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REACTIONS AND WETTING BEHAVIOR
IN THE ALUMINUM-FUSED SILICA SYSTEM

Chisato Marumo+ and Joseph A. Pask

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering, University of
‘California, Berkeley, California 94720 ' '

Wetting of fused silica by;molten_aluminumbet temperatures of 800 to
.1000°C and 3 x 10™ torr w;; dependent on the formation of a reaction
zone by redox reactions. The reaction zone consisted of three layers.
It was postulated that reactions proceeded by 1nterd1ffu51on of f

Si++, A1+, Al+f and A13. The layer adJacent to the metal drop was pri-
marily AlO stabilized by a solid solution of $i0; and adJacent to fused
3111ca,.a sp1ne1 of Al0 and AJ20 stabilized by SiO. On cooling these

dissociated into Al, Si and 8-A1203.and/or a—A1203.

1. Introduction

Reactions.and wetting behavior in ceramic;metal syétems are of .
technological interest ae'well as scientific interest in the fields of
cermets, composites and electronics. The degree of wetting of a solid
by a liquid in a solid-liquid-vapor system'has been expressed by Young'sr
equation‘under chenicelly.stable and metastable equilibrium conditions:
Aksay, Hoge and Pask1<treated the thermodynamics of wetting in a solid-
'liquid—vapor systen by considering the conditions  that minimize the
total free energy of-the system. They aléo’e#tended.their enalysis to
non-equilibrium conditions. They showed that an interfacial reaction
reSultedvin.the louering-of the solid-liquid interfacial‘tension by a

: contribution of the free energy of the reaction which couldiresult in

the spreading”of a liquid drop on a solid substrate.

E
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Reactions between Al and fused SiO, are thermodynamically favorable.

2

Standage and Géni2 studied ‘the effect of up to 2.5 wt % additions of

Bi and Sb on this reaction at 660 to 800°C by dipping fused $10, rods

into molten Al and the alloys in air. They detected Si and n-, 6-, and

273

layer fofmed'by absorBedeatef and alloying elements with SiO2 affected

© the dwell or incubation time of the reaction and the subsequent reaction

0-Al,0, as reaction products. They proposed that a complex interfacial

kinetics. They suggested that at low concent:ations of Bi and Sb

diffusion was not rate controlling and that at higher concentrations

diffusioh might be rate'contrdlling. Prabriputaloong'and Piggott3

studied the same reaction in a similar manner but in vacuum. They ob-
served that the dwell time was drastically reduced under vacuum as .

compared to air. They suggested that the presence of an A1203 film on .

the surface of molten Al in air caused the increased dwell time of the
reaction and denied the existence of complex interfacial layers proposed

by Standage and Gani.

b

Prabriputaloong and Piggott also studied the reaction between an

Al thin film and a fused SiO, plate in vacuum. Solid state reactions

2

took place as low as 400°C. The reaction products observed were 8- and .

a—A1203 and Si below the melting point of Al. Above the melting point

of Al, bnly Si was detected and they indicated the formation of a vola-

tile oxide of Al.
Yanagida and Krogef6 studied the stability of aluminum suboxides

in the solid state. They heated A1-A1,0, mixtures in an inert atmosphere

3

and examined the microstructure of the quenched specimens. They indi-

cated that there was no significant change of the melting point of
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273
that stable solid AlQ0 was not formed.

Al,0, by the addition of Al, at least up-tb'SO ﬁt%,: Théy_alsb concluded

Low energy electron’diffraction.(LEED) studies of the (001) surface of
a-A1203 have indicated a structual transformation upon heating in

vacutml'.?—9 Charig and Skinner7 were the first to suggest that this

transformation is due to the formation of an oxygen deficient surface

" phase with respect to the bulk structure of A120 Based on this ob-

3
servation, Brennan and Pask10 postulated that at temperatures above'900
to 1000°C and at low pressures an oxygen deficient surface of some un;.
known thickness exists containing some Al0 in a spinel—type,structurg.
They also bostulated that on cooling in vacuﬁm thié'structuré,pegéistsi.'

however, on exposure to oxygen or moisture the distribution of cations

‘remains essentially the same but the valence of Al+-+'iﬁCreasés to
‘A13+ resulting in a Y—A1203 type of strUctﬁre. » 7
Yamaguchftlstudiedvthe oxidation-of Al surfaces aﬁd presented electron
diffraction patterns which pro§ided evidence for the éxistence of alum-
inum suboxides bétween.Al and A1203 on the Al surface oxidized at 300;C.
: Stébility of solid Si0 at high temperatures has béen discussed by a
nﬁmber of investigatprs. Solid SiO haé been pfepared.in a metastable
amorphous or poorly crystéllized form byvcondensation of Si0 gas upon
‘a éold éuffaéé, bug-itnbegins tg'disproﬁortionateito Si aQQFSiOZ at an
appreéiable rate éround 400-700°C.» Gel'd and'kochne§13 claimed to have
prepared amorphéus SiOIby‘heatinglan ihtimate mixture of SiQ2 and Si
to 1250-1350°C. On the other hand, Schﬁfér and Harnle,14'Grube'ana

Speidel, and Von Wartenbertl6'reported that amorphous SiO is unstable

at about 1000-1150°C.
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‘Brewer and Edwards12 found no evidence of formation of solid $i0 by

high temperature X-ray diffraction analysis of mixtures of Si and SiO2

below 900°C, and indicated that solid SiO is thermodynamically unstable

and disproportionates to Si and SiO2

presented evidence for an X~ray pattern of SiO at 1250 to 1350°C, but

" below 900°C. Hoch and Johnston17

Geller and Thurmondls.poihted‘out that thé organic cement used in the

samples would form SiC and that the observed x-ray pattern was similar

to that expected for a mixture of SiC and B-cristobalite. Potter19

reported that a mixture of Si and $i0, was not liquified at 1700°C, and

2

Brewer and Edwards12 confirmed a higher melting point for the‘Si-—Sio2

: . 2
mixture than for either of its components. Brewer and Greene Q made a.

differential thermal.analysis of a Si-Si0, mixture up to the melting

2
point of Si and did not detect any evidence of the formation of stable
. solid $i0. They postulated that the higher melting point of a Si—SiO2
ﬁixture formerly reported12 may have been due to the partial reduction
.of SiO2 to Sioz_x. Brewer and Edwards12 estimated that

1/2 si(s) + 1/2 SiO2 (cristobalite) = Sid (amorphous) (1)

G°298°K = 0.0 £ 3.3 Kcal

G°1206°K = -0.9 * 6.6 Kcal
The uncertainty is too large to allow any decisive conclusions from the
thermodynamic data alonef However, it was noted that there is é definite
trend towara increase in stability as temperathre is increased. Experi-
mental evidence has been consistent about the existence of metastable

amorphous Si0 at room temperature which disproportionates on heating,

but there is no firm evidence to support the formation of solid Si0 by
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heating the Si-SiOé mixture to high'teﬁﬁeratures..

1t ié significant that no reports ﬁave beeﬁ made of studies of
suboxide§ of Al or Si in the presence of the other. Although AlO is
unstable as a bulk phase, it is possible that it is stabilized by form-
ing a solid solution with §i0 since its frée energvaould be reduced by
tﬁe formation of a sblid solution. Tressler, Moore andC‘r.ang1 studied
thé reactions between‘Ti and Al,0

273

a substantial amount of Al ions in solution in the NaCl—type Ti0 phase

They postulated the possibility of

on the basis of a larger unit cell than that for TiO. Also, considering
the présence of oxygen-deficient alumina surfaces under low partial
préssures of oxygen, it is possible that spinel structures gohtaining
A1203 and Al10, particularly with Si0 in solid solution, could form under
cerfain conditions and‘compositions.

The objectives of this research were to study and understand the
reaction mechanisms between fused 3102 and molten Al present in a 1imited

-

amount and the effect of the interfacial reactions on wetting behavior.



2, Expefimental procedure

2.1 Materials and Specimeﬁ Preparation

The sessile drop technique was uéed to study wetting behavior and to
provide specimens for reaction studies. The Afﬁwas obtained in.the form‘
of 1/4 in. diameter rods. Pieces weighing approximately 0.lg were cut
frOﬁ these rods and groﬁnd into spheres. Pieces ﬁsed for:x-fay diffrac-
tion study weighed approximately'l.Og. The fused SiOz** used for sub-
étrates in the sessile drop experiments was obtained as transparent
optically polished plates 1/8 in. or 1/4 in. thick, which were cut into

3/4 in. squares. Both the Al and Si0, specimens were cleaned ultra-

2
sonically ih isopropyl alcohol.

2.2 Experimental Conditiohs

The sessile-drop fufnace has been described previously.10 The Ta-foil
resistance tube was connected to water-cooled copper electrodes by
copper holders. The fused 5102 plaques rested on the flat surface of an
alumina "dee" tube which was fitted inside the Ta—foii tube. The total
pressﬁre of the furnace was always kept less tﬁan 3x 1(,)-'5 torr during
experiments. The temperature was measured with a Pt-Pt 107 Rh thermo-
coﬁple placed inside the "dee" tube. Contact éngle measurements were
made over the temperature range of 660-1200°C through fused SiOé windows
in the vacuum chamber with a telescope to an accuracy of *1°.

2.3 Analysis of the Experiments |

After cooling, the specimens were cut and polished to examine the
iﬁterfacial region with aﬁ optical microscope and a séanningAelectron

* United Mineral & Chemical Corp., New York, N.Y. (99.999%) _
** Thermal American Fused Quartz Co., Montville, N.J. (>99.97Z purity)

!
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ﬁicroscdpe. Cbmpositions in the cross-sections perpendicular to the
- interfaces were determined by an electron‘miéroprobe. - Line scanning
- of approximately 75 um length parallel to an interface was used to ob-=
tain an average composiﬁion at a given‘distance from the interface.
Spot scanning was also used to analyze regions near boundaries. The -
‘reaction phase products were analyzed by X~-ray diffraction.
3. Experimental Results
3:1. Sessile Drops of Molten Al on Fused SiO2 ,
Preliminary experiments at 800°C indicated that the‘contact angle using
spherical.pieées of Al'changed‘smbothly, while the contact angle-using
cubic pieces of Al changed ifregularly. The latter wére inconsistent
because of interfacial reaétions prior to ﬁhe»formation of spherical
drops on melting 6f Al. Sperical pieces_of Al were thus used to measure
advancing contact angles since on melting the periphefy of the'drop
comés in contact Qifh initially unreacted SiOZ. |

The temperature depéndénce of the contact angle isﬂshown in Fig. 1.
- The temperéfure'waévraised continuously at the rate of 10°C/min- from
660°C, the melting poiﬁt of'aluminum3 to 1200°C. The dynamic contact
angle ‘decreased with temperature with én arrest at 90° in the température
.rangéjof about 900 to 950°C..

Contact angle-changés with time at 800 and 900°C. are shown in Fig.
2. At 800°C the angle éhangedvcontinuously.until itvreaéhed”67° after
approximately'SO mihutgs. The periphery of the Al dfop kept in cbntact
with SiO2 fresh surface up to aﬁ_éngle of 90°; below 90° the periphery
,wés in contact withvﬁhe reaction zone. During cobling, cracks appeared

: in-SiO2 near the Si0

Z-reactibn zone boundary because of the large

EoOraneprOr0D
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difference in coeffiéienﬁs-of thermal expansion. Cross=sections of
spécimens perpendicular to the Al-SiO2 interface after 17 min. are
shown in Fig. 3(a) and éfterAQO min., in'Fig. 3(b). The miqrostfucture
of the metal drop in the former shows Al and an eutectic mixture; and
in the.latter, Si and an eutectic mixturé. _The eutectic temperature

is 577°C and composition, 12.6 wt. %Z Si. The 40 min. specimen also
shows a highe; concen;ration of Si near the interface and neaf the.
surface of the drop.

At 900°C, the growth rate of the reaction layer was always faster
than the flow rate of molten Al so that the pefiﬁhery of the drop was
always in contact with the reaction zone. The reduction of the contact
éngle'to about 80° occurred in about 10 min. The cohtiﬁued reduction
of the contact angle was élow, takiﬁg about 3 hours to reach 70°.

3.2 Reactions between Molten,Al and Fused SiO2
Reaction studies were based on examination of sessile drop

configurations of Al on fused SiO, heated at 800, 900 and 1000°C for

2

60 minutes; and of Al with 28.3 wt Z Si (which corresponds to saturation

9 heated at 800°C for 24 hours.

Reactions always occurred at the liquid-solid interfaces with a

with Si at 800°C) on fused SiO

replécement of Al in the drop with Si as described above, and of Si in
the substrate with Al. The liquid—solid interfaces did not move, but_
the interfaces between the reaction.zone and unreacted Sioé movéd. Thg
reaction zone consistéed of three layers which were classified.as: I
(adjoining the drop), II, and III (adjoining.the unreacted Sioz). The
notation a in subsequént references indicates 900°C; b, 800°C;~5, Al-si

alloy at 800°C;Vand d, 1000°C. The optical microgréph of the cross-
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sectlon of the spec1men perpendlcular to the interfacé after reactiﬁg atv
»lOOO C for 1l hour is shown in Fig. 4. | |
The compos1t10n of the rgaction layers.was analyzed with an electrop
ﬁicroprobe. The pércentvatomié éompositioné, after being cotfetted by
computér*, are shown for 800°C inVFig; S énd for 1000°C ‘in Fig. 6(a)
after one hour reaction timés. Figure 4 shpﬁs the paths:along which
éomposition énalyses were made for the 1000°C specimen. No concentratién
gradienfs were detected in the matrix of layer I which always had a fine
.homogeneous stiucturé. Concentration gradients were present iﬁ layer
iII—d at 1000°C which_also had a fine homoggneous structurg, and‘pfob—
1ably in III-b at 800°C. Analysis of layer II indicated irregularities‘
sugéesting the presencg of several phases at temﬁerature. ‘Compositions
of coarser—grained areés iﬁ Layer I adjacent to the drop interface_wefe
.similar to those of Layer II. Atomic percentage’éompositions of a
number‘of reaction ;éyersnare giﬁen in Table I.. In all cases, Al and Si
.were measured difectly and.the oxygen was determined by differénce.+ |
' The thicknesses of the reaction layefs'within.thevreaction zone are
: dgpendent>on temperature and composition‘of the.liquid drop. ' With‘Ai,
the dominant layer at 800°C is I-b. For l.hour reaction times, it de-
creases in thickness at 900°C And agéin»ét 1000°C. Layers II-b énd

' iII-b; on the other hand, are too thin for accura;e‘analysis'ét 800°C,

~ * Corrections were made for deadtime losses, background absorption,
- characteristic fluorescence, back scatter 1osses, and ionization
penetration losses.

t The profiles shown in Fig. 4 were also measured directly for Al, Si
and oxygen by JEOL USA, Inc., Medford, Massachusetts; the normalized
. profiles within experimental error were similar to those in ‘Fig: 6(a).

E9rFRaOLrOC0O0
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but increase in thickness with temperature. The overall thickness of
the reaction zone, however, was essentially the same after one hour of
reaction at 800, 900 and 1000°C. Figure 7 is an optical micrograph of a
cross-section of a specimeh held at 1000°C showing Layers I-d, II-d,
I1II-d and SiO2 at the bottom. Figure 8 shows x-ray fluorescence micro-
graphs for Al-Ko and Si-Ka of a specimen heated at 900°C indicating
Layers I-a, II-a and I1I-a (bottom); it can be seen that the Si content
in II-a is higher than in I;a and II-a and that its distribution is

more irregulaf. With A1-28.3 wt % Si0, at 800°C the layers were II-c

2
and III-c, and Layer I-c did not form; an approximately equivaleﬁt
thicknéss of overall reaction zone was obtained after 20 hours. Figure
9 shows x-ray fluorescence micrographs of a cross-section of a specimen
showing Layers II-c, III-c and-SiO2 (bottom).

Reaction products present at room temperature in layers thick
enough to be analyzed were determined by x-ray diffraction. Layers I-b
and I-a after one hour 6f reaction were cqmposed of é—A1203, a—A1203, Al

and Si. Layers II-a and II-d showed a-Al Al and Si. Layer I1II-d

293>
showed 9—A1203-, Al and Si.

4. Discussion:

4.1. Wetting Behavior

The contact angle of a steady‘state sessile.drop in a solid-liquid-
vapor system in the .absence of‘a’chemical reaction is determined by the
relative magnitudes of the thfee interfacial tensidnsh Yiﬁzz showed
that the rate of increase of the solid-liquid interfacial area as the
system approaches this static or steady state equilibrium condition is

linear and only a function of viscosity, surface tension, and initial

!
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contact angle‘ 1f there is a reaction at the solid-liquid interface,
however,_thevréductiohkof Ye1 due to the cont;ibutioh of the free energy
of the reaction (—)Ag31'must be considered.1 |
Since the Al becomes enriched invSihduring the reactigg, the change_

of its Yiv and viscoéity n has to be taken_in;§ account. -The qurfacei.
tension of Al at 800°C is 860 dyne/cm and at 900°C 850 dyn/ém.23 The
extrépolated value of tﬁe surface tension of Al to 1450°C is 810 dyné/cmf

The surface tension of Si (m.p..1410°C) at 1450°C'is 730 dyne/cm.24 The
component'which’ﬁas.a lower‘surfacé tenéion>is present at a!higher'éon_
centration in the surface compared to the bulk ideal mixﬁure i§'; bihafy'
l1iquid. As shown in Fig. 3(b), the Si concentration at the Su;face of
the drpp is higher, indicating that‘fhe.d;ssolution of Si;lowe;sbfhe_surf
face tension of thé a1uminum liquid. The viscosity n fof pﬁ?éwAl is 1
cP and thatlfor Al-ZS wt% Si is 0.8 cP at 800°C.25 Consequently, the
viscosity of Al itself and its Change'with‘Si solution is so smgll tﬁat
- its ‘effect on wetting éan‘be considered'to be negligible. Thérgfdré,
the first decrease of coﬁtact.angle_is considered to be mainly duévﬁo

1 and subse-

the‘céntribution'qf the free energy of the reacﬁion (-)Ags
quen;ly also to the decrease.of.the sﬁrface,tension of fhe 1iquia._

If there was no reaction, the contact angle wohld'be.obtuse since
ov of fused $i0, is ~300 dyne/cm which is smaller than Yiv* The con-

tact angle, however, decreased because of the contribution of the free

Y

energy of the reaction to the reduction of the interfacial energy Ysl
At 800°C the periphery of the drop kept in contact with the unreacted
§i0, surface down to ~90°. Below ;hié angle, because of a reduction in

the driving force for the reaction due to the increase of the Si

C/lPeags o000
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concentration in the 11qu1d and because of the energy necessary for
extension of the 11qu1d surface, the growth rate of the reaction zone
‘exceeded the flow rate of'the liquid. Below a contact angle of ~90°, the
periphery of the drop thus remained in contact with Layer I. At 900°C,
the growth rate of the reaction zene was always faster\then the flow
rate of molten Al, and the reaction proceeded through‘the'reaction zone.
The contact angle dropped rapidly below 90°, and the periphery of the

drop remalned in contact with Layer II1.

The difference in the wetting behatior at 800°C and at 900°C
(Fig. 2) is due primarily to the faster rate of the reaction at the
higher temperature and to the difference of the neture of the reaction.,'
This transition of the'wetting behavior is reflIected in the change of
the slope of the temperature dependence of the contact angle and the -
arrest at ~900°C (Fig..l).
4.2. Nature of Reactions

Room temperature phase analysis by x-ray diffraction indicates

3+

o~ and/or 6-Al 03, and Al and Si in all three layers. If Al™', Al°® and

2
Si° were actually the species,thet existed at the reaction temperatures,
it would be necessary to have the redoxA(OXidatien—reductidn) reaction

occur at the $i0, interface to form a replacing A1203
which Al1° and Si° interdiffuse. 1In addition, with no loss of oxygen,

matrix throﬁgh

the A1203 content throughout the reaction'zone would have to remain con-
stant. There would not then be ‘any logical explanation for the existence
of the three reaction 1ayers with the indicated concentration profiles.

Any possible reaction mechanism based on penetration of molten Al into

the reaction zone thus has to be discarded.

b
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It is postulated that ionic interdiffusion occurs at the reaction

_temperatures and that the diffusing ionic species in the reaction zones

gre'S'+7F, Al+, A1+-Fvand Al3 because of the presence of Al and a con-

stant,Oz- content or no‘oxygen,transport. On cooling, Al0 and A120
~dissociate to Al and A1203;

reaction products aré Al, Si, and A1203. Since this dissociation in-

in the presence of Si0, the dissociation

wvolves short ronge diffusion as indicated by the microscopic.homogéneity'
of layers I and III;'the>atomic concentratioo‘profiles are not affected.
On the basis of this postulate, it is posSible to‘make a normative
type of analyéis using'atomic oercentage profiles, such as shown in'Figs;
5 and 6(a), tovCalculate percentage profiles for‘the various ionic
épecies.expectéd at the.testvtemperatures. Becaose of the‘high oxidation
potential of Al it is expected that‘Si4+ in the fused Sib2 is reduced to

Si++ which isvpresenf'throughout the reaction zone. Each Si+i- requires

one Oz—bfor'charge balance. The amount of the tomainihg oxygen ions de-
termines the amount and'distfibution of Al+ and AI+*-; of Al++ and Al3+.
On this basis an atomic percenﬁ of oxygon of 507 indicates the presence
of Al+“+'§ith the Si+"+; less than 50%, of Al+_ond Al+ﬁ+;’and more than

: . . .0 -
50%, of'Al++ and A13+. Table I shows averagé atomic percent and cal-
.culaﬁéd average ionic peroent compositioos for.several féhction layers.
Since the Al-Layer i ihterface has not moved; it can«oe assumed that the
oXygén cootent remains constant'thrOughout the reaction zone. Ionic.
concentfation profiles can then be calculated on this basis; the ionic
pércentage data for 1OQO°C in Table 1 is thus recalculated to givefthe

numbers of cations per 66 oxygens which correspond to the atomic or

ionic number in SiOz, aﬁd'are plotted as Fig. 6(b).' Reactiqn mechanisms

F4Fenernanp
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ctan now be postulaéed.

1. Layer III1

At the SiO interface a redox reactibn occurs with the movement of

2

the interface into the SiO, according to

2

Si:(.)2+2A10 > AL0, + 510 o (2)
in‘which Sil'+ is reduced to”Si+-P, and A1T Y is oxidized to a3t o form
Layer III. The reaction, as_iﬁdicated iﬁ ;hé profile of;Fig. 6(b), is
thus dependent on chemical'interdiffusion of Al%ff.and Sf+*- in the
product layer. It is expegted that this interdif}ﬁsion is the slow step

-and controls the growth of the layer which becomes éppreéiable_at ~900°C
and'inqreases ﬁith temperature. . The lack of ‘a gfadient in the Al3+ pro-
file and lack of soiution of A1203in SiO2 indicates extremely slow inter-
diffusion of Al3+ #hd Si4+ at all of these test temperatures and essen-

'tially~equilibrium compositions a;,this intgrfacé.

| The nature of the structure of this layer at tempera;ure can be
deduced for a specimen heated at 1000°C for 1 hour;.by calculating the

. molar compositions from data in Fig. 6(b) #nd Table II. As an example,
a composition of 39 atZ% Al;.é at% Si and 57 at% O becomes
(0.29810;0.?8A10)1.09A1203 which fepresents essentially,stéichiometric
spinel. Calculated compositions are very sensitive to the accuracy of
‘the electron microérobe measurements: a 1 at’ deéfease in Al with a
correséoqding increase in 0 résults iq a lérge'gxcess of'Alzo3 over'tﬁe
stoi¢hiometric,'and,a 1 at?% increase in Al results in a large»decreaée
of A1203f Even thopgh'Alo and probably SiOlby.themse;ves aré unstable,

it is pSStulated that stability exists undéf tﬁe conditions of_tﬁe
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experiment in a splnel structure with Al2 3" On cooling, the previously

2" 3

monoclinic cell and a structure that can be described as a deformed

indicated decomposition-occurs to form Al, Si and 6-Al1,0, which has a

spinel type.
2. :Lazer 1

The reaction at the droplet interface and the_growth of Layer 1
are more complicated. It is significant that these layers did not show
any cqncentratiou gradients, that the 1ayer thicknessbdecreased with
increase.of temperature and that‘the layer did not form when the start-
ing Al was saturated with Sl in experiments at 800°C. Comparing the
comp031t10ns of Layer I at 800, 900, and 1000 C (Tables I and 11), 1t
can be seen that with the indicated scatter of micrbprobe values, as
represented iu Fig..S, the atomic compositions are essentially AlO ahd
some SiOIalthough there is a trend toward a small increase ogloxygen with
temperature. The molar composition is very sensitive to these small
variations in the atomic composition: for the average values given in
the'tables,A49vatZ of 0 at 800°C results in 4.1 mole % of Alzo'and 51

at% of 0 at 1000°C results in 4.3 mole % of A1203 ——the balance of the
mass in both cases being Si0 and AlO It is likely, however, that'the

small amount of calculated A120 "does not exist in this layer and is due

3
to the indicated’ experimental scatter. 1In any case, a glveh>molar compo-
sitioh is expected to be.present.asla solid solution-which provides its
stability at temperature.

» TWhen the starting‘Al'drop is notfsaturated‘with Si,rthe-redox re—

action at the interface. (Eq. 3) causes the reduced Si to go into solu-

tion in the molten Al (the’ degree of Si solution determines the amount

CLbeogrorgoQ
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of precipitates of Al or Si that form on cooling, Fig. 3)._ When .the Al
drop is satufated with Si, the redox reaction (Eq. 4) results iq pre~

cipitation of Si in the drop at test temperature.

Al+Si0 + (1-x)Al0 + —’25A1 0 + Si(soln) (3).

2

'A14S1i0 > Al104Si (pptate) ) (4)
This analysis suggests thag:when Ai is'notvsaﬁurated with Si, oxidation
of Al results in the formation of some Al+ in additién to A1+-F; When
Al is saturated with Si,.it appears that Al+ does not form and possibly
some Al3+ may.form.

The Al+ reacts with Al3+, which forms at the SiO,-Layer III inter-

2
facé and is part of Layers III and II, at the Layer II-Layer I interface

to form Al+2

(Eq. 5) which is the major constituent of Layer I, resulting
in its growth.

A1203+A120 -+ 4A10 s (5)

- In the absence of A1+, this reéction‘does not occur and no groﬁth of
Layer I occﬁrs. Thus, Léyer'i grows until the Al becomes saturated with
Si; at that point Layérs III and ITI grow at the e#pense of Léyer I which
now has no A1+.. Another factor contribqting to this genefal pattern of
layer formation is an expected larger incfease of’S with temﬁerature_in
‘ LayervIII_than in Léyer'I;‘ The sﬁmmaﬁian of these éffeéts plus the
limited amount of‘aVailable Ai in the drop muSt.r;sdlt in the observed
essentially coﬁsféntvreaction zone with tempefature.

In any gaée the‘driving fdrcevfor interdiffusion of cations in a
layer of constant composition is the electrochemical potentiai gfadiéﬁf.‘

initiated by the presenée of unoxidized Al in the drop. The nature of



-17-

the structure at temperature can be deduced by calculating the molar
composition from data in Table II which is essentially AlO with some

$10 and some Al,0 in solid solution. It is postulated that solid AlO is

2
stabilized by this solution. On cooling to room temperature it decom-

poses to form o~ and 6—A1203, Al.and‘Si;

3. Lazer iI

Layer. 11, on the.basis of its microstructure, is considered to have
been a multi-phase region at test'temperatufe consisting of AlO,.SiO
and A1203 solid solutions with precipitates.of a-A1203 whosevformation
is considered to be due to an excess of Al3+ from Layer III and a limi-
ted amount of Al+ from Layer I. In a three—compoﬁent diffusioh couple,
an intermediate two phase region can be expected. The precipitates in '
the matrix do not disturb the diffusion paths. At room temperature,
the.phases are.Al, Si aﬁd a—A1203. On dissociation during cooling the
.a-A1203 precipitates can provide nucleation sites for continued a-;Alzo3
growth which can be enhanced by the release of oxygen by the dissociation
of a larger amount of 510 in Layer II in comparison with I and III.

In conclusion, the thickness of each reaction layer is determined
by its relative growth rate under the existing conditions. At 800°C,
| Layer I grows when Al is not saﬁurated with Si but does,not.form]when
Al is saturated with Si due to the.formation_of some A1+yin_the former
case in édditionvﬁo'A1+'+. Layers II and IIi'form slowly and are too
fhih for analysis after one hour. At 900 ana 1000°c, growth.of Layers
II and III is accelerated becéﬁse of incfe#sed ﬁ‘through La&er IT1 and-

because the g;OWthlof Layer I stops when Al becomes saturated with Si by

reaction at which point Layer II grows at its expénsé.

SLP3 0 R0 00
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- ‘Table I.

Average Compositions of Several Reaction Layers after One Hour at’Tempe:aturé-"
‘Atomic Percent Ionic Percent _

Layer Temp. AL Si O attoartt ¥ sttt o
I-b 800 47 4 49 4 43 - 4- 49
I-a 900 4 4 50 - 46 - 4 50
I-d 1000 45 4 51 - 41 4 4 51
I-d 1000 34 13 53 - 22 12 13 53
III-d(Al) . 1000 41 4 55 - 21 20 4 55

| III-d(S10,) 1000 37 8 55 - 17 20 8 55

'th
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

2.

3.

at 800°C for 24 h. showing layers II-c (top), I1I-c, and SiO,:

Change in advancing contact angle with temperature.

Change in advancing contact anglevwith time at 800 and 900°C.

Optical microgfaphs of Al drOplafter reaction with SiO2 at
800°C: (left) for 17 min, Al grains:interspefsed with Al-Si
eutectic; (righf) for 40 min, Si grains interspersed with Al-Si
eutectic. | |

Optical micrograph of cross—section of an Al-fused SiO2
specimen after reacting at 1000°C for 1 h.

Electron microprobe analysis in at% of a cross-section of an
Al--SiO2 SPEQiﬁen after reacting at 800°C for 1 h.

(a) Electron microprobe analysis in at% of a cross—section of
an AlfSiozlspecimen after reacting at 1060°C for 1 h..

(b) Calculated ionic species profilés based on a constant
number of oxygen ions using at% concentration daté in (a).
Enlargement of the areas along the two microprobe paths shown
in Fig. 4 indicating layers I-d (top), II-d, III;d, and §10,
(bottom).

X-ray fluorescence micrographs of the cross-section of a

"specimen after reacting at 900°C for 1 h. showing layers I-a

(top), II-a, and I1I-a: (top) Al-Ka, (Bottom) Si-Ka.

. X~-ray fluo:éscence micrographs of the cross-section of a Si-

2 specimen after reacting

saturated Al (A1-28.3 wtZ Si) - Si0
.
(top) Al-Ka, (bottom) Si-Ka.



- Contact Arigﬂle. 6 (degrees)

-23-

80 ——— _ » _ 1,
60 | Heating Rote’ 10 °C/min i
140}~ -
20l —
100 —
80— -
60| -
40} —
20f- -
oL L 1 T N
600 800 1000 1200
'~ Temperature (°C) |
XBL757-6770 |

Fig. 1 -

QL bPaoerE OO0



Contact Angle, 6 (degrees)

~24~

Time (min.)

-
60 =
Al-SiO
40 NG .
o 800 C
® 300°C
20 _
| 0 ] | | ' 1. | |
0 30 60 90 120 150 180 210

XBL757- 6771A
. Fig. 2 '



2R

XBB 757-5711A




Al - Si0,, 1000C I HR
Al drop with Si precipitates
/_

—92-

Layer

PathIL a y
a
Hy o Layer
I

XBB 759-6822

Res in\ Path 1

Fig. 4



Concentration (at. %)

197

| 800°C- | hr
80— B
R TS I-b o+ Al
SO ¢
Nt e
60} 4
R : -
" . L]IE ; ! ; ! ! ! 0
}, L l' p S I p I m I .l."A"i
oLl
Si
e |
20—
‘%_] X ; S SR L b
=g I P 3 I ne
0 ] b Ly ] | | | ] J
1400 1200 1000 800 600 400 200 O -200

Distance from Al-reaction Layer Boundary (xt)

XBL764-6657
Fig. 5



Concentration (at. %)

Number of lonic Species per 66 02  Ions

K

I000°C - | hr
80_(cn)
— Sloa-———rd—m-d—»-&—n—d —.-4————-I'd ——-va—A]—D
o Al
60— & 5
a —_— 0
NP e TR
Si L L
Si
20|
.
B -~ Si Si
0 | ] | | W R e o |
80|
(b)
= 02“ 02"
60— Al
SN EEE RE I S G e e Al°
40} .
N Al*+
AP s o
24 e e ¢
N —.—3.+—.
i B T Sit*
0 | | | Y \EL) | ]
400 1200 1000 800 600 400 200 O -200

Distance from Original Interface (u)

XBL 764-6658
Fig. 6



w20
Al-Si0,, I000°C | HR

Path I Path IL

Al (with Si) Al(with Si)
LayerI LayerI
Layer IT Layer II

L ayer I Layer IIL
S0P Tiop.
Resin 50M  Resin

XBB 759-6821

6LPBOSPONDD



=30

XBB 757-5707

Fig. 8



XBB 757-5706

A8y

*
Rt
L

hiagtiamer R T ok R b _, <




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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