lower limit of the immiscibility 

region, at 1200oC, is 7.0 mole% Al
2

0
3 

and corresponds closely to the 

transition range determined by Davis. Therefore, it is suggested that, 

above the immiscibility region, in the melts, aluminum ion is pre-

dominantly in tetrahedral coordination up to 'V45mole% Al
20

3 
content, 

as indicated by the activation energy and density data. Glasses that 

form from these melts, however, would contain Al06 groups at a higher 

proportion due to microsegregation during cooling. 
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On the basis of the structural information outlined above, the 

discussion of the diffusion mechanism in aluminum-silicate melts, over 

the compbsitionrange covered in this study, has .to consider two types 

of end-structures: (i) at high silica contents, a silica tetrahedra 

network structure that is very much like the crystalline phases of 

silica, and (2) at alumina contents above ~45 mole% Al20
3

, a structure 

that consists of isolated silica tetrahedra and is ionic in nature. 

Diffusion in fused silica and high silica melts would compare to diffusion 

in highly disordered ionic solids where transport is by interdiffusion 

of individual ions involving the rupture of M-O bonds. Diffusion in 

high alumina liquids, on the other hand, would be by mutual rotation of 

anionic groups involving only coulombic interaction. 

Let us first consider the diffusion in fused silica and high silica 

melts. In this case, the interpretation of the activation energies for 

diffusion may follow one of two fundamental approaches. In the first 

approach, as discussed by Mott and Gurney,106 diffusion occurs exclusively 

by the vacancy mechanism. Ions m~ diffuse by jumping from a lattice 

position into an adjoining vacancy, or empty lattice site. The experi-

mentally determined activation energy, Q, is expressed in two parts 

as the energy necessary for the formation of the defect and the energy 

necessary for its migration. In order to maintain charge neutrality, 

two kinds of defects of opposite charge must be formed. This m~ be 

accomplished either by the formation of an equal number of vacant 

sites and interstitial ions (Frenkel defects) or by the formation of 

vacancies in both the anion and cation lattices (Schottky defects). 
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In the second approach,107 the diffusion process is expressed in 

terms of the absolute reaction rate or transition state theory. Diffusion 

is characterized as an activated jump process over an energy barrier, 

or saddle point, separating two equilibrium lattice sites. Only a 

certain fraction of the diffusing units attain this "activated state" 

or "transition state" and move from one site to the next. According to 

the theory of absolute reaction rates, the activated complex can be 

treated as any other atomic species, possessi ng -che us.ual thermodynamic 

properties.~ Heat of formation of this complex then is equal to the 

experimentally determined activation energy for diffusion. 

In either approach, it is difficult to estimate quantitatively 

the activation energy for diffusion. However, since diffusion of ions 

in a continuous oXygen network structure first rec!,uires the rupture of 

catron-anion bonds, the measured activation energies, to a first approx­

imation,·have to be consistent with the bond energies. Secondly, the 

measured activation energies have to relate to the openness of the 

structure since the energy needed for the subsequent motion of the ion 

to the next site depends mainly on the energy needed to squeeze through 

the "doorways" between sites. 

The activation energy for alumina diffusion into fused silica, as 

obtained by extrapolation of the activation energy vs concentration 

plots of Fig. 34 to pure silica composition, is 211 kcal/mole above 

~1870oC and 338 kcal/mole below ~l870oC. The M-O bond strengths of 

tetrahedrally coordinated silicon and aluminum ions are 106 and 101-79 

kcal/mole, respectively, and that of octahedrally coordinated aluminum 
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6 . / loB is '" 0 kcal mole. Thus, although the measured activation energies 

are quite high, they are certainly consistent with the high M-O bond 

energies of tetrahedrally coordinated aluminum and silicon. The rupture 

of only two 8i-O bonds would require an activation energy of 216 kcal/mole. 

Thus, these activation energies are comparable with what one would 

expect from the interdiffusion of tetrahedrally coordinated aluminum 
. . . 

and silicon. ions in an oxygen network structure. Due to the la~k of 

self-diffusion data, however, a detailed analysis of the interdiffusion 

mechanism, at this point, would only be speculative in nature. 

The change in activation energy for diffusion from 33B to 211 

kcal/mole with increasing temperature is indicative of a structural 

change in fused silica. This premise is further supported by the fact 

that a similar shift in the activation energy for viscous flow has been 

observed over the same temperature range, from 122 kcal/mole in the 

high,.;.temperature range (Fig. 34) to 160 kcal/mole in the low-temperature 

. 109 . 109 
range..The viscosity of fused silica, . in the temperature range 

of 1650° to 20000 C, varies from loB to 106 poise, respectively. By 

definition,110 the softening point ofa glass corresponds to a viscosity 

of "'107 •
6

. poise. For fused silica, this temperature is "'1 750°C •109 A 

check on the specific volume data of fused silical09 reveals that, below 

the softening point, the volume is almost temperatUre independent and 

·3· 3 varies from "'0.454 cm /gm at room temperature to only "'0.456 cm /gm at 

"'lBoooc. AbovelBOOoC, however,the volume increases significantly 

.. ·3· 
reaching a value of "'0.500 cm /gm at 20000 C. Thus, the loosening of 

the network structure above the softening point relates closely to the 

changes in·activation energy both for viscous flow.and diffusion; the 
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formation of an open structure would be the primary cause of the decrease 

in the activation energies. 

The decrease in activation energy· wi th increasing alumina content, 

however, cannot be attributed to the formation of a looser structure 

since, on the contrary, with formation of triclusters and Al06 groups 

a·closermode of oxygen packing is realized. It may then only be 

suggested that the lowering of the activation energy with alumina 

addition appears to be related to the continual increase of the octahedrally 
. . 

coordinatedal~inum and'thus the formation of non-bridging oxygens. 

Let us now consider the diffusion in high alumina melts (>'\..45 mole% 

A1
2
0

3
) where the continuous oxygen network structure of silica is 

completely broken down. Just as the structure of fused silica is closely 

related to that of its crystalline forms, it is possible to postulate 

that the structure of a melt containing 60 mole% Al203 is a randomized 

version of mullite structure. The characteristic feature of the mUllite 

structure consists of columns of edge-sharing Al06 units linked through 

Al04 and 8i04 tetrahedra, similar to that of sillimanite shown in 

Fig. 35. The structure of the corresponding liquid phase, then, may 

be visualized asa dissociated structure consisting of chains of 

edge-sharing AI06 groups and discrete anionic groups of tetrahedrally 

coordinated aluminum and silicon. Diffusion in this structure does not 

necessarily have to involve the breaking of the M-O bonds but could 

easily take place by the cooperative movement of AI04 and 8i04 groups 

through a ring mechanism involving only coulombic interaction. The 

activation energies. as low as 42 kcal/mole at 63 mole% Al20
3

, then, 

are. in agreement with this model. Increase in silica content causes 
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Fig. 35 . Model of sillimanite (A1203'Si02) unit cell. Light gray and 
small spheres represent silicon. 
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the polymerization of the SiO~- tetrah.edra to form larger units of 
6- . 8- 103 Si

3
0

9 
' S14012 ' etc and subsequently a continuo~s three-dimensional 

network type structure. The gradual increase of activation energy with 

silica content, then, is also in agreement with the gradual increase 

in size of the diffusing anionic units. 

C. Diffusion Mechanism in Mullite 

The structure of mullitelll-113 is a derivative of the sillimanite 

(Al20
3

'Si0
2

) structure. 
114 The sillimanite structure (Fig. 35) consists 

of chains of slightly distorted Al-O octahedra which run parallel to 

the c axis and are linked by double chains of AI-O and Si-O tetrahedra. 

The distribution of the tetrahedrally coordinated aluminum and silicon 

atoms is ordered, and each double chain may be thought of as a continuous 

series of four-membered rings, with each ring containing two silicon 

and two aluminum tetrahedra in the sa-quence Si-AI-Si-Al. 

To derive the mullite structure from that of sillimanite and thus 

adjust the alumina/silica ratio from 1:1 to 3:2, an average of 0.5 

silicon atom per sillimanite unit cell is replaced by 0.5 aluminum 

utom ut random. The preservation of electro-neutrality demands the 

removal of 0.25 oxygen atoms from the positions 0C' linking the Si 

and Al tetrahedra (Fig. 35). Since the adjoining tetrahedra would then 

remain open, the corresponding central atoms are transferred from their 

original AI, Si positions into new tetrahedral sites previously unfilled 

in sillimanite. The direction of this shift is indicated by the broken 

arrow in Fig. 35. 
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The "Cl-erivation" of themullite structure from that of sillimanite 

is illustrative of the possible diffusion mechanism in a mullite layer 

ranging in composition from 70.5 to 74.0 wt% A1
2

0
3

. Under such a concen­

tration gradient, the diffusion of aluminuni from a high-alumina structure 

to a low-alumina one requires the replacement of tetrahedrally coordinated 

silicon by aluminum. In order to maintain charge-neutrality, the sub­

stitution of four Al3+ for three Si4+ results in the formation of one 

cation vacancy. Due to the lack of self-diffusion data on the individual 

ions, His difficult to postulate the exact diffusion mechanism. In 

either case, however, the apparent activation energy of 168 kcal/mole, 

again, reflects the high bond energies of tetrahedrally coordinated 

silicon and aluminum. Furthermore, this activation energy 'for diffusion 

is in excellent agreement with the activation energy for creep of 

ull Ot 115,116 m 1 e. 
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VI. CONCLUSIONS 

Diffusion studies in the Si02~Al203 system, in the temperature 

range of 1678° t020030C, yielded information on (I) stable and metastable 

phase equilibria. and (2) diffusion kinetics in aluminum-silicate melts 

and mtillite (3Al20
3 

·2Si02 ). 

The dissolution of alumina in fused silica and the growth of 

interfacial mtillite were diffusion-controlled. The interfacial com-

positions of the phase boundaries, thus, corresponded to the equilibrium 

liquidus and solidus compositions and were used to construct the 

equilibrium Si02-Al20
3 

phase diagram. The equilibrium phase diagram 

indicates the incongruent melting of mullite at 1828±10oC, as originally 

d t . d b B d G . 10 e ermlne y owen an relg. The incongruency of mullite was 

also supported by the static method of quenching experiments. 

The stable solid solution range of mtillite was at 70.5 to 74.0 

The examination of the diffusion zone microstructures and the 

microstructures of the specimens heat treated by the static method of 

quenching yielded additional information on the metastable equilibria. 

Due to the supercooling of the aluminum-silicate melts below the 

alumina liquidus and the peritectic temperature,precipitation of only 

mtillite was realized, without any alumina precipitation. When the 

specimens were cooled slowly or sites for heterogeneous nucleation of 

alumina were available, alumina did precipitate as predicted by the 

stable Si0
2
-Al20

3 
phase diagram. The extension of the alumina liquidus 

below the transition temperature provided direct evidence for the 

.. 



.. 
" 

,-lO~-

metastable existence of a Si02-Al20
3

binary phase dia.gram without any 

mullite phase. 

Stoichiometric mulli te of 71. 8 wt% A1
2

0
3 

composition melted 

congruently at 188o±lOoC due to the metastableext,ension of the silica-

mullite binary equilibrium above the peritectic transition temperature. 

This metastable extension of the silica-mullite binary diagram above 

the incongruent melting temperature of mullite successfully explains 

the formation of high-alumina mullites, ranging in composition 'up to 

, 83.2 wt% Al
2
0

3
, only when they are precipitated from a melt. 

The activation energy for diffusion in the aluminum-silicate melts, 

above the softening temperature of fused silica; decreased from 211 

kcal/molefor pure silica to 42 kcal/mole at 63 mole% Al20
3

. This 

substantial change in activation energy for diffusion is attributed 

to the gradual increase in the ratio of Al06/Al04 groups with increasing 

alumina content and thus the formation of non-bridging oxygens. Below 

the softening point, the activation energy for diffusion in fused silica 

increases to 338 kcal/mole due to the tightening of the network structure. 

At 45 mole% A1
2

0
3 

content, the continuous network structure of fused 

silica is completely broken down to form discrete anionic groups. High 

activa.tion energies in fused silica and high-silica melts are attributed 

to the rupture of M-O bonds of tetrahedrally coordinated silicon and 

aluminum. Diffusion in high alumina liquids, on the other hand, is by 

'mutualrotation of anionic groups involving only coUlombic interaction 

and thus requires a lower activation energy. The structural model for 

the Si0
2
-Al

2
0

3 
melts is further supported by the viscosity and density 

data. 
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An activation energy of 168±7 kca1/mo1e was determined for 

diffusion in mul1ite. 

., 
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APPENDIX: COMPUTER PROGRAM FOR BOLTZMANN-MATANO ANALYSIS 

PROGRAM SNARL CINPUT,OUTPUT,TAPE7,TAPE98,PLOT,TAPE99=PLOT, 
CO~MON ICCPOQLI XMIN,XMAX,YMIN,YMAX,CCXMIN,CCXMAX,CCYMIN,CCYMAX 
DIMENSION XXClOOOI, YYCIOOO. 
UtMENSION X(2000),YC2000),10(5' 
XRANGE : CCXMAX-CCXMIN 
CCXMAX = CCXMIN + 2.*XRANGE 

300 READ 10, K,N,ARBX,XIN, 10 
10 FORMAT CI1,19,2FIO.5,5A8. 

PRINT 10, K,N,ARBX, XIN, ID 
IF (N.LE.'») Gu TO 4JJ 
READlOO,T 

100 FORMATCEIZ.5) 
REA030, CXCI),YCI'. 1=1,N' 

30 FORMATC12F6.0' 
IF CK.EQ.l. 9J,139G 

90 CONTINUE 
/11=0 
00 13 I=1,N 
J=I+N 
XCJI=A8SCXCII-ARBX' 
I F (X C II • LT. A R6X I 11, 12 

11 YCJI =2.098 - YCII 
M=M+l 
GO TO 13 

12 YCJI=YCII 
13 CONTINUE 

K=l*N+l 
YCKI =2.098 - YCM+NI 
Al=.S*CYCN+ZI-YCN+l)I·CXCN+ll+X(N+211 
A2 z .S*CYCKI-YCN+M+1II*CX(M+NI+X(M+N+11' 
NNN=2*N .. 
~Nl=M+N+l 
M2=N+M-l 
Nl:N+l 
NN=(Z*N'-l 

·N3=(Z*NJ-Z 
~M::M2-1 
DO 53 J=Nl,M2 
Al=Al+.5*(YCJ+lJ-VCJII·CX(J+11+X(JIJ 

50 CONTINUE 
00 60 J=MN1.NN 
A2=A2+.5*CYCJI-Y(J+lll*(XCJ+11+XCJII 

60 CONTINUE 
IF (A .... GE.AZI 70,80 

80 ARBX=AR6X+XIN 
GO TO 90 

70 PRINT75, IO,AR6X 
75 FORMATCIH1,2.)X,5A811,5X,*THE BOLTZMANN-MArANO INTERFACE IS LOCATED 

XAT X=*,F10.5,* MICRONS*III. 
PRINT200, r 

200 FCRMATC~X,*TIME=*.E'2.5.* SECONDS*II) 
P~INT20' 

201 FORMAT(7X,*INPuT DATA*,,7X,*MIC~ONS.,lJX,*CONCENTRArION AL*III 
00 202 l=l,N .. 

202 P R I NT:? 03, X C I J , Y C I • 
213 FORMATC2C5X,FIJ.S" 

00 5 J=Nl,Nt>4N 
5 XCJI=XCJI.1.E-4 

PRINT1l6 
116 FURMATCIH1"X,*OIST/INTERFACE CONCENTRATION OX/DC 

X AREA OIFFUSIVITY*I. IJX,*CM AL ATOM."" 

If 
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AJ=.5*IYIN+ZI-YIN+1II*(XIN+11+XIN+211 
A4=.~*IY~Kl~YIN+~+11)*lX(M+N'+X(M+N+l"­
SNEW=IYIN+II-YIN+211/1X(N+21-X(N+1II*I-1.1 
KN1=MM-Nl+l 
;.j RITE ( 7 .140 I KN 1 
IGO == 0 
I = 1 
OG l~.O J=Nl,MI'I 
A!==A3+.5*IYIJ+II-YIJII*IXIJ+11+XIJII, 
SOLO=SNEW 
SNEW=(Y(J+II-YIJ+211/(XIJ+21-XIJ+1II*I-l.1 
SL=2./ISOLD+SNEWI 
D=-.5*SL*A3/T 
R Y =2.098 - Y I J I 
PRINTll:, XIJI,RY,SL,A3,O 
FORMATI~I5X,E12.511 
XXI I I = R Y 
YYIII = ALDG10IIJI 
I = I + 2. 
WRITE(7,DJI RY,D 
FORMATI2E12.51 
FORMATeIIOI 
CCNTINUE 
CONTINUE 
NY = I - 1 
XMIN o. 
Xr-1AX == 1.3 
Y/I<AX == -4. 
YMIN = YYIlI 
Dm.'5J I=2,NY 
IFI YYIII .LT. YMIN I YMIN = YYIII 
CONTI NUE 
IFI Y,'-II"J .GT. -,}. I GO TO 155 
VMIN = -14. 
GO TO If,) 
CCNTINUE 
YMIN == -Q. 
C CNTI NUE 
CALL CCGRlUi I, 15, 6HLAtiELS, 1 I 
XC = XMIN + .)Jl*(XMAX-XMINI 
:-.IC == I F IX I YMAX-Y:-IIN+.OOl 1 
00164 I=l,'J 
VC == VMIN + ALuGl)I FLOATIII 
D[163 J==J., NC 
CALL CCPLOTe XC, YC, 1, 6HNOJOIN, 2, 1 I 
YC = YC + ' .• 

163 CONTI NUE 
164 CONTI NUE 

CALL CCPLOTe XX, YY, NY, 6 HNOJOIN, 6, 1 1 
CALL CCNEXT 
IFI Y"1IN .Lf. -l-J. I GO TO 165 
YMIN = -:. 4. 
GO TO 160 

:6~ CCNTINUE 
PRINT401 

4)) FURMATI~Hl,1111 
IFI IGO .EU. 1 I GO TO 1115 
SNE w= I I Y 1,'1+:\1+ 1 I -Y I K I II I X ( '"1+ ~ I--X I "11 I I'" 1 • E+4 
KN2=N?-:-IN1+1. 
WRITE17.1401 KI~2 
DO l2l J=:-1Nl. ,N3 
A4=A4+.5*IYI JI-YIJ+11 I*IXIJ+lJ+XIJI I 
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A5=A2*1.E-~-A4 
SOLD=SNfw 
SNEW=IYIJ+21-YIJ+III/IXIJ+21-XIJ+})) 
SL=?/ISULD+SNE~) 
D=-.,:;*SL*Aj/T 
RY=YIJI 
PRINT115, XIJI,Ry,SL,A5,D 
wRITEI1.l3IJI RY,O 
CCNTINUE 
GO TO 300 

THE FOLLOWIN" IS THE MIRRUR IMAGE OF SNARL wHICH IS USED FOR PROFILES ,jHICH 
HAVE A POSITIVE SLOPE 

CONTINUE 
"1=0 
DO 1)13 1= 1, N 
J=I+N 
XIJI=ABSIXII'-AR3XI 
IF IXIII.GE.ARBXI 1011,10)2 
YIJI =2.098 - YIII 
GO TO .HI) 
YIJI=YIII 
1'1=11+1 
CCNTINUE 
1(=2*N+l 
YIKI =2.J98 - YIM+NI 
A.l =.!j * I Y I N+? I -Y (N+ll I * I X (N+11 +X (1HZ I I 
A2=.S*IYIKI-YIN+~+111*(XIM+NI+XIM+N+111 
NNN=2 *N 
M"ll=M+N+:i. 
M2=N+M-J 
Nl=N+t 
NN=IZ*NI-l 
N3=?*N-2 
:-IM=M2-1 
DO H)~:O J=Ni, M2 
A l=A ~ +. ~,,,,, YI J+ l'-Y I J II * I XI J+ 11 +X I J II 

·1050 CCNTINUE 
~O 10fO J=MN1,NN 
A2=A2+.5*IYIJI-YIJ+lll*IXIJ+1I+XIJII 

1060 CONTINUE 
IF (Al.GE.A21 lJ7),~J8J 

1080 ARBX=ARBX+XIN 
GO TO 1()90 

1)1) PRINT75, ID,ARdX 
PFlINT200, T 
PRINT201 
DO 1202 I=l,N 

:202 PRINT203, XIII,YIII 
DO 1»5 J=NJ. ,NNN 

l005XIJI=XIJI*1.E-4 
PRINTllt 
A 3=.::; * I YI N+~ I-Y INH I I * I XI N+ 11 +X I N +ZI I 
A4=.~*IYIKI-YIN+~+111*IXIM+N)+XI~+N+111 
SNEW=IYIN+21-YIN+III/IXIN+21-XIN+1II*I-I.1 
Kl\l ='1M-N:. +1 
~RITEI7,1401 KNI 
1=1 
IGO = 1 
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f) 0 U 1) J = N.l , ; .. t;l1 
A 3 = A3 +. ::.* ( Y ( J + 1 , - Y ( .J ) , * ( X ( J+ 1 , +X ( J , , 
SJLO=SNEW 
5NEW=(Y(J+2)-Y(J+l"/(X(J+Zl~X(J+l"*(-1.) 
SL~?,./(SOLD+SNEW) 

D=.S*SL*A3/T 
RY=Y(J' 
PRINTl15, X(J' ,RY,SL,A3,O 
wRtTE(7,!.30' RY,D 
X)«t) =I{Y 
VV(I' ~ ALO~l)(D) 

t = I + 1 
1110 CONTINUE 

GC TO 145 
1115 CONTI NUE 

SNEW=«Y(K'-Y(N+M+l»/(X(M+l)-X(M»)*1.E+4 
KN2=N3-MNl +1 
WRITE(7,14Q) KN2 
DO ~,120 J=MN1,N3 
~4=A4+.5*(Y(J'-Y(J+l)*(X(J+l~+X(J» 
A k=A? * 1. E- 4- A'. 
SOLC=SNEftI 
SNEW=(Y(J+l)-Y(J+2»/(X(J+2)~X(J+l)} 

SL=2./(SOLD+SNEW' 
D=.5*SL*AS/T 
R Y =2.098 - Y ( J ) 
PRINTl15, X(J),RY,SL,A5,D 
WRITE(7,130) RY,I) 

ll2l CONTINUE 
GO TO 300 

400 ENOFILE 7 
CALL CCEND 
STOP 
END 
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PROGRAM COREL (INPUT,OUTPUT,TAPE1J 
~EAL KKN 
OIMENSION Y(2000),OI2000),OEVI2000),IOIIO) 
DIMENSION DEVV(2JJ»),T(5)JJ 
DATA ITIll,I=1,SOO)/12.7,4.30,3.18,2.78,2.57,2~45,2.36,2.31,2.26, 

A2..2:;,2.20,2.J.B,2.~6,Z • .l4,Z.1~.2.12,2.1.1,2.1J'2*2.J9,2.')8,Z*2.07, 
R:*2.06,3*l.J.5,3*Z.04,5*2.03,7*Z.02,lO*2.01,20*2.00,30*1.99,40*1.98 
Ct50*1.97,30~*'.~6/ . 

8jJ REAOIJJ, NPRO~,IO 
100 F£R~AT(I10,:OA71 

IF INPROB.LE.OI GO TO 900 
REA0(1,2001 KN 

ZOO FOR~ATIIlOI 
REAOI7,?JJIIVIII,DUI,I=1,KN) 

300 FCRMAT(~E12.~1 
M=O 
KKf\=FLOATlKNI 
IF IKKN.GT.~O.J 1,2 

1 KKN:KKN-l J. 
NK=KN-5 
,'4K=6 
GC TO 7)) 

2 MK=l 
iJK=KN 

700 CeNT! NUE 
f\jKN=NK-r~K+.i. 

SDEIIY=). 
S I G2=0. 
snEIISI.l=). 
SUMOEV=O. 
SU~\':O. 

SUMO:). 
SU"'YD=O. 
SUMYY=O. 
SUMOO=O. 
DO 400 I=MK,NK 
SUMY=SUMY+Y(ll 
SU,",D=SUMO+OIII 
SUMYD=SUMYU+Ylll*DIII 
SUMYY=SUMYY+YIl,**2 
SbMDO=SUMDO+DIIJ**Z 

4)3 CONTI NUE 
A=ISUMO*SUMYV-SUMYO*SUMY)/IKKN*SUMYY-SUMV**Z) 
B=IKKN*SU~YJ-SUMO*SUMYI/IKKN*SUMYY-SUMV**21 
AIID=SUMD/KK~ 
A ~Y =$ UMY / KK.,~ 
DO 1 )JJ I=MKdK 
SIG2=SIG2+(S*YII)+A-OIIII**2/KKN 
fJEIIII'=ABS(AVD-D(I)1 
SDEVSy=SOEVSJ+U(VIII**, 
IJElJVI I I =A~SI AVY-VI I I I 
SDEIIY=SOEVY+Di:IIYI I 1**2 

j 000 CONTINUE 
SIGB=SQRT(KKN*SIG2/C KKN*SUMYY-SUMY**2 I I 
SIGA=SQRT(SIGJ*SUMYV/IKKN*SUMYY-SUMY**2., 
SQEVD=SQRT(SDEVSQ/IKKN-!.JI 
SOEIIY=SURT(S~EIIY/IKKN-l.l. 
R=B*SOEVV/SO[VD 
TS=ABS(RI*SO~VY*SJRTIKKN-2.I/SDEVO/SQRTI1.~R**2) 
IF IM.EU.JI 4)1,4)2 

401 PRINT500, IU,~~~N,AVD.SOEVO 

\. 
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~oo FOR~AT(lHl/,lJA711/,*CORRELATION COEFFICIENT ~OR LINEAR RELATIONSH 
*rp =*,F10~5/,*NJ. JF PAIRS OF PUINTS INVOLVED =*,IIO/,*AVERAGE DIF 
*FUSIVrTY =*,Ell.SI,*WITH STANDARD DEVIATION OF *,E12.5111/' 

PRINT!lJJ, A, SIGA,B,SIGB 
ilOO FCRKAT(*O=DIFFUSIVITY, Y=~OLE FRACTION OF DIFFUSING CATION*/,*IN T 

tHE FORMULA O=A+BY.,,*A=*,E12.5,* PLUS dR MINUS*,E12.5/,*B=*,E12.~ 
2,* PLUS OR '1INUS*,EJ.2.5' 

PKINT1200, TS, TI NKN-2' 
llJJ FDRMATC*THE T-STATISTIC=*,E12.5/,*THE T-STATISTIC FOR A 5 PCT. SIG 

INIFICANCE L~VEL=*,E12.511//II' 
402 1'1=1'1+1 

IF CM.EQ.l' 5~1,502 
'501 CCNTI NUE 

DO 61) I=l,:(N 
OCI)=ALOGlAdSCOCI))' 

1,00 CONTI NUE . 
GO TO 700 

~02 PRINT503, R,K~ 
5J3 FORMAT(*COKRELATION COEFFICIENT FOR EXPONENTIAL RELATIONSHIP =*, 

* FIO.5/,*NJ. JF PAIRS OF POINTS INVOLVED =~,IIO' 
PRINTIIOl, A,SIGA,B,SIGH 

1101 FOl<MAT(I/II,*IN THE FORMULA LN D=LN A + 8Y*I,*LN A=*,E12.5,* PLUS 
1 OR MI~US*,E12.5/,*8=*,E12.5,* PLUS OR MINUS*,E12.5' 
AA~EXP(A' 
PKINTlJ.02,AA 

1102 FORMAT(*A=*,E12.j) 
PRINT1200, rS,T(NKN-Z) 
GO TO 900 

9J") STOP 
END 

PROGRAM D~IPY CINPUT,OUTPUT,TAPE1,TAPE~B,PlOT,TAPE 99 PLOT) 
DIf-IENSIDN OCZOOO),Y(ZOOOI 
9IMENSION IdCO(7) 

5 R EAD~ 0, NS, S~A?LE 
1 0 FORM A T C I 5 , A 7 ) 

IF. CNS.lE.O) i;O TO ::;0 
ENCODE (20,~OOO.IdCO) SAMPLE 

')).) FORMATCJ.lrlSA.'1PLE NO. ,A?} 
I6COP)=O 
REAO(7,L:)~J 

) '5 FOPMATCIlO) 
READ(7,20)(f(I),D(I),1=!,NO) 

2JFORMATC2E12~j) 
CALL GR.rH (Y,O,NJ,IBCO,~3HCONCENTRATION,11~UIFFUSIVITYI 
GO T!1 5 

~)J CALL CCENU 
STOP 
END 
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S UBROUT INE G;{APH I I, Y, N, RG, RI, RY I 
CO~MON/CCPUOL/XMIN,IMAI,YMIN,Y~AX,CCX~IN,CCXMAX,CCYMIN,CCVMAX 

DIMENSION RJUNOI'tI,XI11,YI11 
DI~ENSION Y5e(21 
DATA (RiJUNi.HII,I=1,4111.,2.,2.5,5.1 
DATA NROUNO,PART/4,lO.1 
YSCIlI=YIl 1 
Y5C(21 =YIl 1 
DO 1)1. 1=1,,'1 
IF (VIII.GT.(SCIlll YSCI1,=YIII 
IF (YIII.LT.VSC(211 YSCI:>,I=YIII 

).01 CCNTI NlJE 
CCXMIN=20~.$CCXMAX=3Z00.SCCYMIN=ZOO.SCCVMAX~1000. 
WRITE 19~,'~9J,)I 

9900 FCR~AT I*SPLEASE POSITION PEN*/1H=1 
CALL LINEUPIX,~,ROUND,NROUND,PART,I~IN,IMAXI 
CALL LI~EUPIVSC,2,~OUND,N~OUND,PART,YMIN,YMAXI 
XMIN = 0 
IMAX '" .13J 
CALL CCGRIUli,IFIXIPARTI,6HNOLBLS,1,IFIXIPARTII 
CALL CCLBLIIFIXIPARTI,IFIXIPARTII 
CALL CCLTRIZ10.,~0.,0,3,RG,181 
CALL CCLT~(dOI.l.,'Oo.,0,:,RX,131 
CALL CCLTR(23).,475.,1,3,RV,111 
CALL CCPLJTII,V,N,6HNOJOIN,8,11 
CALL CCPLUTIX,~.X,YMIN,1,6HNOJOIN,J,11 

CALL CCLTRICCXMAX,O.,O,l,lH ,11 
CALL CC"lEXT 
RETURN 
END 

SUBROUTINE ~CLBLINX1,NYll 
CCMMO"l/CCPLJL/X~IN,XMAX,YMIN,YMAX,CCXMIN,CCXMAX,CCYMIN,CCYMAX 

CCMMO"l/CCFACT/fACTQR 
I SZERO"') 
XO=XMAX-X~I\j SYD"'VMAI-YMIN 
CCXO=CCXMAX-~CX~IN SCCYD-CCYMAX-CCYMIN 
XI=XO/FLOATINXll SYI-YD/FLOATINYll 

8 KSIll = Z SKORIENT = 0 
C LA~EL FRU~ ~IGHr Ta LEFT ALONG THE X-AXIS. 
'0 DC t~ NX=ISl~R0,NIl 

CCX=CCXMAX-CCXU*FLJ'TINXI/FLOATINXII 
X=ICCX-CCX~INI*XD/CCXD+XMIN 

C SET X TO A T~UE ZERO IF X=O. TO WITHIN ~ACHINE ACCUR4CV. 
IFIASSIX/XII.LT.1.}E-6IX=J. 
W RI TE (98,271 X 

If CALL CCLTR(CCX-~2.*FLOATIKSIlEI/FACTOR, 
lCCYMIN-lJ.*FLUATIKSllEI/FACTOR,KORIENT,KSIZEI 

18 KSIlF. = 2 SKORIENT - 0 
C LABEL UfJWARJ ALUNG THEY:-AXIS. 
~o DO 26 NY=ISlER~,NYl 

CCV=CCYMIN~CCY0*FLJAT(NYI/FLOAT(NY11 
Y=(CCY-CCYMINI*VD/CCYO+YMIN 

C SET V TO A TRUE lE~O IF Y=O. TO ~ITHIN MACHINE ACCURACY. 
IFIA8SIY/YII.LT.~.)E-6IY"'J. 
wRITEI9d,l7IY 

7~ CALL CCLTR(CCX~IN-70.*FL04TIKsrZEI/FACTO~~CCy,KORIF~T,KSIlEI 
27 FbRMATIE!J.21 

RETURN 
END 
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