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DECOMPOSITION OF MULLITE -
. : Robert F. Da.v1s, Ilhan A. Aksay and Joseph A. Pask

Inorganlc Materials Research Division, Lawrence Radlatlon Laboratory,
’ and Department of Materials Science and Engineering,
College of Engineering, University of Callfornla,
Berkeley, California

' Aprilvi97l
ABSTRACT
A‘qualltatlve study has been made of the hlgh temperature surface .
decomp031tlon of mullite (2A1203°8102) pleces fired in atmospheres of
He and air. . At low partial pressures of oxygen, mulllte decomposes
with the evolutlon of S5i0 and 0. This reactlon‘becomes favorable

with the decrease in Pozrbecause of the correspohdingly large increase
of the eﬁuilibrium partial presence of SiO. The formation of bubbles at
a mullite-fused silica interface is due to a sufficient increase in

~gaseous product pressure caused by reactions of silica-rich glass and’

carbonaceous impurities in mullite.

*Now at Corhing Glass Works, Corning, New York
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I. Introduction
During diffusion experiments in the'A1203—Sioz.system,l it was
noted that bubbles occurred at the interfaces in fused 5111ca—2 l

mullite (2A1203—8102) couples annealed in He or alr at hlgh temperatures.

~Since care ‘had been taken to av01d entrapped He at a couple interface

»and as no such'phenomenon was observed with the sapphire-silica couples,

itewasvsurmised that deeompositioh was occurring‘at‘the‘interfsce of the
mulllte couple with the yleldlng of an 1nsolub1e volatlle product.
therature references concerning the decompos1tlon of mullite are
limited. Skola,2 using X-ray analysis and optlcal mlcroscopy, reported
that'pure synthetic mullite was partially decomposed when heated between
graphite plates in a carbon resistance furnéce et 1700°C since approxi-
mately 5 wt% corundum was detected after b h. Wright and Wolff dis-
covered that mulllte bricks were severely attacked by reduc1ng agents

above 1370°C in a natﬁral’ges cracking'plant. In the zone of greatest

v attack; a covering of porous corundum was found. Theyvconcluded that

SiOz,vfree or combined in the mullite, was redueed to 810 by carbon
deposited frem.the'cracked methane. |

The objective of this_study was to‘correlate the results of the
observed decomposition reaction from both an eXperimental and a thermo-
dynamic point of riew{

| J Il; ExperimentalvProcedﬁre_

Mullite,* ‘taken from a large fused cast isgot Was cut.and polished

¥ Supplied by Carborundum Corp., Nlagara Falls, N. Y.: Chemical analysis:

A1,03 T78.34, 8i0, 23.50, Ca0 0.02, Fez03 0.16, Naz0 O. 28 wt%. (Approxi- :
mately 1.0 wt% of the reported SiOz- and Al203 is probably present as SiC

and free alumlna, respectlvely )
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to optlcal smoothness, washed in ethyl-alcohol, p051t10ned in the center
of a tantalum re51stance furnace, and heated in He at approx1mately v

0. 16 atm) from 1650° to 1800°c at 50°¢ 1ntervals. Several

0. 7 atm (10
runs were “also made in air at 1650° and 1700°C in a Kanthal Super 33
element-furnace. Slmllar anneals were made w1th fused s111ca*-mulllte
couplesvaspwelllaspwlth»fused slllca-sapphlre couples. Since none of
the'heated sPecimens'werevin_a sealed-cruclble,;the oXygen pressure
‘above them:was determined hy the tantalum heating element in the helium

runs or the normal air atmosphere._

The mull1te in the couples was prev1ously annealed in air at 1200°C.

An examlnatlon of “the mulllte spec1mens w1th a stereo blnocular ‘micro-
scope, however, showed partlcles of carbon or 5iC (Flg l) It was
found that more 1nten51ve heating was necessary to remove . the ‘black

partlcles, e. g. 1700°C for several days. Addltlonal heatlngs of fused

5111ca-mulllte couples ‘using mulllte annealed at 1200°C and 1700°C were

then made at 1750°C in helium-at 1 atm. Furthermore, under h1gher mag-

n1f1catlons than that of Flg. 1 w1th a metallographlc mlcroscope, the
mullite grains were observed to be surrounded by a contlnuous glassy
layer (Flg. 2) | An analysis of the orlglnal mullite with a Norelco
d1ffractometer, us1ng CuK radlatlon f1ltered through Nl, showed a very
:_small amount of a—Alzoa 1n addltlon to mulllte. | | | |

| .lIl. .Results and Discussion.l_ 7
XAray diffraction analysis rewealed’that firing,at'low oxygen

pressures, i.e. helium, promoted the formation of a-Al203 on the mullite

*Amersil (Div. of Engelhard Ind. Inc., Hillside, N.J.)..

.
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sﬁrfaces ih.increasing amounts wifh timé gt.a giveﬁbtémperature and with
temperétufe at a constaht time; after 12 h at all temperatures only
a—Aigdg_was détéctgd on the surface. An eiample of tﬁe'change in surface
appearancétWith time is shown in Fig. 3. In contrasf,.heating in air at
16506c for'as'iong as.ll days produced almostvno decompoéition, Fig. 3d.
To éx@lain_the mechanism.of this decompésitidn, several reactions
were considered and their equilibriumvconstants evaluated at 1650°C.
Onl&‘those reactions which contained Al203 as a solid product had
equilibriuﬁ'éonstanfsvhigh ehough to be cbnsidered as principal decoﬁpo—
csition reaétions. A simple decomposition éf the mullite with vaporization
of Sidszas_néﬁ occurring since it would have had to occur both in air
and in He. The'vaporizing species mﬁst then be Si0O and 02. The thermo-
dyhaﬁic éaiculétions were:made on this basis usiné data for'3:2 mullite
(3A1203f28i025; ;s data for the 2:1 composition are not availablé. . The

step reactions considered to represent the decomposition process are

. > . .
3412052810 () < 3A1203( ) + 2510 +,02(g) | | (1)

.2810(:'g_)7‘>+ 02(_8) <« ZSiOz(g). o - (2)

The standard Gibbs free energies for these reactions are given by .

. Eags. (3) and (k).

86° = - BT 1n[(Bg;0) (P, )] | BN E)
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AG® = - RT 1n —2i02 S (1)

The values for AG°,'calculated frem available data,h“and theiresulfing
values of log [(By; o) 2(y,) ] and log [(Pg;, )2/(P' o) (Bg,)] are pre-
“sented 1n Tables I and II for the temperature range of 1650 1800°C

The partlal pressure of oxygen is set by the furnace atmosphere.__‘
Firing In a1r, it is lO ~0.68 atm, however, in hellum, it is determined,

in these experlments, by the tantalum heatlng element. The ox1dat10n

of-tantalums is represented ny
o7 +5/2 03y \ % Tag0s, - (5)
Ye) T T2 T T s) “

' The values for AG® and the log of the equlllbrlum partlal pressure of
' oxygen for the test temperatures are given in Table. III.,»
| The condltlons for dlssoclatlon of mulllte can be determlned from

Egs. (3)fand (&) and Tables I and-II. As an example, 1n air at 1650°C

the equlllbrlum partlal pressure of Si0 is 10 8 91 atm and of SiOz,
107707

atm.. In a helium atmosphere at the same temperature in the -

e

presence of tantalum, the.equilibrium partial pressures of oxygen and

810 are 1077327 ana 10'1'96 atm, respectively, while that of Si0z e

remains 10_7'07 atm. Since the equilibrium partial pressure of 8i02 is
. the . same in both cases and not high enough to cause decompos1tlon, the
flrst step of the reaction represented by Eg. (l), as. prev1ously

assumed, controls the dissociation of mullite. In the stat;c air
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atmosphere, the P in the vicinity of the specimen must have reached

Sio
8 91 atm immedistely thus preventlng dlssoc1at10n.' Inrhelium, how-
ever, the P_. . equilibrium pressure of 10 -1 96 was not attained, and the

5i0

mullite continued to deeompese.

This analytical epprbech can now be applied to explain the foriation

~of bubbles at tﬁe'interfaces of the fused silica-mullite diffusion

couples.v’A minimum,gas pressﬁre of 0.7 or 1 atm was required to nucleate
the bubblesvat the interface. The total equilibrium pfessﬁre of the
gaseous products of the mullite decomposition (Eq. (1)) varies from

-3 to 11.4 x 107> atm in the temperature range of 1650° to 1800°C

VThus, even at 1800°c, the decomp051tlon of . mulllte, alone, cannot be the

cause of the’ observed bubbles. The actual SlO‘and»Oz equlllbrlum pressures
are prdbablybsomewhat higher than thoSevcalculated since the free‘ehergy
of formation of thermodynamically metastable 2:1 mullite should be less

)2(P. )

negative than that of stable 3:2 mullite, thus masking the (P 0,

S5i0
values of Table I larger. There.is also the possibility that the sz

in the helium atmosphere may be lower if the tantalum heating element is
not saturated with oxygen. Nevertheless, it is quite unlikely that

these corrections would beAenough to raise the total SiO and Oz pressure

to 0.7 or 1 atm.

The presence of C or sic impurities in the mullite result in gas
forming reactions-that contributesto‘raising the gas pfessure'at'the
interfaces.ofvfused silicaemullite diffusion.couples:_ the coﬁple heated
in 1 atm of helium at 1750°C using mullite anhea;ed in sir at 1700°C
showed considerably smaller bubbles at the interface than the one using

1200°C-annealed mullite. The impurities are reacting éither with mullite
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or with the glassy layer surroundlng the mulllte gralns (Flg 2) This

latter poss1b111ty is represented by Eqs. (6) ‘and (7)

Clg) * S102(4) * Sio(g) $ 0O - (8)

BiC(g) * 2810z(y) > 310y + WOy (D

The total equilibrium pressure of'thevgaseousvproducts‘of.the reaction
described in Eq. (6) varies from 0.74 to 3.40 atm-iu the temperature
ranée_ofd1650>to 1800°C.'>Similar1y, the total'equiiibrium pressure of
the products of the reaetion_described_in Ed..(f)uvaries from 0.32 to
. 1.06 atm. Thus, either of'these"resctiohsxcan‘provide the needed |
pressure to nucleate bubbles at the fused 51llca-mu111te 1nterfaces

'Slmllar calculatlons of gaseous product pressures for the reactions of

C or SlC with mulllte in the same temperature range 1nd1cate that these

reactlons are unfavorable._'
| IV. Conclusions |
At iou partdal pressures of oxygen, muliiteidecomposes»with the
: evolutlon of SlO and 02. This reaction beeomes favorable with the de-
crease 1n.P 0s “'as a result of the correspondlngly large 1ncrease of the

equlllbrlum partial pressure of SiO. - The formatlon of bubbles at the

mullite;fused'silicaA(glass)tinterface, however,brequlres the additional

factor of a gaseousvproduct pressure greater than that of the furnace
atmosphere. This is achievedvby the formation of gaseous CO end.

additional Si0 from the reactions of silicarrich glass with: carbonaceous

o
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© impurities.
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: TableI Themodyna.mlc data'?fbr Eq(]_) Sl

© Tempersture (°) - 6° (Keal/mole) - o€ [(Fg;)’




S vemees%

Thermodynamic date for Eq.. (2) . . o

.. Temperature (°C)"

G° (Kcal/mole)

) /(P

t5¥1800 f,7:v,.’ 

'bﬁif:-27 623:?i: ;
7:;:_25 79&} _Fff"%-'
-23. 963' o
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0. Table III.

RS
R

‘Theimbdynamicid&f?:foAEdF (5)ﬁfﬁ£- ,f :”_g”f'

'igAGQZ(KCdl[ﬁoié)f'fi; Jng P,

1800

- -297.8%0 v -13i59 7
293,318 - -13.0h
-288.769 . -12.52




Flgure Captions :

v""ﬂMlcrostructure of mulllte, annealedx&t.1200°c as dbserved

fw1th a stereo blnocular mlcroscope

The dark spots are C or )

ﬁff181C partlcles w1th1n the speclmen.

Figure 2. Mi'.é%éé-trﬁctui‘é:f ,-6f mmne s a'cfsbéer?véd with'a metal: 63%5phi;¢ o

_.;,-_’:‘mcroscope us1n8 refle"'ted llght'

The whlte 5pots are C or ?1;

flred flred 1n hellum

Microstructure of mulllte pleces, (é)i
ai“at lT50°C for (b) 30 min, and (c) 12 h, and (d) f1red in alr_

K 'f*.at 1650°c for 1 days. R
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