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DIFFUSION STUDIES IN THE ALUMINA-SILICA.SYSTEM 

Robert Foster Davis 

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

College of Engineering, University of California, 
Berkeley, California 

ABSTRACT 

July 1970 

The" diffusion kineiicf) and phase equilibria bet'Ween silica and 

sapphire or mullite couples annealed in helium and air were inVestigated 

with particular emphasis placed on the relationships between atomistic 

mechanis1rts and structural changes. Dissolution occurred in the Si02-rich 

liquid accompanied by the formation of a detectable mulli te solid solution 

(sapphire-silica couples) above l634°c. The mullite liquid interfacial 

compositions formed a revised liquidus curve between the melting point of 

mullite and the mullite-silica eutectic. This curve was extended below 

the eutectic temperature~ue to the appearance of a metastable amorphous 

phase at the sapphire-cristobalite couple interface. The presence of a 

liquid phase is thought to be an initial step in the nucleation of mullite 

at the sapphire interface. The growth of mullite is dependent upon the 

relative dissolution rates of mulli te in the liquid. 

The diffusi vities of t4e aluminum ion vary greatly with concentra-

tion and temperature. As . a result, Q and D values are very high at low 
o 

aluminum;, concentrations and decrease as A1203 is taken into the glass as 

shown by the following. equations: 
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at 4.30 w/o Al2 0 3 D = 3.41 X 10 23 exp (-307.5 Kcal/RT) 

at 7.6bw/o Al20g D = 1.64 X 10 19 exp (-264.8 Kcal/RT) 

at 12;40 w/o Al203 D = 9.93 X 10 12 exp (-203.3 Kcal/RT) 

at 20.10 w/o Al20s D = 3.38 X 102:· exp (-99.6 Kcal/RT) 

Aluminumcoordinatibn measurements and physical property data from 

the literature suggest tha.t low Al203 concentra.tions are incorporated 

into the silica structure through the formation of "triclusters" composed 

of one AlOltand two SiOIt groups. Higher concentrations of A120s allows 

the formation of Al06 octahedra as well as normal AlOIt tetrahedra; however, 

the AlO~ octahedra do not form as readily with an increase in temperature . 

The diffusion process in the liquid is thought to be a cooperative 

movement of large ox;ygen.,.containingaluminum and silicon complexes in a 

type of ring mechanism. The decrease in activation energy and viscosity 

suggests a gradual decrease in size of the diffusing unit with an increase 

in Al203 concentration at a given temperature and a change in size with 

an increase of temperature at a given concentration. 

·il· 
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DIFFUSION STUDIES IN THE ALUMINA ... SILICA.SYSTEM 

I. INTRODUCTION 

The studies of ionic self-diffusion in glasses and the interdiffu-

sion or dissolution processes which occur between refractory oxides and 

glasses have been receiving increased attention from many of the dis

ciplines of physical science as shown by the reviews of Williams
l 

and 

2 
Doremus. There are two primary reasons," First, a knowledge of these 

processes is necessary in order to understand the reactions that occur in 

these materials and, secondly, it is instructive in the deterItJination of 

the mechanism by which the particular atoms or groups of atoms move at 

high temperature. 

Paladino and Kingery3 and Oishi and Kingery4 have studied the self

diffusion ofalumirium and o:x;.ygen, respectively, in Al20a while Sucov5 has 

studied the movement of o:x;.ygen in vitreous Si02. A dearth of information 

exists, however, on interdiffusion in the Al20a-Si02 system even though 

it is one of the most important and most studied binary systems in re-

fractory technology. A phenomenological approach to this problem was 

6 
underta.ken by de Keyser who studied reactions betweenpolycrystalline 

alumina and cristobali te at i6000c for two hours. He found that as a 

result of the diffusion of Al203 into the Si02, a glass phase formed sur-

rounding the cristobalite grains. In comparison, the diffusion of a 

SiOz-rich glass into the AlzOa initiated the formation of mullite crystals 

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

diffusion of SiOz. 
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Staley 7 has conducted a more enlightening stud.yof the subsolidus 

reactions between these phases using pressed pellets or single crystals 

of the individual oxides in contact as well as mixed.powders. His find-

6 
ings were similar to those of de Keyser. No mullite was observed when 

the polycrystalline alumina pellet was replaced by an alumina single 

crystal. A kinetic analysis at 15000 C indicated that the dissolution of 

the corundum grains is primarily a diffusion process with an effective 

-13 2/ diffusion coefficient of approximately 2.5 x 10 cmsec. The rate .of 

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

by the reaction at the cristobali te-glass interface leading to a constant 

phase bounda.ry veloci tyof 1.6 X 10-9 cm/sec. 

The purposes of this .. study were to determine definitely the nature 

of the dissolution Of alumina by silica,· to describe the kinetics of 

dissolution in technologically useful terms, and. to relate the latter to 

possible operative mechanisms. 



?' } 
111 

-3-

II. EXPERIMENTAL PROCEDURE 

A • .. Mat e ri.i.Us . and SamPle Prepara.tion 

Several types of qiffusion couples were prepared using alumina, 

silica; andmullite •. Highly polished 11/32 in. dia. by 1/16 in. high 

singlecl"ystals of alumina (s.apphire) cut with the C axis oriented 

approxil'll~tely 30°. from. the' vertical were purchased from the Union Carbide 

.Corporation, Torrance; California. High purity air and· water-free 3/8 in.· 

diameter vitreous sili.qa rod, sold undet the trade name "Amersil," was 

obtained from the Englehard Company, San Francisco, California. The 

cristobalite phase was prepared by crystallizatipnof fused silica rod 

by the Georgia Institute of Technology Experimental Station, Atlanta, 

Georgia .. Themullite used in the dif'fusion. studies (provided by the 

Carborundum Corporation, Nia.gl3.ra Falls, New York) was from the center of 

* a much la:r.ger ingot cooled from the melt. A chemical analysis revealed 

a mOlar composition of approximately 2 Al203-Si02 (77.3 wt % Al203) plus 

unreacted Al203. 

Also ,a 15 wt % AltOs-85 wt % Si02 glaSs was prepared from powders 

of highpuri ty-325 mesh Corning 7940 fused silica and AlcoaXA-16 

reactive alumina. These were intimately mixed in isopropyl alcohol, 

dried at 110°C, and vacuum melted at 18000 C for thirty minutes in thin-

walled molybdenum containers which. could be separated from the glass. 

This glass was subsequently used in a diffusion couple with sapphire to 

determine the rate of growth ofmulli te and the rate of aluminum, ion 

diffusion in the mullite. 

* See Appendix I for the analysis of all diffusion couple materials. 
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The silica,mullite, and 15% alumina glass.werecut into appropriate 

sizes, polished to optical smoothness,and checked for. flatness against 

their diffusion couple counterpart. This last operation was performed 

to effect not only good bonding between the materials8 composing the 

couple, .but also to prohibit the entrapment. of He or air in the irregular 

surfaces of the unpolished silica. 

B.' 'I?iffusionE:iC;periments. 

The materials to be used for the runs were washed in ethyl alcohol 

to remoVe any foreign matter, and placed into 13/32 in. dia. by 5/16 in. 

high spurimolybdenum or. Coors CN-2 99.8% alumina crucibles in the manner 

shoWns in. Figs. 1 and. 2. 

The molybdenum crucibles were placed into the center of an 8 in~ 

long by 4 in. diameter tantalum resistance heating element of Ii model 

4668-4 Brew Furnace. The arrangements as shown in Fig. 1, consisted of 

two layers of four crucibles each, covered by a molybdenum disk. The 

bottom four crucibles contained couples of sapphire and silica while the 

top section held threemullite-silica couples and one of the 15% Al203 

glass-sapphire type. The total assembly was covered by a large 1-1/8 in. 

I.D. molybdenum crucible.to equalize the heat distribution and to reduce 

the vaporization of 8i02 .during heating. This arrangement was modified 

for all temperatures below 1650° by placing the couples. topped by 1000 

gram platinum weights into 7/8 in,. I.D. Al203 crucibles. . . In this case, 

only four samples could be run at one time. 

The tantalum chamber was then heated to 12000 C under a pressure of 

-6 10 torr. Th O. f d t .. 0 d d9 ,10 ~s was oun· necessary 0 remove organ~c an reporte 

hydroxide films from the sapphire surface. The chamber was then isolated 
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J 

o ~15%Al203Glass 
E - Black Body 

F -Spacers 
G - Sample Cover 
H - Sample Container 
I -Sample Holder 
J -Support Stand 

XBL 707-1404 

Fig. 1. Schematic diagram of diffusion couple arrangement 
in helium. Parts E-J are of molybdenum. 
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Fig. 2. Schematic diagram of diffusion couple arrangement in air. 
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and high purity He allowed, to enter at a rate sloweno,ugh to permit the 

controller to hold the temperature constant • Having obtained atmospheric 

pressure wi thin th~, furnace chamber, the temperature was rapidly (approxi

mately 10 'minutes) raised to the working point to avoid reaction at low 

temperatures and subsequent cracking of the. sapphire at higher tempera-

" 

tures due to the difference in thermal expansion between it and the 

fused silica. 

The principal temperature range of interest using the He atmosphere 

was 1650° to IBoooc in 50° intervals for times ranging from hours to days, 

depending on the temperature (see Table II, Section IV). Couples of 

sapphire-silica andmullite-silica were also run at subsolidus tempera-

tures, as mentioned above, ,to determine the interfacial, concentration of 

Al. Thecristobalite ..... sapphire couples were fired at 1550° and l580 0 e and 

the 15% AlzOa glass--sapphire. couples at 1650°, 1700°., and l750 0 C. 

The temperature of the He fired samples waS measured by a W-5 

Re/W-26 Re thermocouple (accuracy ± 7°.at 18000 e) connected to a Leeds 

and Northrup SpeedOmax H Record.~r-eontroller and cross checked with a 

Leeds and Northrup optical pyrometer utilizing black-body conditions. 

By comparison , the Al203 crucibles were placed in a Kanthal Super 33 

element air atmosphere furnace preheated to a temperature of l200 0 e. The 

specimens remained at this temperature for one hour ,as before, and 

again were rapidly (approximately 45 minutes) heated to l650 0 C--the only 

temperature comparable to the He runs that could be safely maintained for 

a long period of time wi th these elements. . There were eight specimens in 

all containing the various couple types discussed in connection with the 

He runs. The temperature was measured by a Pt-6Rh/Pt~30Rh thermocouple 
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(accuracy ± 5° at16500C) and monitored by a .Leeds B...l'ldNorthrup Speedomax 

H recorder~ 

A·very slow (48;';96 hours) and very' carefully controlled cooling'rate 

was employed for all runs in order to avoid the loss of integrity at the 

interface due to the difference in thermal expansion. The specimens were 

then removed from the furnace~ mounted in polyester casting resin, sec-

tionedin half parallel.to.the direction of diffusion, and remounted for 

* polishing in such a way that· each mount contained two halves .of two 

different specimens. This last procedure was .bothnecessary and time 

saving in that it prevented faceting of the polished faces, and fewer 

mounts were re~uired for the electron microprobe analysis. 

C. ' . Elettr6ri 'Micro;pr6be 

The highly polished surfaces of the speCimens .were made electrically 

conducti ve by the vapor deposition of carbon and by painting the mounting 

material and extremities of the diffusion couple with a slurry of carbon 

in ethanol. 

A Materials Analysis Company Model 400 electron microprobe analyzer 

was used to determine the profiles of Al concentration versus distance. 

In this type of instrument, a monoenergetic beam of electrons is produced 

by a heated tungsten filament and focused onto the specimen. The result-

ing excitation of the electrons of the atoIils in the material produces 

characteristic X-radiation which is monitored, reproduced as a number on 

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

* The polishing procedUre consisted of 2 min' each on a 240f.! and ISf.! metal 
bonded diamond lap, 24. hrs . on 6f.! diamond lap, .24 hrs on If.! diamond lap, 
and 6hrs in a syntron vibrated, Linde A (0.3f.!' AI203)--water slurry. 

(,,;, 
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correction and. evaluation. 

All data from the various diffusion couples discussed previously was 

measured at an electron beam potential of l5KV and a sample current of 

.025]1 amps. in order that they could be compared •.. Two spectrometers 

operated in vacuum with in~orporated Rowland Circle optics of 5.6 in. 

radius an.dequipped with K.AP (potassium acid phthalate) .. curved crystals 

bent and ground in the Johansson mode were used. to view the specimen 

simultaneously. Detectors were of the. sealed flow proportional type con-

o 
tainirig 93% argon and 7% methane and utilizing 2500 A polypropylene 

windows. In normal use the beam diameter is 1]1; however, the resolution 
. I 

··11 
for light. elements may be 3-5]1. 

Crystallization ofmulli teoccurred in the glass on cooling at 

temperatures above l650 0 C. As a result, the measured diffusion profile 

perpendicular to the int~rface was verrY irregular in shape (Fig. 3a) and, 

thus, difficult tomealjlurequanti tat;i vely. To overcome this difficulty, 

the point beam was tuned so that it very rapidly scanned a line 100]1 long· 

in a direction parallel to the interface of the couple. After ten seconds 

of counting, the data was recorded as discussed above, and the scanning 

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

greatly enhanced the smoothness and, thus, the interpretation of the 

diffusion profile as seen in Fig. 3h. It should .be noted that while the 

measured X-ray intensity d~crea~es as the peam ~eViates from the center 

position (see Fig. 4), it does not cause inaccuracies :in the concentra-

tion data since the Al2.03 and Si02 standards are measured. in the same 

manner. 
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( a ) 

2 
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( b ) 

2 

O~~ ____ ~ ____ ~~ ____ ~ ____ ~~ ____ ~I __ ~~ 
o 50 100 150 200 250 300 

MICRONS 
XBL 707-1406 

Fig. 3. Concentration Al versus distance diffusion profile at 
1800 0 c for (a) point beam analysis (b) scanning beam 
analysis. 
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Fig. 4. Drop of intensity of X-radiation with deviation of electron 
beam from center of microprobe cross hairs. 
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D •. COU!:J?uter AnalYsis and Density . MeasureIilents 

Frazier, et. al.
12 

have written computerpr,ogramswhich. correct the 

raw microprobe data for dead time, drift,'background~,absorption, and 

fluorescence and record the composition of each data point in weight per 

cent of the elemimts or their oxides. 

Diffusion equations are, however, formulated in. terms of concentra

tion (Le. grams/cubic centimeter) and not weight or mole per cent. If 

there is a significant change in the density of the solvent with the in

troduction of the solute atoms ~ as is the case when Al20a diffuses into 

Si02, this changemust.be.accounted for in the cal~ulation of the diffu~ 

sion coefficient. 

Density determinations were made on glasses containing 5-40 wt% 

Al203 in 5% intervals. Higher Al20a contents resulted in extensive 

crystallization of the cooled melt • The preparation and vacuum firing of 

the samples followed the proc'edure outlined in part A for the 15% Ah03· 

85% 8i02, glass. All specimens were quenched by turning off the power 

to the furnace and allowing He to flow rapidly through the furnace when 

the temperature dropped to 1500o C. The glasses were cooled to 500°C 

within three minutes. Regions along the edges showing crystallization, 

heterogeneously nucleated by. the walls of the container, were removed in 

order to obtain the true density of the glasses. The composition of 

Al20a in the glass was checked by microprobe analysis and found to be 

within lwt % of the starting value. 

The densities were determined using the displacement technique. Two 

hundred proof ethyl alcohol '\tras selected as the displacement medium, and 

an account was made for the change in its density with a change in room 
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temperature. The measurements are given. in Table 1. 

Table 1. Measured density value of 
aluminosilicate glasses having d-40 wt% Alz03. 

i _ • 

.Wt%,Al20g " Denefty ,(g/ eel 

0 2.207 

5 2.234 

10 2.297 

15 2.326 

. 20 2.340 

25 2.381 

30 2.443 

35 2.474 

40 2.535 

,The resulting graph of density versus wt% Ali03, determined from a 

least squares fit of the measured values, is shown in Fig. 5 and compared 

with a curve calculated from the theoretical data of Huggins and 8un13 

for quickly cooled glass of the SQle composition. The deviation of the 

measured data from theory is thought to be caused by. the formation of two 

immiscible glasses: one rich in A,h03 and the other in 8i02. This 

microphase glass-in-glass separation and the resulting tendency for 

crystallization tightens the structure of the glass and therefore in-

creases the density. beyond that· calculated from theory based on a per-

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

14 
vealed only one density value of 2.359 g/cmfor a 23m % Alz03g1ass; 
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-- MEASURED DENSITIES (Least squares fit) 
--- CALCULATED DENSITIES (Ref. 15) 

DENSITY OF 
FUSED SILICA 

XBL 707-1408 

Fig. 5. Comparison of meaSured and theoretically calculated densities 
for aluminosilicate glasses. 
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a value between the two curves. 

The. equation for the data of Fig. 5 is quite adeq.uate for the 

determination of the concentration of Al20a in. the. glass in these studies 

since the maXimum composition at the highest· temperature of 18000 c is 

42.2 wt%. At. the interface,however, the diffusion profiles go quickly 

through a range of wt % Al203 values until they reach the value for 

mullite or sapphire depending on the type of qiffusion couple examined. 

In order.for the.computer to determine the concentration of A1203 

throughout the complete range cif wt % Al2 O~ values and to produce a con-

tinuous curve of concentration.versus distance, uIF" statements are used 

to guide the computer to the correct density equation for the Al203 con-

tent for that data point. The calculated densi ty is then .mul tiplied by 
", . '", 

the corresponding wt %J\.l20a to obtain a value of A120a concentration 

(grams/ClIl3
). Since above40wt % Al2'Oa, only the densities of the 

mullit~solidsolution and sapphire are known,hypothetical density 

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

to A1203 (Fig. 6). The'short horizontal curve represents the solid solu-

tion range of mullite. This is not to imply that these curves are the 

actual densities of the. glasses. at these Al20a compositions since the 

density of amullite or alumina glass would obviously.be lower than its 

crystalline modification. This inaccuracy, .is, however, not critical 

since thesecomposi tioris are not actually found in the diffusion profile. 

The equations for these cUrves serve only .tosmooth the portion of the 

concentration versus distance profiles . from the interfacial composition 

to that of the oxide component of the qiffusion couple. 
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Fig. 6. Measured and hypothetical density curves from fu3ed 
silica to sapphire. 
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Additional programs were written and incorporated into those of 

Frazier, ei; a1. 12 which· carried out the above calculations, determined 

the Alatom concentration from that of· Al203, and plotted the concentra-

tion of Al versus distance profiles on graph paper. 

E. ·C66r~irtati6rt Number6fAl irtGlass 

The wavelength of the characteristic X-radiation emitted by certain 

elements depends to an extent upon the valence state of the element.
15 

For certain elements of low atomic number, the wavelength of the charac-

teristic X-radiation is also influenced by the coordination number of 

the site occupied by the element. In X-emission X-ray spectroscopy of 

light elements in the third period, the ejection of an inner K-electron 

triggers a spectrum of KG'. and KS lines (and bands) generated by L-+K and 

M+K electronic transitions, respectively. The discove~ by White, et al.
16 

that the Ka emissiohwav~ length of aluminum is affected significantly 

when the coordination number changes from four to six, paved the way for 

determination.of the coordination number of this ion in disordered clay 

minerals by Brindley andMcKinst~17 and in sodium aluminosilicate glasses 

by Day and Rindone
18 

using X-ray fluorescence techniques .. 

More recently Dodd and Glen19 have . adapted an electron microprobe 

into a versatile X-ray spectrometer and measured the complete Ka and KS 

emission spectra for Mg, AI, and Sias elements ahd as selected six-fold 

and four-fold coordinated crystalline oxides. This technique was adopted 

for the measurement of AI coordination number in the 5-40 wt % alumino-

silicate glasses. 

The sample preparation was similar to. that for the 15 wt % Al203 glass 

des cribed in section A. abo.ve. AEl for the microprobe, a small strip-chart 
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recorder motor with a speed .of.05 rpm was attached to . the spectrometer 
o 

adjustment wheel to effect a very slow (..005A!min)move.ment of the KAP 

crystal through a range of wavelength values which included the wave-

lengths for the different aluminum coordinations. The beam diameter was 

III and the spectrometer slit .005 in. . The counter was connected to a 

Honeywell Electronik 17 strip ahart recorder, hav~ng a .speed of 5 small 

divisions per minute ,which .. reproduced the change in X-ray intensity 

moni tored by the detectors as the crystal moved through the wavelength 

range for that parttcular coordination. Sample current was adjusted so as 

to produce similar peak heights for all Alz 03 compositions. The electron 

beam potential was 15KV and 20 KV for Ka and KS studies, respectfully. 

The procedure for m,easuring the peak position of the Al Ka and Al 

18 KS radiation was similar to that of Day and Rindone. This method con-

sists of measuring the peak positions at half the total.height for 

aluminUIilmetal and the relative displacement of this . position for the 

aluminosilicate glasses. The displacement of the Ka and KSpeaks from 

the aluminum metal position for aluminum ions in four fold and six fold 

coordination was determined by using AlPO~ and Alz03, respectively, as 

standards. 

Since the changes in Ka and KS wavelengths with coordination number 

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

temperature was held to within ± lOF during all' measurements. Themicro-

probe was allowed to stabilize. for twelve hours before measurements. were 

made. All peaks .were scanned three times for each sample and the average 

of these values was taken to be the position of the peak. Using this 

° technique, the peak position could be determined to within ± 0.0004 A. 
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The results and conclusions drawn from theseexpe:i'iments are gi yen in 

Section IV. 
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III. MATHEMATICAL ANALYSIS 

A .. 'General 

Diffusion is a process by which cheinical units distribute themselves 

in order .to establish and maintain homogeneity or chemical equilibrium in 

a system. For a single phase'. at . constant temperature and pressure , dif-

fusion occurs in a dire~tion that. decreases the actiVity gradient. The 

quantity of material that diffuses past auni t area.nOrmal to the diffu-

sion direction in unit time isproportional.to the activity gradient. 

Because it is difficult to determine the activity gradient accurately in 

various diffusion experiments,. concentration, gradients are usually used 

in the q.iffusion equations. Fick' l:l first la-w for a binary one-dimensional 

case states that the dri nng force for the diffusion process is the 

cheinical concentration gradient. 

The change of concentration ofthediffusi,ng substance with time is 

given by FiCk's second law: 

ac: 
J-

at= (2) 

where J = flux of species i passing a plane of unit area in unit time, 

c. = concentration of species i per unit volume, X = distance in the 
1 

diffusion direction, t = time " and D = the diffusion coefficient or 

di ffusi vi ty . 
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* If there is no net Inasstransfer,.D = Dp which is. the self-

diffusion coefficient of 'i; when mass transfer is involved, D ::: D, a 
. . .' 

chemical interdiffusiori. cqefficient. Numerous texts" are available which. 

discuss diffusion theory in detail and give solutions to. the differential 

equations for speci fi c initial and boundary . conditions. 20,21,22 

Fick 's equations aswri tten require that D be . independent of concen-

tration. This assumption greatly simplifies the solution of the differen-

, '". 

tial equation; it is, however~ rarely found· in actual practice over more 

thah a limited composition range. 

The data of this study are treated in two ways. For the profiles of 

the aluminum ion diffusion in silica glass, the concentration dependence 

of the interdiffusivities is determined by the Boltzmann-Matano method. 

For the diffusion of the aluminum ion through themullite layer formed in 

the 15% Al203 glass-sapphire. couples, the diffusivity is assumed constant 

and determined from an analysis derived by Wagner23 and presented in 

Jost. 
20 

B .. Concentration De~endent Diffusion in the Liquid Phase 

The extent of the growth of the mullitesolid solution in the 

sapphire-silica couples is very small and . does not exist in the mullite-

silica samples. Dissolution of Al203 ormullite occurs in the siiica-

rich liquid phase. Chemical diffusivity ,of AI in 8i02 is analyzed by 

the following method. 

In.themore general case where D (subsequently referred to as fj) 

is a function of the concentration of the diffusing species, Fick' s 

second law becomes 
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.. ac. .. a (n ,e; ) ( 3) ~ ~. 

-= ax at ax 

for the one-dimensional case. Rigorous solutions of this equation are 

not usually available; therefore, graphical. solutions are used to obtain 

numerical values of IS. . BOltzman24 has shoWn tha.t if the initial con

ditions can be described in terms of one variable n= X/t
l

/
2

, C .is a . . ~ 

functioll of n only, and. Eq •. (3) can bet~ansformed into an ordinary 

homogeneous differential equation 

n'dC 'L 
2 dn=dn 

(4) 

This transformation coupled with the procediiresoutlined below was first 

used to· determine IS (c) experimentally by. Matano. 25 . 

If two infinite media are brought together at t = 0, the diffusion 

coefficient and. its concentration depelldencemay be: deduced from the. con-

centration vs penetration curves obServed at some known time. This type 

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

c = CA for X < 0, at t = ° 
C = ° for X > 0, at t = ° 

where C is the concentration of the component of interest, and X = ° is 

the position of the original interface of the two components at t = 0.· 

Integration of Eq. (4) with respect to 11 results in 

" 

.. 



' ... 

where C. = any concentration along the,profile. The known data for C(X) 
~ 

are obtained at somE! fixed time so that substi tuting, for 11 and .realizing 

that at C=O,dC/dX=O, one obtains 

1 
2 /

C=C i 'C C 

" XdC ," 'cit '1 ddC], = i 
. l n C=O 

c='o 

(6) 

RearrangingEq. (6), lJ(Ci)oenbe found from the graphical integration and 

differentiation of C(X) using the equation 

D 
, '1 

O;;C. = - 2t 
.~ .' 

Figure 7 shows the quantities needed and the slopes and areas in-

volved in the solution EQ.. (7). 

c. ' 'Con¢entration' Ind¢~,¢nde.nt DiffU$i<;>n.· in'the<lV,\UllitePhase 

1) in mullite that is,' growing in a system. in which no dissolution in 

the reacting phases occurs,' can be deterinined in the following manner. 

The Al203 concentration range in the mullites.olidsolution layer is very 

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

across this. phase. Figure 8 is a schematic . representation for the difu-

sion profile in the compound. The concentration designations C A' , Cs ' 

Crr I' and Co are the concentrations of the diffusing'species in (1) phase , 
III (Al203); (2) the upper and lowerlimi ts of the solid solution phase 
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Fig.B. Schematic diagram of concentration vs. distance prOfile 
for the growth of a new phase (II) in a phase saturated 
wi th solute (I). 
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(mullite), and,(3) Phase I (the saturated glass), ,respectively. As diffu-

sion proceeds in phase II; reactions will.continuetooccur at each inter-

face in order to maintain eqUilibrium cOIrrpositions and thus growth of 

the phase. At time t,the region of this phase Will extend from x =-x 

to x =~x. The system~ as shown, is considered to be one of constant 

volume; and, therefore" the.position of the original interface (X=O) does 

not move with respect ,to a' fixed point in either phaSe., 

The diffusion process will be governed by E'l' (2) where a concentra-

tionindependent diffusion. coefficient has been assumed. The concentra-

tions at the interfaces are assumed constant and equal to the e'luilibrium 

values. 

While the interface between phaSe I and phase II is displaced by dX 

in time ,dt, the amount [Cn I - Co] dX of diffusing substance must be, , 
supplied per unit area from the region X < +X, thus 

(8 ) 

Aparti,cular integral of E'l. (2) is 

C = Co -B er~ [(2.Jnt)] ,·for-x < X < +x· 

23 
Wagner has assumed that the planes. of discontinUity at +X and-x 

are shifted proportionally with ~; the~efore 

(10) 

.' 

•• 
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.There y is a dimensionless parameter. Knowi!1g that at X == +X, C=Cn I' , 
and substi tutingEqs. (9) and (1) into Eq,. (8)"" one obtains 

C s ell I = B erf (y) , 
and 

Cn I - Co , 
, 'B = _ exp (_ ,y2) • 

,1[7rY' 
By eliminating B, one obtains 

Cs' ~ Cr.',·",',"!' " 
;J.,a 

. ,,', , 2. 

= V;yeY erf (y) _ Fey). 

(lla) 

(llb) 

The constant, y, may be determined for a given system from· a plot 

of F( y) versus y as shown in Fig. 9. nmay now be determined from the 

observed displacement of X - (.;..X) by means of Eq,.(lO)which gives 

D = [X';' (,';'X).]2 

4y2 t 

The diffusivity is a function of temperature as Well as concentra-

tion. The nature of tnis temperature dependence is given by tne eq,uation 

D = D exp (- ,'GjRT) 
o 

(14) 

where D is a constant incorporating the mean free path of atomic move
o 

ment, the lattice vibration freq,uency and the entropy of activation exp' 

(IJ.S/R). The energy of activation, Q, and the pre-exponential term, Do, 
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Fig. 9. Curve of F (y) VS. Y where F (y) =...rTr(eY erf (y). 
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i 

may be found by rearranging (11) to 

or 

In· D ..,.In Do ~ B. (1.) R ,T 

"S',; , 
loglOD= loglODo -" 2.303R 

(15) 

(16) 

and subsequently plotting log! 0 (or In) D versus liT. From the slope 

and intercept of the "curve, these quantities 'maybe determined. 
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IV. RESULTS AND DISCUSSION 

A •.. Diffusion·' Pl','6files . and' Pha.~e. . E g;lii lib ria 

The experimental conditions and data obtained from these experi

mentsnecessary for calculations of diffusivities in the liquid phase 

are presented in Table II. The silica was found to .be. insoluble in the 

sapphire at the temperatures employed. The diffusion profiles for each 

of the couples were plotted by the computer as . concentration of alUlllliJ.rium 

ion versus distance. The choice of this' parameter was made in lieu of 

the concentration of .Al203 or other .Al-O species due to a lack of knowl

edge of the actual diffusing species. A discussion of the possible 

species and mechanisms involved in the diffusion· process will be pre

sentedlater in this section. Figure 10 has ,been included as a reference 

graph for ·the. conversion of aluminum. ion concentration into the concen

tration . of .AlZ03 in. terinsof grams per cubic centimeter, weight percent, 

or mole percent. 

Typical plots of concentration versus distance profiles are ex

emplified by those. for sapphire-silica. couples shawn in Figs. 11 and 12 

which were obtained at 1800° and 16500 C in an .Heatmosphere. These two 

curves are for. the extremes of temperature for which. diffusion co

efficients were calculated and demonstrate the progressive flattening 

of the profiles with a decrease in temperature. Mullite was found by 

means of optical microscopy to develop at the alumina-silica interface 

in measurable amounts at test temperatures of 1650° to .. 11500C. It was 

not possible to determine the amountofmullite at .1BOOoCbecause of 

the relatively short annealing time and the corisiderable crystallization 

on cooling •. Its detection Was alsohiridered at the interface by the 

.. 
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Sample 
Designati(:m 

900 H· 

206t, 
210t, 

205t 
209t·· 

026 Ii 
126 H* 
526 A' . 
626A* 
021 H 
127 H* 
527 A 
627 A* 
028 H 
128 ~* 
528H. 
628HiL 

029 H 
030 H 
031 H 
032H 

033 H 
034 H 
035 H 

039 H 
040 H 

,041-H 
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Table II . ExperimentJ3,l conditions and datE!. for 
diffusion runs 

Temp. ['nne' Interface Cone. Interface Cone. 
(()C) ". 'Sec •.. XlO"'~) ... C-.(g!acAJ.). ·C - (wt%AJ.203) 

.. ' .1 ..... ' ........ ..1 .. 

1400: ,1209.6- .. 1071 " ,·9.2 
'.', .. 

1550 .1209.6 
.0863, 1.2 ·1550 1382~ 4 

1580 691.2 
.• 0891 1.4 1580,: 1209~6 I 

1650 604.8 
1650 604 .• 8 
1650 ,604.8 
1650 604.8 
1650 777.6 
1650 777.6 .112 9.3 1650 177.6 
1650 777 .6 
1650 950.4 
1650 950.4 
1650 950.4 
1650 950.4 

1100, 345.6 
1100 604.8 

.155 12.9 1100 777 .6 
1100 950.4 

1150 112.8 
1150 259.2 .285 22 •. 8 
1150 345.6 

• i •• 

1800. 14.4 
1800 21.6 .572 42.2 
1800. 28.8 

* -Mullite-fused Si02 ,couples H - Helium 
t- Cristobalite-sapphire couples A - Argon 
All· Qthers -. sapphire-mused. silica couples 

,',: ' 
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Fig. 10. Reference graph relating concentration of aluminum ion 
to concentration of A1203 in terms of grams/cc, weight, 
and mole percent. 
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Fig. 11. Concentration of aluminum ion VB. distance determined at 
1800 0 c for Al203-SiOz couple fired in He for 4 hours. 
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Fig. 12. Concentration of aluminum ion VB. distance determined 
at 1650 0 C for Al203-Si02 couple fired in He for 11 days. 
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aforementioned low resolution of the microprobe for l,ight elements. The 

concentration of alumirium .at the final interface an.d the general shape 

of the diffusion profile of the alumina-silica. couples' remained constant 

with increasing heating times for each temperature indicating that diffu-: 

sion in the liquid and not the entry of the Al20j (Le., the dissolution 

of mullite) into the liquid was the rate controlling step. 

The' profiles fortl1_e sapphire-fused silica couples annealed at 1650 0 C 

for different lengths of time mat ched those obt ained under equi valent 

I. • 
conditions for mullite .... fused silica and sapphire-cristobalite couples, 

suggesting that the interi1i'acial and diffusion conditions were similar. 

Heating similar couples in air at l6500 C produced essentially identical 

curves and interfacial compositions as those obtained in He, implying no 

effect from atmosphere on diffusion. 

Mullite-silica,couples fired in He at temperatures higher than l6500 C 

could not be successfully analyzed due to a mullite decomposition reaction 

at low o,x;ygen pressures which re,sulted in the formation. of Ah03 on the 

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

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

currents Which resulted in profiles varying in composition and length 

wi thin the same couple. This decbmpositionwas found .to .occur to a very 

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

days at l650 oC. Further details of this reaction are presented in 

Appendix II. 

Short and Rciy26. and Swindells27 have demonstrated how diffusion data 

can be used to yield information on equilibrium phase diagrams. Much of 

the binary- ::lnterdiffusion data in cerariJic materials has been obtained for 
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systems in which both components were completely soluble i.n each other. 

In the AlZ03-SiOZ system, ,however, the diffusion couples have compositions 

which fall in two-phase regions. If the compositions of the tw.o phases 

are constant, no composition gradients exist, and diffusion and growth 

cannot occur. Consequently, only one-phase regions will be observed, 

for here composition 'gradients do occur, and the composition will vary 

between the limits of solubility. It must be noted, however, that the 

thermodynamic requirements are not an infallible criterion for determin

ing which phases actually will be formed in a reacting system. Since the 

atomic motion in solids is strongly resisted and requires large energies 

of activation, unstable phases m~ form at lower temperatures and coexist 

with other phase::; for extremely long times. Such a case will be dis

cussed later in connection with the visible absence ofmulli te at sub

solidus temperatures. 

If the concentrations in the respective pha::;es, at the phase boundary 

remain constant with an increase in time at a given temperature, as is 

the case for the diffusion couples prepared in this study, they represent 

the equilibrium concentrations for that temperature and, as such, can be 

used to verify and improve the accuracy of the curves determined by other 

methods. 

The AlZ03 concentration at the interface for a given temperature was 

determined,by averaging the ,concentrations ,for different times at points 

3-6].1 preceding the point. of discontinuity in order to" avoid interference 

from the mulli te or sapphire during microprobe measurements. These data 

constitute points on the liquidus ,curve betweenmullite and the mullite

silica eutectic •. The results are presented in Table II and in Fig. 13 as 
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Fig. l3. New mullite liquidus curve shown with region of liquid 
immiscibility superimposed on the Al203-Si02 diagram 
determined by Aramaki and Roy.28 
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the dotted curve superimposed on the Alz03-SiOz phase diagram after 

Aramaki and Roy.28 It.canbe seen that the newli~uidus curve has a 

small change in slope frommullite to approXimately 20, wt % AlZ03. At 

this composition it b.egins to drop more sharply to the eutectic tempera-

ture. This shape is indicative of a rather high rate of evaporation of 

28-30 . - .' . 
the silica from the melt as well as the existence of a li~uid 

immiscibility gap. 

Such a region of metastable li~uid immiscibility has been found by 

MacDowell and Beall
14 

(Fig. 13 shows the portion abovel4000C) and was 

shown to be the essential cause of the formation of mullite on heating 

the glasses above 1000oC. The classical mechanism of nucleation and 

growth was discovered to be operative during two-li~uid phase separation 

in the composition regions of 11-30 wt % and 48-67 wt % All 0 3 , while a 
. . 

spinodal mechanism appe&red to be functioning in the region' from 30 to 

48 wt % Al203. The temperature of the upper consolute point of the 

immiscibility gap is thought to be approximatelylOci°C below the li~uidus 

as no phase separation was observed by these authors on cooling melts 

just below the li~uidus. This li~uid immiscibility is to be expected in 

this system because of the high field strengths of the cations, as well 

+3 as the limited ability for Al ions to remain in four-fold coordination, 

especially at subsolidus temperai;ures wl'lere the available thermal energy 

is low. 

The points on the li~uiduscurve below the eutectic temperature Were 

obtained due to the formation of amorphous qi ffusion zones. The inability 

to. detect mullite at the interface does not, hoWever, rule out its 

occurrence. A discussion of the formation ofmullite and its subse~uent 

i 
~ l 



• 

-39-

growth to an observable thickness at higher temperatures is. given in. the 

following section ori microstructure. 

B.' 'MiCt6st:tuctlire· 

The microstructure of the diffus.ion zones reveals important clues 

concerning the formation or absence of mullite and the accompanying 

liquid phase. 

The microstructures of the 1400°, 1550° and 15800 c cristobalite

sa.pphire specimens are shown in Fig. 14. ,For the 1550° and 1580 0 c 

. temperatures the diffusion zone is denoted by an amorphous phase bounded 

by sapphire (below) and cristobalite (above). The diffusion profiles 

extend approximately 5-10]J past the beginning of the grain boundary 

structure in cristobali te... The 14000 c photographs do not reveal an 

obvious glassy layer as Buch, .but what appear to .be grains of cri.stobalite 

which extend to the alumina interface. Microprobe analysis reveals a 

definite diffusionp~ofilehaving an average interfacial concentration of 

9.2 wt % .Al203. Staley7 also found a similar microstructure in pellets 

of corundum and cristobali te heated together at 15000 C. An optical 

examination by Staley of a thin section of the reaction zone revealed a 

glass region adjoining the corundum; this region corresponded to the diffu-

sion zone revealed by the microprobe analysis in this study. Mullite was 

not observed at the glass-sapphire interface for any of these temperatures. 

The sUbJect of concern is,.thus, the occUrrence of an amorphous 

phase at Subsolidus temperatures instead of the intermediate mullite 

solid solution zone as in.dicated by the phase diagram. 

This anomaly has beerireported at .tempeIl.atures as low as 1200 0 C by 

Wahl, et a1. 31 for reactions in cristobalite-corundum powder mixtures 
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XBB707- 3035 

Fig. 14. Microstructure of the diffusion zones formed between 
cristobalite (top) and sapphire (bottom) annealed under 
the conditions of (a), (b) 1400o c, 14 days; (c) 1550 o C, 
16 days; (d) 1580 oc, 8 days. The amorphous phase is 
clearly revealed at the interface only in (c) and (d). 
The worm-like structure in (c) and (d) is the mounting 
resin. 
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analyzed by high..,.temperatureX-ray d:i,ffraction. In. this case, mullite 

did not develop untill4;oo unless the ste.rt~ng' materials were very 

finely ground. 

In studies of, the reactions at the interface between compacts of 

alumina and cristobalite at 16oooe, DeKeyser6 found a glassy phase haYing 

a composition of about 8.4 wt % of .Al203 at the interface which penetrated 

both pellets • Mulli te formation was confined, however" to the alumina 

side of the interface. "By increasing the, compaction and density of the 

alumina pellet, ,the depth of the silica,penetration was decreased, thus 

implying that the glassy phase moved along the, grain, boUndaries of the 

alumina compact. The .Al20a content of the liquid and, the 1600 0 e tempera-, 

tureemplbyed in DeKeyser's ,experiments indicate e qui libriu.m conditions 

in terms of a,eutectic temperature of 1590° ± 100e and composition of 

34 8.2wt % .Al203. 

Staley T has conducted similar reaction experiments at 1500 and 15500e 

using couples of pressed pellets of cor]ll1dum and cristobalite, and 

cristobalite pellets and' sapphire, as well as mixed ,powders of these 

phases. ' He also noted t~e formation of an amorphous phase and concluded 

that it was an essential feature of the subsolidus reactions in the 

system and not the result of liquidfornation (Le., the eutectic would 

actually be below15000C) or the vitr'ificatibn of cristobalite. A sum-

mary of his results is as follows. 

(1) The rate and,degree of formationofmullitf2) in powder mixtures 

increased at about the' ~ame rate, as corundum decreased, and thus was 

inversely dependent on the particle, size of the alumina phase~ On the 

other hand, the amount of noncrystalline material increased at about the 
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same rate as the cristobalite decreased and was· found to be e.xtenaive 

regardless ,of the silica particle size. A kibetic· analysis of the 

coarse-grained powders reaCted at l5000 C indicated that the initial 

amount of corundum decreased p:rimarily by the mechanism of ionic diffu-

sion through a solid oxide medium, wile thstof cristobalite decreased 

by a mechanism baSed on phase boundary motion. If the polycrystalline 

alumina pe11etswere replaced by: sapphire in the diffusion couples, the 

penetration ,of silica into the alumina ceased and the amount of the non-

crystalline phase notable increased. 

(2)rt was inferred that thepoordevelopmentofmullite was not 

caused by Ii 'r'nicleationproblem, as an appreciable amount of this phase 

developed in the firs~ few hoUrs of reaction. It appeared, that a require:'" 

ment formullite' growth was rapid enough dissolution of. corundum to cause 

suffiCient alumina saturation of the glassy phase . Consequently , with 

the dissolution of cristoba.lite being more rapid than that of corundum, 

a silica rich glassy phase would be favored for a longer period of time 

as the sizes of thecristobalite and corundum crystals increased. 

The absence of the thermodynamically stable phase bfmullite at the 

subsolidus temperatures is not unique . In the Al-Ni system, for example, 

four phases are indicated in the equilibrium diagrain. The f3 phase has a 

zero solubility range, the y and e: phases moderate' ranges, and the 8 

phase a relatively wide range.' ,However, in diffusion experiments at 

annealing temperatures below the eutectic, only the S and y phases were 

observed and the .high melting 8 and e: phases were not detected. 33 

From a theoretical viewpoint, Kidson
34 

has show that the applica-

tion . Of· Fick' s first law. to ,polyphase alffus ion· in binary systems leads 
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to expressions for the interface positions as functions of ti~e and 

temperature. Figure 15 . shows a concentration versus distance curve ror 

a binary system in which a single intermediate phase occurs . 

It is assumed that the concentrations at the interfaces are constant 

and equal to the equilibrium,values. If we· consider first the flux of 

material from right.to J,.eft, the rate of advance of the interface at XSX 

is given by 

J Q -J Q • . ..,X X.., 

That is to say, J S ' the flux from the S phase at the interface, must 
X . 

supply the surplus quantity (C
sX 

- C
X

/3) dXSX per unit time in order to 

advance the S phase into the X phase region. Substituting for J from 

Fick's first law Eq. (1), one obtains 

,dXSX = 
dt . c -c 6y yB 

( 18) 

This portion of the system fulfills the ,conditions reCluired for the 

application of the Boltzmann theorem,28 and the concentration C ·(X, t) 

m~ be expressed as a function of a single parameter A = X/no Using 

the definition of A, one has 

Since the concentrations at the interface have been. assumed as constant, 

the value of A must be constant. But dC/dA is ,again a function of A 
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alone, and hen ce it is als o constant at the interface. Thus (14 )ma;y 

be rewritten as 

where' 

, ·,a.X
Sx 

dt 
_ [" (DK) rtf' -, (DK) ey.l' : 1 

, C -c ' 
8y y8 It 

Integrating (16) one gets 

= 2 "X~ ~y ~t 
[

', (jjK, ) .~ . ~ '(Dr{) a ] ._ ' 
CSy-Cy8 ' ", 

and similarly for the X~S interface 

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

= 2 

(20 ) 

(21} 

(22} . 

(232 

Equation (19) exhibits the experimentally ohseriredparabolic time 

dependence of the interface movement with a temperature dependent growth 

rate constant CBS) which involves the diffusion coefficients in its two 
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bordering primary pb ases, as well as those in the S phase itself'. 

Equation (19) indicates that from an algebraic point of view, BS 

may be posi ti ve, zero, or negative depending upon the relative values 

of the solid solution r~ge of the phases of the equilibriwn di,agram 

and the DK terms involved. The two interfaces' canboth:inove left or 

right with different rates or in opposite directions: relative to the 

Matano interface eX :0). 

For BS>O, the rate of formation of the new S phase from the y phase 

is greater' than the transition of the S to the a phas.e; and, consequently, 

the .width of the S phase increases with time. BS ~ 0 implies either a 

dynamic balance or that the rate of supply ofll1aterial from the a phase 

to the 13 phase he so fast compared to the diffusion rate in the 13 phase 
. . 

th.at there would be no time for the 13 phase. to form from the Y phase. 

The absence of theS ph.a.semust, however, .be rejec;ted on th.ermodynamic 

grounds as it implies an infinite chemical potential .at the ex".,. Y inter-

face. This is a.contra.diction to the requirement that the chemical 

potential be continuous and monotonic throughout the specimen. Cas.tle-

. 35 man has shown thatBs ~ 0 implies DI3 ~ 0; thus one must conclude that 

while the growth rate constants can vary· over a wide range, they must 

be posi ti ve and finite however small. The apparent absence of inter-

mediate phases, as reported in the literature, including mullite at sub-

solidus temperatures, suggests that the rate constants are too small.to 

permit detection of the phase layers by ordinary microscopic techniques. 

The magnitude of the diffusion coefficient in . the B phase is also 

an important· factor in its: growth. If DB is s:mall compared to those of 

its neighboring pIiases, the rate of supply of material at the S-y 
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interface required to advance the B phase into y will.be low. This 

~ffect will tend to make the growth rate of the Bphasesmall in the 

direction of y. Conversely, if DB is relatively large, the B phase will 

tend to grow rapidly both into a and y. Thlls theocc1irrence or non-

occurrence of a phase is governed by conditions peculiar to a particular 

annealil}g temperature. and does not depend solely upon sufficiently high 

temperatures or long times. 

The experimental and theoretical observations of the above authors, 

as _rell as those of. this. author, demonstrate .. thatmu1li te Ci. e., the B 

phase) does. not have to occur to a visible magnitude .even though it is 

the thermo~a.micaliy stable phase' a.t . low temperatures. However, 

mech~i8tic ,explanations should accompan:y- thes'e obServations for a COID-

plete understanding of this phenomenon. 

Staiey 7 has shown that at 1500° and 1550oC,mullite does begin to 

grow in the amorphous phase once the latter is saturated with A1203. 

This fact,' reinforced by Kidson' s34 arguments, demonstrates that nuclea

tion of theinullite must occur at the A1203-Si02 inteffaceas a rapid 

step in the overall diffusion process. However, the presence of an ex-

tensive amorphous phase at these low temperatures leads this author to 

believe that in order for nucleation t~roccur, it must .bepreceded by 

the formation of a metastable glassy phase. particularly in the case of 

cristobalite-sapphire couples. Such'a phase would.form more easily due 

to the, greater easeo! rearrangement in the glass. phase relative to that 

of cristobalite and' saJ?phfre. 

The -phenomenon of the inetastab~e glass phase ,formation necessitates 

a single eutectic type of phase diagram shoWn. in Fig. 16 where the liquidus 
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curves originating at the . extremities of the system· are extended to a 

point of intersection. 

The first step in the diffusion process (e.g. at 15000 C) would be 

the formation of a liquid phase having a composition range from p at the 

silica interface to p' at the sapphire interface~ On the basis of the 

. -14 . 
work of MacDowell and Beall, . 1 t is believed that the alumina-rich glass 

would then readily react with the sapphire surface to nucleate mullite 

since p' is within the metastable immiscibility region. This reasoning 

is especially true if the consolute .point should be nearer the liquidus 

curve than is shown in Fig. 16. Once inullite is formed, the system re-

verts to the equilibrium diagram (shoWn dotted in Fig~ 16) ,and the re-

mainihg liquid attempts to reach its equilibrium composition indicated 

by the extended liquidus -through dissolution of cristobalite. This 

mechahismwould account. for the liquidus points below the eutectic 

temperature indicated in Fig. 13. The higher Al203 content for the 

liquid at 14000 c is an indication of the lack of equilibrium within the 

time of the anneal. The formation of the amorphous phase may appear to 

be controlled by a mechanism based on phase boundary motion of cristo

balite,T but, in actuality, is governed by the rate of diffusion of 

Al203 towards the silica-rich zone •. This is true since cristobalite is 

dissolved as the A1203content exceeds . the Si02 liquidus . amount at a 

given temperature. This mechanism of the formation of a liquid phase 

at subsolidus temperatures· may not be necessary, however, for those 

systems that contain a glassy phase such as vitreous silica as a start-. 

ing material. 
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Once nucleated, themulli te phase fails to grow- to an observable 

magni tude at the lower temperatures. This can be explained on the basis 

that the growth rates .ofmullite are slower than its dissolution rates 

in unsaturated silica. glass. If all themullite dissolves, (a possi-

bility in this case since the presence of a metastable liquid phase pre-

vents the chemical potential from becoming infinite) the phase relation-

ships return to that of the single eutectic syste:rn.to repeat continuously 

the sequence of entrance of alumina, phase separation of glass, and the 

formation and subsequent dissolution ofmullite. This and all succeed-

ing series of events would occur regardless' of the initial form of silica. 

When the silica phase becomes saturated vnthalumina, the mullite 

grows to an observable size. This an~sis may.be applied to the experi

mental evidence of Staley? who showed that mullite began to grow when 

the initi ally. formed interface liquid moved to occupy the grain bound-

aries and pores of the corundum and became saturated with Ah03. 

As the temperature of the diffusion ,experiments is increased above 

the eutectic temperature, the formation of a stable liquid occurs, which 

readily leads to nucleation of mullite at the sapphire interface. 

Figures 17 and 18 show the microstructure of the diffusion zones and 

their rela.tionship to the fused silica and sapphire ormulli te boundary 

phases for 1650°, l7000, 1'750°, and 180aoe. 

At l650 0 C, as atthesubsolidus temperatures, the diffusion zone is 

primarily an amorphous phase. As before, the alurilinumprofile extends 

5-iojJ beyond the . boundary ,of cristobalite. In this case, the cristo-

baliteis formed attempera.ture by crystallization in the fused silica. 

As the Al-containing· species diffuse toward the' cristobalite, the 

• i , , 
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Fig. 17. Microstructure of the diffusion zones formed between (a) 
mullite-silica, 1650 0 Cs 7 days ; (b), (c) alumina- s ilica, 
1650 o C, 7 days; (d) alumina-silica, 1700 o C, 4 days. 
Po~ition of phases is the same as Fig. 14 with the addition 
of a thin layer of interfacial mUllite in (c) and (d) and 
crystallization of mullite on cooling in ( d). 
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Fig . 18, Microstructure of the diffusion zones formed between (a) , 
(b) alumina- silica, 1750 o C, 2 and 4 days; (c), (d) alumi na
sili ca, 1800oc, 6 hour s . Position of phases is the same 
as in Figs . 14 and 17 vli th the addition of increased 
crystallization on cooling . 
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cristobalite is gradually redissolved. One of the most important 

features is the small but discernable growth of mullite at the inter-

face (Fig. 17c). This indicates that the rate of overall growth of the 

mullite has surpassed its solution rate in the liquid phase. The growth 

can occur at either or both the mullite-liquid and mullite-sapphire 

interfaces. The assumption is made that growth at both interfaces is 

dependent on counterdiffusion in mullite of 4Al +3 and 3Si +l+ in essentially 

a fixed oxygen lattice. Because of extreme experimental difficulties, 

it should be noted that mullite could not be detected in every specimen 

annealed at 1650 0 e due to the disruption of the mullite-sapphire phase 

boundary on cooling. 

As the temperature is increased to 17000 e and above, the rate of 

growth of mullite at the interface increases, and the fused silica re-

tains its amorphous structure. Mullite, however, also crystallizes in 

the glass diffusion zone on cooling. This mullite can be discerned from 

that which grows at the interface except in the specimens held at 18ooo e. 

In this case, a large number of long mullite needles extending through-

out the diffusion zone are heterogeneously nucleated by the mullite pre-

vd.ously grown at the alumina surface. Their composition was determined 

by microprobe analysis to be 74 wt % Al203' The classical mullite com-

position (3Al203°2Si02) has 71.8 wt % Al203; while mullite formed by 

crystallization on cooling from a melt of mullite composition has 77.4 

wt % Al203 (2AlZ030Si02).28,36 It is suggested bY' this author that the 

lower Al203 compositions of the diffusion zones relative to that of a 

3:2 mullite melt is responsible for the Al203 content lower than the 2:1 

composition. 
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In order to determine the composition range of the interfacial 

mullite grown at temperature, and thus establish the boundaries of the 

mullite solid solution, a 15 wt % Alz03-85 wt % Si02. glass was prepared 

as described in Section II and heated in contact with sapphire at 1700 0 C 

for 11 days. At this temperature, the glass is essentially saturated 

wi th alumina. Mulli te nucleated at the interface can. grow to a greater 

extent (Fig. 19) since there is no competitive dissolution process. 

The solid solution range determined by point beam microprobe analysis 

is about 70.5 wt % Alz03 near the glass boundary to 73.5 wt % Alz03 

near the sapphire boundary. These values are averages of a number of 

profiles extrapolated to the boundary interfaces. Caution was taken to 

avoid concentrations measured exactly at the .mullite boundaries as these 

values would be affected by the adjacent phases because of the measuring 

method. The composition of the mullite prepared from the crystalliz~ 

tion of a melt on cooling and used as an end member in the 1650° diffu

sion couples was determined to be almost invariably 76.3 wt % Alz03. 

Mullite has been shown to be incapable of a higher concentration of 

silica than 3A12.03°2Si02.(71.8 wt % Alz03).28 As discussed above, 

mullite crystallized on cooling from a melt of its composition has been 

found to consistently have a concentration of 2Alz03oSi02 (77.4 wt % 

Alz03). Within experimental errors, the values related to mullite com

positions obtained in this study can be considered to agree with the 

values determined by Aramaki and Roy.28 

Calculations were made to determine the temperature at which 

mullite ~ould cease to be recognized by optical methods in the SiOz-

Alz03 diffusion couples. Mullite thickness versus the square root of 
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Fig . 19. Microstructure of the 15% A1
2
0

3
-sapphire couple annealed 

at 1700 0 C for 11 days. Mulllte is shown as a solid layer 
at the interface as "Tell as random crystals throughout 
the glass. 



time was first plotted for 1650°,1700°, 17500 C (Fig . 20) from the data 

of Table III. The thickness values for a number of constant times were 

then plotted versus temperature (Fig. 21) and extrapolated to zero 

thickness. This procedure showed that mullite would not be observed 

below 1634°c. This does not imply that mullite does not form or nucleate 

at these temperatures, but that the dissolution rate is so fast that it 

cannot be observed to grow. This is in agreement with Kidson's argu-

34 ment that the growth rate constant of the intermediate phase must be 

positive and finite however small. 

Lastly, thickness values for l+, 6 J and 8 hours (the times used in 

the 18000 c runs) from Fig. 20 were plotted versus temperature in Fig. 21 

as before. The resulting lines were extended to 18000 C, indicating 

that the thickness of the interfacial mullite that should appear after 

4, 6, and 8 hours would be 1.9, 2.3, and 2.6~, respectively. These 

small amounts of growth, coupled with the extensive crystallization on 

cooling, demonstrate why one is unable to discern a distinct interfacial 

layer of mullite at 1800 0 c for these short times. 

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

To ascertain if the diffusion coefficient of Al+ 3 is functionally 

dependent on the concentration along the profile, one may use the 

Boltzmann-Matano equation (Eq. 1) to solve for D. As discussed in 

Section III, the fundamental assumption made by Boltzmann in obtaining 

his solution to Fick's second law was that the process is diffusion con-

trolled. This means that the distance from the Matano interface 

(i.e. X=O, Fig. 1) for a given concentration of the diffusing species 
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Table III .Thi ckness of mulE te formed at di.fferent times 
at the interface of the alumina-silica and 15% alumina 

glass--sapphire couples 
/ 

A. Alumina-Silica Couples 

Te:tnperature 'rime (Time 1/2), 
.. ,,(OCr ' . ·,··.,'(Days) ........ Csec1 / 2 ) '.' .' 

1650 7 771.5 
1650 9 882'.0 
1650 11 975.0 

1700 4 587.9 
1700. 7 777.5 
1700 9 882.0 
1700 11 975.0 

1750 2 415.7 
1750 3 509.2 
1750 4 587.9 

Thickness 
.. (Microns) '.' 

1.2).j. 
1.41 
1.56 

3.60 
4.91 
5,60 
6.05 

It.71 
5.51' 
6.40 

B. 15% Alumina Glass-Sapphire Couples 

1650 7 '777.5 7.65 
.' "1650 9 882.0 8.83 

1650 11 975.0 10.00 

1700 4 587.9 8.53 
1'700 7 777.5 11.30 
1700 9 882.0 13.35 
1700 11 975.0 15.10 

1750 2 415.7 6.62 
1750 3 509.2 8.42 
1750 4 487.9 9.43 

a ........ -===== == 

must be directly proportional to the' square root of time. That such a 

criterion holds for this system is shown by Figs. 22-26. ' 

The interdi.ffusivities CD) of the. aluminum ion as a function of 

composition were determined by computer analysis of the concentration 
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Fig. 20. Plots of thickness of mulli te growth in Ali03-Si02 diffusion 
couples vs. square root of time for 1650, l700.and l750oC. 
Broken lines represent constant times. 
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Fig. 21. Graph of thickness of mulli te for various times vs. 
temperature. 
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Graph of distance vs. square root of time at 1650 0 C in 
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Fig. 23. Graph of distance vs . square root of time at 16500 c in air 
for three concentrations of Al+3. 
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Graph of distance vs. square root of time at 1750 0 C for three 
concentrations of Al +3. 
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Fig. 26. Graph of distance vs. square root of time at 1800 0 C for 
three concentrations of Al+3.. . 
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versus distance profiles (e.g., Figs. 11 and 12). These yalues were 

found to vary exponentially with the aluminum ion concentration oyer a 

range of approximately'three orders of magnitude for. each temperature, 

as shown. by the sample. curves in Figs. 27--30. These graphs and the 

equations which describe 'them are typical of those deterinined for all 

times at a particular temperature. From the equations determined for 

these graphs, D values were deterinined for several values of concentra-

tion for each temperature and plotted against the reciprocal of absolute 

temperature (Fig. 31). A least squares analysis of each Arrhenius plot 

resulted in an equation for the temperature dependence of D which gives 

the yalues of D and the activation energy, Q,. for each concentration, 
o 

as presented in Table IV. 

Table IV. Diffusivity data for the A}z03 'SiOz system 

+3 ( . 3 ) C A1Z03 (ioTt. %) D ( cm2 /sed Q (Kcal/mole) C AI· . grn/ cm . 
.0 

.05 4.30 3.47 X 1023 307.5 ± 1.0 

.07. .:~:~96 2.43 x 10 2.1 286.2 ± 1.0 

.09 7.60 1.64 x 1019 264.8 ± 0.4 

.11 9.24 1.66 x 1017 21+5.0 ± 0.3 

.15 12.40 9.93 x 1012 203.3 ± 0.4 

.20 16.40 6.29 x 10 7 151.9 ± 0.5 

.25 20 .• 10 3.38 x 102 99.9 ± 0.6 

.30 23.75 2.06 x 10- 3 48.4 ± 0.9 

01 8A :;;::;a::::=:a;:z ====. 

It shoUld be hbted that at the hl.gh.er. concentra.tion values, the 

interdiffusivities are calcul.ated fromD versus concentration curves 

extrapolated to concentrations which do not exist in the actual profile. 
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Plot of computer determined diffusivities vs. concentration 
for Al203-Si02, l700 oc, 4 d~s, He. 
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These values were found to fallon the extended portions of the s~raiglLt 

lines (shown broken in Fig. 31) drawn through the experimental points 

and were used to calculate D and Q. o 

The results of the Boltzmann-Matano analysis reveal that botlL tlLe 

di ffus i vity and the act i vation energy vary greatly with the aluminum 

concentration and temperature. As a result, i twas found that the 

activation energy and the pre-exponential (Do) values are extremely high 

at the low all~irium concentrations and decreased with an increase of Al 

so that at approximately20wt % Al203 , the values are similar to those 

normally associated with interdiffusion in oxides .. 

To attempt', to understand why the diffusion parameters of D and Q 

are so . large at low. concentrations of· aluminum and steadily decrease 

with an increase in aluminum composition, one must consider the struc-

ture of fused silica, the effect on this structure of increasing amounts 

of Al203, and the ionic or molecular species which are likely to be in 

motion.through the glass. 

The structural unit of vitreous silica. consists .of a silicon 

coordinated by four oxygen atoms at the corners of a tetrahedron. Two 

tetrahedra are joined at a corner by sharing an oxygen. The orientation 

of the' tetrahedra in space is, however, completely' random with the re-

sult that the Si ... O-Sibond angle is not necessarily 1800 as in some 

crystalline forms of silica, but may range from l80to150 degrees or 

less. 

When Al203 is introduced into this structure, the question of 

structural position immediately arises. The answer must be primarily 

inferred from data and conclusions gathered by authors using ternary 
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glasses, as very little information is available concerning the proper-

ties of the glasses in the Ali03-8i02 binary system~ The interpretation 

of these studies is, however, subject to.conjecture. For example, 

recent studies have not agreed as to coordination of the aluminum ions 

in sodium aluminosilicate glasses with AliNa. >1.0. 
. , 37 

Isard found that 

the activation,energy.for electrical conduction in these glasses shows 

a pronounced minimum at compositions having this '1:1 aluminum-sodium 

ratio but increases again as more aluminum is added. He concluded that 

the size of the oxygen shells around Na increases as.A10 q tetrahedra are 

introduced into the network up to the limit AliNa = 1.0. Beyond this 

.point, aluminum is assumed to go into six-fold coordination as a network 

modifier allowing the coordination shell of thesod~um ion to decrease 

. 'D '. d' R'· d 18,38 h ' "1 1 d that 11 aga~n. ",ay an ~n one' ave s~nu ar y 'propose a excess 

Al +3 ions in this system go into oct ah.e dral coordination. They based 

their argument on measurements of refractirve index, density, infrared 

absorption, and internal friction, as well as X-ra¥ fluorescence shifts 

of the aluminum K.peaks for the glasses in question. a 

Lacy39 has subsequently argued from a standpoint of geometry and 

energetics that Al06 octahedra would be unstable in these glasses above 

the 1:1 ratio and proposed that a proportion of individual oxygen atoms 

are shared between an Al04 group and two 8i04 tetrahedra. In other 

words, one oxygen atom tribridges three such tetrahedra for every 

aluminum-for-silicon replacement to maintain charge balance. This im-

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

32 is a tWO-dimensional representation of this "triclustering" of tetra-

hedra for alumina substitution in fu~ed silica~ 
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Heckman, et a1. 40 and. Terai 41 have inco.rpo.rated Lacy' 5 arguments 

into. their.explanatio.ns:o.f the self-diffusion and electrical.co.nductitity 

in the So.di um-alumino.silicate glas ses. Terai sugges.ts that the increase 

in micro.hardness o.f these glasses in the comPo.sitio.n range AliNa = 

1. 0-2.0 is indicative ,of, the disappearance. o.f no.n-bri,dging o.xygen ions, 

i. e., the, formation o.f triclusters. 

Lastly, Riebling has, co.nsidered mo.lar ,vo.lume models as well as 

visCo.sity and expansio.n data and co.ncluded that the best structural 

model for glasses haVing AliNa> 1.0 invo.lves only'~ of the excess 

aluminum io.ns in o:ctahedral environment. He noted that only 50% of the 

Al+3 ions are in six-fo.ldco.o.rdinatio.n in sillimanite (Al20 3oSi02 ) and 

that a pressure of 22 kilobars was re~uired to force all the aluminum 

io.ns into. o.ctahedral co.o.rdination at i5000C,tq form kyanite. 

EXtending these thoiights to the binary Al203-SiOi system and 
. ' . 

co.upling them with experimental evidence, it is Po.ssible to. Po.stulate 

the change in fused Si02 ,structure as Al203 is added. A port~on of this 

research has involved electron microprobe measurements of the AlK and 
a 

AlKS wavelength shifts of the 5-40 wt % Al203 glasses described in 

Sectio.n II. The results o.f the AlK measurements compared to aluminum 
a 

metal, AIPO,+, and Al203as standards are given in Table V. They show 

that at 5 wt % Al2 °3 , the. aluminum ions:' are in tetrahedral coordination. 

At co.mpo.sitions of 10 wt % and higher, the measurements indicate a 

definite sIP-ft to octahedral coordination. TheAlKs studies gave 

analo.go.us results, for concentrations abo.ve15% Al203. Belo.l this compo-

si tio.n, the very wea.kX-ray intenisi ty and the large scatter prevented 

any meaningful analysis., These results give a direct indicatio.n of the 

., 
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Table V. Aluminum coordination data determined from 
ArK X-ray emission spect:t-a.AlP04 and AH03 were the 

ff-fold and 6-fold coordinated standards. _ 

-Peak Position Displacement 0 A 
Material .. Halffieight (A) . -froID·Al··Metal 

AI 8.3390 0.0000 

AlPO .4 8.3357 0.0033 

Al20 3 8.3339 0.0051 

5% .Al2. 0 3 8.3353 0.0037 

10%. " 8.3340 0.0050 

15% " 8.3339 0.0051 

20% " 8.3337 0.0053 

25% " 8.3339 0.0051 

30% " 8.3337 0.0053 

35% Ii 8.3336 0.0054 

40% " 8.3336 0.0054 

environment of the initial concentrations of the aluminum ion; however, 

they should be substantiated by other types of research. 

42 ~.. . 
Rossin, et al. have measured the high temperature viscosities and 

activation energies for viscous flow at several compositions in the 

A1203°Si02binary system. These viscosity values w.ere extrapolated to 

the temperatures of the diffusion runs (Table VI) and plotted as a 

function of the concentration of Ah03 and also the reCiprocal of 

absolute temperature (Figs. 33 arid 34). A large and continuous decrease 

in the viscosity is noted as the amount of alumina is increased. This 

trend. suggests. that while the low concentrations of the aluminum ion may 
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Table VI. . . . 1 42 . t' 1 t d t Viscosity. data of Ross~n et a. ex rapo.a e ·0 

temperatures of the diffus.ion anneals • 

. .• t.6g~n. 
Composition 
Wt,%,Alio~ ''0 0° '. ,l 5, . , ],:7QOo ,],,75'0° 1$00° 

0.0 7.14 .' 6.81 6.47 6.16 

9.6 5.44 5.11 4.79 4.55 

20.0 4.04 3.81 3.60 3.43 

31.0 2.78 2.56 .2.34 2.16 

62.6 11.11 0.97 0.84 0.65 

be in A1b~tetrru~edra, the change in coordination to octahedral is gradual 

rather than discontinuous as would be inferred from the X-ray emission 

studies. Lacy39 has noted that triclusters have a smaller oxygen re-

quireme~t than a fully connected network (0/8i ratio = 2.0) while Al06 

groups have a greater one. It is therefore possible that at a .certain 

. +3. .• 
low Al concentration; enough oxygen is made available to initiate the 

formation of octahedral groups. These deductions are also supported by 

the continuous increase in density (Fig. 5) and decrease in activation 

energy for diffusion with higher concentrations of Alz03(Fig. 35). 

In addition, MacDowell and Beall14 have found that' Al203-8i02 

glasses having 5 mole % (8.2 wt %) Al203 or less did not phase separ.ate 

or crystallize even when cooled veAY slowly. On the other hand, the 

10 mole % (15.9 wt %) glasses showed phase separation even When rapidly 

quenched. The explanation can be most· easily visualized by considering 

that the structure of sillimanite ormullite consists ,of an ordered 
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Fig. 33. Curves of viscosity vs. Al203 concentration for the 
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TEMPERATURE Ct) 
1800 1750 1700 1650 

COMP. E 
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Fig. 34. Plots of viscosity vs. liT for five concentrations of 
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distribution of four-and six..,.coordinated aluminum and, four-coordinated 

silicon atoms. ,The structural backbone,' can be" considered to be composed 

of infinite chains of e,dge-shared Al06, octahedra. This mixed ox,ygen 

coordination can be assumed to exist in the aluminosilicate glasses, 

particularly those with h?-gher AiZ03 ,content • When ,phase separation 

,occurs, ,one' can thus speculate that the oct8hedral ,portion of the 

aluminum ions plays ,the ma.jor role in formi,ng the dispersed glass phases. 

Thi,s reaSoning is :supported by the know-le,dge that an, ana:J-ogous 

cooi'dina.tion change occurs in titanium dioxide~eri it is added to a 

glass composition. 
, ,43 ,,' +4 
Weyl has shown that at high tempe,ratures, the Ti ' 

ion may assume a coordination of four compatible with the Si02 network 

and miscible in the melt. During cooling of the melt, the tendency will 

be for the titanium ions to assume the equilibrium coordination number 

of six, be displaced from the silicate network, and appear as a separate 

phase or in combination with other modifying oxides. This phase separa-

tion created by TiOz, is the basis of aJlnost all glass .... ceramic reactions. 

By comparison, Al203 with its lower radius ratio is ,even more likely to 

assume tetrahedral coordination, especially at high temperatures. How

ever , its +3 valence and high. field strength' (~ = ,12.0) also encourages 

,octahedral coordination and ,subsequent ,competition with Si02 to form a 

second phaSe. 

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

made concerning the structure of the aluminosilicate glasses. 

(1) Al203 is incorporated into the fused Si02 structure at low 

temperatures .ri th Al essentially in four-fold coordination up to a con-

centrationof approximately 9,wt % Al;103. This configuration occurs 
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through the formation of triclusters composed of one AlOIj and two SiOIj 

groups tribridged by an o:x:y-gen ion. A continuation of. this structure 
) 

produces a tightening of the tetrahedral rings (two,...dimensional) or 

cages (three-dimensional) of tpe SiOz glass and results in a high energy 

configuration. 

(2) As the Alz03concentration is increased, this high energy con-

di tion is alleviated by the formation of AI0 6 octahedral groups. This, 

in turn, permits the formation of normal Al04. tetrahedral groups, if 

necessary. It is the author's thinking that the continued addition of 

A1203 and formation of the AI06 groups loosens the structure permitting 

. 44 
more AIOIj-SlOIj triclusters to form silumtaneously as well. Nazarenko 

has shown that the,formation of AI-O-Al bonds is favored over the Si-O-Al 

structure by increasing temperature, particularly above l60o oc. The 

shape of the diffusion profiles in Figs. 11 and 12 suggests nonideality 
. . ,"" 

which is probably posi ti ve in nature due to the formatiori of Al-O-Al 

bonds. This also indicates that the AlOIj and Al06 groups occur in close 

prQximity,to one another rather than randomly throughout the glass. The 

structural arrangement.would thus be analogous to that of mullite or 

sillimanite with short range order. The reason that the K studies re
a 

vealed a sharp change from tetrahedral to octahedral coordination at 

10 \oTt % AlZ03 rather than a gradual shift in the peaks, is probably due 

to the limitations of the instruments and analysis. 

(3) As mentioned above, the glass structure which forms at the 

higher Alz03 concentrations is probably ~ randomized version of mullite. 

The fact that mullitecrystallizes on co?ling to form the "2:1" compo-

sition points directly to the initial formation and continued existence 
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of aluniinum in four..,.fold coordination.· 

28 
Inconclusion,it is interesting .to ,note thatAramaki and Roy . 

found that heat trea.tmentof both3Al2.0,s °2SiOz and 2AlzOs -SiOz mullite 

compositions increased thea. and c cell parameters. This is again a 

reflection of the Al-Si' disorder which' can occur at high temperatures. 

D. ' 'Mechaiiis:msofDiffusion 

With this backg~ound on the' coordination of the aluminum ion, it is 

of interest to postulate ,some mechahismsof diffusion and the nature of 

the diffusing species. 

In a search of the literature on related studies ,it is revealed 

thatSucov5 has employed the stable :isotope 180 and mass spectrometer 
. . 

analysis to determine the diffusivity of oxrgen in fused silica over the 

temperature range 925-1225°C. He concluded from the 71 Kcal/mole acti va-

tion energy that the oxygens participating in the ciiffusion must be 

singly bon.ded to silicon and move through the interstitial voids of the 

glass. Sucov noted that these oxygens would, by necessity, be those 

which cQordinate the various impurities and contribute to the creation 

of defects, just as in the case of multicomponent glasses, rather than 

bridging oxygens wh.i:ch. furnish continuity to the fused silica network. 

Extrapolation of his di:ffusivity values to the temperature range of 

intere'st in this research gives values which are close to those measured 

for aluminum (Fig. 36). Thus, it is possible to hypothesize the move-

ment of an Al 0 complex. xy 

Kingery and Lecron 45 using a20 Ah03040 CaO·40 SiOz glass have 

supported Sucov's argument that the oxygen ion can move independently of 

silicate groups.' This opinion was deduced from the' fact that Q for 
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oX'Jgen q.iffusion was 1/2 Q,for visco~ flovl. These authors' views are 

not, however, without their opponents. 

Klng and Koros ,46 using the same calcium aluminosilicate glass, 

have found higher diffusivity and activation energy values for oxygen 

than for the cations, as, shoWn in Table VII, below .. They ruled out the 

movement of single oxygen ions since they would be primary contributors 

to electrical, conduct:i,.c;>n. 

c:::::ci= 

Table VII. :VI3.1ues'<oi' Diffusivity and Activation Energy 
for Ca, Si and O'fro:m King and Koros 46 

,.. 

Atom Type D (cm2/sec) , Q(Kcal/mole) 

Ca 10- 6 
70 

Si 10- 7 
80 

0 4 X 10-6 
95 

Towers and Chipman,47 in earlier research on this glass, have shown 

that the acti vationene!,rgy for diffusion of the calcium ion is much 

higherthari that for conduction and ,agree with Ki.~g and Koros that the 

movement of calcium also involves the oxygen ion as well. 

Doremus
2 

has counte:red this reaaonip.g with ' the argtl+l1ent that King 

and Koros measured the q.iffusivity of "dissolved oxygen," (Le., oxygen 

which is introduced from a' gas phase I3.nd diffuses as a molecule) , while 

Kingery and Leeron measured the diffusi vi ty of lattice oxygen. This 

author feels, that Doremus is incorrect, since the actual experimental 

setup of Kingery and Leer-on involved the incorporation of leO from an 

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

'. 

,., 

" 

" 
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method in which the 1 BO Is j;ncorp0rate,a:~ di:ti~ctlyinto a silicate. 

48 . 
Reed and Barrett have also refuted Doremus' conj ecture by show-

ing that in a real Ca, 8i, and 0 concent~ation gradient, the di ffusion 

rate of oxygen must be controlled. by the calCium migration rate. Also, 

the' oxygen must be partially covalently bonded to Al+3 and 8i+4 ions at 

all times or it will again contribute to electrical conductivity. 

In reference to this last statement, Towers and Chipman 47 and King 

dK .46 / an oros also found D
8

. = 1 10 DC' • Furthermore, the work of 
'~ a 

4. ".' 
Bockris, et a1. 9 seems to indicate tb:~t the diffusirig spe'cies is not 

an ion of charge +2 or +4 because of transport numbers. The diffusion 

of silicon would, therefore, appear to be something other than simple 

cationic movement. A mechanism involving the rupture of two of the 

bonds by which a8i04 tetrahedra is held to the silicate network or to 

. . . 

a large ion would permit movement of two oxygens along with the silicon 

resulting in no net transfer of charge. The addition of oxygen ions to 

8i would make the diffusion coefficient of oxygen only two or three times 

that of the cations instead of more than an order of magnitude. Other 

considerations are the large energies required to move silicon and 

alUllLi.num from their lattice positions (105 and 80 Kcal/mole, respec

tively) and the low conductivity of these ions in glasses. 49 Thus it 

. 8.+4 AJ.+3 . suggests that ne~ ther ~'. nor. ensts in a free· state in glasses . 

This background information, althot:l.gh differing in results and 

conclusions, is useful in a discussia.n of the nature of diffusion in 

the Alz03-8iOz system. As discussed above, the fact that the extrapola

! tion of the oxygen diffusi vi ty data reported by Sucov5 coincides with 

the diffusivity of aluminum at the higher concentrations is a direct 



indication of the concurrent movement of both aluminum and oxygen in this 

system. Considering that the oX;Jrgen data is obtained from the singly 

. . 

bonded oxygens surrounding the. impurities in fused Si02, it is quite 

likely that. the value of,tbe diffu!3i vity of a doubly b()!lded or bridging 

oxygen is close to that .Il1eaS,ured for the low alumina concentrations. 

Coupiing these ide.as with the facts of high bond strength and vis:-

cosi ty, one is drawn to the conclusion that the diffusion in the binary 

glass is a cooperative movement of large oxygen-containing aluminum and 

silicon complexes. As Al20s (Qr 1nullite) enters the. fused silica struc-

ture, the oxygens must adjust to form the glass configuration--an entity 

which is also in a state of ccmst@'t change. With the movement of the 

Al complex along the concentration gra:dient ~ there must be a correspond-
.. ',. 

ing flux of the Si comple~itOW'ai'd tJ;le tnted'ace. These conrplementary 

movements ~ be vielitel,·bii themol;eeular scllle as viscous masses progress-

ing through the fusedsllic8. structure in a. type of ring mechanism of 

diffusion in which several bonds must be broken and the structure 

(particularly that of oxygen) rearranged to allow the movement of each 

species. 

This species which effects the diffusion through the glass becomes 

progressively smaller wi ththe onset of AlOs octahedra formation and the 

corresponding formation of non-bridging. Q.xygen. This is noted in the 

decreased activation energies for diffusion .and Viscosity with increasing 

Al203 content. No attempt was made to directly relate viscosity and 

diffusi vity values to the size of the mobile species by the use of the 

Stokes-Einstein equation. Doremus
2 

and others have observed that while 

phenomenological comparisons are valid to an extent; particularly in 

... 
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liquids, no exact correlation exists between the diffusion coefficients 

or their temperature dependence and theviscosi ties of noncrystalline 

silicates. A detailed interpretation of the diffusion process in terms 

of the activation energy was not att~mpted; for as Samaddar, et a1. 50 

have pointed out, the Uquidus composi tionand consequently the driving 

force for the diffusion process changes with temperature. With this 

change, there will be corresponding changes in the effective diffusion 

/ coeffi cient wi th temperature which are more complex than any activated 

process alone. The diffusion coefficients in silicate systems depend 

greatly on the composition and liquid structure. All these factors com-

bine to make interpretation of dissolution behavior on the basis of 

activation energy rather ineffective. 

Finally, an attempt has been made to indirectly measure the diffusion 

coefficients of Al +3 in the interfacia1muJ.1ite formed at the higher 

temperatures utilizing the mathematical scheme described in Section III. 

The averages of these results are reported in Table VIII and plotted ona 

partial graph of the diffusi vi ties of Al +3 in glass, versus liT in Fig. 37. 

Table VIII. Experimental data for the calculations of 
diffusivity of Al+3 in mul1ite 

c -c ..L. cm2 
Temperature c lId:: F(y) y 2 D Y -

(Oc) en I-Go 4y2 t sec , 

1650,. 7.46 x 10-2 .191 .03648 6.90 x 10- 12 

1700 7.46 x 10"'2 .191 .03648 1.52 x 10- 11 

1750 7.46 :x 10-2 .191 .03648 1. 79 x 10- 11 

" 
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TEM PERATU R E (oC) 

10-8 .----_�8-r-o_o ____ 17-r5_o~-----'--~1-7.._0---'O-----~..;:.._..., 

0.05 

-12 
10 ~~----------------~--------------------~~ 

0.480 0.500 0.520 
lIT (OK-I x103) 

XBL 707-1569 

Fig. 37 •. Points of hypothetical mullite diffusivity (X) superimposed 
. on diffusi vi ty curves of Al +3 for four concentrations in the 
glass. 



Also~ the flux density 'values of Al+3 in the interfacial liquid com-

position ,are greater than in mullite. Furthermore, the Qifference in 

these values, as well as those of aluminum diffusivi ties in mullite and 

the interfacial liquid increases with temperature. Kidson
34 

has shown , 

however, that the, growth of mulliteto an observable thickness is depen-

dent on a higher flux density in the mulli te than in the liquid at the 

interface. 

This discrepancy can be explained on thr:= basis of the nature of the' 

diffusing species. In the mullite there is ~ interdiffusion of Al+3 and 

+ 
Si 4 cations, while in the liquid, the species must be some aggregate 

complex .rhich includes oxygen ions as well as cations acting as a unit. 

The concentration gradient of such species would be less than that for 

+3 
Al based on the Al-concentratibn profile, and would also be dependent 

on the size of the diffusing species. Therefore, the flux densities of 

the diffuSing complex would also be less and actually less than that in 

the mullite above about l634°C. 'The increasing thickness of mullite with 

temperature for a given time also suggests that the size of these poly-

ionic species changes with temperature. This behavior may be due to a 

lesser tendency for the formation of Al06 octahedra and, thus, non~ 

bridging oxygens because of the lesser tendency for, liquid immiscibility 

" 14 
as shown by MacDowell and Beall. 

Of interest also, is the possibili tyof determining the activation 

energy for growth of mulli te and thus the activation ene:rgy for chemi~al 

interdiffusion in mullite. The value of about 220 Kcal/mole determined 

from measurements made on sapphire-fused silica,couples is an apparent 

activa.tionenergy since there is a competitive proqess of dissolution of 
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mullite by the liquid. Therefore, it is necessary to set up diffusion 

couples in which only the growth of mulli te occurs. This condition is 

achieved by using liquids saturated with Al203 for corresponding tempera-

tures. In this study only one liquid was prepared which contained 15 wt % 

Al203. This glass was used with sapphire in diffusion couples at 1650°. 

1700°, 1750 0 C. The liquidus curve determined in this study shows that 

this liquid is saturated with Al203 at about l680 0 c. This situation 

creates a condition of some dissolution of mullite into the liquid at 

1700° and l750 0 C and of some additional growth at l6500 C. A lower limit 

of activation energy of 125 Kcal/mole can be possibly established by 

assuming that the mulli te thickness values at 1650° and l700 0 C are cor-

rect within eXperimental error. On the other hand, if it is assumed that 

the measuredD for l650 0 C is high and that for l7000 C is low, then the 

activation energy value would be larger and may correspond to the value 

of about ·177 Kcal/moleobtained in creep experiments on mulli te. 51 

. , , 

! . 
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V. SUMMARY AND CONCLUSIONS 

'rhe kinetics and mechanisms of the diffusion processes which occur 

between silica and alumina (sapphire) or mullite have been determined 

and correlated vli th the results of supplementary experiments and the 

findings. of prewous. authors. The reaction between these materials in

volves the fOrmation of mullite at the interface (sapphire-silica couples 

only) and the dissolution of this phase by the diffusion-controlled move-

ment of an aluminum-rich oxygen-containing species through a silica-rich 

liquid. The aluminum concentration versus distance profiles are similar 

for the sapphire-silica and mullite-silica couples annealed at l6500C in 

air and helium. This behavior indicates that the diffusion process is 

not controlled by reaction at the interface or affected by the surround

ing atmosphere. The solid solution range of the interfacial mulli te ex

tends from 70.5 to 73.5 wt % Alz 03. This r 811 ge agrees within experimental 

error "lith the values determined by Ara.rn.aki· and Roy.28 The composition 

zone on cooling from l800 0c is 74 wt % AlZ03; whereas 2Alz03·SiOz has 

'77.3 wt% Al2.03. This difference indicates that the "2:1" mullite may 

have a solid solution range and that its composition on crystallization 

is a function of the total alumina concentration in the liquid. 

The experimentally determined interfacial compositions describe a 

revised liquidus curve which is indicative of a rather high rate of 

silica evaporation as well as the existence of a liquid immiscibility 

region. This curve was extended below the eutectic temperature due to 

the presence of a metastable amorphous phase at the diffusion couple 

interface. A single eutectic nonequilibriumphase diagram is postulated 

for cristob8J..ite-sapphire couples to explain the appearance of this 
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initial liqUid phase. The formation of the liquid or its initial presence 

(fused silica-sapphire couples) immediately leads to the subsolidus 

nucleation of mullite on the sapphire surface. This nucleation process 

is rapid so that, as theoretical arguments show, a "mulli te complex" con-

.' • .1 I 

tinues to form at the interface even at subsolidus temperatures where the 

rate of dissolution of mullite by the liquid becomes more rapid than the 

growth rate • Once a liquid is formed, the dissolution of cristobali te 

occurs by diffusion of the Al-O species toward the silica-rich zone. 

Cristobalite is, thus, unstable in liquids containing AlzOa contents 

greater than that indicated by theSiOz-liquidus curve in the phase dia-

gram. 

Above the eutectic temperature, the formation of a stable liquid. 

occurs, andmullite readily graws to an observable size above approximately 

l634°c if the specimens are held at temperature for a sufficiently long 

time. In this case, the rate of overall growth of the mullite surpasses 

its solution rate in the liquid phase. 

The apparent chemical interdiffusi vi ties of the aluminum ion in the 

liquid phase vary greatJ,y with concentration and temperature. As a re-

sult, the apparent activation energy and the pre-exponential (Do) values 

are extremely high at law aluminum concentrations and decrease as more 

Al203 is taken into the glass., 

The interpretation of these results is based on an attempt to under-

stand both the structural changes which occur as the Al203 concentration 

in fused silica increases and the nature of the diffusing species. The 

aluminum coordination measurements were performed and the results com-

pared with additional physical property data reported by previous 
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reses,rchers. It is postulated that the AlZ03 is, incorporated into the 

silica structure to approximately 9 wt % through the formation of tri-

clusters composed of one AlO.. and two 8i04, groups tribridged by an oxygen 

ion whose charge is satisfied only py the coordinating 81 ions. As the 

A120Sconcentration incre~es, AlD6 octahedra develop which simultaneously 

allows the formation of nO:171,llal' AlD .. tetrB.hedra~ The, glass structure thus 

gradually becomes analogous to that of mulli te or sillimanite with short 

range Ol:'<ier. At higher te~eratures there is some evidence that Al begins 

to develop a preference for a tetrahedral coordination. 

It is concluded that the diffusion process in the binary glass is a 

cooperati 1,Te movement of large oxygen-containing aluminum and silicon com-
. , 

plexes through the fused silica structure in a type of ring mechanism. 

The formation of AID6 octahedra and corresponding non-bridging oxygens 

creates progressively smaller diffusion species ,in the, glass indicated by 

the gradual decrease in activation energy and viscosity with an increase 

in AJ-iOa concentration. Correspondingly, the size of the species also 

changes with an increase in temperature at a given concentration because 

of an increase of tetrahedrally coordina.ted AI. 

Calculations of the diffusi vi ties aild flux densities of the aluminum 

ion in the'mullite layer formed at high temperatures result in lower 

values than those found for the aluminum movement at' the liquid inter-

face. This, behavior is contrary to the requirement ,for mullite growth 

but supports the hypothesis that polyionic species are diffusing in the 

liquid rather than single ions • 

. ~. 
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APPENDIX I 

Table IX. Spectrogre;phic analysis of sapphire, 
amersil, and cristobalite 

Spectrographic analysis. of Union Carbide alumina single crystals, 

Englehard Co. "Amersil,i! and Georgia. Institute of Technology Experimental 

Station cristobali te reported in weight percent of the oxides of the 

impurity elements indicated. "P.C." indicates "Principal Constituent." 

"""""""'. m • 4 ... 

Impurity Sapphire Amersil Cristobali te 

Al p.e. .045 0.230 

Ba 0.001 0.001 

Na 0.050 0.080 

Ca 0.001 0.0005 0.020 

Mg 0.0005 0.0007 0.008 

Fe 0.004 0.015 0.092 

Sn 0.005 0.001 

B 0.005 0.010 

Mn 0.001 

Cu 0.0005 0.0005 0.001 

Ti 0.001 0.028 

Si 0.210 P.C. P.C. 

Total impurities .2880 0.0617 0.472 

Analysis performed by Anlerican Spectrographic Laboratories, San Francisco, 
California • 

-
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Table X. Chemical analysis of mulli te 

Carborundum Corporation f'ul?:ed ingot cooled from the melt. 

Reported in weight percent of the oxide as an average. of three separated 

runs. 

e:;;;;= 

, , , , ,Oxide, ,Percent, 

AliQ3 78.34 

8i02 23.50 

CaO 0.02 

Fe203 0.16 

Na20 0.28 

Analysis performed by Coors Spectro-chemicalLaboratory, Golden, 
Colorado. 
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APPENDIX II. The Decomposition of Mullite 

The dis covery of the decomposition of mulli t'e at low oxygen pressures 

has led to a separate quali tati ve study of this reaction on the surface of ' 

clea.l(ed and highly polished mullite squares having a molar composition of 

2Alz 0.3 -S:i.Oz • A search of the literature reveals that this reaction is 

vtrtually unknown among researchers working with the A1203-SiOz system. 

52 
Skola, using X-r~ ana.,lysis and optical microscopy, reports that pure 

syntheticmuJ,lite Was pt;U:'tially decomposed when heated between graphite 

plates in a carbon resistance furnace at 1 'TOOo C since approximately 5% 

corunduni was detected irvthf!~~muJ.lite residue after four hours. 

Wright a.nd Wolff53 discovered tha.t mullite bricks were severely 

attacked by reducing .agents above l3700C in a natural, gas cracking plant. 

In the zone of greatest attack, a covering of porous corundum was found. 

They concluded that Si02, free or combined in the mulli te, was reduced to 

SiO by carbon deposited from the cracked methane. The free SiO then re

oxidized elsewhere or reacted with the corundum left by the first reaction 

to reform mullite. This reasoning suggests that the graphite plates used 

in Skala.' s experiments acted as a reducing agent' and contributed to the 

formation of corundum. 

The a.uthor' s research concerning this decompasi tion was prompted by 

the formation ,of gas bubbles in the fUsed silica when heated in He with 

mullite to form a diffusi:On couple. The initial work was ,therefore, con-

ducted at low oxYgen pressures for several different times at the tempera .... 

tures of the diffusion runs. The heating schedule included a rapid heating 

!J\Hl Nm1:ltig ('Y" L,' wi !,Il :-1 one-hour int01'11l<::d.iatc heating step at 1200 o C. 

The mullite pieces were not covered; thus the oxygen pressure in the 
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furnace, was determined by the tantalum heating element and shields, as 

discussed below. 

The results, as determined by X-ray diffraction and photography were 

similar to those of previous investigators, i.e., an alumina powder formed 

on the surface in greater amounts with time at temperature and increased 

wi th temperature at constant time, as shown in Figs. 38, 39, and 40. 

X-ray analys:Ls revealed only Al203 on the surface after heating for 12 

hours at all the temperatures of this research. In contrast, correspond

ing anneals conducted in air produced almost no decoinposi tion even after 

11 days at ,1650 oC (Fig. 40f). 

The photographs reveal that the reaction is most intense on those 

crystals which appear dark (actually clear) in the, unheated mulli te 

(Fig. 38a). As heating time, and therefore the formation of alumina, 

increases, it can be seen that the boundaries of some of these crystals 

have reacted more extensively than have the crystals themselves. 

To explain the mechanism of this decomposition, several reactions 

were proposed and their equilibrium constants evaluated at 19000 K (1627°C). 

Only those reactions which contained Alz 03 as a product in solid form had 

equilibrium constants high enough to be considered as the principal de

composition reactions. It' shoiUdbe noted that the calculations for this 

and the fol+owing data were conducted using mullite of a 3A1z03"2SiOz 

composition, as da~a for tne 2:1 composition is not available. However, 

there.is thought to be little difference in the results, since the crystal 

structures' are similar and the differences in composition are not large. 

The reactions considered to be governing the decomposition process are 

~ .. ;;:~ 

," 

• 
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500 fL 

XBB707- 3068 

Fig, 38. Microstructure of mullite pieces fired in helium at 
1700 0 C fo r (a) unfired, (b) 30 min" (c) 1 hr" 
(d) 3 hr" (e) 6 hr., (f) 12 hr. 
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500 J' -

XBB707- 3066 

Fig . 39. Microstructure of mullite pieces fired in helium 
at 1700 0 C for (a) unfired, (b) 30 min . , (c) 1 hr., 
(d) 3 Hr., (e) 6 hrs., (f) 12 hr. 

.. 
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500 ~ 

XBB707-3067 

Fig. 40. Microstructure of mu11ite pieces fired in helium at 
1750 0 C for (a) unfired, (b) 30 min., (c) 1 hr., (d) 
3 hr., (e) 12 hr . , (f) in air at 1650 0 C for 11 days, 
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(A2) 

The decomposition is written as a two-step process, since no free 

silica was found in the mullite. In other words, since all the available 

silica is in mullite in the composition df Si02 , it is thought that the 

silica leaves the mullite as a gas phase. The Si02 gas subsequently de-

composes to SiO and 02 to a degree governed by the si02/SiO ratio or 

ultimately by the partial pressure of o~gen in the system. 

To understand this reaction more fully, the reaction expressed by 

Eq. (A2) can be considered to be in equilibrium. The equation for the 

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

P
SiOz 

- RT In ----1....,1-2 
P

SiO 
P

U2 

(24) 

The values of 6Fo were - calculated from known data for this reaction54 

and used to determine log [PSi02/PSiO (POz )1/2] for the temperature range 

of 18ooo-2100oK as given in table XI. 

*The author is indebted to Mr. Ilhan Aksay for suggestions concerning 
the thermodynamic procedures and help in the various calculations and 
interpretation of the results. 
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Table XI. ° 1/2. . 
6F and log PS ' O !PS'O·PO values for 

" 12.1 2. 
temperature 

range 18000 -21000 K, determined from Eq. (:A2) 

Temperature COr<:) 6FO (Kcal/mo1e) 

1800. - 16.988 

1900. - 15.148' 

2000. -13~;3J:1 

2100 - ·il~,4'S9 

2.07 

1. 75 

1.46 

1.20 

Analogous calculations were perfbrmed for the reaction described by 

Eq. (.Al) to determine the equilibrium pressure of Si02.' These results 

are given for several temperatures in Table XII and plotted ags,inst 

absolute temperature in Fig. (41). 

= 

Table XII. AFo arl'd. P
SiOz 

valu.es for temperature range 

18000 -21000 K, determined from Eq. (Al) 
i 

Temperature AFo 
(OK) (Kca1/mole) 

1800 133.749 7.09 X 10-9 

1900 126.219 5.12 X 10- 8 

2000 118.706 3.09 X 10- 7 

2100 111.206 1.58 .x 10-6 

=- == 
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TEMPERATURE (Oc) 

1650 1750 1800 

1900 2000 2100 
TEMPERATURE (OK) 

XBL 707...,1529 

Fig. 41. Curve of P SiO versus absolute temperature determined 
. 2 

for reaction CAl). 

• i 
i , 
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In air, the partial pressure of oxygen equals 0.20 atm; however, 

under nonoxidizing cond~tions similar to those of this research, P O
2 

is 

determined by the equilibrium partial pressure of oxygen in contact with 

hee,ted tantalum. The re·action between tantalum and O}clgenmay be written 

as 

(A3) 

Again, th.e standard free energy of formation of Ta20S may be calculated 

from known data,55 and the equi lib ri um partial pressure of o:x;vgen 

determined from these results for the temperatures .of the diffusion runs, 

as shown in Table XIII and Fig. (42). 

Table XIII." I1Fo and log P 02 values for temperature range 

1923°-2073°K determine'd for the react,ion described in Eq. (A3) . 

r:x=e;;;::: 

Temperature 
(OK) 

1923 

1973 

2023 

2073 

...:., 

I1FO 
(Kcal/inoled 

297.890 

293.-318 

288.769 

284.226 

Log P
02 

(atni) , 

- 13.59 

- 13.04 

- 12.52 

,.;, 12.'03 

Knmling the range of oxygen pressures for both air and helium con-

ditions of this research, plots of log (PSiO/PSiO) versus log P02 can be 

constructed for each t~mperature by ass~ing values of P
02 

which fall 

within this range (Fig. 43). From these graphs, values of log (PSiO/PSiO) 
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TE:MPERATURE (oe) 

1612r-_____ 1_6~50----oe-------------17-00~o~e--------~17~5rO-oe~------1~8~0~0°c 

C\I o -13 
0... 10 

-14 
10 ~-----------------~------------------~~---------------~------~ 

1900 1950 2000 2050 
TEMPERATURE (oK) 

XBL 707-1527 

Fig. 42. Curve of equilibrium partial pressure of oxygen versus 
temperature of the diffusion runs for reaction (A3). 
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can be determined at the different temperatures for the known o:x;ygen 

pressures in the helium and air atmospheres as shown by the isobaric 

lines drawn in Fig. 43. A tabulation of these values is given in Table 

XIV below. 

......... 

Table XIV. P SiO/P SiO values for temperature range 1650o-1S00oC 

determined at constant oxygen pressures from Fig. 43. 

24 

Temperature (OC) 

1650 

1700 

1750 

lSOO 

u~ ... 

These ratios of PSiOz/PSiO given above must be maintained to insure 

equilibrium in air and He for the given temperature. For example, Fig. 41 

shows that at 1650oC, one must establish and maintain a pressure of 

-8 7.2 x 10 atm of SiOz to prevent further dissocLation of mul1ite. For 

an air atmosphere, one finds the ratio of PSiO/PSiO to be 10 1
' 30. Thus 

the cdrresponding SiO pressure would be 7.2 x 10-9030 atm. Since there is 

little decomposition of mul1ite heated in air at this temperature, the 

pressure of Si02 in the system must COme relatively near the equilibri urn 

value. As the Si02 is vaporized from the mul1ite, it will, in turn, 

decompose to SiO and 02 to a degree determined by the surrounding oxygen 

pressure •. As seen above ~ for an air atmosphereth~ P SiO/P SiO ratio is 

approximately 10, i. e., the partial pressure of Si02 is only ten times 

, 
I .,., ! 

.. 
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that of SiO. 
56 This value has also been reported by Porter, et a1., for 

the equilibrium constant for the decoroposi tion of Si02. gas. Hence, under 

oxidizing conditions, the dioxide becomes the major species wi th the 

monoxtde also a primary constituent. 

In the case of a. ,tantalum heated helium atmosphere at 1650o C, the 

-8 equilibrium partial pressure for SiO? is still 7 .2x 10 atm; however, 

tb.e P
S

' 0 IF c. 0 ratio is now 10- 5• 1 2.. Thus the corresponding SiO equilib-
1. 2. .::>1. 

ri um partial pressure increases tremendously to a value of 7.2 x 10-2.·88 

atm. 

This means that with the low oxygen pressure and thus the high equi-

librium pa.rtial pressure of the monoxide, the Si02. gas read:Uy dissociates 

to SiO and free oX,Ygen. The equilibrium partial pressure of Si02. gas is 

never reached and the mulli te continues to decompose. The amount of SiO 

present is approximately 105 times larger than that of gaseous Si02. 
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resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

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