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'DIFFUSION-AND PHASE RELATIONSHIP STUDIEé IN THE
'_ ALUMINA-SILICA SYSTEM
Ilhan A. Aksay
vInorganlc Materlals Research Division, Lawrence Berkeley Laboratory

and Department of Materials Science and Engineering,

‘College of Engineering; University of California,

: Berkeley, California 9&720_

ABSTRACT
_Sapphire—fused>éiiice diffusion couples annealed in air or sealed

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

'by-eleetron beam microprobe. The diffusion profiles were anelyzed

vby the Boltzmann—Matanovanalysis to determine theidiffusion parameters

for alum1num—s1llcate melts and mullite (3A1 O3 2810 ). Interfacial
comp051t10ns across the phase boundarles were used to determlne the
stable-comPOSition'range of the mullite phase field, ranging from T70.5

to Th O wt% Al 03, and the alumlna liquidus. Incongruent melting of

“mullite, at 1828i10°05 as originally determined by Bowen and Greig (192k4) -

wae“eonfirmed;' Experiments by the static method of Quenching also
confirmed the incongruent melting of mullite. However, metastable
extension of the mullite field above the peritectic temperature and the

metastable solidification of mullite with alumina contents up to

'83.2 wt7 were easily realized. The extension of the alumlna liquidus
_ below the perltectlc temperature prov1ded a direct ev1dence for the
,metastable ex1stence of a 8102-—A1203 binary phase dlagram without any

mullite phase.

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

above the softening temperature of fused silica, decreased from 211 kcal/mole



-yi-

fbr’puré'silica‘to 42 kcal/mole at 63.1 mole% A1203,' This substantial

change in activation energy for diffusion is attributed to the gradual

inérease in the ratio'of AlO6/Ath groups with increasing alumina content

and thus the formation of non-bridging okygens. Below the softening
point, the_activation energy for diffusion in fused silica increases
‘to 338 kcal/mole due to the tightening'of the network structure.  At

AS mole% Al content, the continuous network sfruéturé of fused silica

2%3 _
is completely bfoken down to form discrete anionic grqups. High
acfivatidn energies in fﬁsed silica and high-silica.melts éré attriﬁuted
to the‘ruptufe of.M-O bonds of tetrahedrally coordiﬁated silicon and

k ‘aluminuﬁ. Diffusion in high‘alumiﬁa.liQuids, on:fhéfother hand, is by
mutual rotation of anionic groups involving bnly.coulombic interaction
and thusvrequires a lower activation enérgy. The struétural model for
the Sioé;A1203 mglts is further supported by the*viscositj and density
‘data. | |

An activation energy of 168+T kcal/mole was déetermined for diffusion

in mullite,

~

"J

P\l



I. INTRODUCTION

'DiffusiQQHS£udies in condeﬁsed phases are ofﬁinterest because many
kiﬁéﬁic pcheéses a£ elevated temperatures are tranéport-controlled-and
thuélére gdv¢rned by diffusion phenomeﬁa.b A confinuum approach tb
diffusipn phehbmenal neglects the atomistic‘naturé of fhe diffusion:
prbcéss éqd‘pfovides macroscopié ﬁarameters, Suéh-as'diffusionvco_
efficiénfs,‘fbf use in rate equatiohs. An atbmiéﬁic.approach2_6 provides
a broader ?iéture'of'the diffusion prdcess since it relates these macro-

scopic parsmeters to atomic parameters, but a prior wunderstanding of the

strﬁcture'of thé.phaéeé involved in the diffusion process is required

in order to éoﬁpléte the picture by the atomistic approach. HoweVer,
should this structural information be lacking, the macroscopic para-

meters determined by the continuum approach, when incorporated with

other ph&sidal properties, may provide some of the missing information

abbutﬁtﬁe'structure.

|  Wheﬁ a diffusion couple is annealed at a sﬁfficiently high tempera-
fure, atom-mobility is.ehhanced, and the componéntS'of the end phases
interdiffuse to achieve a state of chemical equilibrium. The diffusion

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

~potential gradient. At constant T and P, under,eqﬁilibrium conditions,

all the phase fields intersected by the corresponding isotherm and the

‘isobar between the end phases will form as layers iﬁ the diffusion zoné._

The thickness of each 1ayeriis dependent upon the growth rate of the
correépondihggphase. Regardless‘of its thickﬁeSs, however, each phase

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

monotonic chemical potential gradient throughout the.zone. “If diffusion
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transport is the rate controlling mechanism, a locél chemical equilibrium
will exist at each interface. These interfacial"CompositiOns, then,

7

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

used to construct the equilibriumfphase diégram inyblving_the end phaées
~of thehdiffusion couple.8’9 |

'Héving thus outlined the extent of the infdrmatioﬁ one can.obtain
from a diffusién study, the reason for fhe éhoicé_bf the SiOz—A1203
system for such a study becomes appafent since (1) 1imited structurél
ihformatidn_and diffusion data are available_on.thevbinary éiuminum :
Silicates,'ahd (2)'although this system has 5een.fhe subject of numerous
phase equilibrium studies during the last half cghtﬁfy, questionsjabdut
the melting behavior and asbout the solid solutiqn range of its inter-
mediate compound, mullite (3A1203'2Si02), still remain'to be answered;

The“first systematic study bf the SiOz-AlQOA éygtem_was conducted.
in 1924 by Bowen and Greiglo who showed that, unaer atmospheric preséﬁre,.
muliite (3A1203‘2Si02) but noﬁ siliimanite (41203-sidz) was the only
stable compbund of this system. Furthermore, it:was shown that mullite
melted'incbﬁgfuéntly at 1828°C7 The findings of ﬁowen and Greig were
-generallj'accépted.without any serious question until 1950, when Bauer
et él.lliwere'suCCessful in growingvmullite singié crystals by the
Verneuil method. Since Singie erstals of inc§ngruentiy melting compounds
are not orainarily produced by this metﬁod, the.iﬁcoﬁgrugncy of mullite
wasbthusbqﬁestioned. Subsequently in 1951, Toropév and Galakﬁovle.pro+
‘vided additional evidence tha£ mullite melted congruéntly. Sihce then,

numerous»conflicting investigationsl3_28 have-been.conducted, some of

" 'which supported the inco;;gruencyl?’_21 as originally~determined by Bowen
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‘and Greig'ahd SOmé 6f'whiéh Supporfed fhe congruency,ofumullite decom—

21-28. 15 ana Aremaxi

:pOSiﬂiOnr Among these, the studies by Tromel et al.
and Roy26 shouid be mentioned as the most extensivé ones.. The findings
Of Tr6mei et al., in general, dre in agreemeh£ with those of_Boﬁen and
Greig.lo Aramaki and Roy's26 diagram (Fig. 1), héwever, éupports the
congrﬁeht melting‘of mullite; and, at the presenf;”théir stﬁdy stands.
out as>tﬁe génerally accepted one. The details of these studies will
ﬁOt'bé diépuSséd here since this subjectvmatter'ﬁas.been éovefed By
sévefalkreviews.3l-35x |
In addition to'fhe ﬁelfﬁng'behévior of mullife, é second outstand-
. ing problem of the SiOz-A1203 system'has been the-détermination of the
'stable‘soiia solution rahge of mullite. As showﬁ ih,{he Araméki and Roy
diagram (Fig: 1), mﬁllite, ﬁormally, corresponds to a composition of
3A1203'28102, and its solid solution rapgevextends'from 71.8 wt% to
_m7h;3”w£% A1203;  This range, howéver; is only reaiized when mullite is
prepared by édiid staﬁe reactions in the preéence:of alﬁmina. When
. ) o

'solidified from a melt, the composition of mullite may extend up to
“T7.3 wt% Alzoa (2A1203°Sioz), a fact which réiseé thé question of mefa—
stability;26 No satisfactory explanation-for thekfact that high alumina .
mullite is formed only from a melt has yet been présented.

| Most_pﬁase eqﬁilibriUmvstudies on the SiOz;Aizog system gave Been
 condﬁctéd‘eithér by the static method of quenching36 ér by diffgrential
thefﬁal analysis (DTA); Difficulties of obtaining accurate phase
equilibriﬁm déta by these techniques, especialiy,in'a siliecate system
'with’an incongruenﬁly melting compound, have beén di$cussed both by

37 | |

Bowen™' and Eitel.38 Because of the sluggish nature of reactions in



WEIGHT % Al,03

0] o 20 30 40 50 60 70 _ 80 . 90 100 ~
2200 (— L L L L R T I T | T I ’
B ARAMAKI ond ROY (1962) - , i
2100 —-—-—BOWEN and GREIG (1924) S R -
: ' 2054 +6°
2000} < T
‘ LIQUID ' /./' .
B o CORUNDUM ]
+
1900~ - LIQuiD
1843+10° -
A ""'_‘—iiz‘a‘tE‘ _______

1700

'TEMPERATURE, IPTS-68 (°C)

1600

1800 —

MULUTE (ss) + LIQUID

1597 +10°

—

[]
1
]
]
, ,
W [ .
‘ _ , }. o
_.L._._._._._-5.49_19'_._.._._._-_._\i\ . i

1500 —.

] l i l 1 J L I 1 I 1

SILICA + MULLITE (ss)

1400
- 0

Fig. 1.

To) 20 30 40 50 60 70 80 90 100
MOLE % Alp03 :

XBL 72I10-7078 A
' . . : .. 10
SlO .l\.1203 phase diagram as determined by Bowen and Greig

and by Aramaki and Roy.26 The melting temperatures of Si0p
(cristoba,lite and Al,0z (corundum) are by Greig?? and by
Schnelder and McDaniel ?30), respectively. .



5=

silicates, often non-equilibrium crystal phases also occur which have
their dwn'meﬁastabieiequilibrium diagrams. = Among the investigators of
the Si024A1205 system, this concept was first indirectly considered by

Trémel et al.15 who argued that although the origiﬁal work of Bowen and

'Greig.refleéted the stable equilibrium, it was pessible to obtain a

metastabie congruent liquidus by means of supercooling of the liqgids
Withoﬁt any'alumina.brecipitétion. This concept-Was'strongly' rejected
by Aramaki'and Roy26>en fhelgrounds that pfecipitetion of corundum with
a relafiﬁely simple structure would occur readily ﬁhen it isethe
equilibrium phase. Aramaki and Roy'sz_6 argument;’ﬁdwever,.should nov be

considered with reservation since fecent studies have shown that liquid

39-k41

alumina itself can be supercooled as much'as,200°C. Furthermore, if

supercooling of the eilicates with high alumina eontents is indeed a

' pdseibility,'ény data.obtained by the conventionalvqﬁenching technique

_Or‘DTA'ehould be reviewed critically.
in a fecent diffusion study, Davis and Pask,hebhtilizing semi—l
infinite couples of silica and alumina and the electron microprobe for

determining composition profiles, demonstrated the power of this tech-

.nique for obtaining not only diffusion data but eecurate stable and

'metastab;e phase equilibrium data as well. These studies, however, were

confined to the temperature range of 1552° to 1803°C (Fig. 1), below the

-melting poinﬁ of mullite, with particular emphasis on the diffusion

kinetics in the high-silica liquids.
The objectives of the present study were to extend the studies of

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

obtain diffusion data not only on the high-silica liquids, but also on
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the'high—alumina liquids, and (2) to determine the phase equilibria in
this porfion of the.system by a technique.not handicapped'by the
deficienciés of the téghniQues utilized in the previoué phase equilibria
stqdies. Furthermore, diffusion studies below the melting temperatﬁre
of mullité,we?e also conducted in order (1) to detérmine the stable
solid solhtion range of mullite, and (2) to studyvdiffusion kinetics

in the mullite phase.
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II. MATHEMATICS OF DIFFUSION
The kinetics of diffusion can be interpreted by means of the well-

known Fick's' first and second laws for the one-dimensional case:

-2 (D g—;) | | @

where J is ﬁhevnet'flux of the diffuéing species'paséing thfough unit
area of.a élane normal to the x—direction in unit time (gm/cmz—sec), c
is theiconcentration7of this speciesvper'unit'vdlume (gm/cm®), t is the.
timé'(sec),'and D is the diffusion coefficient'(cmz/Sec). In these
relationéhips, concéntration rather than.the'chémical'potehtial gradienf
is‘generaily used becauée of the ease in determiningithe former.

' Injé diffusion couple of non-ionic substanéeé, Qheﬁ two species
intermingle, the rate of mixing is dependent upon the self-diffusion
rates of both species. In su¢h a case, D as determined from the above
'equationsiis.the interdiffusion coefficient and can be related to the
self—diffusion coefficients through Darken's equaﬁiéﬁs.h3 Diffusion in
iohic sﬁbstanées, however, has a restriction sihce'a local space charge'
neutralify has to be maintained. The measured interdiffusion coefficient,
then, is not énly dependent 6n the'self—diffusion rétes but also on the
ionic éhafge of the diffusing species. The relétionship between self-

diffusion and the interdiffusion coefficients in ionic systems has been




discussed by Cooper and Hea.sley.l‘l

As eiprgsséd in Eq. (2), D is concentration'depéndent. In the
SiOz—Alzogléysfem, diffusion in the liquid phase abbve the melting tem-
perature of mullite extends over a wide concentratioq range (Fig. 2);
thus D would normally be expected to be concentration dependent. Davis
and Paskh2'hafe shown that D is concentration depehdéﬁt in the high
silica liquids of the Sioz-Alzoa system. The sQiid'solution range of
the mullite phése, however, is very small (53 mole%).(Fig. 3); the
assuﬁption that D'is independent of composition in this case thus is:
satisfactdry; Diffusion mathematics of these two cases is outlined in

the following sections.
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A. Concentration Dependent Diffusion in a Multi-Phase System

L5

Boltzmarn - has treatéd the case where a pair'qfvéemi—infinite'media

form one phase so that c(x,t) is a continuous function with continuous
derivatives for all t>o and —w<x<+®, If diffusion tfansport is rate

1/2

controlling, c EEc(xt-l/z) only, then by substitﬁting A= xt™T', Eq. (2)

can be transformed into an ordinary homogeneous differential equation:

. Subétitutiﬁg Egs. (3) to (5) into Eq. (2), one obtains

A
2 \3 R

% .

: ' e\
(@E_) - 9 (D 3)\) © (6)
'Experimentally, c(x) is always determined at a chS£ant time, t, thus -

 xde _ | de   :.» ' , ‘
'T'd(Dtvdx)'» N _(7).

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

' range, —®€X<+W.(Fig,_h),-Eq. (7) may be integrated with respect to ¢

%
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parameters that have to be determined. graphlcally for
the solution of Eq. (12). ‘
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from o to ¢', where o<c'<e, and the initial conditions are

A
) c=c, for - <x<0o | ‘ - - (8)
¢ = o for o<x<w , oo » (9)
f --’-‘9—"—='t[D'(c')(d—°) ] —t[D(o) (93) ]  (10)}
. 2 ax/ _ , cdx /- : ' v
: ‘ c=c =0 v ‘
o} B o )
Since
de _ [ dec . | '
(EI) =0 (dx)c=c B (11)
’ o c!
D(c') = - I g—’i) S xde . (12)
2t (dc o=c! _/ _

: o
If the above integration is carried from ¢ = o to ¢ = Cpo

C

A , o |
f xde = o S (13)
o .

where —®<x<+%o, Equation (13) sets the condition for x = o for the
evaluation of the integral in Eq. (12), i.e.

C"

f xde = / (=x)de - v (1h)

o C"

P
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where c=c". at x=o (Fig. 4). This x=o interface is usually called the
BoltzmannaMatano'interface,h6 which corresponds to the plane of mass
balance of the diffusing species.' Thus, if a pair of semi~infinite

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

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

o ) , . c!
Eq. (12). can be determined by measuring (%) and f xde graphically
, ‘ X v o .

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

1/2

composition, A=xt" must also be a constant. Then, the basic require-

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

cdntrolling,vmay be verified by plotting values of x at a given compo-

sition versus the corresponding values of tl/g;_ If the process is diffu-

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

.The Bditzmann—Matano analysis as presented above, however, is not
aépiicable to a multi-phase system since c(x) is:notvcontinuous with
continuous deriVatives over the entire range, —w<$<<+60 (Fig. 5). A
modified sélution of the -above method for a pair of'éemi—infinite media

b7

of two different phases has been first presented bvaost and more
. v T | o -
recently by Appel. 8 In this case, the condition which determines the

x=0 interface (Fig. 5) becomes _
f xde + (cp-c1) § + f xdc <o (15) .

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

c'<e;, Eq. (12) applies, and for c¢'>cy; including the discontinuity
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- . c ‘ o : et |
: : : "1
D(c')_,=‘..— 2—%(%)(;(:' : / xde + (‘cz—cl) .E + / ‘xde | . (16) -

o} o C2

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

(Fig. 5).

B. Concentration Independent Diffusion in a Mﬁlti—Phase System

Thequltzmann—Matano'solution as présented-abové is algo applicable
to this case;-‘When £he interdiffuéion5coeffici§nt;.D, however,>is cdn- '
cehtration indépendent, a more straightforward appfééch can be followed
without an explicit determination of the Qoncentration profile e(x,t)
through the phases. A solution to this case Was_fifst presented by

L9 50,51

Gibbs ~ based on a more general solution of Kidson.

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

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

‘Matano interface is described by

ey &8 o 3 e | |
(cu-cs) o= = DB_(8x>3 - Do (ax)‘+ - v . (17)
- ag" _ 3¢ | . [ 3c - B .
(cz-c1) Tdt Dy('ég)l - Dg (Bx)z " | (28)

Wagner52 has shown that the plane of discontinuity'isnshifted in pro-

portion to tl/%

£ = 2y, (pge)/? (19)
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where Y, and Y, are constants. Particular integrals of Eq. (2) are:

(1) in the a~phase

C,='(.25 -

(cs=cu) 31 + erf x (hD ) 1/2} (21)
. 1+ erf Ya (DB/DG) '

1/2

" (2) in the B-phase

_ (cstZ) | ;erf x (LD t)—l/2 - erf Y § v (22)
c = c3 - - - S A
erf YB - erf-YA
_ (3) in the y-phase
_ (c1-co) 1 - erf x (LD t)'l/zf i (23)
¢ =co? —1/2 ' Y
1 - erf YB(D /D )
Substltutlng g%-and %E-from Egs. (19) to (23) intc EQs. (17) and (18),
( » (Da)]/2 (cs—cu) ]
cy-c3)y, = (= exp -Y
. A DB 1+ erf IYA DB/D 1/2] A
(ca=cy)

72 exp (-12) i (24)

+ N ]
erf Yg = ert Ya

(20)
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' . \1/2 (co-c1) R - | o
: N - . -1/2 2 (DB :
(cz-.—C1)’Y.B = (%) 1/2 m l €exp l- YB (b—)] R S
: v Y
_ _ 1 - erf YB(DB/DY) . ! v

(ca-cz2) o
e ﬂ_l/L exp (*Yé)

(25)

.erf YB - ert YA

When the particular emphasis is on the diffusion kinetics in the inter-
mediaté'phase;'i.e;'mulliteg‘Eqs. (24) ang (25) cah‘be simplified if

cy, = cs5 and cp = ¢; (Fig. 6). Then,

ooy 1/2 2 : Lag)#*
Temer Y™ exp (y,)(erf yp - erf y,) S (2ka)
ca__cz' i | - . . ‘
=~ /2 2 C N R _ .
oo = e exe (ypllerf vy —erfy,) . o (358)

Equations (2Lka) and (25a) may be solved graphically tc determine Y, and

Yp+ From Egs. (19) and (20),

D = - "—ill;; - :. ) | - (26)
blyg-v, )" t | o | v

*Solutions to this limiting case have also been'provided by Wagner and
presented by Jost,2 p- 75, Egqs. (1.332) and (1.333). However, typc-
graphical errors. appear in Wagner's solutions. :
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COncentfatioh independent diffusivity ir the B-phase can then be deter-
mined from Eq. (26) by directly measuring the thickness of the inter-
mediate‘layer if the equilibrium solution limits are known.

C. Te@perature Dépendence'of-the Diffusion Coefficient

interdiffusion coefficient values to be~genefated by the methods of
the previous sections are of practical impertance since they can be
diréctly used to predict the kinetic processes in industrial applica-

tions. A'greater importance of interdiffusion coefficients, however,

lies iﬁ the'informaﬁion‘they yield about the migration mechanism of the

diffusing species. Generally, the diffusion coefficients are expressed

‘in the form of an Arrhenius equation, 53,54
=7 _ =2 BT '
D = D_ exp( RT) : (27)

where Do ié.the temperature independent pre-expéneﬁtial constant, Q is
the activation energy, R is -the gas éonStant, and-T‘is the ébsolute
temperature. D, and Q have different meanings fc? ai fferent diffusion
méchaniéms; The pre—exponential factor Do contaipsithé mean_free;path
Qf atomic movement, the lattice Qibration frequgﬁcy, and the entfopy of
activation as exp(AS/R). Converting Eq. (27) té.iogarithmicvform.gives

. ] g -
InD=1nD_ -, | (28)

thus Q and DO can be determined by plotting 1n D vérsus 1/7T.
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'III. EXPERIMENTAL WORK

A, Diffusion Experiments

1. Sapphire-Fused Silica Couples

Sapbhire-fﬁsed silica couples have been used-to-study the diffusion
kinetics in £he liquid phase. The couples were prepared from single
érystals (8.7 mm in diameter by 1.6 mm) of A1203L(sapphire)* and fused
silica disks (9 mm in diameter by T mm) of loweéf water cdntent, sold
under the trade name "Amersil."f The sapphire single crystals were cut
with the c~axis oriented §30° from the vertical apd‘had an as-received
sﬁrfacé finish Qf .27 um. The  fused silica diské were SUbjected tb a
| standard .ceramographic poliéhing dn oné surfaée. Polishing consisﬁed of
—approximately iO‘min each on 45, 30, 15, and 6 um metal-bonded diamond
laps,¥#* QA-h of vibratory# polishing in a slurry of.6 um diamond particles
and 24 h of finél vibratory polishing in‘a slurry of-l um diamond par-

ticles.

*¥Union Carbide Corp., Torrance, Calif. Spectrographic analysis by
American Spectrographic Labs., San Francisco, Calif.: as oxides (wt%)
5i 0.210, Na 0.050, Sn 0.005, B 0.005, Fe 0.004, Ba 0.001, Ca 0.001,
Ti 0.001, Mg 0.0005, Cu 0.0005. -

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

Cu 0.0005. :

**¥Minnesota Mining and Manufacturing Co., So. San Francisco, Calif.

#Syntron Division, FMC Corp., Homer City, Pa.; Vibratory polishing
machine. - ‘
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2. Sapphlre—Mulllte Liguid Couples

Alumlnum—5111cate glasses of 10.9, 22.8, and h2 2 wt7 Al1203 were
prepared using high purity powders of Alcoa XA-16% roactlve a-A1203 and
=325 mesh‘Corning 79h0 fused silica.# Thebpowdersvwére intimately mixed
in isopropyl alcohol, dried at 90°C, calcined at 1000°C for 10 h, vacuunm
melted in open molybdenum crucibles at i900°C for 30 to 60 min and
quenched:io He to room temperature in less than 5 ﬁiﬁ. The calcination
stage at'lOQO°Cvand a>slow heating rate to the fusion temperature were
ﬁeceSsary*fo decompose the hydroxyis of the fused silica powder. Forﬁa—
tion of a meit beforé the elimination of the hydroxyls resulted in ex-
cessive bubbie.formation. Rods, 9 mm in diameter; Wére core-drillied,

.cut into 7 mm thick sections and polished on one sids. A representative
section of.each glass Wasvanalyzed by electron microprObe, and the com-
positions”wore found to be within 1 wt% of the sfaf%ing value.

These»glassés are in equilibrium with mullitevst 1678°, 1753°, and
1813°¢C according to the muliife liquidus of Davis_and Pask.lfl2 Thus , thé
aluminanlaSS diffusion couples of these compositions at tﬁe correspond-
ing annealing temperatures could be used-to study fhe growth kinetics of
mullite as’ an intermediate phase, without anyvdissolgtion in the end

phases (Section IIB). "

¥Aluminum Co. of America, Pittsburgh, Pa. Chemical analysis (wt%) NaxO '
0.08, 8i02 0.05, Ca0 0.03, Mg0O 0.05, Fez0; 0.01, MnO O. 0015 B,03 <0.001,
"Cr0s 0.0002.

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

The diffusion_cell arrangemeht consisted of moljbdenum or alumina
crucibles éoﬁtaining a fused silica or alumiﬁum—silicate glass disk on a
sapphire substratév(Figf 7). vMolybdenum crﬁciblés with 9.1 mm ID and
\11 mm internal height were machined from high purity rods 12.7 mm in
diameter.j‘Some of the runs at 1678°C were done iﬁ'aif with'covered
alumina crucibles* of comparable dimensions. Prior'to a cell assemblage,
thé poliéhed»surfaces of thevdiffusion coﬁple parts-ﬁere checked for .
f;étness against their counterparts to effect godd_bdnding'and prohibit
B ﬁhe entrapméﬁt of heiium or air in anlirregulér Surface. The crucibles
and the.ﬁiffusion éou@le parts were cleaned ﬁltraSépically in ethyl.
alcohol.  The molybdénum crucibles were sealed aféund the 1id by electron
beam welding;(Fig. T)Vand He leak chécked. This sealing was necessary
"to eliminate siliéa:losses by evapération during”aﬁnealing. An assembly
of as maﬁy-as six'couples could be run during eééh'annealing by stack-
ing the crucibles with spacers in between. The Crﬁcible assembly was
covered with‘u thick wall Mo crucible to ensure témpérature uniformity.
A similar arranéement of alumina crucibles ﬁas>used at 1678°C in air
runs.

k, . Diffusion Anneals

A tantalum resistance heating furnace®¥ with a heating zone 10 cm
in diameter by 20 cm was used for all the-anneals_above 1700°C. The

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

¥Coors Porcelain Company, Golden, Colo. Crucible CN-2, AD998 (99.8 wt%
A1203). - . ! L ) :
*¥Richard D. Brew and Co., Inc., Concord, N.H.; Model 1466S-L.
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sfand ana héated tq 1200°C at lO-6 mm Hg. The‘chamﬁér‘was then filled
withvhelium'slightlf below atmospheric pressure;tand the temperature was
rapidiy rgiséd (2-3 min) to the annealing point té_avoid chemiéal bond
.formatién at the inférfaée at lower témperatures and subsequent cfacking
" of the sapphiré dﬁé tdrthefmal expénsion differeﬁceslbétween sapphire
éhdﬂfﬁsediéilica.‘v | | |
The diffusion>anneals ranged from 15 min to é month, depending on
- the diffusion zoﬁe length. 7The_principél temperéture range waé from -
'17530 to 2003°C. The temperature of the tantalum:Chamber was monitored
and céﬁfroiled by a Leeds and Northrup Speedomax-H Recordér—Controller*
(ﬁrecisidn + 1°C) through a W5Re-W26Re thermocouple (accuracy * T° at
180066). The specimen temperature, however, was measured separately
with two Leeds and Northrup optical pyrometers® (aécuracy + 10° at
'2000°C) utilizing black body conditions. The pyrometefs were frequently
‘calibrated against an NBS.secondary standard pyrometer (No. 8632-C,
.NBS No. kWiT72312; accuracy * 3°¢) ana at the meltihg point of platinum#
(1772°C)55 and Alz0s3 (205h°C).30 The melting tém@erature of A1203 was
verified within 2° ﬁtilizing black‘body conditions.with a hole core-
drilled directly into a sapphire_crystal; Furthermére, the pyrometers
-themselves{were frequently checked against eachhéthef to detect any

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

Internatidhal Practical Temperature Scale (IPTS—68)__.55

*Leeés'&'Northrup Co., Philadelphia, Pa.

#NBS - standard platinum was provided by K. S. Mazdlyasnl, Alr Force
" Materials Lab , Wright-Patterson Air Force Base, Ohio.
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A Kanthal Super 33* resistance heating furnace was used for the air
runs at 1678°C. The furnace was loaded at 1200°C and raised to the.
anﬁealing temperature in ¢h5 min. The furnace temperefure was monitored _
and contfolled by a Honeywell Electro-0-Volt 18 Recorder-Cbnﬁroller*?
(preCision i‘l°C) through a Pt6Rh-Pt30Rh thermocouple (accurac& + 59 gt
1650°C). The specimen temperature was separately“measured and recorded
with.a HoheywelleEiectronik 193 Recorder¥#* through a Pt6Rh-Pt30Rh thermo-
couple; | ‘ “ | |

' . The diffusion anneals were completed by rapidly cooling the furneees
down to l500°C (1 ﬁin)'to prevent excessive erystailiiation in the
diffusion zone. Continued cooling to room temperatufe,‘however, was
very slewi(up’to 4 days) to avoid loss of_integrity at the interface as
a resul£ of the differenee in thermal expansion.r The couﬁles were sub-
sequently sectioned in half parellel to the directioﬁ of diffusion;

mounted iﬁupolyester resin and polished as described in Section IIIAl.

_B. Phdse Equilibrium Studies by Static Method of Quenching
' Concentrafion profile discontinuities across the phase boundaries
provide fery accurate information about the stabie'éomposition range of

the phase fields. 8,9

Normally, this information alone would be suf-
ficient to compleﬁe a phase diagram. However, due to the great con-
troversy about the melting behavior of mullite, quench experiments were

also performed to supplement the diffusion experiments of the previous

section.

*The Kanthal Corp., Bethel, Conn.

”**Honeywell, Industrial Div., Fort Washington, Pa. .
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'The ceﬁpesitions'of the SPecihens-used in theequenching experiments
 were h2 2 60.0, 71 8, 78 3, ‘and 80. 0 wt% Ales. The alumlnum—5111cate
mixtures of 42.2, 60 and 80 wt% Alea were prepared (as in section
IIIA2)by intimately lelng Alcoa XA-16 reactive a-A1203 and -325 mesh
-Cornlng_79h0’fused 5111ca in 1sopropyl alcohol. The mixtures were sub-
s;eqﬁently dried at 90°C, calcined at 1000°C for 10 h to reduce the
vhydroxyi centen£ of.the fueed Siiica and melted in Me crucibles at.1953°
er-2003°C.fOr 15 tb 30 min. The eomposition of a'reﬁresentative section.
ﬁas analyzed by electron micfbprobe, and the crueibles were sealed by
electfon.beam.welding 5efore the heat treatment;: The sealing of the
cruciblee, as before, was necessafy te avoid silica losses during long
anneéls.  Heaf treatment‘was done in the tantalum‘rQSistance heating
elemeﬁt-fgrnace in the temperature range of 1753°to 1953°C The speci;
mens wefe quenched by turning off the power to the fﬁrnace and allowing
He to flow rapldly through the furnace.

| The - 78 3 wth Alzos sPec1men was a commerc1al grade fused cast
alumlnumr5111cate* prepered by the arc fus1on pfocess. Spec1mens 9 mm
in diameter.by 10 mm were .core-drilled from a pore-free portion of a
fused cast ihgot, for the heat treatment as deseribed abofe. A ceramo-
 graphice(refleeted 1ight)'ekamination of the as-feeeived specimens

showed mullite grains surrounded by a continuous glassy phase.b'

¥Carborundum Corp., Niagara Falls, N.Y. ©Sold as fused cast mullite.
Wet chemical analysis was performed by Coors Spectro Chemical Leb.,
Golden, Colorado. Spectrographlc analysis by American Spectrographic
Lab., San Francisco, Calif.: .as oxides (wt%) Na O. 12, Fe 0.02, Mg 0.01,
Zr 0.01, Ca 0.006, Ti O. 005 Cr 0.003, Cu <0. 005 Mn <0 001.
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The 71.8 wt% Al,0; specimens used in these qﬁenching experiments
were the by-products of the'efforts made to synthésize stoichiometric
mullite (341203*28102). Highl& reéctiVe y—Alzog*'and émorphous Si0Lt
powders_were mixéd in isopropyl -alcohol, dried (96°C); calcined (TOOéC)
and vacuum hbt pressed in_graphite dies éf 3.5 x 106 Nt/m2 up to 1500°C.
X—ray diffractibn analysis of the hot pressed and anﬁealed (1300°C)v
épeciméns'always‘revealed some unreacted arA1203»énd cristobalite. The
. pregenée ofbé glaséj film would be expected from the findings of

o7

DeKéySer,56‘Staley aﬁd’Brindley, and Davis and Pask.he These specimens,
‘as before, were cdreédrilled and Sealea,in Mo crucibles for quenching
experiménts.

The melfing behavior of mullite was studied’ﬁsing polycrystalline
stoichiometric 3:2 mullite (71.8 wt% A1203) specimens# synthesized by
vacuum hof preséing mixed high—pﬁfity, submicron”QXide powders.58 ‘The
mixed oxide poWdérs.were prepared by the hydrolytic-decomposition of
mikéd‘metal.alkOXides. Traﬁslugent and completély reacted specimens,'
99-99.5% of the theoretical density, could easily be.obtained by hot
presSiﬁg at 1500°C and 3:5 X 106 Nt/m2 for 30 min}“_fhe reported com-
position of the specimens was verified by eleétron_ﬁicroprobe analyéis.

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

in vacuum in the tantalum resistance heating element furnace. The

- ¥Cabot Corp., Boston, Mass. Alon-C, a colloidal Y—A1203 made by the

hydrolysis of A1Cls in a flame.

~tCabot Corp., Boston, Mass. Cab-0-Sil, produced by the hydrolysis of
5iCly at llOO C.

- #The spe01mens were provided by K. S. Mazdlyasnl, A1r Force Materials
Lab., Wright-Patterson AFB, Ohio.
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specimeﬁ temﬁeratﬁielwas measured wiﬁh an optical:pjroﬁetér utilizing

; biaék-bbqy c¢onditions with a hole core—drilledvdifébtlyvihto the speci-
vmén; Since fhe mélting temperature of muliité was ékpected to be between
1800°»and 19oo°c;'thé_heating rate to 1800°C was fast (5-10 min) followed
by a 5°C/m;ﬁ‘heafing‘rate from thereon in order to maintain thermal
equilibrium..‘Thevmeltiné temperature was assumed tolbe'that at ﬁhe firét
vinstanf.of thebspecimen slumping. Some speéimens were only partially
mélted'and §uenched by turniﬁg off the power'té the furnace and allowing
vHe to fiow rapidly'fhrough the furnace. Cross sepfipﬁs_of these par-
tiaily meltgd specimens were subjected to ceramdéraphic examination of
their micro;trﬁcture‘just in and just out of the melting zone. Similarly-
éll the:bthér specimens of the quenching experiments were subjected to
ceramographic examination, and the composition éf the phases, when

necessary;'was determined by electron microprobe analysis.

C. Electron Microprdbe Analysis

The aluminum and silicon concéntfation profiles of the diffusion
couples and- the microstructure specimens of the quenching experiments
wefe determingd using an eléctron microprobe analyzer.¥ The electron
micfoprobe is a cémbination 6f a conventional X~-ray tube, an X-ray
emission_specfrograph, a light.microscope, and éh“electron microscope
all in.a éoﬁmon vacuum chamber. The specimen to be analyzed is bom-
barded by a monoehergetic beam of electrons.to exéitg thebcharaéteristic
X—radiaﬁionléf'the_elements present in the spécimén, The. primary

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

#Model 400, Materials Analysis Co., Palo Alto, Calif.
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may then be éompared to obtain quantitative data on the éoncenfration of_
each elemenflin the specimen. Corrections for aBsorption, fluorescence,
atomic number, dead time, drift, and bac_kgroimd r_iave to be made to
improve the accuracy of the analysis.59’60

Prior ﬁo the electron microprobe analysis, the ﬁighly polished sur-
faces of £hérspecimens were méde electrically conductive by vapor
depdsiting a carbon film of about 200 Z thickness and by painting the
mdunting material and the corners of the specimen‘with a slurry 6f carbon
in efhanol. All the measurements were made with aﬁ accelerating voltage
>.of”15 kV and'a‘specimen'current of 0.03 HA. The:diameter of the elec-
tron beam‘Was‘ 1 um, although the volume affected:by:it waé probably
in the order -of 5-10 cu um.sg Two spectrometers were used to record the
'intensifiés of the AlKa and SiKa éeaks simultaneouslj. The analyzers
were éurvéd;KAP (potaséium acid phthalate) crystals bent and ground in
the Johanssdn mode. The detectors were of the flow proportional type
containing a mixture of 93% argon and T% methénévahd utilizing 3 um
thick mylar windows. | |

The concentration profiles were obtained by'trayersing the electron
beam aléng»é desired path ﬁerpendicular to the diffﬁsion couple inter-
face or the phase boundaries. An integrated counf per 10 s at a loca-
tion was monitored by logic circuit counters and siﬁultaneously pﬁnched‘
on IBM cards for the introduction of corrections by .computer. The beam
was then advanced automatically by a fixed distaﬁce (0.5 to 10 um to
repeat tﬁe same procedure.

Extensive crystallization of alumina and/or_muilite occurred in the

Aliquid-portioﬁ of the sapphire-fused silica diffusion couples during
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Acooling. Tﬁus; the concentration profiles obtainadvby the point-beam
téchniqué were extfemely rough and difficult to ahalyZe. Davis and
Paskl\L2 o&ercame fhis difficulty by rapidly scanning-the elactron beam
parallelbto the interface of the couple in ordef to obtain an average
composition over'an area affected by localized solidification. When the
'standards are also analyzed by the same method,iinaocuracies introduCed.
by the décreased'X—ray inténsity as the beam deviates from the centaf_
of the cross hairs may be eliminatéd. This method,was used in the
‘analysis of all the diffusion couples that showed éxfénsive'crystalliza—
‘tion during cooling. The scanning span ranged from'§0 to 150 pm |

depending;on‘the size of crystals in the diffusion‘zone.

D. Densities of Si0,-A1,03 Melts

The ooncentration profilés obtained by the elecfron microprobe
analysis are expréssed as wt% oxides or cations after the introduction
of the éorrectibﬁ facfors. For the use of the @iffusion equations, how-
ever, the conoentra£ioﬁ unifs have to be eXpressad as weight per volume
of the diffﬁSingbspecies unless the density of ﬁhe‘matrix does not
»Changevwith.the introduction of the diffusing spéoies into the matrizx.
Over a wide.ooncentration rangé, as in the sapphire-fused silica couples
.(s}g..0—78;2 mole % Al,0; at 2003°C), the densities would be expected
to'vary. Thus, the densities of the SiQ;-Aleg'ﬁélts had to be defer—
mined in order to convert the wt% values to gm/cm3;"

Thé Sng—AlgOg melts ap to about 30 mole % Aian form glasses when
quenched’b& COnvenfional techniques.6l The densities of these glasses
may then be used for the above conversion although ﬁhéseadensities would

'correspond.fo a fictive temperature somewhat lower than the annealing
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tem@eratﬁre of the diffusion runs. In the diffﬁs?dp studies‘of Davis
and Péskh2 this method was used since the highe3£ﬂalumina concentration
'dealt Qith_had only 29 mole % Al203. The densitiés'of‘the melfs wiﬁh
higher alumiﬁa‘confenﬁs had to be measured at tempéfafure since they
readilyvérystallized during quenching.

vAn X—fadiographic technique deveioped by Rasmussen and Nelson62 was’
uSea to detérmine the densities of the SiOz—A1203 méit§ in thé tempera-
ture range of 1700° to.2000°C for the éntire.binar&_system, The tech-
nique coﬁsisfed of ﬁeaSuring the yolume of a melt“ét‘temperaturé frém
its radiogréphed image obtained with a 300 kV X-ray source and of re-
lating this ﬁolhme to its density.v This techniqﬁe ﬁés especially
suitable for the 5i0;-Al,03 melts since the speciﬁehs could be sealed 
in their containers to eliminate silica loses duriﬁg;measureﬁents.

The cOﬁpositions chosen fof this study contained 22.8, L42.2, 60.0,
and 80.0 wt%'Alzoa which were mixtures used in the}diffusion and the
phase equilibrium studies of Sections IITA and B;i These mixtures were
melted in Mé capsules at 1953°C in vacuum for &30.tb 60 min. The Mo
capsuies'with a wall thickness of 0.k I aﬁd 7.6 cﬁ'high were machined
from higﬁ purity Mo rods with 1.27 cm OD. ~ The weight of the fused cast
material in each capsule was determined prior to»thé_sealing of the
crucibles by electron beam welding the lids. Suﬁsééuéntly; each crucibie
was He leak checked for possible cracks. ’

The X-radiographic measurements were perfor@éd by Rasmussen* using

the system described by Rasmussen and Nelson.62'vThefspecimens were

- ¥Rasmussen, J. J., Battelle Pacific Northwest Labs., Ceramics and Graphite
. Section, Richland, Wash. : '
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melted in a W—ﬁésh reéistance heating elementvva¢uUm furnace. The speci-
men fémpefafure waé varied in the temperature rangé'of l7009vto 2000°C '
with a 3°C/min rate, and the specimen images Wefe'fadipgraphed on film

at ¢25oc'in£érvals. The tempefature was measuréd'éoﬁtinuously with a
ﬁwo—colof_oétical ﬁyfometer wifh an accuracy of + 10°C. - The volume of
the melt was_determined fromvits height and:the_cf@éible'diameter, and
.corrééted for thermal:'expans'iori.63 In most insténces, the qdlumn length
could be measured’repfoducibly to give a density variation'of + 0.00k
gm/cms. A'typical'set of radiographs used in theéé ﬁeasurements is
shown invfig. 8;-

E. Computer Analysis

A computer program written by Frazér, et al.6h ﬁas»modified,for use
with thé'CDC-76OO computer system of this laboratqu and used to correct
the eiectrbn microprobe data for dead timé, drift, background} absorp-
tion, and fluorescence. Atomic number correctioﬁ.wéébnot'necessary
since the differencé between the atomic number of‘Al and 5i is very
small.

The output of this electron micfoprobe program given.in'wt% of the
elements or théir oxides in the melt was converted to gm/cm3 of the
elements and their oxides with an édditional program'utiliiing the
 dehsity data of Section IIID._ The densiﬁy vszwt% relatioﬁship used in

this second program was

 Pgoo = 2.106 + 0.0085 (wt%_Al_zo3) (29)
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whe?e pléoa isvthe dénsity of the melt at.1900°C;- ihié‘single“relétion—
ship rath¢r than a separate equation for each tem?erature anneal was
used since fhe differences in the densifies were!t@o'small (+ 0.003

_ gin/em® at 1800°—2000°C) to introdﬁce'any significant'changevin the -
diffusivity Valﬁes. The relationship betwéen Al_and,A1203 concentration
(em/em®) in the melt vs mole and wt# A1,0s, based on Eq. (29), is shown
: iﬁ Fig. 9. ;Similarly, the conversion for the diffﬁéion profiles through
the ﬁu1lite layer was made by substituting the theoretical density of
muliite;58_3;l9 gm/cmé, for Eq. (29). .Cal-Comp'prograﬁs were incor-
porated into'fhe.above'programs to plot the concentration of Ai Vs Qis—
tance profiles on graph paper.

| 'The Béltzmann—MatanoIinterface defined by Eq. (15) and the inter—‘
diffusivities of Eq. (16) were determined by inserting the concentration
of Al(gm/cma) vs distance coordinates of the‘smoqthed diffusion‘profiles
into the prbgrams written by'Appel65b(Appendix);? These programs were
also incdrporated With additional Cal-Comp subroutines to plot the

'diffusivity (D) or 1n D vs concentration values on graph paper.
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CONCENTRATION OF Al,03 (gm/cm3)
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IV. RESULTS AND ANALYSIS

A. Derisities of Si0;-A1,05 Melts

' The denéitiés‘of thé aluminum-silicate melts are'tabulatedvin
Table.i;"Tﬁe'vélués reportéd.here ére those obtéihed during the cooling -
cycle only}v.Thé measurements obtained during the-initial heating cycle
wefe‘cbnéidéred efronééﬁs due to thévformation offbubbles and the
presenceiof cores iﬁ fhe ;eits; Hoﬁe?er, consisfent‘results could be
. bbtained during a subsequent'reheatingr This ?henoﬁénon has also been_
observed with MgAleq.and A120366 during the formation of inifial melts
from singie cfystals‘which are usually grown iﬁ the_presence'of H, or Ar.

.The'dénsities varied liﬁearly with temperatuyéfWithin'the tempera~
ture range studied, aé illustrated in Fig. 10. Thé-sblidification
tembéraiur¢s for the 46.92 and 70.21 mole % Al,0, me1£s were determined
duringvthé cboling CYCle whén an"abrupf volume change occurréd_due to
“the preéipitation of mullite or alumina. Becausé the 14.82 and 30.08
mole % 81,05 melts formed glasses during cooling, théy showed no abrupt
volume change during cooling.

| The-density of liquid alumina has.beeh measﬁred by various invesfi—
gators.66—Tl  The results ovaitin,and NagibinYO:whé made their measure-
ments by Hydrostatic weighingvtéchnique ahd‘bbtainedva linear density
'teﬁpefature.relﬁtiénship‘between the melting point and 2550°C are
*repréduéed'in.Fig. lO.» The density of solid aluﬁiﬁa up ﬁo its melting
poinf;was'caléQlated using the coefficient of exﬁansion data of Wachtman
et al.72 dna'the room.- temperature density of 3.96S‘gﬁ/cm3.73

The_dénsity.data of liquid.silica aléo‘shown in‘Fig. 10 are by

.Bacon et ai.7h who reported five density values between 1938° and 2326°C.
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Densities of the Si0_.-Al

0

:Iﬂﬂel. pmA1,0, melts.
22.8 wt% 410, "gg.z b AL, 60.0 wt AL,0, | 80.0 wt# A10,
(1k4.82 mole%) (30.08’mole%) (46.92 mole%) . (70.21 mole%)
Temp. o Temﬁ; e _'Temp. P | Temp . p
) | (e/emd) ' (°0) | (ew/emd) | (°0) | (ew/en’) | (°C) | (em/em’)
1707 2.319 1758 - 2.475 1755 S2.736 | 1966 | 2.811 -
1752 | 2.319 | 1789 | 2.466 | 1773 | 2.732 | 1993 | 2.799
1813 | 2.320 | 1813 2.461 1803 2.7l 1995 2.791
1858 | 2.316 1838 2.465 1808 2.2k |
1907 | 2.313 | 1858 | 2.u60 | 1835 | 2.629°
1909 | 2.313 1880 2.4k | 1859 2.627
1963 . | 2.305 | 1881 2.455 1882 2.626
1988 | 2.302 | 1909 | 2.48 | 1910 | 2625
2008 2.302 1913 2.4k9 1938 2.615
| - 1941 2,445 1959 2,612
1975 2,446 1985 2.608
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F‘ig. 10. Variation of the aluminum-silicate melt
densities with temperature.
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> to a straight line including'all the data points

A least squares fit
has a. poor correlation while a correlation factor of . 0.998 is obtained

: when the last data p01nt at 2326°C is excluded from the set. Further—
.more, when th1s last p01nt is 1ncluded in the set the extrapolated
value of the liquidfdenslty at the melting temperature of cristobalite
s higherxthan'that.of the solid. Thus,llt is concluded that either the
'denslty of llqu1d s1lica var1es linearly only up to \2200°C (Fig. lO)
vand deviates.from linearity from thereon or’the value reported at 2326°C
is'erroneous.

The variationvof the melt densities‘with'alumina content in the
temperature range of 1800° to 2200°C is illustrated in Fig. 11. In this
temperature range, the densities increaseklinearlvuonly up to ¢h5 mole %
Al,;03. 'Theﬂnegative deviation from linearity at‘higher alumina contents
vis'indicative of the fOrmation'of a looser structure;

f Also.illustrated in Fig..ll are the room temperature densities of .
h‘the glasses quenched from 1803° h2 On the ba31s of the data of Fig. lO,
these room temperature densities correspond to a fictlve temperature of
ml200 C.

No attempt has been made to'calculate the partial'molar volume of
Alzoa and Sin in the melt. The partial molar volune data of the
conponentsfof silicate melts are useful in estimating the densities of
.eomplex silicatevand magmatic liquids that are of interest to ceramists
and petrologists'but are difficult to study directly:at high tempera-
tures.. The'partial molar volumes, in general, are eomposition, tempera-
ture,_and pressure dependent. However, the data»compiled by Huggins and

'Sun,76'Bottinga and We111,77 and others 78_81‘indicate that partial
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" molar volumeé'ére constant in a certain raﬁge of.Silicéte compo;ition.

These data may tﬁen be used to calculate the denéiﬁy of any silicate

quuid within that range. | |
;Théjoﬁly:partial molar volume data available dn.Al2O3 are those

76,77

obtained from ternary alkali or alkaline earth‘alﬁminumesilibates.

The values reported by Bottinga and Weill''

were‘éxfrapolated to 1900°C
and used tolcalculate the densities of binary alu@inum—silicate melts in
the réﬁge dff20‘to 60 mole.% Al,03. As shown in Fig. 11, the agreement
Betweehhthese cdlcuiated values.and.the measuied Onésbis'poor, especially
at highef‘alumina contents. Similar_results are alsé obtained if the

76

véluéé compiled by Huggins and Sun'~ are used. Then it appears that the
partial molar volumes obtainéd from ternary aluminum—éilicates may only
be_éatisfécforily'used £o predict the densities of o@hér ternary or more
complex silicates of siﬁilar compoSitién but not those of binary
‘aluminum-silicates since a denser structure is preéent in the latter
case. |

| TheldenSity data presented above may also be‘ﬁsed fo determine the
fractiohél volume change of mullite and alumina uﬁon.melting or solidi-
fication. A-séarch of the literature showed'that'thé only information
availablg on the fractipﬁal volume change of mullite,during solidifica-
';fion‘is that by T&rqlerova.and Lu82 ﬁho reported é volume decrease of
10.3% duiingvsolidification for a fused-castvmullite specimen of 75.1
wt Aizoa. The density of stoichiometric-mullitg (72.8 wt% Alzoa) at
fits métastable congruent melting temperature, 1890?C_(Section IVE), is

' ' 58

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

~ density of the correspondiﬁg melt at the same témperature is 2.77h gm/cm3
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based on the ‘'data presented in F1g ll.' Thus,‘the fractional'volume
decrease of mulllte on solldlflcatlon is 10.28% which agrees with the
value reported by Tyrolerova and Ta.

The fractional volume decrease of alumina onlsolidification based

on the data of Fig. 10 is 20. % which is much hlgher than the correspond—--

1ng value for mulllte.‘ Similar values for the fractlonalvvolume change

of alumina'meits‘on solidification have been reported by Kingery68 as

éo;h%*,and by Tyrolerova and Lu83

69,

as 19.9-20.1%. - The values reported by
Kirshenbanntand Cahill’” and Bates et ai.66 on melting are 22.0 and
2H;O%. For comparison, however, tnese valnes should also be expressed
as fractional volume change on solidification not melting. Then, the
new values are 18.2 and 19.4%, respectively, and compare well with the
| . 68 - 83
values reported by Kingery and Tyrolerova and Lu.

B. - Diffusion Profiles and Phase Bquilibria

1. Sapphlre—Fused Silica Couples

The experlmental conditions of the dlffu31on anneals in the tempera—
: ture range of 1803° to 2003°C are outlined in Table II. The,anneallng
“times were at least 15 min in order to ensure that the anneallng time
vwas considerably longer than the time neededvto attain thermal,stability
in tne furnace (V3060 sec). Above 1913°C, however,'a 15 min anneal was
vvalso the maximum limit sincevat longervtime the diffusion profiles nere
c\ektremely long (>2000 Hm); thus their analysis by‘the'electron micro-

probe was ‘not feasible.

*¥This- value was erroneously reported by Klngery68 as-fractional volume
change on melting instead of solidification.
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. Table II. Experimental conditions and data for
o sapphire-fused silica rums.

Temp. : Time Sample Interfacial Composition, CT

IPTS-68 ~ (sec X 10~3) Designation 3+ '
oo | - (enjend)  (mo1d%) (et

1803 .6 8.71.74 |
1803 3.6 8.71.7B
1803 - . 3.6 8.71.7C . S o
1803 1k.4 8.71.1a [ O 29.0 40.9
1803 T 1y 8.71.1B
1803 kb 8.71.2 |
1803 . 4. 039% .

1803 21.6 olo* 0.547 - 29.0  40.9
1803 28.8 ob1#* ) |
1803 602.1 1.72.2B 0.547. .29.0 hq.9
1853 0.9 8.71.94 |
1853 0.9 8.71.9B
1853 1.8 8.71.11A
1853 3.6 8.7k o |

1853 - 3.6 8.71.5 b 0.752 . k0.9 54.0
1853 3.6 8.71.6A

1853 3.6  8.71.6B

1853 7.2 9.71.1
1853 65.7 7.70.%

1903 0.9 5.72.3AM
1903 0.9 5.72.34
1903 0.9 " 5.72.3A a 0.893 ko.6 -62.5
1903 1.8 9.71.4
1903 3.6 h712

N : -
R. F. Davis and J. A. Pask (1972).%2
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. Table II.i‘Experimental conditions and data for
; sapphire-fused silica runs. (continued)

" Temp. |  Time ,,  Semle Interfacial Composition, cT
IP%EE?§'. ‘sec X 107°) Designation a3t 03 Al20§v
' | ' ~ (em/em3) . (molef)  (wt%
1913 . 0.9 9.71.2 o ‘ :
1913 1.8 9.71.3 0.019  51.2  6h.0
1953 0.9 9.71.5 . L
1953 0.9 5.72.8 -~ L.048  © 59.6  TL.5
1953 . 0.9 6.72.1 o -

2003 0.9 7.72.1 1313 . T78.2 1 85.9
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Alsd outlined in Table IT is the composition of the melt at the
sapphire interface as obtained from the diffusion profiies. The com,
pésition of sapphire at the same interface always correspondéd to that
of pure AléOg since the solubility limit of silica in the sapphire sub-

’stréte was béloﬁ the detection limit of the electfog microprobe. These’
interfaciéijéompositidné remained constant with'time at a»temperaturé,
indicating that.the‘diffuéionrin the iiquid phase'was.slowef than thei
disSolutiénvréte of‘sapphire.T_ The diffusion-controlled nature of the B

”dissqlution'of“sapphire, theh, satiéfies thé basic‘fequirement of the
Bblﬁzmanﬁ;Matano aﬁalyéié as discussed in Section-iIA. Although no time
studies could be performed at 1953° and 2003°C, it is assumed that the
diffusion in the liqﬁid phase is still the rate cbntfolling step at
fhése'femperafures. These.interfacial‘compbsitions,;thén,chrespond'to
a.liquidus composit’ion..T

Mullite growth at the sapphire—fuséd silica'interface at tempera-
ture was observed at 1803°C but not at 1853°C (Sectién.IVC), indicating
thaf the stable fange'of fhe mullite field lies below 1853°C. Thus the
interfacialréompositions of Table II correépond fovthe liquidﬁs of.
élumina at 1853° to 2003°C while the one at 1803°C éorresponds'to that
of.mullite. | |

‘Extfemely_long anneals were ﬁecessary to_groﬁ thenml1ite layer at
1803°C to a‘féasible thickness for microprobe anélyéis. .This'difficulty

' Was'aléo enpothtered by Davis and Paskh2 who, by 6ptical methods,‘were.
unable to_observé any mullite growth at 1803°C due‘tq insufficient

.annealing times (Table II). However, their kineticvdéta on mﬁllite

_ growth obtained in the temperature range of 1653° to 1753°C, when
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extrapolated to 1803°C, predicts that interfacial mullite would grow
to a thickness of 12 Um when a sépphire—fuéed silica couple is annealed
at 1803°C for seven days. This predictidn was iﬁ'ex¢ellent agreeément

3 sec)

with~the‘data of lﬁhis'study since'approximétely-se#én days (602.1x10
Wérevreqﬁiréd to grow a mullite layer of "10 um in thickness at 1803°c.
The composition of this layer ranged from T1.1 wt% A1203 at the melt

interface to Th.0 wt% A1é03 at the sapphire interface.
vT&picalyédmputer-plotted diffusion profiles'ﬁéed:in the determinétion 
of fhé inferfaéial compositiéns and the diffusioﬁ'parameters are_shown.
in Fig. 12. The choice of the diffusing speciesiﬁas abritrary because
there is:no information on the nature of the actﬁél diffusing unit.
Thus;'théﬁdiffﬁsion profiles were expressed as concéntration of aluminum .
ions s distaﬁéé”fathef‘than as éanehtration 6f:Alé03 or other A1-0
speCiés.f7_
The Boitzﬁann—Matano or the original interfacé is loqated,at x=o..
The baﬁic requirement of the Boltzma@n—Matano anaiysis, i.e.,'fhat
diffusion ié the rate:controlling'process, could bé verified once more
5y éscertainingAthat at a given temperature the'diétance from x=o for

'a_given concentration is directly proportional to the sqﬁare root of

time. Suchxstraight line plots are shown in Figs. 13-15.

2. 5Sapbhifé;mu111te-Liquid Couples

o Wﬁéﬁ,the.fuséd silica portion of the éoupleskéf"the previous
seétiﬁn_Wefe’sﬁbstituted by melts with compositi6ﬁ§:corfgsponding to
that of the mullite liquids,h2 the‘intermediate_muiiite‘layer could

be grown to:a thickness (>10 um) suitablé for electron microprobe
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analysis (Fig. 16).* The results of these rﬁns infthe temperature
range of 1678° to 1813°C are tabulated in Table III. The experimental
results’of Davis8h who conducted similar runs with a non-equilibrium
liquid at 1653°, 1703° and 1753°C are also includéd in this table
for comparison. The 15.0 wt% A1203 cdntaining liquid used in his
studies is at equilibrium with mullite at 1718°C.hg The use of this
liquid thenvcreates a condition of some mullite di;solution into the
liquia a£v1753°C while some additional growth occufé at 1653° and
1703°cC. ‘The runs at 1703°C, however, may be appro#imated to an
equilibrium case since the equilibrium liquid at 1703°C contains 13 wt%
A1203, which is quite close in composition to the liquid used by Davis.

The thiékness of the mullite layer increased linearly with the
square root of time, indicating that the growth'mechénism_is diffusion
controlledf - The diffusion profiles across the muilite layer were quite
similar to that of Fig. 3. The interfacial composition of the mullite
layer obtained.from these préfiles, then, correspond to equilibrium

solidus compositions.

3. Phase Equilibria

The interfaciai compositions reported in Tablé IT and III may
nOW»bé ﬁégd to construct a portion of the equilibrium binary Si02—A1203
phase diagram in the temperature range of 1678° to 2003°C. The
complete disgrem, as shown in Fig. 17, is constructed after these

interfacial compositions are incorporated with the date on the mullite

ry
A1l the micrographs are by reflected light, Nomarski differential
~ interference-contrast microscopy utilizing a Zeiss Ultraphot II metallograph.
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Fig. 16. Interference-contrast micrographs of the diffusion zone between a couple of sapphire and
(A) 10.9 wt% Al1,05 containing silicate at 167°C for 7.309x105 sec (1.72.1), (B) 22.8 wt% A1503
containing silicale at 1753°C for 3.965x10° sec (2.72.1A), and (C) 42.2 wt% A1,03 containing
silicate at 1813°C for 6.015x10° sec (1.72.24). The prismatic precipitates in the top portion
of the diffusion zone in the silicate are mullite that crystallized during cooling.

_Sg_
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Table IITI, Experimental conditions and data for sapphire-
mullite-liquid diffusion runs.

Interfacial Composition

Temp. . Mullite

TPTS-68 11U i REL rish &L 0g) Thickness

{og) (sec X 10 °) Designation Melt Mullite (ym)
1653 6.0L48 15.0 7.65
1653 7.776 15.0 8.83
1653 9.50L 15.0 10.00
1678 T.309 1.72.1 10.9%  T70.5-Tk.O 10.00
1678 28.428 2. 72,35 10.9%  T70.5-Tk.O 18.00
1703 3.456 15.0 8.53
1703 6.048 15.0 11.30
1703 T.776 15.0 13.35
1703 9.504 15.0 70.5-73.5 15.10
1753 1.728 15.0 6.62
1753 2.592 15.0 8.42
1753 3.456 15.0 9.43
1753 3.965 272,14 22.8%  70.5-Tk.O 13.00
1813 6.015 1.72.2A ho,2%  71.6-Tk.O 36.00

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

equilibrium melt composition of 15.0 wt% Al,0, were conducted by Davis.

3
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29

liquidus by Davis and Pask,he the melting temperatures of cristobalite
and alumina3o and the eutectic temperature of cristobalite—mullite.85
The metastable immiscibility and spinodal regions were reported by
MacDowell and Beall.61

The most important feature of this diagram is that mullite melts
incongruently to form a silica rich liquid and solid alumina. The
incongruent melting temperature was determined to be 1828 * 10°C
from the intersection of the extrapolated liquidus lines of mullite
and alumina. Although this transition temperature is identical to
the one measured by Bowen and Grieg,10 its accuracy should be verified
by conducting additional diffusion runs between 1813° and 1853°C,

the temperatures used in this study.

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

The microstructure developing in the diffusion zone during cooling
was greatly dependent upon the cooling rate followed. Thus, in
addition to the diffusion data obtained from these couples, information
on stable and metastable equilibria could also be obtained from a
study of the diffusion zone microstructure.

Typical diffusion zone microstructures of the sapphire-fused silica
couples annealed at 1803° and 1853°C are shown in Fig. 18. Extensive
crystallization of mullite in the melt (top portion of the micrographs)
could not be eliminated although the couples were cooled down to 1500°C
in less than a minute. The alumina content of these prismatic mullite
grains as determined by the electron microprobe analysis almost never

corresponded to the stable solidus composition of mullite as presented
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XBB T7210-5300

Interference-contrast micrographs of the diffusion zone between
a couple of sapphire (bottom) and fused silica (top) annealed
at (A) 1803°C for 602.1x10> sec (1.72.2B) and (B) 1853°C for
7.2x103 sec (9.71.1). The prismatic precipitates (light gray)
in the top portion of the diffusion zone are mullite that
crystallized during cooling. However, the mullite layer at the
sapphire-melt interface of microstructure (A) has an isomorphic
texture since it grew at the interface at temperature.
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in Fig. 17 but was always rich in alumina and varied between T3-T9 wt%

Al,0 The composition of the isomorphic mullite layer at the sapphire

273"
interface of the couple annealed at 1803°C, however, distinctly differed

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

through but varied, as shown in Fig. 3, from 71.1 wt% Al at the melt

2%3
interface to T4.0 wt% A1203 at the sapphire interface. Similarly,
mullite that precipitated in the diffusion zone of the sapphire-mullite-
liquid couples annealed at 1678°C, 1753°C and 1813°C (Fig. 16) was
always richer in alumina (73-79 wt?% A1203) than the equilibrium solidus

composition determined from the interfacial mullite layer grown at
temperature (Fig. 17).

Formation of mullite with alumina contents higher than the limits
outlined in Fig. 17 occurs only when it is solidified from a melt cooled
from above the melting temperature of mullite.26 The composition of
this mullite generally is close to 77.3 wt% A1203 (2A1203'Si02), although

values as high as 82.57 wt% AlQO have also been reported.86 Precipitation

3

of mullite with alumina contents (TL.0 wt% A120 ) higher than the

3
solidus composition outlined in Fig. 17 was also observed by Davis
and. Pasl«:h2 in the diffusion zones of sapphire-fused silica couples
annealed at 1803°C. They, by analogy to the mullite grown from a melt
at higher temperatures, suggested that the composition of the melt

was responsible for the composition of the precipitated mullite. A
discussion on this subject will be provided in Section V; however, for
the purposes of this section, the fact that the composition of the

precipitated mullite clearly differs from that of the mullite layer

grown at the sapphire interface serveés as a useful criterion in the
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differentiation of mullite grown at temperature from mullite precipitated
during cooling.

The sapphire interface of the couple annealed at 1853°C is also
covered with essentially a continuous mullite layer (Fig. 18B). The
composition of this layer was constant throughout and identical to that
of the precipitates in the adjoining diffusion zone. Furthermore, the
prismatic morphology of this layer is similar to that of the pre-
cipitates away from the interface and differs from that of the layer
grown at 1803°C (Fig. 18A). Therefore, it is concluded that this layer
did not grow at temperature but precipitated at the sapphire interface
during cooling. As discussed in the previous section, the growth of
mullite at 1803°C but not at 1853°C indicates a transition point between
these temperatures (Fig. 17).

The composition of the liquid in the diffusion zone at 1853°C
varies from 0 to 54.0 wt% A1203 (Figs. 12 and 17). A portion of the
diffusion zone adjacent to the sapphire becomes oversaturated with
respect to alumina just below 1853°C. If an equilibrium path were
followed, alumina would precipitate in the liquid during cooling, and
at the transition temperature, 1828°C, alumina would be completely
resorbed to form a mixture of mullite and liquid. A similar mixture
of mullite and liquid, however, would also form if the liquid were
supercooled below the transition temperature without any precipitation
of alumina. Thus, the absence of alumina in the diffusion zone of
Fig. 18B does not necessarily imply that any precipitated alumina was
resorbed at the transition temperature and an equilibrium cooling path

was followed. In fact, the realization of an equilibrium of this nature,
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especially in silicates, is rare since the crystal phase to be resorbed
becomes unavailable for a complete reaction through incrustation,37
i.e., formation of a mullite layer zone around alumina. The absence

of alumina in the diffusion zone, then, is actually an indication that
the liquid was supercooled below the transition temperature.

The direct evidences for supercooling of the liquid in the diffusion
zone were clearly brought out in the couples that were annealed at
1903° and 1913°C. The diffusion zone microstructures of three separate
couples that were annealed at 1903°C for 15 min each but cooled at
different rates are shown in Fig. 19. The microstructures obtained
differed drastically although the diffusion profiles were identical
to the one shown in Fig. 12. The precipitated crystalline phase was
either only mullite when the couple was quenched (Fig. 19A) or only
alumina when the couple was cooled relatively slowly (Fig. 19C), while
at a moderate cooling rate both alumina and mullite precipitated
(Fig. 19B). The composition of the diffusion zone at 1903°C ranges
from 0 to 62.5 wt% Al,0_ (Figs. 12 and 17). The liquidus composition

23

at the transition temperature is 52.3 wt% Algo Thus, the portion

3
of the diffusion zone to be affected by alumina precipitation during
an equilibrium-cooling is V350 um, as determined from the diffusion
profile of Fig. 12. The absence of alumina in this portion of the

diffusion zone of a quenched couple (Fig. 19A), while slowly cooled
couples clearly show alumina precipitation, can only be explained by

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

transition temperature.
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XBB T7210-5192

Interference-contrast micrographs of the diffusion zone between

a couple of sapphire (bottom) and fused silica (top) annealed

at 1903°C for 0.9x103 sec and (A) quenched (5.72.3M), (B) cooled

at a relatively moderate rate (5.72.3AM), and (C) cooled relatively
slowly, The precipitates in the top portion of the diffusion

zone are (A) mullite (light gray), (B) alumina (light gray

needles) and mullite (fine precipitates between the alumina
needles), and (C) alumina (light gray needles). The precipitates
along the interface in (B) and (C) are also alumina.
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The coexistence of alumina, mullite and liquid (glass) in the
diffusion zone of the moderately cooled couple (Fig. 19B) is in violation

37538

of the phase rule. However, as already pointed out in systems
showing incongruency, complete equilibrium is rarely attained on cooling.
At the transition point, the residual liquid, instead of reacting with
alumina, may simply behave independently, and muliite may crystallize
from it upon further cooling. Therefore, the phase rule is only observed
locally, while the entire mixture itself is unstable.

Davis and Paskl:2 who observed the formation of an interfacial
non—equilibrium liquid in the cristobalite-sapphire couples at subsolidus
temperatures, suggested the existence of a metastable Si02—A1203 phase
diagram with an eutectic and no mullite phase. The diffusion zone
microstructure shown in Fig. 19C, then, is in further support of their
observations since the total absence of mullite in this slowly cooled
couple would also necessitate the metastable extension of the alumina
liquidus below the transition temperature.

The diffusion zone microstructures of the 1953° and 2003°C couples
showing only alumina precipitates in a glassy matrix are shown in
Fig. 20. Similarly, the absence of mullite in these couples would be

explained by the existence of a metastable SiOQ—AlEO3 phase diagram

with no mullite phase.
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XBB T210-5191

Interference-contrast micrographs of the diffusion zone between
a couple of sapphire (bottom) and fused silica (top) annealed
at (A) 1953°C for 0.9x103 sec (5.72.8) and (B) 2003°C for
0.9x103 sec (7.72.1), and quenched. The light gray pre-
cipitates in the diffusion zone are alumina.
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D. Phase Equilibria by Static Method of Quenching

The interpretation of the microstructures obtained by the static
method of quenching would be quite difficult if the facts that have
been established in the previous sections were not kept in mind:
(1) mullite melts incongruently, not congruently, (2) a metastable
Si02—A1203 phase diagram can exist without the mullite phase, and
(3) the liquid phase can be supercooled through the alumina-liquid
field without any alumina crystallization with increasing ease as silica
increases. Numerous quenching experiments were conducted in order to
test these conclusions. The results were in good agreement. Thus, only
some of the typical microstructures and the ones that provided additional
data are presented below.

The microstructure shown in Fig. 21 corresponds to an overall

composition of L42.2 wt% Al20 that was hologenized above the mullite

3
liquidus (Fig. 17) at 1953°C, cooled slowly below the mullite liquidus
to 1753°C and quenched. The extent of mullite precipitation was highly
dependent on the cooling rate due to the glass forming tendencies of
the melt at this com.position.61 The mullite precipitates showed
dendritic morphology, and their composition, as determined by point-beam
microprobe analysis, varied from T73.0 to 78.5 wt% A1203. The formation
of mullite in this melt during cooling is in agreement with the
equilibrium phase diagram of Fig. 17; however, its formation with
higher alumina contents than that of the equilibrium mullite solidus
indicates metastability.

The microstructure of a 60.0 wt% Al.O_ containing mixture that

2 3

was homogenized above the alumina liquidus at 1953°C and cooled slowly
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XBB T210-518L

Fig. 21. Microstructure of the 42,2 wt% A1.0, containing silicate melted
in a sealed Mo crucible at 1953°C for 30 min, cooled to
1753°C in 30 min, and quenched in He from 1753°C (L.72.2).

The light gray precipitates surrounded by a glassy matrix are
mullite.
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(60 min) below the transition temperature before quenching showed only
mullite but no alumina (Fig. 22). The absence of alumina in this
slowly cooled specimen, then, suggests the supercooling of the melt
below the transition temperature. For comparison, it should be pointed
out that melts of similar composition (v60.0 wt% A1203) also formed to
a large extent in the diffusion zone of the sapphire-fused silica
couples that were annealed at 1903°C (Fig. 12 and 17). However, when
these couples were cooled relatively slowly, the diffusion zone melts
could not be supercooled since alumina precipitated out readily
(Figs. 19B and C); and supercooling in the diffusion zone was only
achieved by quenching (Fig. 19A). This comparison, then, suggests
that the ease in precipitation of alumina in a diffusion zone but not
in a homogenized melt would be attributed to the presence of the
sgpphire substrate in the former as a site for heterogeneous nucleation
of alumina; the appearance of the microstructure supports this suggestion.
The precipitation of alumina, however, was observed in a mixture
of T1.8 wt% A1203 (3A1203 . 28i02) that was homogenized at "1953°C,
cooled slowly (V30 min) to 1753°C, and annealed at 1753°C for approxi-
mately 29 days (Fig. 23). The formation of alumina in a melt of this
composition clearly illustrates the incongruency of mullite. Although
this mixture was annealed at 1753°C for approximately 29 days, the
peritectic reaction was still incomplete due to the diffusion controlled
nature of the reaction through the mullite layer that grew around each
alumina precipitate. The composition profile through these mullite
layers corresponded to the stable mullite solid solution range of

70.5-7TL.0 wt% Al20 (Fig. 17) indicating that local equilibrium existed

3
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XBB T210-5303

Fig. 22. Microstructure of the 60.0 wt% 21,05 containing silicate melted
in a sealed Mo crucible at 1953°C for 30 min, cooled to
1703°C in 60 min, and quenched from 1703°C (12.71.3). The
light gray prismatic precipitates surrounded by a glassy
matrix are mullite with their elongated direction (A) perpen-
dicular and (B) parallel to the polished surface.
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Fig. 23. Microstructure of the 71.8 wt% Al 03 containing silicate melted
in a sealed Mo crucible at 1953°C for 460 min, cooled to 1753°C in
30 min, annealed at 1753°C for 42,392 min (29.4 days), and quenched
from 1753°C (9.70.2 and 8.71.8A). The light gray precipitates are
alumina that are completely covered with a layer of mullite (gray).
The glassy inclusions (dark gray) between the mullite layers also
contain fine precipitates of mullite.
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throughout the specimen., The microstructure around each alumina
precipitate of Fig. 23, then, actually represents a sapphire-mullite-
liquid diffusion couple (Fig. 16B), except that in this case alumina
is érown in situ.

Typical microstructures of the silicate mixtures of 78.3 and 80.0
wt% A1203 that were homogenized above the alumina liquidus, at 2003°C,
are shown in Figs. 24-26. As illustrated in these microstructures, the
degree of mullite and/or alumina precipitation in.the melts was highly
dependent on the cooling rate followed. A rapid quench through the
alumina-liquid field always resulted in the precipitation of only mullite

with compositions varying up to 83.2 wt% A1,0 (Fig. 24). Some residual

3
high-silica glass was always present between the mullite grains.
Occasional precipitation of alumina could only be observed around the
sharp edges of the crucibles that apparently acted as nucleation sites
for alumina precipitation. When the melts were not gquenched but cooled
slowly, alumina precipitated readily. The microstructure shown in
Fig. 25 was typical of a specimen that was furnace-cooled at a moderate
rate by just turning off the power to the furnace. Incrustation of
alumina precipitates by a mullite matrix with glassy inclusions is
again indicative of an incomplete incongruent reaction.

The microstructure shown in Fig. 26 which was typical of a very
slowly cooled specimen containing 78.3 or 80.0 wt?% AJ.203 is a unique
one since it contains no mullite but only alumina surrounded by a

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

generally only a few microns thick and thus were too small for electron
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XBB T7210-518T
Microstructure of the 80.0 wt% A1203 containing silicate melted
in a sealed Mo crucible at 2003°C for 30 min and cooled at a
moderate rate in vacuum by turning off the power to the furnace
(12.71.4(2)). The light gray precipitates are alumina that are
surrounded by mullite (gray). The dark gray inclusions are glass.
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microprobe analysis. ZX-ray diffraction analysis of such surfaces,

however, indicated 0-Al as the only crystalline phase; thus, these

203
needles were indirectly identified as the secondary alumina that
precipitated out during quenching from 1753°C. The overall composition
of the matrix surrounding the primary alumina precipitates, as determined

by scanning-beam electron microprobe analysis, was V48 wt% A1203. This

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

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

direct proof for the existence of a metastable SiOQ—AlZO3 binary diagram

without any mullite phase.

E. Melting Behavior of Mullite

The melting temperature of stoichiometric mullite of T71.8 wt% A1203
composition was consistently determined to be 1880°C. Exactly the same
melting temperature was also determined, independently by Mazdiyasni

58

and Brown”  using an identical materiasl and similar experimental

conditions. This value is considerably higher than the peritectic

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

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

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

but only mullite that resolidified during cooling. Thus, stoichiometric

mullite melted congruently at 1880°C but not incongruently at 1828°cC,

as expected on the basis of the results reported in the previous sections.
According to the stable phase diagram preéented in Fig. 1T, a

mullite of T1.8 wt% Al composition becomes unstable at 1816°C and

293

will dissociate to a mixture of a silica rich liquid phase and a higher
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XBB T210-5302

Microstructure of stoichiometric mullite (71.8 wt% Aly03)
after partial melting at 1880°C and quenching in He (3.72.6).
Unmolten section (bottom) is the porous (pull-outs) portion
of the specimen where glassy inclusions (dark gray) are
present between the mullite grains. The large precipitates
that formed in the molten portion (top) are also mullite
surrounded by a glassy matrix.
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alumina mullite as teﬁperature is increased aboves18l6°C. The specimens
nsed'in tnis study had submicron size grains and contained no liquid
phase.58 :The,unmelfen portion of such a specimen-after heating to
1880°C (Fié; o7) shows;e:mixture of NSQlO M sizevmuilite grains and
a glassy phaSe indicating.that in.addition to_the_fermation of a
liquid phase; consideranle amount of grain growth aieo took place above
1816°C. The composition of these mullite grains as determined by
point—beam'mieroprobevanalysis was consistently 75.8 wt% A1203. Similarly, i
mullite that resolidified.in the molten'portion (fop) coriesponded to
tne.same eompeeition. | :

Eiﬁei38:has pointed‘out that incongruently.meiting silicates can
be sﬁperheated above_the peritectic temperatureiwith the metastable
pfolongation' of the corresponding liquidus. The_result of this
prolqngation; then, is.the metastable congruent,meiting of that compound
at a higher temperature than the peritectic temperature. It is interesting
to'nofe that the mullite liquidus of Fig. 17 when extended beyond the
peritectic temperature'intersects the 71.8 wt% Ai2Q3_composition line
at "1880°C which cofresponde to the congruent melting temperature
measured in»this study."éuch metastable congruent melting of mullite
would also necessitate the extension of the mulliﬁeisolidus above the
| traneitiqn temperature to higner alumina contennevand thus provides the

explanation for the shift in alumina content of mullite to 75.8 wt%

AL0.
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F. ©Stable and Metastable Phase Equilibria

The resﬁlts of the last two secfions on metastable equilibria are
now outlined in Fig. 28. The diagram shown in this figure is simply
the composite of two bihary eutectic diagrams bétweén silica~mullite
and siliCa—alumina; When superimposed, the outcéme is the stable.
phase diagramvoutlinéd with the solid lines, which shoﬁs a peritectic
ét the.ihtersection of mullite and alumina liquidus.iines. The upper
limit of the mullite SOlid_sdlution range with respect to alumina hés

been set at 83.2 wt% Al since this was the highest alumina content

273 ‘
detected in any mullite during this‘study. The_maximum temperature

for this composition has been tentatively set at %18§O°C and is subject
to change és more dats become available on the metastable extensions

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

temperature determined at T71.8 wt% Al (Section IVE), it may be stated

2%3
that this maximum temperature is definitely not below 1880°C. This

upper limit agrees well with the compositibns of mullite single crystals

11,86

) and Neuhaus

grown from a melt by Bauer, et al. (82.57 wt% A10

3

and Richdrtz87 (7T7.5 wt% A1,0.). The metastable silica-mullite equilibrium

203
diagram, as presented in Fig. 28, then effectively‘éxplains the formation
of high-alumina mullites only when they are solidifiéd from a melt. 1In
the presence of alumina, the solid solution range is limited to a

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

into mullite by solid state reactions is T4.0 wt% A1203.
The only shortcoming of the diagram presented in Fig. 28 is that
it does not provide an explanation for the precipitation of alumina-

rich mullite in the diffusion zone of the couples annealed at 1678°C



T

. 'WEIGHT % Al»03
20 30

O 10 40 50 60 70 90 100
2300 T T T T T 17 T T 7 1 T T T T - Y
o EQUILIBRIUM DIAGRAM |
2200F o THIS STUDY _ —
_ e DAVIS and PASK (1972)
- [ ==---METASTABLE EXTENSION OF ]
2100 LIQUIDUS AND SOLIDUS LINES _
| METASTABLE IMMISCIBILITY = AND 2054+6°)
- —-—=-=SPINODAL REGIONS, MAC DOWELL : 4
v and BEALL (1969)
2000/~ LIQUID N
B - CORUNDUM + LIQUID T
© 1900F e~ 18902I0° =
z ey I
1
‘S : 828£10° ]
o, 1800 | —
N , i ]
a ) i
w 1700 { -
x, I
o ol .
z :
= 1600 | ~
Lot 1
o ! -
= . \ |
w o /- i \ p 1
~ 1500} / . : \ i —
' /' : i \. \ : ’
B i i i \\ | CORUNDUM ]
1400 |- i , \ \ ! + —
| iSILICA + MULLITE (ss) \ | MULLITE (ss) |
v ! | ! \ I
1300 | i | \ : 1
L P : \ |
SR ! ‘. \ ! n
12001~ | | L Voo } —
L I ! A0 | i
i ‘ | Vb
oqooli 1 Lo R | l ¥y 41, | I I |
- o 10 20 30 40 50 60 -70 . 80 90 100
MOLE % Al,03
XBL729-7039
 Fig. 28. 'Metastable extension of the silica-mullite equilibrium

diagram superimposed on the equilibrium silica-alumina

diagram.



~78-

to 1813°C (Section IVBé).: The composition of the mgits in this diffusion

couples ranged from 10.9 to 42.2 wt% Al and ‘they were at equilibrium

203’
with mullite at the stated temperatures. Any mullite to precipitate
out in.thesé mélts,'under equilibrium conditions; could not be any

23 2°3

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

richer than 71.5 wt% Al O. at 1813°C and 70.5 wt% Al_O_ below 1753°C.

in these high—silica melts would then be the existgﬁce of a disordered
- muliite'phase as illusirated by the free energy offmixing vs.compositiqn
cufves iﬁ‘rig.'eg."

‘Aiamaki'and Roy26 by X—réy studies, observed that heat treatment
of mullite caused nearly as much’changé in its lattice parameters as
éomposition'and suggested Al-Si order-disorder a§ a possible explanation.

88

Later, similar observations have also been made bj.Majumdar and Welch

58

and Mazdiyashi and Brown in support of Al-Si order—diéorder in mullite.
A disorderea mullite phase, as shown in Fig. 29, will have a broad

free énefgy of mixing vs composition curve and(may'easily vary in com-
position té higher alumina contents wheﬁ precipitated from a melt. At
the presént, however, no definite proof for the é#isfence of such a

disordered phase is provided.

G. Diffusion Data

1. Diffusion in §10,-A1,0, Melts

‘DiffpsiVity values as a function of aluminum concentration in the
melt were determined by the Boltzmann-Matano analysis, utilizihg the
diffusion profiles as presented'in Fig. 12. Diffusivities varied

exponentially with aluminum concentration at 1803° and 1853°C. At
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Fig. ‘29. Hypothetical frée energy of mixing vs concentration curves
- in 810,-A1,05 system at the eutectic temperature.
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_i903° to 2003°C, however, the conéentration range'eévered was wider
(e.g. 0-80.0 mole% A1203 at 2003°C), and it was neéeésary to express
the‘diffﬁsiﬁity—concentration relationships with tvo exponential
' functiéns.' Such computer dravn diffusivity—conééntraﬁion plots,
répreseﬁtativé of farious runs conducted at a tempefature, and the
correSpénding exponential‘eéuations are given in_Fié{ 30. Similar
difoSiViﬁyféoncentnﬂjonrelafionships were determined by Davis and
Paskh2 inithe'temperatufé réﬁge of 1653° to 18036CR For comparison,
"their data have been replotted‘in Fig. 31 .along with the data obtainéd
in this étUdy. In both Figs. 30 and 31, the tefﬁination.of the solid
pbrtiOnﬂof:a line represenfs the solubility limiﬁ‘of_the iiquidlin
contact Vi%h mullite or alumina (Fig. 17).

Inldrder to detefmine the temperature dependeﬁée of diffusivity
(Eq. 28), 1nD values at a certain composition weré.détermined and
plotted”as a function of inverse temperéture in Fig. 32. The DO and
Q'values>We;e determined from these Afrhenius'plots by least-squares
.analysisband Are tabulated in Table IV. Due to an a?parent change in
diffusion meéhanism, the entire temperature rangévéoﬁld not be covered
. by a sinéle Arrﬁenius equation, and it was.necessarjlto show a break
at %1870°¢;»'However, such a break at a specific temperature is only
for convénience in ahalytical analysis, and any ¢hange in diffusion
ﬁechanism over this temperature range should ratﬁer be considered

more gradual. This topic will be discussed further in Section V.
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o 'i‘a.ble IV. Diffusion data for the Si025A1203 melts.
e e <v1870°C - >n1870°¢
AL A0, Do Q o, Q
(gm/cm_%) " (mole%®) | (cme/sec)' (kacl/mole) (cme/sec) (kcal/mole)
0.05 |  2.53 | 8.03%x10%% | 303.31.6 | 7.00x10%2 | 205.2:0.1
0.10. 5.10 | 1.5510°0 | 256.0¢1.3 11.33X1012 ' 196.4#0.1
0.15 7.66 | s5.86x10%3 | 211.5t3.7 | 2.51%10Mt ) 187.7+0.2
0.20 | 10.25 | 2.0710™ | 185.6t2.5 | 2.07<10"" | 185.6%2.5
0.30 '/15.51 | -5.87X109 167.10.8
0.b0 | 20.87 3.25¢107 | 141.k22.0
0.50 | 26.37 1.80%10° 115.84L.0
0.60 ‘v32.oo 1.h7¥105 112.1%0.9
0.70 . 37.81 'ﬁ;53X103 94.0%0.8
- 0.80 43.81 1.ho?slo2 76.0%0.7
0.90 | 50.00 16.9 64.9%0.7
1.00 56.45 1.89 53.6%0.1
1.10 63.10 0.21 42.420.8
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- 2. Diffusion in Mullite

Concentration independent diffusivities fqr"Aiffusion in mullite
were'determined by utilizing the data reported in_Table I11 and‘Eq.'26.
The'consfaﬁtS'yA and YB,neéded for the calculétion of the diffusivities
by Eq,‘26 Weréiobtained Ey solving Fas. 24A and 2B graphiéally. The
values fdrl(YB-YA) and diffusivity are tabﬁlated;in Table V. As dis-
-,éussed_in Section IIC, the use of Eq. 26 assumes & concentration |
independenf diffusivity. The validity of this assu_inption was checked
~ by the Boltzmann-Matano analysis of the layer gfown at 18136C; and
exactly.ﬁhe‘same diffusivity with no concentration dependence was also
‘obained by this method. An Arrhenius plot of theéé.diffusivities
is shown in Fig. 33 along ﬁith the loﬁ—temperature'and low-concentration
portion of the diffusion data for the Si02—A1203imelts. An apparent
activation energy of 168.1%7.0 kcal/mole was obtained for diffusion

in the mullite phase.



~86-~

' Table V. Data for diffusion in mullite.

Temp.

IPTS-68 v y Difgusivity, D
~(°c) Ya | "B VB A | (emS/sec)
' Lo - -12.
1678 -0.1k0 | 0.112 | 0.252 -5.39%10
1678 ~0.1%0 | 0.112 | 0.252 |  h.hox107'?
' N -12
1703 £0.140 | 0.115 | 0.255 - 8.10%10
1703 | -0.1k0 | 0.115 | 0.255 | = - 8.12x10712
1703 . | -0.1k0 | 0.115 | 0.255 ©8.82x10712
1703 -0.14%0 | 0.115 | 0.255 9.23x10712
1 | -11
1753 -0.135 | 0.126 | 0.261 1.56%10
| | -11
1813 -0.135 | 0.130 | 0.235 - .9.76X10
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V. DISCUSSION

“A. Structure of §i0,-A1,0, Melts

The"parameters reported in Table IV for diffusion in the

SlO —A120 melts correspond to a wide comp051t10n range extending

3

from pure SlO to comp051tlons as high as 60 mole7 Al The cor-

2 273"
relatlon.of*these parametersvto operative dlffu51on mechanisms'in
_ these melts requires a prior knowledge of the fused silica structure
and theichanges brought about by.the addition of alumina.
An.eoéeptable'interpretati0n~Of thevfnsedjsilica structure
: . 89 _
‘some 40 years ago and

90

follows'the'prinoiplesvset down bvaachariasen
| supporteo by the experimental work of Warren, et al. Zachariasen's
model draws'an enalogy‘to‘tne structure of cryspalline silicates where
.tne structuraivbackbone consists of oxygen tetrahedra sharing corners;
In orysﬁaiiine silicates, silicon lies in the cénter  of such tetrahedra
with a resuiting Si-0-Si bond angle of n180°. Fused silica, although
oonsisting.of a‘sinilar-sfructural backbone of oxygen tetrahedravjoined
at the corners, lacks the systematic packing of'tne1crystalline phases;
Its structnre is described as a random network where‘the Si-0-Si bond

- angle can‘rsnge from 180 down to at least 150°.

- The random network model of Zachariasen and Warren, nowever, has

91-93

not been free of criticism because the radial distribution function

method of Warren, et al., used in their experimentdl work is inadequate
in describing the average coordination numbers of the atoms beyond the

92,93

- first or‘second.coordination spheres. Most recent studies support

a short-range order cyrstallite structure in Whion tridymite-like regions



. _89_

of up to V20A or more are bonded together in essentielly random
orientafioﬁs;

For #he purPOses of this study, either model is equally acceptdble
.sihce the’diseussion of diffusion meehanisms willaonly COneider the
Zdegree of;Si;O;Si continuitj in the melt'étructure:bﬁt not the degree -
Iof'orderiﬁg. |

,Iﬁ Binary siliéate35 the continuity of the.ﬁetwork structure of -
vfﬁsed silica is dependent on the nature and the‘amount ef metal oxide
addition."A;kali and alkaline~earth metals with low M—O‘bond strength
ehd high eoordination number (modifiers) are incapaﬁle of replacing
tetrahedrally coordinated silicon and instead fit into the interstices.-
A continuous silica network model is generally aceepted.at'high—silica
contentsfwhen.the 0/8i ratio (determined by theeameuht of modifier
oxides) is. high enough to result in at least twe Qf the oxygens of a
tetrahedia 5eing shared with two other tetrahedra (bridging oxygens).

Therfole of the aluminum ion in the silica3ﬁetw0rk differs from
that{bf thexmodifiers since it can either participate in netwerk
formation by replacing silicon isomerphously or go into six-fold co-~
ordination, as predicted from an oxygen/aluminuﬁ.ionie ratio of 0.&1.9&

In the polymorphs of AlQSiOS,-for instance, the observed ligancies

are‘feur and six in sillimanite, five and six in.andalusite, and only

sixvin kyanite. Similarly,.in mullite, the liganciee are four‘and six.
Eifensive sfudies concefning the coOrdiﬁatien_ef aluminﬁm ion

- 4dn silicate glasses and.melte, thus far, have beenviimited to alkali

95

aluminosilieates. Isard”’” measured electrical conduction in sodium

»‘aluminosilicate glasses and observed a pronounced minimum in activation
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ehergy at compositionsvhaving a sodium to alumiﬁﬁm_ion ratio of one.

He proposed‘that up to the limit where.the Na/Ai'rstio equals ose, aluminum
is direefly‘subsfitufed for siiicon in tetrahedrsl_ceordination; fhus,‘
‘the:éoofdipstion sheli around the sodiumkioﬁs‘exPands a non-bridging
uoxygens_sre eliminstea, and the activstion energy decreases. "Beyond
thisrlimif; sll'fhe aluminum ions in excess ofesedium ions are assumed
'te:go'iﬁtb six;fbld coordination as a network moaifier, ailowing the
coordlnatlon shell of the sodlum ion to deerease agaln This structural
model was further supported by the more systematlc studles of Day

96

and Rlndone who measured refractlve 1ndex den51ty, infrared absorptlon,
'1nternal frlctlon and X-ray fluoresence shifts of the . AlK peaks for
similar sodium aluminosilicate glasses and observed analogous changes

:ih these properties with composition. An implicetion of this model

‘fhen is thatlin the total absence of alkali ions,_iee;, in binary
.aluminﬁmesilicate'melts or glasses, all the aluminum:ions would be ih
'_betahedrsi}coordiﬁation;

| The'aependenee ofvdensity, index of refractien, and internal
frlctlon on the L1/Al ratio in lithium alum1nos111cate glasses has 5een

studled by De1 and Ste1nkam.p.97

The similarity between the property_
.'dePendences on the R/Al ratio has been related te.ﬁhesstructufsl'
Vsiﬁilarities'of both sodium and lithium aluminosilicate glasses.
Lacy,98 on the other hand, has argued that in‘glasses and melts with
a high preportion of basic oxides, the formation of AlO6 groups would
,,se unlikeiy since this requires the sharing of ei&gens with other |
tetrahedral or octehedral.groups and thus constitutes a spatically

and ehergetically unfavorable configuration. He fherefore suggests
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that a prqportionvof individual oxygen atoms may“be-shared between

.an Ath group and two Sioh groups or between an'édbh greup and two
Aloh-grenps, i.e., Mricluster". He also pointedfout that due to the
formetien ef triclustef, oxygen may‘be made availabie'for incerporation
inIOCtenedral groups.in compositions where this otherwise would be
1mposs1ble;.'

Similarly, Rlebllng99

who Based his arguments on molar volume
models, viscbsity and density‘data of sodium aluminosilicate melts,
suggested fhen when the Al/Na ratio is greater tnan one, §9gg_AlO6
octahedra gg[ exist in the melts, but not everxvaluminum ion in*eicess
of the SOdium ion total finds itself in an octahedral configuration.
He also noted that this model for the high—tempereture liquid state
would egfee with the corresponding high-temperaturencrystalline-state‘

1nformatlon, especially for melts close to the SlO -Al1_O_ binary system.

273

This background information on alkali aluminosilicates may now

be extended to the binary SlO Al system in ofder to explain the

3
changes brought about in the fused silica structure by the addition of

alunina. The actlvatlon energy for diffusion in the Si0O A1203 melts
above ®18709C dropped drastically from 205 to h2‘kcal/mole as the

alumina content increased from 2.53 to 63.10 mole% A1203 (Teble IV).

Similarly, the activation energy for viscous flowlPO’lol in the

8io0 A1203 melts, above 1860°C, drops from'%l20_kcal/mole to V40 kcal/mole

as the compdsition'ranges from pure silica to alunina. When plotted
as a function of alumina content (Fig. 34), it is noted that the large
changes in activation energy are actually confined to the composition

range up'tO'&MS-mo}e% A12 3 while the changes beyond that compos1t10n

are more gradual. -As discussed in Section IVA,fthe densities of these
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aluminum-s1licate melts increase linearly up to %hs mole% AL,0 38 and
_show a negstive deviation from linearity beyond.that composition. Such
anonslous'chanées in sctivation energy fof trans?ofﬁ and density then
are indicative of a fundamental ehange in the sﬁfuctnre of these melﬁs

at, %hS mole% Al 0O Studie 81 »102 103 n alkali and alkallne—earth

273"

binary 5111cates have indicated analogous changes 1n properties over
the composition range of 10-20 mole% metal ox1de; Activation energy
- for viscous floir,’lo2 for instance, decreases froﬁ‘¢120 kcal/mole for
vvpure silica to ®SO kcal/mole at 10 and 20 mole% M Oland MO, respectively.
Changes beyond this compos1tion as in the SiO A12 é systen, become more _
gradual In an attempt to explain these anomalous changes in properties,v
Bockris and—co?workefs,lo3’lou have postulated‘an:ionic model which
assumes=that at a certain‘metal oxide content thevCOntinuous network
strncture oflfused'silica becomes unstableiwith-resnect to discrete
ionicvsilioate groups. These silicate groﬁps very‘in size and complexity
depending on.the nature of the‘cations and the overail composition;
The ranéellb—zd mole% M2O'of MO oorresponds to the sfability limit
nhere the ¢ontinuous network strncture is compleﬁeiy broken down in
‘the presenoe’of modifying cations. In.comparison: then, the fact that
' this stabllity limit is considerably higher (kLo mole7 Al2 3) in the
5i0 —A1203 system indicates»that aluminum itself acts as a network
-former andiis present mainly in tetrahedral coordination, at leasf at
high silicsvcontents. |

More direct evidence for the presence of alnninum ion in tetrahedral

'coordination, in binary SlO Al2 3 glasses, has been provided by Davis

utiliZingux—ray fluorescence measurements. Hevshowed that Ale
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anelenéth‘of aluminum~silicate glasses quenched from_¢l200°C, when‘
_compared to the'X—ray'emission spectra of metsllic eluminum, corresponded
to tnat oi a tetrahedfally coordinated aluminum st 3.0 mole% Al 03 and
‘octahedrally coordinated aluminum at and ‘above 6 2 ‘mole% A12 3 Wardle
and Brindley_lo5 have’recently’p01nted out that-although the X-ray
vfluoresence technique nrovides_a neans‘for deternining coordination.
numbefs;'when mofe'than one coordination state occurs simultaneously,
-the resuitsrreflect the Weighted average of the two coordinations. Thus,
the findings of Dav1s do not necessarily 1ndicate avsudden change from
four—fold to Six—fold coordinatlon at 6. 2 mole% A1203 but could also
1nd1cate a gradual change from a predominantly four-fold coordinated
structure to a predominantly six-fold coordinated one.' Furthermore,
these findings nefieot the ooordination-states at‘noom temperature
aftef some of the glasses were cooled into the inmiscibility region
vand micnosegregated (Fig. 28). Tﬁe«lower limit'of the immisecibility

region, at 1200°C, is 7.0 mole% Al and corresponds closely to the

’ 23
transition range determined by Davis. Therefore,_it is. suggested that ,
above the 1mmisc1blllty reglon, in the melts, aluminum ion is pre-
dominantly in tetrahedral coordination up to NhS mole7 A1,0 203 content,
as indiCated by the activation energy and,den51ty-data. Glasses tnat‘

form from these melts, however, would contain A106fgroups at a higher

proportion due to microsegregation during cooling:
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- B. Diffusion Mechanism .in-.Sio2-_-A_12‘o-3 Melts

Onbfhe basis éf thé structural information outlined above, the
discussioh'of the diffusion mechanism in alumimm-silicate melts,'ovef
the compoéition'fahge covered invthis study, has,fo consider two t&pes
of end—s£fuétures: (1) at high silica contents, é silica tétrahedra
network sﬁrupture that is very much like the crystalline phases of
silica,'gnd (2) at alumina contents above NMS mole%'A1203, a structure
thet consists of isoiated silicé tetrahedra and'ig-ionic in nature.
Diffusion_in fﬁsed silica andfhigh silica melts w@uld compare to diffusion
_in highly»disordered ionic solids where transport is by interdiffusibnv
. df'ihdiQiduél'ions involving fhe rupture of M-0 bonds. Diffusion in
higﬁ alumiﬁa.liquids, on the other hand,vwould be by mutual rotation of
anionic groups involving only coulombic interaction. 

Let us first consider £he diffusion in fused silica and high.silica
‘melts. In this.case, the interpretaxion of the activation enérgies for
diffusion may foilow one of two fundamental app?daéhes. In the first

106 diffusion occurs exclusively

approach, as discussed by Mott and Gurney,
by thezvacahcy mechanism. Ions may diffuse by juﬁping from a lattice
po$ition into an adjoining vacancy, or empty lattiée sife. The experi-
méﬁtall& dé£ermined activation energy , Q, is exﬁréssed in two parts

as the energy necessary for.the formation of the défect and fhe.energy
neCesSary for its migratioﬁ; In order to mainfain chérge neutrality,
tﬁo kinds of_defects-of opposite charge must be formed. This may 5e
accomplished either by the formationvof an equal'ﬁumber of vacant
'sites ahdvinterstitial'ions (Frenkel defects) or by the formation of

vacancies in both the anion and cation lattices (Schottky defects).
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107

In the-second‘approach, the diffusion brocéss is expressed in
ferﬁs of the absolute reaction rate or transitién'sﬁate theory. Diffusion
is chargctérized as an activated jump.process oVer an energy barrier,
or saddle péiht, separating two equilibrium lattice sites. Only a
certain fraction of the diffusing units attain this.”activated state"
or"traﬁéiﬁion state" and move frém oné'site to thévﬁext. According to
‘the théory of absolute reactién rates, the'activatea éomplex can be
treated‘és any other atomic species, possessing fhe usual thermodynamic
propértiesﬁ - Heat of formation of this complex fhen is equal to the

_ekperimehtally determined activation energy for_diffusion.

In either approach, it is difficult to estimate quantitatively
the activation energy for diffusion. However, Since diffusion of ions
in a confinuous oxygen network structure first réqﬁifes the rupture of
CQtfon—anibn bbnds, the meésured activation'eneféiés, to a first approx-
imation;;ﬁavé'to be consistent with the bond energiéé. Secondly, the
‘ﬂeasuréd activatibn énergies.have to relate to the‘openness of the
structufeVSince the energy needed for the subsequént motion of the ion
to thexnéxt site depends mainly on the energy needed té squeeze through
the "doorwayéﬁ be%ween sites.

Thevaétivation energy for alumina diffusibﬁjihio fused silica, as
obtained By extrapolation of the activation energy'vs éoncentratioﬁ |
plots.of Fig. 3L to pure silica composition, is 211.kcal/mole above
N1870°C and 338 kcal/mole below ¢l870°C. The M-0 bond strengths of

tetrahedrally coordinated silicon and aluminum ions are 106 and 101-T9

kcal/mole, respectively, and that of octahedrally coordinated aluminum
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’is %60_keal/meie.108 Thue, altheugh the’neesuredbeC£ivatien energies
efe.qnife'nighg they are»certainly consistenf Wifﬁnfhe>high M-0 bondb
-enefgies efztetrahedrally coordinated aluminﬁm and‘;ilicon. 'The rupture
ef?eniy'twe 8i-0 bonde would fequire an activationfenergy'of 216 kcal/nole;
Tnue, these e.ct.iw'ratvion en,ergies'. are comparable w1th what one would -
'expect‘from fhe interdiffusion of,tetrehedrally eobrdinated aluminum

and éiiieon‘ibns.in an:oxygen'network_structureg Due to the lackeof
eelf—diffusion data, Howener, a detailed analysis ef’the interdiffusion
mecnaniem,.at this point,_wquid only be speculetive.in nature.

The change in activation energy for aiffusion from 338 to 211
kcdl/mole with increasing temperature is indicative ef a stfuctural_
changé"in:fuéed silica. This premise is furthefvsupported by the fact

.thet a similar shift in the activation energy'fofuviscous flow_nas_been
‘ebserVed"oVer the same temperature range, from';22 keel/mole in the
“'High;tenperafure range (Fig. 34) to 160 kcal/mdie in_the'low—tempereture
faﬁgé.1°9',mag viscoéity of:fused silica,log inﬁfhe‘femperature range

of 1650° to 2000°C, varies from 103 to lO6 poise, reépeCtively. kBy
definition,llo the softening point of a glass cdffeSponds to a viscosity

of &107.6 109, |

-poise. For fused silica, this temperature is V1750°C.
~ check on tne specific.velume data of fused ;iliéélOQ revesls that, below
- the softening point, the volume is almost tempefeture independent ana -
varies from &O.hSh.em3/gm at roem’temperature to enly &OQHB6 cms/gm at
e&1800°C.’ Above-l800°C, however, the volume increases significantly
'reeching a velue of %6.500 cm3/gm at 2000°C, ThﬁS;_the loesening of
the'network:structnre above the softening point_feiates closely to the

changes in activation energy both for viscous flow .and diffusion; the
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formatiQﬁ‘df aﬁ open structure woﬁld be the primary cause of the decrease
in the activation energies. |

- The‘décrease in activation energy with inéreasing alumina content, -
hbwevef, cannof be étfributed to the formétion éf‘a looser structure
since, onvfhe'COhtfary, witﬁ,formatiﬁn of'triciquéfs and A;O6 groups
a:closer-méde of oxygen packing is redlized; If may then 6nly be
éuggested_tﬂaf the lowering of the acﬁivation energy with alumina
additiohﬂaﬁpéars to Be related to the contiﬁuai increase of the octashedrally
kcoordihétéd'alﬁminum and'thﬁs the formation of néh—bridging oxygens.

‘Lef u; now consider the diffusion in high.aiumina melts (>U45 mole%
Algoé) wﬁére the continuous oxygen network struéture of silica is
completéiy‘broken down. Just as the structure éf'fused silica is closely
related_to.thatiof its'crystailine forms, it is:ppssible to postulate
‘that fhéfétruéture of a melt containing 60 mole% Ai203 is a randomized
?érsionvdf ﬁuilite étrﬁcture; ‘The characteristic feature of the mullite
éﬁrucfuré‘cénsists of columns of eage—sharing AlO6 uﬁits linked through
Ath and-SiO# tetréhedra, similar to that of siliimanite showﬁvin
Fig. 35. vThé'sfrucfufe of the corresponding li@uid phase, then, may
be visualized as a disscciated structure consisting_@fvchaiﬁé of
edg._e—shéring.AlO6 groups and discrete anionic gfbpps;of tetrahedrally
¢oordinatedraluminum and silicon. Diffusion in this structure does not
neceésaril& have to involve the breaking of the Mfo bonds but could
easily-take'placevby.the cooperative movemen'tvo:f'A'IA‘ZLO'LL and SiOh groups
through a ring mechanism involving only couldmbic interaction. The

.activation'enérgies‘as low as 42 kcal/mole at 63 mole% Al then,

O3

are in agreement with this model. Increase in silica content causes
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XBB T29-LTLoA

Fig. 35. Model of sillimanite (AlgO 'Si02) unit cell. Light gray and
small spheres represent silicon.
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the polymerization of the SiOS— tetrahedra to form larger units of
N 103 ; g :
31309 5 SlhOl2 5 €te. and subsequently a continuous three-~dimensional
network type structure. The gradual increase of activation energy with
silica content, then, is also in agreement with the gradual increase

in size of the diffusing anionic units.

C. Diffusion Mechanism in Mullite

111-113

The structure of mullite is a derivative of the sillimanite

(A1203’8102) structure. The sillimanite structurellh (Fig. 35) consists
of chains of slightly distorted Al-O octahedra which run parallel to

the ¢ axis and are linked by double chains of Al-0 and Si-0 tetrahedra.
The distribution of the tetrahedrally coordinated aluminum and silicon
atoms is ordered, and each double chain may be thought of as a continuous
series of four-membered rings, with each ring containing two silicon

and two alﬁminum tetrahedra in the sequence Si-Al-Si-Al.

To derive the mullite structure from that of sillimanite and thus
adjust the alumina/silica ratio from 1:1 to 3:2, an average of 0.5
silicon atom per sillimanite unit cell is replaced by 0.5 aluminum
atom at random. The preservation of electro-neutrality demands the
removal of 0.25 oxygen atoms from the positions OC’ linking the Si
and Al tetrahedra (Fig. 35). Since the adjoining tetrahedra would then
remain open, the corresponding central atoms are transferred from their
original Al, Si positions into new tetrahedral sites previously unfilled

in sillimanite. The direction of this shift is indicated by the broken

arrow in Fig. 35.
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Thé:"dérivation"vof theimnllife struétﬁre;ffom that of‘Siliimanite
is illuéff&fi&e df‘tﬂe possible diffusion meghaﬁi§m in a mullité‘layer
ranging in c@mposition from T0.5 to T4.0 wt% Al2d3ﬂ Under such a co#cen_
tratioﬁ.gfadiént; the diffusion of aluminum from a high-alumina strucfure
to a low—aiumina one requirés the reﬁlacement of;tétrahedrally’c00rdinated '
silicon byfalumihum. Ih‘order to maintain charge—ﬁeptrélity, the sub- |

N , .
stitution of four Al3

for three Sih+ results in fhé formation of-bne
:catién'vaCAnéy. Due to the lack of self—diffusiéh data on the individual
ions, itris:difficult to postulate the exact diffﬁéion mechanism.  In
.either—céée, however, the apparent activation energy.of 168 kcal/mole,
again, fefiects the high bond energies ofvtetrahédrally coordinated
silicoh”and aluminum. Furthermore, this activatioﬁvenergy'for diffﬁsion
is in excellént agreement with the activation energy for creep of

aullite, 15116
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' VI. CONCLUSIONS

lefu51on studles in the SiO —Al203 system in the temperature
range of 1678° to 2003°C, yielded information on (l) stable and metastable
phase'equilibria and (2) diffusion kinetics in aluminum—silicate melts
.~ and mulliﬁg (341,0,+2810,)).

The”dissolution of alumina in fused silicatand‘the growth of
interfécial-mullite.were diffusion—controlled. ,Thé;interfacial éom—
vpdsitiong'of the ph;se boﬁndaries, thus, correqunded to the equilibrium.
' li@ﬁidué‘aﬁd solidus compositions and-wefe usedvtd_construct the
.equlllbrlum 5i0 A12 3 phase diagram The equiiibriﬁm phase diaéram

ndlcates ‘the incongruent melting of mullite at 1828+10°C as originally

determined by Bowen and Grelg.lo The 1ncongruency of mullite was
alsovsﬁppofted by the static method of quenchiné_ekéeriments.

" The stable solid solution range of mullitéfwas.at 70.5 to Th.O
wt % A1203 below 1753°C and at T71.8 to Th.0 wt% A1203 at 1813°C.

The'examinatidn of the diffusion zone microstructures and the
microétructures of the specimens heat treated by ﬁhe statié method of
éueqchingvyielded'additional information on the,metastable equilibria.
'Due to the supercooling of the aluminum—silicate'ﬁélts below-thev
_alumina liguidus and the peritectic temperafure,:pfécipitation of only
mulliteiwas‘realized, without any alumins precipit;tion. When the
'specimeﬁs were qooled slowly or sites for heterogeheous nucleationvof
alumina wéré available, alumina did precipitate aé predicted by.the

273

below the transition temperature provided direct evidence for the

stable SlO -A1,0., phase diagram. The extension of_the alumina liquidus
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metastable existence of a 8102—A1203_binary phase diagram without any

mullitehphese.

St01ch10metrlc mullite of 71.8 wt7 Al 0, composition melted

23
congruently at l880+10°C due to the metastable extens1on of the silica-~
mulllte blnary equlllbrlum above the - perltectlc tran51tlon temperature
This metastable exten51on of the silica-mullite blnary diagram above
the incongruent melting temperature of mullite successfully euplains
.the formation of high—alumina mullites, ranging'in coﬁposition'up to

' 83.2 wt% A;203, only when they are precipitated fréﬁ_a melt.

o 'The'ectivation energy for diffusion in the a;uminum—silicate melts,‘
vabove:the,softening temperature of fused‘silica,:deoreased from 211
kcal/mole for pure silica to 42 kcal/mole at 63" mole7 Al 205+ This'
substantial change in activation energy for diffusion is attributed
to the gradual increase in the ratlo of A106/A10h ‘groups with 1ncreas1ng
alumlna content and thus the formation of non—brldglng oxygens. Below ‘
the softenlng p01nt the activation energy for dlffu51on in fused silica
increases to 338 kcal/mole due to the tlghtenlng’of'the network structure.
At L5 mole7 A1203 coutent, the oontinuous network-structure’of.fused'
3111ca is completely broken down to form discrete anionic groups. High
:activation energies in fused silica and high—silica melts are attributed -
to the'rupture of M—d bonds of tetrahedrally‘coordinated silicon and |
aluminum. Diffusion in high alumine liquids, on the other hand, is by
“mutual rotation of anionic groups involving only:coulombic interaotion
and thus}requires a lowerbactivation energy. The structural model for
v the SlOe-Al O3 melts is further supported by the v1scos1ty and density
: data. : '
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An activation energy of 1681;7vkcal/mole was determined for

diffusion in mullite.
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- APPENDIX: COMPUTER PROGRAM FOR BOLTZMANN—MATANO ANALYSIS

PROGRAM SNARL (INPUT.OUTPUT’TAPE7'TAPE980PLDT.TAPE99=PL0T’
COMMON /CCPODL/ XMIN¢XMAXe YMING YMAX,CCXMIN,CCXMAX s CCYMIN, CCYMAX
DIMENSION XX{(1000), YY(1000) . :

" DIMENSION X(2000),Y(2000),10(5)

300
10

100

30

90

11

XRANGE = CLXMAX-CCXMIN

CCXMAX = CCXMIN + 2.%XRANGE
READ 10y KeNoARBX,)XINy - 1D
FORMAT- (11,19,2F10.5,5A8}
PRINT 10, KsNsARBXs XIN, ID
IF (NeLEe«d) GU TO 4X)

READ1 00, T

FORMAT(E1Z2.5)

. READ30s (X(I)sY(E)s I=1,N)

FORMAT(12F6.0)

IF (K.EQeli) 93,1090
CONTINUE
- M=0

DC 13 I=1,N

J=1+N

X{J)= ABS(X(I)-ARBX)
CIF (X(I)elTs ARBX) 11412
Y(J) =2.098 - Y(I)

C M=M+]l

12
13

GO 70 13

Y(Jr=yY{(l1)

CONTINUE

K=2%N+1

Y(K) =2.098 = Y(M+N)
AL=oS®(YIN®2)=Y(N+L) ) *R(X(N+1)+X(N+2))
A2z 5% (Y(K)=Y(N¢M+L) )= (X(M+N) +XIME+N+L) )

" NNN=2%N

50

60
80
70
75
200
201

202
2)2

MN1=M+N+1

‘M2=N+M-1

‘N1=N+1

NN=(Z2%N)~1

N3=(2%N)=2

MM=MZ -1

DO 5) J=N1,M2

Al= A‘+o5*‘Y(J*1' YUJ) DI (X (J+1)+X(J))
CONTINUE

DO 60 J=MN1.NN

A2=A2+.,5%(Y(J)~ Y(J*l))*(X(J*l)*X(J"
CONTINUE

1F (AL «GE«.A2) 70,80

ARBX=ARBX+XIN

GO TO 90

PRINTT5¢ 1D,ARBX
FORMAT{1HL 120X+ 5A8//35Xs*THE BOLTZMANN- MATANU INTERFACE IS LOCATED
XAT X=%4F10e5+% HICRONS*///)
PRINT200, T

FCRMAT(SX ¢ XTIME=%*,E12.5,% SECONDS*//)
PRINT20? ’
FORMAT(TX +*INPUT DATAR/,TX,*MICRONS*,1IX +*CONCENTRATION AL®*//)

DO 202 I=14N .
PRINT202, X{I),Y(I
FORMAT(2(5X,F1045)
DO 5 J=N1,NNN
X(J)=X(J)*1l.E~4
PRINT116

FURMAY (1 HL o5 X9 *DIST/INTERFACE CONCENTRATION DX/DC

X AREA DIFFUSIVITY*/, 1JXs*CM ) AL ATOM*//7)

}
}



130

140

110
145

150

1SR

180

163
154
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A3=o3%(Y(N+2)=Y(N+1} ) ¥ {X(N+1)£X(N+2)}

ML= BR(Y(K)-Y(N+M+LY I E(X(MEN) ¢ XIMEN+L) )~
SNEW= (Y(N+L1)=Y(N+2) 1/ (X(N+2)~ X(N+l))*(-‘.)

KNi=MM=-NL+1

WRITE(T,140) KNI

IGO0 = 0

=1

DG 110 J=N1,MM

A= A3+.f*(V(J+1l—Y(J))*(X(J*\)+X(J))

SOLO=SNEW

SNEW=(Y(J+1)-Y(J¢2)) /(X (J+2)~ X(J*l))*(-‘.)
SL 20 /(SOLD*SNEW) i

—e5XSL*A3/T
RY =2.093 - Y(J)
PRINTL1E, X(J)sRYsSLo A3vD

5 FORMAT(S (5XsE1245))

XX{I) = RY

YY(I) = ALOGLOLO)Y
I =1 +1
WRITE(T,133) RY,D
FORMAT (2E12.5)
FORMAT(110)
CCNTINUE

CONTINUE

NY = [ - 1

XMIN
XMAX
Y MAX
YMIN
DCYS) I=24NY : '

IF( YY(I) oLT. YMIN ) YMIN = YY(I)
CONTINUE

IF( YMIN GTe. =2, ) GD TO 1S5

YMIN = =14, )

GG TO 16)

CCNTINUE

YMIN = °QQ

CCNTINUE | : -

CALL CCGRID{ 1,4 15, O6HLABELS, Y }

XC = XMIN + o )IL®x(XMAX=-XMIN) -

NC = IFIX( YMAX=-YMIN+,001 )

DO164 I=1,93 :

YC = YMIN + ALUG1I( FLOAT(I) )~

DC162 J=1,NC

CALL CCPLOTL XC,s YCy» 1, 6HNOJO!N"2, 1)
YC = YC + Y. .
CONTINUE

CONTINUE R

CALL CCPLOT( XXs YY» NY, EHNOJOINy S 1 )
CALL CCNEXT ' v - ,

[F(C YMIN JLT. -1J. ) GO TO 165

YMIN = -l¢&, N

GO TO 160

CCNTINUE

PRINT4O01 o

FCRMAT(YHL,///)

IF( 160 «EWQe 1 ) GO TO 1115

SNEW= ((Y{M#N+L) =Y (KD )/ (X{MEL)=X(M) D) %] E+a
KN2=N23-MNL1+{ '
WRITE(T7,140) KnN2

WoWonon
B
FS
L ]

DO 120 J=MNL#N3

AL=AL+, 5*(V(JF-Y(J+‘l)*(X(J*;)+X(J))
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AS=A2%1.E=-4-Ak
" SOLD=SNEW
SNEW=(Y(J+2) =Y (J+1) 1/ (XLI+2)=-X(J+1})
SL=24/(SOLD+SNEW)
==, 3RSL¥AS/T
RY=Y(J) : '
PRINTI1S, X(J)sRY,SU+AS,D
WRITECT,130) RY,D
129 CCNTINUE
GO TO 300
cC :
cc- ST , . oL '
CCC  THE FOLLOWINS IS THE MIRROR IMAGE OF SNARL WHICH IS USED FOR PROFILES WHICH
CCCC  HAVE A POSITIVE SLUPE )

. CC

cc L
1090 CONTINUE
M=0 _
DG 1313 I=1,N
J=I+N

X(J)=ABS(X{[)~ARBX)
: . IF (XCGI1)eGELARBX) 1011,10%2
1011 Y(J) =2.098 - v({Il}
_ GO TO 1213
1032 Y(J)r=Y(1)
. M=M+1 -
1013 CCNTINUE
K=2*%N+1
Y(K) =24098 = Y(M+N)'
Al = 5k (Y(N+2) - Y(N+1))*(X(N#1)+X(N«2))
A2= .S*(Y(K)~Y(N+%+1))*(X(M+N)0X(M+N+1l)
NNN=2 %N - -
MN1=M+N+L
M2=N+M=1
N1=N+1
NN=(2%N)~1
N3=2%N=2
MM=M2~1
DO 1050 J=Ni M2
Al= A‘*.&*(Y(Jfl) ~YLI) P RAXLI+L) X S))
1030 CCNTINUE
! DG 1060 J=MN1 NN
A2=A2+o 5% (Y[ J)=Y(J+1) )X (X(J+X)+X(J))
1060 CONTINUE
IF (AYoGE«A2) 1J7),128)
1080 ARBX=ARBX+XIN
GC TO 1990
137) PRINTTS, IDyARBX
PRINT200, T
PRINT201
DC 1202 I=1l,N
5202 PRINTZ203, X{1),Y(])
. DO 11335 J=NLNKNN
1005 X(J)=X(J)*Y.E-4
' PRINTL1lE.
ARz SR (Y(N#2)=YINEL) JE(XI{N+LI+XIN+2})
ALz ¢SE(Y(K)=Y(N+M+L ) ) *(X{MENI+X(A4N+1))
SNEWS(YIN+2)~Y{N+L) )/ IX{N+2V=X(N+1) )% (=1,
KN1=MM=-N +1
WRITE(74140) KNL
1 =1
IGO0 = 1}
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U

1129

400
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DO V11D J=NLeMM

AZ=AB+EX(Y(J+]l )~ Y(J»)*(X(J+1)+X(J))
SOLD=SNEW
SNEW=(Y(J+2)=Y(J+1) D/ (X (J+2)- X(J+1))*(-’
SL=2, /{SOLD+SNEW)
D=¢ 3%SLEAR/T
RY=Y(J) . '
PRINT115, X{J)sRY,SLyAZ,D
WRITE(T+220) RY,D
XX(1) = RY '
YY({I) = ALO31)(D)
I =1 +1
CONTINUE
GC TO 145
CCNTINUE
SNEW=((Y(K)~ Y(N+M+1))/(x(M+1)-X(M)))*1.E+4
KN2=N3=-MNL +1
ARITE(T+140) KN2
DO 1120 J=MN1,N3 ‘
Aa-A4+.ﬁ*(Y(J)-Y(J+!D)*(X(J+l)+X(J))
AS=A2%],E~4=-A%
SCOLC=SNEA |
SNEW=(Y(J#1)=Y(J+2))/(X(J+2)= X(J*l))
SL=2e/7(SOLD*SNEW)
D=e3%SL®A5/T
RY =2.098 - Y(J)
PRINTI1%,y X(J)yRYsSLyAS,D
WRITE(T7+130) RY,D
CONTINUE
GC TD 300
ENDFILE 7
CALL CCEND
STOP
END
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PROGRAM COREL (INPUT,0UTPUT,TAPET)
REAL KKN
OIMENSICN Y(ZOOO).D((OOO).DEV(ZOOO).ID(!O)
DIMENSION DEVY(2J)2),T(5))) : .
0A1A (TUO1)+1=14500)712eT1443043.18¢2.78+2e 57.2.45.2. £92e3119242%
23,?.?012.13.2.'602 14, 2e ]102 12’2 11,2 1)72*2 .)9'2 98 2*2 37’
: 31*2.06':*2.39,3*2 04'5*2.03'7*2.02.!0*2.01’20*2 00,?0*1 99,40%1,98
C q0*1-97v30)*l.96/ . .
8J) READ1JDs NPROB,ID
100 FCRMAT(I10,.0AT)
IF (NPROB.LE.D) GJ TO 900
.. READ{(7,200) KN :
200 FORMAT(I10) :
READ(7,20)) {Y({1)y00I)y I=14KN)
300 FCRMAT(2E12.5)
T M=Q
KKN=FLOAT (KN)
“1F (KKNeGT.%04) 1,2
1 KKN=KKN-1),:
NK=KN=-5
MK=6
GC TO 72)
2 MK=Y
. NK=KN -
700 CONTINUE
"NKN=NK-MK+}
S1G2=0.
SNEVSQ=).
SUMDEV=0.
SUNMY=0,
SUMD=).
SUMYD=0.
SUMYY =0,
SUMDD=0.
D0 400 I=MKyNK
SUMY=SUMY+Y(])
SUMD=SUMD+D( 1)
CSUMYD=SUMYD+Y(I)*D{1])
SUMYY=SUMYY+Y (] )**%2
SUMDD=SUMDD+D( ) **2
4)3 CONTINUE
A= (SUMD%XSUMYY =SUMYD®SUMY )/ (KKNXSUMYY- SUMY**?)
B=(KKN*SUAYI = SUMD*SUMY ) /{KKNXSUMYY=SUMY*%2)
AVD=SUMD/KKN
AVY=SUMY/ KK
DO 11)) I=MKeNK
SIG2=S1G2+{(B3%Y (1) +A-D( 1)1 *xz/KKN
NEV(I)=ABS(AVD=-D(])) '
SDEVSQ=SDEVSQ+DEV(I) *=%2
DEVY(T)=ABS{AVY~-YL(I))
SDEVY=SDEVY+DEVY( ) *x*2
1000 CONTINUE
’ SIGB=SQRTAKKN*SI1G2/ ( KKN*SUMYY=-SUMY*¥2 ) )
SIGA=SQRT(SIG2*SUMYY / { KKNX SUMYY~SUMY*%2} }
. SDEVD=SQRT{(SDEVSQJ/(KKN=2.}}
"SDEVY SURT(SDEVY/(KKN=-1,1})
=B*SOEVY/SDEVD
. T< ABS{B)*SOEVY%SQRT (KKN- _.)/SDEVD/SQRT(I.-R**Z)
IF (MeEQed) 4)1,4)2
.40 PRINTS500, IDsRyKNsAVD,SDEVD
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500 FORMAT(IH1/41J)AT///7y*CORRELATION COEFFICIENT FOR LINEAR RELATIONSH
*IP =%, FL10¢3/9%WNJs OF PAIRS OF PUINTS INVOLVED =#%,110/,*AVERAGE DIF
*FEUSIVITY =%,E12,5/,*WITH STANDARD DEVIATION OF * E1205////’

PRINT2129, Ay SIGA,B,SIGB
L1100 FCRMAT (%D= DIFFUS[VITYr Y=MOLE FRACTION OF DIFFUSING CATIDN*I.*[N T
iHE FORMULA D=A+BY®/,%A=%,E12,5,% PLUS OR MINUS*ot12-5/o*B *¥,El2.5%
s+ % PLUS -OR 4INUS*4E1245) S :
PRINT]LOO' TSsTINKN=2) :
1200 FORMAT{XTHE T-STATISTIC=%,E12.5/4*THE T- STATISTIC FOR A % PCT. SIG
INIFICANCE LEZ VEL *yEY2657//7177)
402 M=M+}
IF. (M.EQei) 501,502
501 CCNTINUE
NO 63) [=144N
0(l)= ALOb(AdS(O(I))'
500 CONTINUE .
GO TO 700

€02 PRINTS03, RyKN

533 FURMAT(*CORRELATION CUEFFICIENT FOR EXPONENTIAL RELATIONSHIP ~*v
* Fl0ea%/y%NJe JIF PAIRS OF POINTS INVOLVED -*qllO)

PRINT110l, AySIGA,B,SIGB o :
1101 FORMAT(////+%IN THE FORMULA LN D=LN A + BY¥/ %[N A=%,E12.8,% PLUS
1 OR MINUS*,EL245/ o%B=%,E1245,% PLUS OR MINUS*,EL2,5)
AA=EXP{A) i B
PRINTL102,4AA
1102 FORMAT(*A=%x,E12.5)
PRINTYI200, TS,T(NKN-2)
50 T9 800 :

9J)) ST0OP

END.

PRGGRAM DRIPY (INPUT,OUTPUT, TAPC7oTAPt98,PLOT TAPt 99 = PLOT)
DIMENSION D(2000),Y(Z2000)
DIMENSION [3C0(T)
& READLOyNS,SAMAPLE
10 FORMAT(IS,AT)
[F.(NSeLEWO) 30 TO 50
ENCODE (20,2000, 18CD) SAMPLE
1)) FORMAT(I1AHSAMPLE NOe A7)
18CO(™)=0
READ(7412)NJ
15 FORMAT(I10) v \
READ(T7,20)0(Y(L)4D(I)y1=L,ND) .
"2) FORMATI(ZE}LZ:3)
CALL GRAPH (YD, VJ.IBCD."HCUNCENTRATION:IIHUIFFUSIVITY)

50 12 5.
59 CALL CCEND
STOP

END
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SUBROUTINE GRAPH(X,YyNyRG+RXsRY}
CCMMON/CCPOOL/XMIN, XMAXs YMIN, YMAX, CCXWIN,CCXMAX.CCYM‘N CCYMAaX
DIMENSION RIUNDE4DI o X(1),Y (1)
DIMENSION YSC(2)
DATA (ROUND{IN ¢I=194)1/1ee2012e5454/
DATA NROUND,PART/ 49104/
YSC(1)=Y(1)
TYSCL{2)=Y(1)
DC 1)) I=1,N
IF (Y(I)eGTarSCL{1)) YSC(1)=YLT)
o IF AV I e LT YSC(2)) YSC(2)=Y(])
101 CCNTINUE
CCXMIN=200. $CCAMAX= 3200.$CCYMIN-£00.$CCYMAX-‘000.
WRITE (99,39))) .
900 FORMAT (*$PLEASE POSITICN PEN#/1H=)
"CALL “LINEUP(Xs NgRUUNDy NROUND s PART XMINvXHAX)
CALL LINEUP(YSCy2+sROUNDsNROUND,PART yYMIN, YMAX)
XMIN = 0
" XMAX = ,13)
CALL CCleU(L'IFIX(PART'.bHNULBLSvl IFIX(PART))
"CALL CCLBLUIFIX{PART) IFIX(PART))
CALL CCLTR(2104+504¢0¢3+RGs181}
CALL CCLTR{:13004+1004+0+>4RXy13)
CALL CCLTR(23)492475491934RY,11)
CALL CCPLUT(X, Y ¢ N)6SHNOJCIN, 8,1}
CALL CCPLOT(XAAX9sYMINs1,6HNOJOIN,D4Y)
CALL CCLTR(CCXMAX!O.'O']'IH ' 1)
CALL CCNEXT
RETURN
END

SUBROUTINE CCLBLUNX1I#NYL)
-rCMMUN/LCPLJL/X4IN.XMAX.YMIN:YMAXoCCXMlN CCXMAX,CCYMIN'CCYMAX

CCMMON/CCFALT/FACTOR

ISZERO=)

XD=XMAX=X4IN $YD=YMAX-YMIN

CCXC=CCXMAX-CCXMIN $CCYD=CCYMAX-CCYMIN

XT=XD/FLOATINXL) $YI=YD/FLOAT{NY1)
'8 KSIZk =2 $KORIENT = 0

LABEL FRUOM RIGHT TO LEFT ALONG THE X-AXISe
DC 14 NX=ISZERUINX1
CCX=CCXMAX=CCXU®FLOAT{NX) /FLOAT {NX1}
C X=(CCX~=CCXAINIXXD/CCXD+XMIN . :
SET X TO A TRUE ZERO IF X=0. TO WITHIN MACHINE ACCURACY,
CIF(ABSIX/XI)alTaledE-6)X=)s :
CWRITE(98,27)K
CALL CCLTR(CCX=-524%FLOAT(KSIZE)/FACTOR, :
CCYMIN- 1).*FLUAT(KSIlE)/FACTUR.KORIENT,KSIlEi
i8 KSIZE = 2 $KORIENT = 0 ,
“ LABEL UPWARD ALUNG THE .Y-AXIS.
DC 26 NY=[SZISRU,NY1
CCY=CCYMIN+CCYURFLUAT(NY)/FLOAT(NY1)
Y=(CCY-CCYMIN)*YD/CCYD+YMIN o
SET Y TO A TRUE ZERO IF Y=0e TO AITHIN MACHINE ACCURACY.
IF(ABSIY/Y1)ebTeladE=B) Y= ' i
WRITE(9B,2T)Y
CALL CCLTR(CCXAIN- 70.*FL0AT(KSIZE)/FACTOPqCCY.KORIFVT'KSIZE)
FORMAT(E2).2)
RETURN
END

$ot
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