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ABSTRACT
A modified Bo]tzmann-Matano ana]ySis of concentration profiles in
mullite grown at the interface of a sapphire-fused s111ca diffusion coup]e

in the range of ]678 to 1813°C indicates d1ffus1v1t1es of 5 x 10° -12 to 107 -10

cm /sec and the fo11ow1ng chemical 1nterd1ffus1on expression

D= 3;23.X‘1Q7'exp [-(168 + 7 kcal/mo1)/RT]

fNow with the Department of Metallurgical Enq1neer1nq, Middle East
Technical University, Ankara, Turkey.

*A portion of this work was conducted while the author was a Graduate
Research Assistant at the University of California, Berkeley.
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CHEMICAL INTERDIFFUSION IN MULLITE

I. A. Aksay, J. A. Pask and Robert F. Davis

I. "INTROBUCTION.

When a diffusion coup]e is énnea]ed at a sufficiently ﬁfgh temperature,
atom mobi1ify is enhanéed, and the cohponents\of fﬁe end phaées'interdiffuse
to achieve a state of chemical equinbriuh. The diffusion of the components
is in such a diréction as to e]iminété ahy.chehical potentiai gradient. At
constant T and P, under equilibrium conditions, all the phése fields inter-
sected by the corresponding isotherm and -the isobar between therend phases
will form as layers in the diffuéion zone; Regardless of its thickness each
phase must exist in the diffusion zone in order to provide a c0ntinqus and
monotoniﬁ chemical potentiaivgradient throughout the zone, -If diffusion 
transport ié'the rate controlling mechanism; é 1bca1 chemica} eqﬂilibrium
will exist.at each interface. bThé fesquing interfacia1‘cbmpositions fhus
~ correspond to either a 1iquidus or a solidus composition and can be used
to construct the egui]ibrium phase diagram 1n§o]ving the end phases of the
diffusion couple. | |

The above reasoning has culminated in recenf 1nvestigations.by Davis:
and,Pask] and Aksay and Pask2 concerned with the eXperimenta] determination
of accurate stable ahd metastable phase_eqﬁi]ibria and diffusion data in
the SiOz-A1203 system through the use of semi-infinite couples of various
materials and the detection capabilities of thé electron microprobe. The
overall scope of this research also included the determination of fhe'growth

kinetics of the mullite solid solution at the interface of these couples.
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I1.  EXPERIMENTAL

Mullite is the only stable intermediate phase in the A1203~Si02
diagram (Fig. 1). If is commonly described as having a composition of

3A1203-2SiO2 but is;'in fact, a solid solution Whose equilibrium composi-

. tion extends from 70.5 wt% to 74.0 wt% A]203; In the present research,

 diffusion couples composed of -disks of (1) a 15 wt% A1203485 wt% Si0, glass

and sapphire or (2) fused Si02 and sapphire were heated for sufficient times
to allow several microns df_muliite growth at the interface (Fig;'Z); Elec-
tron microprobe analysis revealed an A1263 composition range in the mullite
layer from 70.5 wt% at the_giaés or $i0, interface to 74.0 wt? at the sap-
phire interféce; Complete descriptions of the ekperimental brocedures may

be found in previous pub]icai_;1'fons;<,]_4

III. RESULTS AND DISCUSSIONS

For the purpose of mathematical calculations, the diffusion couples

:foliowing heat treatment may be described as a three phase system with two

5,6 analysis is applicable

to this case in which a finite number of djscontihuities“occur in the con-
centration and the interdiffusion coefficient of one of the components
throughoutbthe'tOtai polyphase system. However; as shown by Gibbs7, it is
possib]e'to‘destribe the growth of the intermediate zone by regarding it
as a‘homogenéous méteria] with a concentratiQn-independent chemicdl inter-

diffusion equal to
e w2 v
5 (e - é‘)z‘ " | 1y

where " and eﬁ are the positions of the interfaces betweén the end member



-4-

phases and the 1ntermediate‘phaee, Yp and yA'are constants and t is the

time (Fig. 1). Microprobe ana]ysfs was conducted for both Al and 51; The
concentration profiles of either Al of Si would be sufficient in the deter- ’
mination of D. Details of the mathematical procedures have been presented 4
by Aksay4.

As shown by Eq. (1), the determgﬁation of D involves the visual deter-
mination of the thickness of the hu]]ite layer as a function of time; The
va]ues.for YA and Yg were determined gréphica]1y knowing the va]uee of the
concentrations of the diffusing species at the interfaces. The values of
these parameters for this research afe presented in Table I;

The thicknéss of the muilite iayer increased linearly with'fhe square
root of time, indicating that the growth mechanism is diffusion controlled.
As noted above, the use of Eq. (1) assumes a concentratibnlindependenf dif-
fusivity for the diffusing'Componentvunder stddy. The va]idity of this
assumption was checked by the Boltzmann-Matano analysis of the Al concen-
tration in the mU]]ite,Tayer grown at 1813°C;vexact1y the same diffusivity'
without concentration dependence was also obteined by this method. An

Arrhenius plot of these diffusivities is shown in Fig. 3 and may be described

by the expression

D= 3.23 x 107 exp [-(168 + 7 kcal/mo1)/RT] (2)
The activation energy value is comparable to those determined in creep

and hot pressing experiments on mullite by Hulse and Pask8 (177 kcal/mol),

Penty and Hasse]man9 (167 kcal/mol), Ghate et a]lo (163 kcal/mo1) and Lessing

N (]64-kca1/mo1). The values of the stress exponents in the creep ex-

et al
periments varied between 1.0 and 1.4 which is a strong-indication of a creep

process controlled by a diffusional mechanism, i.e. either Coble (grain-
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boUndary diffusion) or Nabarro-Herring (buik.diffusion). In this study D
corresponds to bulk diffusion since the mullite formed as'sing]e crystal
layers. This would indicate that the creep mechanism is controlled by the

bulk diffusion and is probably a Nabarro-Herring process.

~ ACKNOWLEDGEMENT

vAssistance of George J. Georgakopoulos in microprobe analysis is
acknowledged.
‘ This'work_was supported by the Division of Materials Sciences, Office

of Basic Energyusciences; U.S. Department of Energy under gohtract No.

 W-7405-Eng-48.



10.

11.

-6-
.'.REFERENCES

R. F. Davis and J. A;~PaSk, "Diffusion and Reaction Studies in the
System A]ZO3 5102,” J. Am. Cer. Soc. 55 [10] 525-531 (1972).

a. A. Aksay and Jb A, Pask, "Silica-Alumina System: Stable and
Metastab1e Equilibria at 1.0 Atmosphere,". Sc1ence, 183 [4120]
69-71 (1974).

b. I. A. Aksay and J- A. Pask, "Stable and Metastable Equilibria in

the System Si0,-A1,05," J. Am. Cer. Soc. 58 [11-12] 507-12 (1975).
R. F. Davis, "Diffusion Studies in the Alumina-Silica System," Diss.
Abstr. Int. B 31 [12] 7262-63 (1971). . Rept. No. UCRL-19644.

Ik A. Aksay, "Diffusion and Phase Relationship Studies in the Alumina-
Silica System," Ph.D.- thes1s, 1973, Un1vers1ty of Ca11f0rn1a at Berkeley.
LBL Renort # 1403.

W. Jost, "Mathematical Treatment of Complex D1ffus1on Prob]ems," Zeit.

Physik 127 127 [3] 163 (1950).

M. Appe] "Solution for Fick's Second Law with Variable D1ffu51v1ty in
a Multi-Phase System," Scripta Met. 2 [4], 217 (1968).

G B. Gibbs, "Diffusion Layer Growth in a Binary System," J. Nucl.
Mater. 20 [3], 303 (1966).

C. 0. Hulse and J. A. Pask, "Ahalysis of Deformation of a Fireclay
Refractory,“vJ Amer. Cer. Soc. 49 [6] 312 (1966). .

R. A. Penty and D. P H. Hasse]man, "Creep Kinetics of H1qh Purity,
Ultra-fine Grain Polycrystalline Mu]]1te," Mat. Res. Bull, 7 [10] 1117
(1972) '

B. B Ghate, D. P. H. Hasselman and R” M. Spr1aq$; "Kinetics of Pressure~
Sintering and Grain-Growth of Ultra-Fine Mu1]1te Powder," Ceramurg1a
International 1 [3] 105 (1975).

P. A Lessing, R S Gordon. and K. S Mazdiyasni, "Creep of Polycrystalline:

Mullite," J. Am. Cer. Soc. 58 [3-4] 149 (1975).

/)

o~

« e



)

L

-7-

Table I. Experimental coggifions and necessary data for the
calculation of D in mullite.

Temp. Mullite

IPTS-68 | 5. Thickness Diffusivity, D
(°¢¢) - (seex10°7)  (um) a Ry (em?/sec)
1678 - 7.309 10.00 . -0.140  0.112 5.39 x 10712
1678* 28,428 18.00  -0.140  0.112 4.49 x 10712
1703 3.456 8.53 -0.140  0.115 8.10 x 10712
1703 6.048 11.30 -0.140  0.115 8.10 x 10712
1703 - 7.776 13.35  -0.140 0,115 8.12 x 10712
1703  9.504 15.10 -0.140  0.115 8,82 x 10712
1703 9.504 15.10 -0.140  0.115 9.23 x 10712
1753 3.965  13.00 . -0.135  0.126 1.56 x 107!
1813%  6.015 36.00  -0.135  0.130 9,76 x 107"

*EquiTibrium liquid compositions; A11 the other runs employed a non-equilibrium
melt composition of 15.0 wt% A1,0,.
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FIGURE CAPTIONS

The re]atfonship between'the concentration profile of a semi-
infinite SiOZ-A1203 61ffusion couple and the phase diagram; at | g
temperature T Be]dw the’me}tihg point of mu]]ite: Boltzmann- 7 5 %
Matano interface cbrresponds to the phase boundary at t = o.

Interference—contfast,micrdéfapﬁs of the diffusion zone between

?I a couple of sapphire and (A) 10;9 wt% A1203 containing silicate

Fig. 3.

at1678°C for 7.309 x 10 sec (1.72.1); (B) 22.8 wt% Al,0, con-
taining silicate at 1753°C for 3.965 x 10° sec (2.72.1A), and
() 42.2 wt%‘A1203 containing silicate at 1813°C for 6.015 x 10°
sec (1;72‘2A). The‘prismatic precipitates in the top portion of
the diffusion.zoﬁe,in the silicate are mullite that érysta]]ized
during-éoo]ing;

Arrhenius plot of diffusivity vs reciprocal of absolute tempera-

“ture for diffusion in mullite.
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