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This paper compiles all data of our tracer diffusivity studies in single crystalline 2/1-mullite.
As tracers we used the rare stable isotopes 80 and *°Si and the artificial pseudo-stable isotope
Al Secondary Ton Mass Spectrometry was applied to analyse the depth distribution of the
tracer isotopes after the diffusion annealing. An essential result of our tracer diffusivity studies
was the very low diffusivity of 0si compared to the diffusivities of *°Al and "®0O, which are
almost equal. Based on this observation we propose a reaction model for the diffusion-
controlled mullite formation in the solid state, which assumes that the growth kinetics of a

mullite layer is mainly controlled by the diffusion of aluminium ions and oxygen ions.

Keywords: mullite; tracer diffusion; formation reaction model

http://mc.manuscriptcentral.com/pm-pml



©CoO~NOUTA,WNPE

Philosophical Magazine & Philosophical Magazine Letters

1. Introduction

Mullite is one of the most widely studied ceramic materials. This is due to its high thermal
and chemical stability, good thermal shock behaviour and high creep resistance, which makes
mullite a promising candidate for many high-temperature applications [1]. The crystal
structure of mullite can be described as a modified defect structure of sillimanite
(AL,030Si0,). Sillimanite consists of edge-sharing aluminium-oxygen octahedral chains
which are interconnected by double chains of ordered SiO4 and AlOy tetrahedra. In mullite,
the AlO4-Si04-sequence is almost random [2] and there exists a certain amount of structural

oxygen vacancies. The composition of mullite can be expressed as Al)' (ALY, Si, , )O,, .

where x indicates the amount of missing oxygen with respect to sillimanite and VI and IV
indicate sixfold (octahedral) and fourfold (tetrahedral) coordination of aluminium ions.

Silicon ions occupy tetrahedral sites only.

Sintering, grain growth, creep and all types of reconstructive reaction processes are strongly
controlled by atomic diffusion. Therefore, the diffusivities of oxygen and silicon in single
crystalline 2/1-mullite have been carefully determined in previous work using the rare natural
isotopes 80 and *°Si as tracer isotopes [3], [4]. Secondary Ion Mass Spectrometry (SIMS)
was applied to analyse the depth distribution of the tracer isotopes after the diffusion
annealing. Recently, we applied the SIMS technique also to measure the diffusivity of
aluminium in single crystalline 2/1-mullite using the pseudo-stable isotope Al [5] so that we
can now present a complete set of tracer diffusivity data (‘*0, *°Si, °Al) of all components of
the mullite structure. Based on the results of these tracer diffusivity studies a reaction model

for the diffusion controlled mullite formation is discussed in the following.

2. Experimental data

For all tracer diffusion experiments single crystalline 2/1 mullite disks (= 1 mm thick) cut
perpendicular to [010] and [001] were used to measure the tracer diffusivities along the
crystallographic b and ¢ axes. The single crystals were synthesized by Dr. W. Walraffen
(Univ. Bonn, Germany) using the Czochralski technique. Details of the crystal growth

procedure were published by Guse and Mateika [6].
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The b and ¢ axes are very different from a crystallographic point of view, because the mullite
structure consists of chains of edge-sharing AlOg octahedra running parallel to the
crystallographic ¢ axis. These AlOg chains are cross-linked by (Al, Si)O4 tetrahedra forming
double chains, which also run parallel to ¢ [1]. Therefore, a pronounced anisotropy of the
diffusivities of the constituents could not be excluded a priori. However, all experimental
tracer diffusivity data display virtually no orientation-dependent variation. The slight
difference between b and c axes falls into the estimated error range of + 30 % of diffusion data
gained by the method of SIMS depth profiling. Therefore, all evaluated Arrhenius relations
represent average values deduced from the diffusivity measurements along the two axes. Since
structural arrangements along the a and b axes are very similar in mullite, tracer diffusivities
parallel to both directions should also be in a comparable range. So it may be justified to

consider tracer diffusivities of the components to be isotropic in mullite.
e Oxygen tracer diffusion

Oxygen diffusion is well studied in many oxides because it can be measured relatively simply

by gas/solid exchange experiments [7]. We performed 'O isotope exchange experiments on

single crystalline 2/1-mullite samples [3] and obtained the following Arrhenius relation:

2 + 1
D (371 *;3)><105mexp(— (433_21)kJ/molj M
S

RT

In 3/2-mullite, Ikuma et al. [8] evaluated the '®O tracer diffusivity indirectly on micrometer

size single crystals by measuring the concentration of '*0, in the gas phase:

2 + 2
D2 = (1.32£0.39)x10° exp(— (97229 kJ/mOlj @
S

RT

e Silicon tracer diffusion

In contrast to oxygen, the measurement of silicon diffusivities in oxides is much more
difficult. The complications arise from the fact that the natural tracer isotope *°Si has a
relatively high natural abundance of about 3.1 %. This circumstance limits the useful diffusion
length and requires a deposition technique that allows to prepare very smooth 0si containing
layers on the surface of the specimen. A detailed description of the experimental procedure is
given in [4]. The following Arrhenius relation was obtained for the diffusivity of Si in single

crystalline 2/1-mullite:
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2 + 3
D, = (7.3 %) x10° mexp(_ 2= m"l) @
S

e Aluminium tracer diffusion

Aluminium has no natural tracer isotopes and there are only a few aluminium diffusion data in
the literature measured by means of the radiotracer isotope A1 [9]-[13]. The reason is that
two difficulties are encountered with this radiotracer. Firstly, Al is artificial and causes very
high production costs, and secondly, it has a half-life time of 7.4x10° years with a very low
specific activity which makes it difficult to apply classical radiotracer methods [12]. The
application of SIMS avoids the problems related to the radioactivity measurement, reduces the
necessary amount of “°Al per experiment considerably, and yields a much higher spatial
resolution. A detailed description of the measurement of the A1 diffusivity in 2/1- mullite by
means of the SIMS technique is given in [5]. For the diffusivity of Al in single crystalline

2/1-mullite we obtained the following Arrhenius relation:

2 + “4)
D2 292 ) x10° H;exp(— (517 33)kJ/molj

RT

[Insert Fig. 1 about here]

Fig. 1 shows our measured tracer diffusivities (‘*0, *°Al, **Si) in single crystalline 2/1-mullite
and the "*O diffusivity in single crystalline 3/2-mullite measured by Ikuma et al. [8]. There is
only a small difference between the '*O diffusivity in 2/1-mullite and 3/2-mullite. One
observes that the diffusivity of 39Si is much lower than the diffusivity of 80 and *°Al. Jaoul et
al. [14] and Andersson et al. [15] measured 9Si diffusivities in single crystalline forsterite
Mg,SiO4 along three crystallographic directions. Both observed that in this silicate, too,
silicon diffuses more slowly than oxygen and found no significant anisotropy of the diffusion
coefficients. It is assumed that the strong covalent bond within the SiO4 tetrahedron is an
explanation for the low diffusivity of silicon. Furthermore, one observes from Fig. 1 that the
diffusivity of Al is comparable to the diffusivity of '80. Le Gall et al. [12] reported a similar

result for the diffusivities of *°Al and '*O in single crystalline o-Al,Os.
The solid points in Fig. 1 at higher temperatures are experimental data of the parabolic growth

4
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constant, k, of diffusion-controlled mullite formation, intensively investigated by Aksay et. al
[16], [17]. The quoted authors used diffusion couples made from sapphire and aluminium-
silicate glasses of 10.9, 22.8, and 42.2 wt % Al,O3. These binary glasses are in equilibrium
with mullite at 1678°C, 1753°C, and 1813°C. Thus, sapphire-glass diffusion couples of these
compositions at the corresponding annealing temperatures could be used to study the growth
kinetics of mullite as an intermediate phase without solution of mullite in the liquid glass
phase. The thickness of the mullite layer increased linearly with the square root of time,
indicating that the growth mechanism is diffusion-controlled. The results of Aksay’s

experiments are outlined in Table 1.

[Insert Table 1 about here]

The dashed lines in Fig. 1 are extrapolated tracer diffusivity data from lower temperatures.
This means, we know the tracer diffusivities of all components of mullite and the question
arises how the measured parabolic growth constants are related to our measured tracer
diffusivities. To answer this interesting question we will propose a reaction model for the

diffusion-controlled mullite formation in the next chapter.

3. Reaction model

Sung [18] proposed a diffusion-controlled reaction model which is based on the assumption
that the oxygen mobility is much lower than the mobility of the cations in mullite. Our tracer
diffusion experiments show, however, that silicon is the slowest species compared to oxygen
and aluminium in single crystalline 2/1-mullite. This is most probably also valid for 3/2-
mullite (s. [8] for the diffusivity of 80 in 3/2-mullite, which is virtually identical to the
oxygen diffusivity in 2/1-mullite, as shown in Fig. 1). We will use our experimental
observation to derive a more realistic reaction model which is schematically represented in

Fig. 2.

[Insert Fig. 2 about here]
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Because of the low silicon tracer diffusivity we neglect Si*" ion fluxes and consider a
formation mechanism where Al,O; is transported by AI’* and O ion fluxes through the
mullite layer. The fluxes are described by a coordinate system which is fixed to the phase
boundary I. Such a coordinate system becomes applicable when one cation has a much lower
mobility than other species [19]. The intrinsic drift velocity, d&/dt, describes the drift velocity
of phase boundary II relative to phase boundary I. A simple, but fundamental, relation

between the AI’* and O fluxes in Fig. 2 is given in the absence of space charges
3jy» —2J,- =0 (%)

In the literature (p. 229 in [20]) one finds the concept of a molecular flux, j, By and a
molecular diffusion coefficient, D, B, * which is used to express the fact that the process takes
places as if an entity A B, of fixed composition (a “molecule” or better a “formula unit”)

were migrating. The condition for a molecular flux of Al,O3 is

R S ©)
AlLO, B 3

where j; is the flux of the ion i (AI**, O%). Equation (6) ensures the composition to remain
constant and is identical to equation (5) which excludes any build-up of space charge. That is,
one can describe the two coupled AI** and O ion fluxes by a single molecular flux of ALO;

. CA1203DA1203 dl'lAlzo3 @)
o =TT R dx

were c is the molecular concentration, D the molecular (ambipolar) diffusion coefficient and p
the molecular chemical potential of Al,O; in the solid mullite layer. In ceramics the term

ambipolar diffusion coefficient is preferred as it implies the fact of the migration of coupled

_1 C 1]: siehe Note
charges (p. 232 in [20] or p. 238 in [21]). For the ambipolar diffusion coefficient of ALOs i~~~ | 3 ours 335 o Aot 1 sats 244,

In [20] siehe FuBnote auf S. 238.

equation (7) one gets after a lengthy calculation (see appendix A.1)

1 _2 3 8)

DAlzoz DAP* Doz’

where Dj is the diffusion coefficient of the ion i (Al3+, Oz') which is related to the random

thermal motion of the ions. In diffusional transport andom thermal motion is superposed

. . . . z . . . | Comment [PF2]: Erliut
on a drift resulting from field forces like the gradient of the chemical potentlaﬂ. Using .- {ﬁbemommen[aus [gl]; all(l);).mngen

equation (7) one gets for the average drift velocity of Al,O;
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_ jAlzo3 _ _DAlzo3 dl'lAlZO;, )
RT dx

VLo,
ALO;

Since the forces (dp ALO, /dx =2dp A /dx +3dp o /dx) are small on the atomic length

scale, diffusion coefficients established under equilibrium conditions (i.e., vanishing forces)

can be used to describe the drift of the ions (p. 107 in [22]).

The relation of the self diffusion coefficients, Dj, of the ions in equation (8) to our measured
tracer diffusivities, D,;, is given by D,, =f,, D,, where f,; is the so-called correlation factor
(p- 97 in [20]). Correlation factors for self diffusion are calculated for different diffusion
mechanisms and crystal structures and are often in the order of 1 (p. 98 in [20]). Therefore, we
can calculate the ambipolar diffusion coefficient of Al,Os in a first order approximation by

our measured tracer diffusivities

1 _2f 3f

D

wo L 2 3 (10)

= +
D D

ZﬁAl +

D

A1203 Z(vAl DISO ZﬁAl 180

Correlation effects diminish the effectiveness of atomic jumps (f,, < 1) in diffusional random

motion (p. 110 in [22]), that is, ambipolar diffusion coefficients calculated by our tracer

diffusivities are lower limits.

To calculate the parabolic growth constant, k, it is assumed that the ion fluxes are quasi-steady
which means that during a specific time interval the fluxes can be considered to be constant in
space. Because the concentration of Al,Os is practically constant inside the mullite layer the
drift velocity of Al,O; is also practically independent of x. Separating variables and

integrating equation (9) between the phase boundaries I and II results in (p. 168 in [22])

(1) (11)

VAIZO3E.: = _ﬁ J.DAlzodeAlzo3
(D

where & is the thickness of the mullite layer. The drift velocity of phase boundary II relative to
phase boundary I is equal to the average drift velocity of the ALO3 molecules, d&/dt = v, ,, ,
so that one calculates the parabolic growth constant, k, by separating variables and integrating
equation (11)

g? 1 W (12)

pp— I DAI,O; d“Alool
2t RT ;) 7
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To integrate the right hand side of equation (12) we must know the dependence of the
ambipolar diffusion coefficient on the chemical potential which requires the application of an

appropriate defect model.

Aksay et al. [17] used diffusion couples with sapphire and aluminium-silicate glasses at
different temperatures. For every temperature, the Al,O3 concentration of the binary glass was
chosen so that the glass phase was in equilibrium with the mullite phase. That is, any growth
of the mullite layer requires Al,O3 to be transported through the mullite layer from the
sapphire sample side. This transport is enabled by a flux of freely migrating defects which are
formed during the mullite formation reaction. We assume that during the reaction of “SiO,"
from the binary glass with “Al,O3”, which is located on regular sites in the mullite structure,
aluminium vacancies and oxygen vacancies are formed according to the following reaction

(applying the Kroger-Vink notation)
2S8i0, +6Al%, +907 = 6V +9VS + AlLSi,0,, (13)

where AlgSix0y3 is 3/2-mullite. If local defect equilibrium is assumed one gets from equation

(13) the defect equilibrium constant

ay.a.. (14)

=

2
asio0,

where a; is the activity of the species i (SiO,, aluminium vacancies, oxygen vacancies).

Furthermore, we assume that the dilution of the vacancies is sufficient to express activities by

concentrations, a,, = [V]. Using the condition for electroneutrality, 3[V/]=2 [VO ], one gets

from equation (14) a dependence of the vacancy concentration from the SiO, activity
2/15 3 2/15 : V 1/15 (15)
[Vil=aag, and [Vg']= 5 %500, with a= 3 K,

If the diffusivity of aluminium ions is proportional to the concentration of aluminium

vacancies, D, «c[V{], and if the diffusivity of oxygen ions is proportional to the
concentration of oxygen vacancies, DOZ, o« [VS'], one can conclude from equations (8) and

(15) that the ambipolar diffusion coefficient of Al,O; is proportional toagy,’

http://mc.manuscriptcentral.com/pm-pml
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. 2/15 (16)
Sio,
DAlzo3 = DIAIZO3 [ i )

Sio,

where the superscript I denotes values at the phase boundary I. Inserting equation (16) into

equation (12) gives after some calculations (see appendix A.2)
k=n( Dﬁlz(,} - Df\bo}) with n=5 (17)

where the superscripts I and II denote values of the ambipolar diffusion coefficient at the

corresponding phase boundaries in Fig. 2.

4. Discussion

The calculations in chapter 3 show that the parabolic growth constant, k, is proportional to the
difference of the ambipolar diffusion coefficients of Al,O; at the phase boundaries (see
equation (17)) where the calculated proportional constant, n, depends on the applied defect
model and is 5 for the proposed one (equation (13)). It is interesting to note that only the
difference of the absolute values of the ambipolar diffusion coefficients plays a role for the
diffusion controlled growth kinetics of the reaction layer (mullite). The absolute values of the
ambipolar diffusion coefficients of Al,O; at both phase boundaries are determined by the
freely migrating defects which are formed during the mullite formation reaction. Equation
(17) would be the most direct way to calculate parabolic growth constants from diffusivity
data. However, this procedure requires the same defect chemistry to be valid for the entire

composition range of mullite and it requires the measurements of the two diffusion constants.

Because diffusivity measurements are often only possible at one of the two interfaces it is

useful to express equation (17) by

k =D}, , AR (18)
with the dimensionless factor
Diloo - Df«\loo (19)
AR =n 7-]’)1 =
AlLO;

where we have assumed that the ambipolar diffusion coefficient of Al,O3 at phase boundary I

corresponds to our calculated ambipolar diffusion coefficient of Al,O3 from the measured

http://mc.manuscriptcentral.com/pm-pml
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tracer diffusivity data. The disadvantage of this notation is that it seems to suggest that DLIZO1

and the dimensionless factor, AR, are independent terms, with the wrong implication that k is

proportional to the absolute value of Din,oy The advantage of this notation will, however,
become obvious in the development given below.
The diffusivities at the interfaces are proportional to the freely migrating defects at the

interfaces so that one gets for the dimensionless factor AR (considering equations (15) and

(16))

VAl - VAl Ve - 1Ve T (20)

AR g 1 ml oo 11
[Val [Vo']

As AR is proportional to the relative change of the concentrations of the transporting defects it

can be calculated from our proposed defect model (see appendix A.3)

2 AG: . 2D
AR =5| (ag, )" exp| ———22 | ]
{( s0,) p( 15RT

where A G} 0, 1s the Gibbs free energy for the formation of 3/2-mullite from the parent
oxides and agioz is the activity of SiO; in the aluminium-silicate melt at phase boundary II.

In the absence of any plausible defect model one could assume, as a first approximation, a

constant diffusion coefficient, D, , = DLIZ(,] = Dglz03 , which allows the simplest integration

of the right hand side of equation (12). This gives
k, = D', AR, (22)

with the dimensionless factor AR

(23)

ARO=A';A;°‘ and - Aftyo, = Mo, ~Hao,
where the superscripts I and II denote values of the chemical potential of Al,O; at the
corresponding phase boundaries in Fig. 2 and the subscript O indicates values of a first
approximation. The difference of the chemical potential of Al,O3 at both phase boundaries
can be calculated by means of the Gibbs free energy of formation of 3/2-mullite from the
oxides and the activity of SiO, in the aluminium-silicate melt at phase boundary II (see

appendix A.4).

10
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A G, o
Ao, = — 20 % RT ln(agio2

3

(24)

[Insert Table 2 about here]

The dimensionless factors ARy and AR for the 3/2-mullite formation from the oxides are
calculated in Table 2 for experimental temperatures used by Aksay et. al [17] (see Table 1). It
is obvious that both factors are practically equal in this temperature range. Comparing

equations (18) and (22) through the ratio

: s (25)
5 | (o )5 expl = 2rGsion |
x _4B z ISRT

k, AR, N ArGDAl{,SiZO,;,
3RT

2 (m
+ 3 In(agq,
one can conclude that the reason for this observation is the low value of the Gibbs free energy,

A,Gjsi0, ®—35kJ/mol, for the formation of 3/2-mullite from the oxides and the high

experimental temperatures, RT ~17kJ/mol. Therefore, our proposed defect model does
practically not improve the agreement between the experimental data and the calculated
parabolic growth rates in this temperature range, so that it is not meaningful to try a
quantitatively validation of this model. It is, however, extremely useful to discuss this
phenomenon from a more general point of view. The derivation of the factor of first
approximation, ARy, starts with the assumption that the (chemical) diffusion coefficient, D, in
the reaction layer is practically constant and we assume, of course, that the calculated

parabolic growth rate is practically correct, which implies the approximate relation

AR 2
—0x AR if D ~constant (26)
n n

where n is a correct number evaluated from a correct defect model. Considering equations

(23) and (19) we can express relation (26) by

D'"-D! (27

D!

A, |

R if D ~ constant
nRT

where i = AlO; for the proposed mullite formation reaction. Such a relation holds for all

11
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formation reactions which can be treated mathematically in the same formal manner.

The right hand side of relation (27) corresponds to the relative change of the diffusivity across

the mullite layer. That is, the assumption that the diffusion coefficient in the reaction layer is

practically constant is fulfilled if [Ap;|<|n|RT. This case is generally more likely at higher

temperatures and reactions with low Gibbs free energy of formation (e.g the considered

mullite formation from the oxides). One has then AR, = AR and can calculate the parabolic

growth constant by the simple equation (22). The application of a defect model does
practically not improve the calculated parabolic growth constants in the considered
temperature range so that it becomes difficult to prove a proposed defect model quantitatively

from experimentally determined parabolic growth constants.

The case |Ap|>|[n|RT is clearly in conflict with relation (27) which is based on the

assumption that the diffusion coefficient in the reaction layer is approximately constant. This
case is generally more likely at lower temperatures and reactions with high Gibbs free energy
of formation. It is then not reasonable to assume a constant diffusion coefficient to integrate
equation (12), so that an appropriate defect model is necessary to calculate parabolic growth

constants.

The measured parabolic growth rates of 3/2-mullite are by a factor of 4 to 17 larger (see the

ratio k. /k., in Table 2) than the parabolic growth rates calculated from our measured

cale
tracer diffusivities in single crystalline 2/1-mullite. Two terms were used to calculate the
theoretical parabolic growth rates (see equation (18)): a diffusivity term and a dimensionless
term, the factor, AR, which could be expressed in a good approximation by the normalised

change of the chemical potential of Al,Os,

Ap AleJ‘/ RT , across the reaction layer. Hence, a

strong deviation from the experimental values cannot be explained by a wrong calculation of
the factor, AR, because this would imply a very erroneous calculation of the chemical
potential of Al,Os3. The observed deviation from the experimental values must be induced by
the calculation of the diffusivity term in equation (18). This term was calculated by equation
(10) using our measured bulk tracer diffusivities. As we mentioned above the use of tracer
diffusivities, and neglecting correlation effects, will result principally in a lower limit value of
the diffusivity term in equation (18). Furthermore, grain boundary diffusion has to be

considered to explain why the diffusivities of the oxygen ions and the aluminium ions during

12
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the mullite formation are significantly higher than our measured bulk tracer diffusivities.

Grain boundary tracer diffusivities of mullite are known for the 80 isotope only [23]. In the
grain boundaries a much higher 80 diffusivity (up to a factor of 10%) was observed than in the
bulk. The amount of Al,O3 which is transported through the grain boundaries is proportional
to the volume fraction of grain boundaries in the mullite layer. Therefore, an effective

diffusion coefficient can be calculated by the Hart-Mortlock equation [24][25]

Dy =sgD, +(1-sg)D (28)

where D is the bulk diffusivity, Dy, the grain boundary diffusivity, g the volume fraction of
grain boundaries, and s the grain boundary segregation factor (s=1 for self-diffusion).
Assuming a similar enhancement (a factor of 10% of the *°Al diffusivities in the grain
boundaries one can conclude from the Hart-Mortlock equation that volume fractions of grain
boundaries from 2.9x10™* to 1.6x10™ are sufficient to explain the observed discrepancies
between calculated and measured parabolic growth rates. For a cubic grain geometry one can

estimate the grain size, d, by d #36/g (p. 206 in [26]). Assuming an average grain boundary

width 8 = 1 nm one gets corresponding cubic grain sizes from 10 uym to 2 um.

This explanation is plausible, however, the larger discrepancy at higher temperatures is
somewhat contradictory to conventional thinking about grain boundary effects (i.e., the
relative contribution from grain boundary diffusion is often larger at lower temperatures).
Another explanation could be impurity effects on diffusion, even with relatively pure starting
materials. For example, one observes a scatter band of about one order of magnitude for
measured oxygen diffusivities in nominally undoped a-Al,O3; which is mainly explained by
impurities which induce extrinsic point defects and affect the diffusion process [27].
Furthermore, we have assumed that the influence of the Si/Al ratio does not strongly affect the
diffusion process. This assumption is based on the low value of the Gibbs free energy of
formation of mullite and on the resulting close agreement of the oxygen diffusivity data
obtained for (single crystalline) 2/1-mullite and 3/2-mullite (see also [28] for further

discussion) but is open to debate for the aluminium diffusivity.

This discussion shows that the parabolic growth rates calculated from our measured bulk
tracer diffusivity data of oxygen and aluminium define at least a lower limit of the
experimentally observed growth rates. With the exception of the mullite formation data set at

the highest temperature (1813 °C) the discrepancy between parabolic rate constants calculated
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on the basis of (extrapolated) bulk diffusion data and the experimentally determined rate
constants is about half an order of magnitude, which clearly supports our model, taking into
account that the details of the growth experiment (impurity concentrations etc.) are not fully

evident from the literature.

5. Summary

An essential result of our tracer diffusivity studies in single crystalline 2/1-mullite is the very
low diffusivity of 305 compared to the diffusivities of Al and '®0, which are almost equal.
Based on this observation we propose a diffusion-controlled mullite formation model which
assumes that the growth kinetics of a mullite layer is controlled by the diffusion of aluminium
ions and oxygen ions. The two ionic fluxes can be described by a single molecular
(ambipolar) flux of Al,O3 which transports Al,Os through the mullite layer and reacts with
Si0; to mullite. The ambipolar flux of Al,Os3 is enabled by freely migrating defects which are

formed during the mullite formation reaction.

The reaction of SiO; with Al,O3 on regular sites in the mullite structure requires the formation
of aluminium vacancies and oxygen vacancies (equation (13)). Based on this defect model we
derive equation (17) to calculate the parabolic growth constant of mullite formation. However,
the direct application of this equation requires the proposed defect model to be valid in the
whole mullite layer and necessitates the measurement of tracer diffusivities at the two
interfaces. Therefore, we write equation (17) into the form of equation (18) by the definition
of a dimensionless factor, AR, and assume that the ambipolar diffusion coefficient of Al,O; at
interface I corresponds to the ambipolar diffusion coefficient of Al,O3 calculated from our
tracer diffusivity data. The factor, AR, is then calculated by means of the proposed defect

model (see equation (21)).

Further, it is demonstrated that because of the fairly low value of the Gibbs free energy of
formation of mullite the ambipolar diffusion coefficient of Al,O3 in the mullite layer is

practically constant.

To calculate the parabolic growth rate of mullite formation we need the ambipolar diffusion
coefficient of Al,O3 in the mullite layer which can principally be calculated from the diffusion
coefficients of aluminium and oxygen (equation (8)). Neglecting correlation effects we

calculate the ambipolar diffusion coefficient of Al,O3; from our measured tracer diffusivity

14
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data (equation (10)). The results of this calculation are compiled in Table 2 and show that our
calculated values are about a factor of 5 lower than the measured values by Aksay et al. [17],
at least below 1750 °C. Taking into account typical experimental errors in layer growth
experiments this fairly small discrepancy supports our reaction model. Our calculated values

thus define a lower limit of the parabolic growth rate.
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Appendix A

For the following derivations it is assumed that local thermodynamical equilibrium is
maintained within the reaction layer and also at the phase boundaries I and II, so that the

following equilibrium condition is valid
2AI +30* = AL, (29)
20,1+ 302 = Ko, (30)

where 1 is the electrochemical potential of electrically charged particles (AP**, 0%) and pis
the chemical potential of the uncharged particle (Al,O3). The chemical reaction equation of

the 3/2-mullite formation from the oxides is given by
2S8i0, +3Al,0, = ALSi,0,, (31

The reaction equilibrium constant, K;, can be written as

(32)

A A1,51,0,5 A,Gisi0,
K, =55 —=exp| —— >+
a, ,ag RT
AL,0,3si0,
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where a; is the activity of component i (AlsSi,0,3, Al,O3, Si0,) and ArGleﬁsizom is the Gibbs
free energy of formation of 3/2-mullite from the oxides which can be calculated by the free

energy of the formation from elements, A;G; tabulated in [29] or [30],
ArGDAl(,SiZO” = AFGZIhSiZOU - 3ArGoAlzo3 - ZArGgiO2 (33)
The activity of 3/2-mullite is 1 in the mullite layer so that equation (32) yields

2RTIn(age, )+ 3RTInfa, 0, )= A,Glysi0. (34)

A.I Derivation of equation (8)

The fluxes of aluminium and oxygen ions are given by

i _ €y Dy dn (35)
Al RT dx

i _ S D, dng.

o~ RT dx

where c;, D; and n; are the concentration, the diffusion coefficient and the electrochemical
potential of the ion i (AI’*, 0%), respectively [31]. The gradient of the electrochemical

potentials can be expressed by

e _duye Lapde (36)

dx dx dx

dnioz’:duioz’_zpdﬁ
dx dx dx

where F is the Faraday constant and ¢ the electrical potential. The condition for

electroneutrality, equation (5), is used to eliminate the unknown term Fxdg/dx from the flux

equations.
dp s dp . (37)
d 3¢ 3+D 3+i_zc z7D z,uio
7([) __ Al Al dX 0] 0] dX
dx 9¢,»D,s +4c. D,

Inserting equation (37) into the flux equations (35)-(36) and respecting equation (5) and (30)

one gets for the ion fluxes
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I _ Jor __ <CD>A1203 dMA1203 (38)
2 3 RT dx
with the shortcut
(cD) = e e (39)
AlL,O4
293 9cA134DA13+ +4cOZ,DOz,

By equation (7) an ambipolar diffusion coefficient was defined. Comparing equations (6), (7)

and (38) one concludes that the ambipolar diffusion coefficient is given by

(D) 0, D,_.D,. (40)

D = =
CaL0, 9(Cuo, /€5 )D s +4(Cp 0, /¢, )D

ALO;

and finally because of the concentration relations

c c (41)

_ “Aa* _ Tox
Cano, = )

one derives equation (8). Considering equation (6) and equation (41) one concludes

(42)

v = Jao, _ Ja _ o=

CA1203 Car Co-

Thus, all particles (Al,O3, A13+, Oz') considered in the proposed mullite formation model

migrate with the same drift velocity, v.

A.2 Derivation of equation (17)

By definition the chemical potential of Al,O3 is given by
Hano, = Mano, T RTIn(a 0, ) 43)

considering also equation (34) one can express equation (12) by

5 M ) (44)
k= [ Do, dIn(age ) == [ =2 dag,,
W 1 asio,
Inserting equation (16) gives
D! 45)
k= Sﬁ [(agio2 )2”5 - (alsio2 )2/15] =5( Dilzo3 - Dglzoj)
Si0,
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A.3 Derivation of equation (21)

The factor AR is defined by equation (18). Considering equations (45) and (16) gives

1 2/15
(ago,)

At interface I the activity of Al,Os is 1 (see Fig. 2) so that one can calculate the activity of

Si0; at interface I using equation (34)

(aI )2/15 _ exp( AGDA]GSi;’OIJ ] “7)
Sio, -
? 15RT

Inserting equation (47) into equation (46) gives equation (21).

A.4 Derivation of equation (24)

The activity of Al;O3 is 1 at interface I and a§1203 at interface II (see Fig. 2) so that one gets

from equation (43) for the difference of the chemical potential

Ao, = l’lilzo3 1 Mixlzo3 =RT 1n(321203) (48)

Considering equation (34) one gets equation (24).
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Table 1 Experimental conditions and data for sapphire-equilibrium-melt runs [17], where t

is the annealing time, & is the mullite layer thickness, and ke, the experimental

parabolic growth constant.

T Melt Mullite t 3 Kexp = E7/(21)

°C |[mol % Al,O3 | mol % Al,O3 | min um m?/s
1678 6.75 58.6-62.7 12,182 10 6.8x107"
1678 6.75 58.6-62.7 | 47,380| 18 5.7x107"7
1753 14.9 58.6-62.7 6,608| 13 2.1x107°
1813 30.2 59.9-62.7 | 10,025| 36 1.1x10"

Table 2 Parabolic growth rates calculated from the measured tracer diffusivities of

aluminium and oxygen using equations (10), (18) and (21) (compare with

experimental data in Table 1). The activity of SiO, at phase boundary H,aISIiOZ, was

approximated by the molar fraction of SiO; in the aluminium-silicate melt. The free

energy, A G, g o, for the formation of 3/2-mullite from the oxides was calculated

with equation (33) using thermochemical data from [29]. The dimensionless factor

of first approximation, AR, was calculated by equations (23), (24).

T | RT | AGjs0, | aso, | ARo | AR | Dy, K Ko /K
°C | kJ/mol | kJ/mol m?/s m?/s
1678 | 16.2 338 1093065069 | 2.1x10"7 | 1.5x10" 4.6
1678 | 162 338 1093|065 | 069 | 2.1x10"7 | 1.5x10" 3.9
1753 | 16.8 353 1 0.85 | 0.59 | 0.63 | 6.1x10"7 | 3.8x107"7 5.6
1813 | 17.3 -36.5 0.70 | 0.46 | 048 | 1.3x10™" | 6.4x10™"7 17
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Figure Captions

Fig. 1

Fig. 2

Compilation of our measured tracer diffusivities ("0, *Al, *Si) in single crystalline
2/1-mullite. Tkuma et al. [8] measured the '*O diffusivity in single crystalline 3/2-
mullite. Also shown are data of the parabolic growth constant, k, of mullite formation

measured by Aksay et al. [17] via high-temperature diffusion couple experiments.

Schematic representation of the reaction model for the mullite formation. Al,O3 is
transported through the solid mullite layer by means of intrinsic AP’ and O ion
fluxes and reacts to 3/2-mullite with SiO, from the aluminosilicate melt which is in

equilibrium with mullite. The chemical potential of Al,O3 decreases across the mullite

layer, the limiting values are MLI,Oi in a-Al>,O3 and Himi in the aluminosilicate melt.
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This paper compiles all data of our tracer diffusivity studiesingle crystalline 2/1-mullite.
As tracers we used the rare stable isotof@sand®*°Si and the artificial pseudo-stable isotope
°Al. Secondary lon Mass Spectrometry was applied to analyse the disptbution of the
tracer isotopes after the diffusion annealing. An essential resudtur tracer diffusivity
studies was the very low diffusivity 6PSi compared to the diffusivities 6fAl and %0,
which are almost equal. Based on this observation we propose a raacii@h for the
diffusion-controlled mullite formation in the solid state, which assuriat the growth
kinetics of a mullite layer is mainly controlled by the diffus@fraluminium ions and oxygen

ions.
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1. Introduction

Mullite is one of the most widely studied ceramic materialis Ts due to its high thermal
and chemical stability, good thermal shock behaviour and high creegamesiswhich makes
mullite a promising candidate for many high-temperature applicatibhs The crystal
structure of mullite can be described as a modified defect wteuadf sillimanite
(Al,03¢SiO). Sillimanite consists of edge-sharing aluminium-oxygen octahethalns
which are interconnected by double chains of ordered &M@ AlQ, tetrahedra. In mullite,

the AlOs,-SiO4-sequence is almost random [2] and there exists a certain amaatniattiral
oxygen vacancies. The composition of mullite can be expressédya@l )., Si,, )0y,

where x indicates the amount of missing oxygen with respectlitoagiite and VI and IV
indicate sixfold (octahedral) and fourfold (tetrahedral) coordinatioralominium ions.

Silicon ions occupy tetrahedral sites only.

Sintering, grain growth, creep and all types of reconstructiveioeagrocesses are strongly
controlled by atomic diffusion. Therefore, the diffusivities of oxyged ailicon in single
crystalline 2/1-mullite have been carefully determined in previowk wsing the rare natural
isotopes’®0 and®’Si as tracer isotopes [3], [4]. Secondary lon Mass Spectron®iiS]
was applied to analyse the depth distribution of the tracer isotdpestlae diffusion
annealing. Recently, we applied the SIMS technique also to medsurdiffusivity of
aluminium in single crystalline 2/1-mullite using the pseudo-stabtepe®°Al [5] so that we
can now present a complete set of tracer diffusivity d&@ {°Si, °Al) of all components of
the mullite structure. Based on the results of these tracesiditly studies a reaction model

for the diffusion controlled mullite formation is discussed in the following.

2. Experimental data

For all tracer diffusion experiments single crystalline 2/1libeutlisks & 1 mm thick) cut
perpendicular to [010] and [001] were used to measure the tracer \iifissialong the
crystallographic_band caxes. The single crystals were synthesized by Dr. W. Vi&traf
(Univ. Bonn, Germany) using the Czochralski technique. Details of ty&atrgrowth

procedure were published by Guse and Mateika [6].

The band_caxes are very different from a crystallographic point of vieegause the mullite
structure consists of chains of edge-sharing sAl@tahedra running parallel to the

crystallographic_@axis. These Al@chains are cross-linked by (Al, Si@trahedra forming
2
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double chains, which also run parallel_td1¢. Therefore, a pronounced anisotropy of the
diffusivities of the constituents could not be excluded a priori. Howealeexperimental
tracer diffusivity data display virtually no orientation-dependent atiam. The slight
difference between Bnd _caxes falls into the estimated error rangect &0 % of diffusion
data gained by the method of SIMS depth profiling. Therefore, all dedluarrhenius
relations represent average values deduced from the diffusivityune@@ents along the two
axes. Since structural arrangements along taedabaxes are very similar in mullite, tracer
diffusivities parallel to both directions should also be in a comparablge. So it may be

justified to consider tracer diffusivities of the components to be isotropic in enullit
« Oxygen tracer diffusion

Oxygen diffusion is well studied in many oxides because it candasumed relatively simply

by gas/solid exchange experiments [7]. We perforfiédisotope exchange experiments on

single crystalline 2/1-mullite samples [3] and obtained the following Arrhealasan:

2

RT

In 3/2-mullite, lkuma et al. [8] evaluated th®© tracer diffusivity indirectly on micrometer

size single crystals by measuring the concentratioti®j in the gas phase:

2
Dl?’é(z) = (1-321 039) %107 m? exd - (397i 4R53_k\]/ mol) (2)

* Silicon tracer diffusion

In contrast to oxygen, the measurement of silicon diffusivities illesxis much more
difficult. The complications arise from the fact that the nattrater isotope’®Si has a
relatively high natural abundance of about 3.1 %. This circumstances lim& useful
diffusion length and requires a deposition technique that allows to preggremoot’Si
containing layers on the surface of the specimen. A detailed plestrof the experimental
procedure is given in [4]. The following Arrhenius relation was obtaiaethe diffusivity of
393 in single crystalline 2/1-mullite:

2
DL = (7319 x102 ™ ex —(61213;2”/ mo'j 3)
S

¢ Aluminium tracer diffusion

Aluminium has no natural tracer isotopes and theesonly a few aluminium diffusion data in
the literature measured by means of the radiotrmctope®°Al [9]-[13]. The reason is that
3
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two difficulties are encountered with this radiaea Firstly,?°Al is artificial and causes very
high production costs, and secondly, it has a lifalime of 7.410° years with a very low
specific activity which makes it difficult to applglassical radiotracer methods [12]. The
application of SIMS avoids the problems relatechtoriadioactivity measurement, reduces the
necessary amount GfAl per experiment considerably, and yields a muashér spatial
resolution. A detailed description of the measunenoé the?°Al diffusivity in 2/1- mullite by
means of the SIMS technique is given in [5]. For difeusivity of 2°Al in single crystalline

2/1-mullite we obtained the following Arrheniusagon:

2
D22, = (02 %) x10™ e - CLEOImel @
S

RT

[Insert Fig. 1 about here]

Fig. 1 shows our measured tracer diffusivittf®(?°Al, *°Si) in single crystalline 2/1-mullite
and the*®0 diffusivity in single crystalline 3/2-mullite msared by Ikuma et al. [8]. There is
only a small difference between tH&0 diffusivity in 2/1-mullite and 3/2-mullite. One
observes that the diffusivity 3fSi is much lower than the diffusivity 610 and®Al. Jaoul et

al. [14] and Andersson et al. [15] measufési diffusivities in single crystalline forsterite
Mg,SiO, along three crystallographic directions. Both obsd that in this silicate, too,
silicon diffuses more slowly than oxygen and founadsignificant anisotropy of the diffusion
coefficients. It is assumed that the strong covabend within the Si@ tetrahedron is an
explanation for the low diffusivity of silicon. Rimermore, one observes from Fig. 1 that the
diffusivity of 2°Al is comparable to the diffusivity dfO. Le Gall et al. [12] reported a similar

result for the diffusivities of°Al and *?0 in single crystallinei-Al,Os.

The solid points in Fig. 1 at higher temperaturesexperimental data of the parabolic growth
constant, k, of diffusion-controlled mullite fornnat, intensively investigated by Aksay et. al
[16], [17]. The quoted authors used diffusion cegpimade from sapphire and aluminium-
silicate glasses of 10.9, 22.8, and 42.2 wt %0Al These binary glasses are in equilibrium
with mullite at 1678°C, 1753°C, and 1813°C. Thuapmhire-glass diffusion couples of these
compositions at the corresponding annealing tenyoes could be used to study the growth

kinetics of mullite as an intermediate phase withsalution of mullite in the liquid glass

4
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phase. The thickness of the mullite layer incredseehrly with the square root of time,
indicating that the growth mechanism is diffusiamtolled. The results of Aksay's

experiments are outlined in Table 1.

[Insert Table 1 about here]

The dashed lines in Fig. 1 are extrapolated trddérsivity data from lower temperatures.

This means, we know the tracer diffusivities of @imponents of mullite and the question
arises how the measured parabolic growth constargsrelated to our measured tracer
diffusivities. To answer this interesting questie will propose a reaction model for the

diffusion-controlled mullite formation in the necthapter.

3. Reaction model

Sung [18] proposed a diffusion-controlled reactmadel which is based on the assumption
that the oxygen mobility is much lower than the higbof the cations in mullite. Our tracer
diffusion experiments show, however, that silicertie slowest species compared to oxygen
and aluminium in single crystalline 2/1-mullite. i$hs most probably also valid for 3/2-
mullite (s. [8] for the diffusivity of'®0 in 3/2-mullite, which is virtually identical tche
oxygen diffusivity in 2/1-mullite, as shown in Fid.). We will use our experimental
observation to derive a more realistic reaction ehadhich is schematically represented in
Fig. 2.

[Insert Fig. 2 about here]

Because of the low silicon tracer diffusivity wegieet St* ion fluxes and consider a
formation mechanism where & is transported by Al and G ion fluxes through the
mullite layer. The fluxes are described by a camath system which is fixed to the phase
boundary I. Such a coordinate system becomes apjgiavhen one cation has a much lower
mobility than other species [19]. The intrinsicfdvielocity, c&/dt, describes the drift velocity
of phase boundary Il relative to phase boundarj Isimple, but fundamental, relation

between the Al and G fluxes in Fig. 2 is given in the absence of spa@ges
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?’JIA|3+ _2j02’ = O (5)
In the literature (p. 229 in [20]) one finds thencept of a molecular qux,jAuBB, and a

molecular diffusion coefficientD, g , which is used to express the fact that the motakes

places as if an entit\ B, of fixed composition (a “molecule” or better a fifioula unit”)

were migrating. The condition for a molecular floixAl,Os3 is

; - jA|3+ — jOZ’
= = 6
JA|203 2 3 ( )

where j is the flux of the ion i (A", O*). Equation (6) ensures the composition to remain
constant and is identical to equation (5) whichlexes any build-up of space charge. That is,
one can describe the two coupled’and G ion fluxes by a single molecular flux of &

Ca0.D d
o, = =20 s S, )

were c is the molecular concentration, D the md&d@ambipolar) diffusion coefficient and
the molecular chemical potential of .85 in the solid mullite layer. In ceramics the term
ambipolar diffusion coefficient is preferred asniplies the fact of the migration of coupled
charges (p. 232 in [20] or p. 238 in [21]). For #mabipolar diffusion coefficient of AD3 in
equation (7) one gets after a lengthy calculatsm® @ppendix A.1)

1 2 3

= + 8
DA' 203 DAI s D 2 ( )

where D is the diffusion coefficient of the ion i (ﬁl 02') which is related to the random
thermal motion of the ions. In diffusional transptbre random thermal motion is superposed
on a drift resulting from field forces like the dgrant of the chemical potential. Using
equation (7) one gets for the average drift veyouitAl,O3

_ a0, - _ Da ,03 Ay ,03

V =
Ma0s o RT  dx ©)

Al 05

Since the forcesd, o, /dx=2dp, . /dx+3dy_, /dx) are small on the atomic length

scale, diffusion coefficients established underildium conditions (i.e., vanishing forces)
can be used to describe the drift of the ions Q. ih [22]).
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The relation of the self diffusion coefficients,, Bf the ions in equation (8) to our measured
tracer diffusivities,D,;, is given byD,, =f,; D,, wheref,, is the so-called correlation factor

(p. 97 in [20]). Correlation factors for self diffion are calculated for different diffusion
mechanisms and crystal structures and are ofténeirorder of 1 (p. 98 in [20]). Therefore,
we can calculate the ambipolar diffusion coeffitiehAl,Os in a first order approximation by

our measured tracer diffusivities

1 2f 3f. 2 3
= S O—+ (10)

D Al 203 26A| D 180 D 26A| D 180

26

Correlation effects diminish the effectiveness toinaic jumps €., < 1} in diffusional random

motion (p. 110 in [22]), that is, ambipolar diffasi coefficients calculated by our tracer

diffusivities are lower limits.

To calculate the parabolic growth constant, ksitassumed that the ion fluxes are quasi-
steady which means that during a specific timeruatethe fluxes can be considered to be
constant in space. Because the concentration,f:Ad practically constant inside the mullite
layer the drift velocity of AlO; is also practically independent of x. Separatiagables and
integrating equation (9) between the phase boueslhand Il results in (p. 168 in [22])

1 (m
V0,8 = _ﬁ J.DAI L0, dHa o, (11)

()
where¢ is the thickness of the mullite layer. The driélacity of phase boundary Il relative to

phase boundary | is equal to the average drift cigloof the ALOs molecules,

d¢/dt=v, o , so that one calculates the parabolic growth emtstk, by separating

variables and integrating equation (11)

2 1 (n
k= L — IDAI 2oadi-’-mzo3 (12)

t RT ;)

To integrate the right hand side of equation (12 mwust know the dependence of the
ambipolar diffusion coefficient on the chemical gnatial which requires the application of an

appropriate defect model.

Aksay et al. [17] used diffusion couples with sapphand aluminium-silicate glasses at
different temperatures. For every temperature Alh®; concentration of the binary glass was
chosen so that the glass phase was in equilibritimthhe mullite phase. That is, any growth

of the mullite layer requires ADs; to be transported through the mullite layer frome t
7
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sapphire sample side. This transport is enableal fhyx of freely migrating defects which are
formed during the mullite formation reaction. Wes@se that during the reaction of “SiO
from the binary glass with “AD3”, which is located on regular sites in the mulbteucture,
aluminium vacancies and oxygen vacancies are foracedrding to the following reaction
(applying the Kroger-Vink notation)

2Si0, +6AI%, +90% =6V" +9V. +Al Si,0,, (13)

where AESi,O13 is 3/2-mullite. If local defect equilibrium is asaed one gets from equation

(13) the defect equilibrium constant

6 9
_aga.

Kqg=

(14)
a5,
where ais the activity of the species i (SiOaluminium vacancies, oxygen vacancies).
Furthermore, we assume that the dilution of theamaies is sufficient to express activities by

m

concentrationsa,, D[V]. Using the condition for electroneutrality[VAl] = Z[V(')'J, one gets

from equation (14) a dependence of the vacancyscdration from the Si@activity

-3/5
[Vi]=aaZ® and [vg]zgaa;gj with as(gj K s (15)
If the diffusivity of aluminium ions is proportiohao the concentration of aluminium

vacancies, D, , O[V,], and if the diffusivity of oxygen ions is propamial to the

AI3+
concentration of oxygen vacancie®,, U[Vy , dne can conclude from equations (8) and

(15) that the ambipolar diffusion coefficient of.®% is proportional t@sz,’éf

3 2115
Dao, = DIAlzo{ ?IOZJ (16)
Asio,

where the superscript | denotes values at the pbasedary I. Inserting equation (16) into
equation (12) gives after some calculations (spermqix A.2)

k=n(Dj 0, ~Dy,,) Wwith n=5 (17)

where the superscripts | and Il denote values efambipolar diffusion coefficient at the

corresponding phase boundaries in Fig. 2.
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4. Discussion

The calculations in chapter 3 show that the paralgobwth constant, k, is proportional to the
difference of the ambipolar diffusion coefficiend$ Al,O3; at the phase boundaries (see
equation (17)) where the calculated proportionalstant, n, depends on the applied defect
model and is 5 for the proposed one (equation (1B)¥ interesting to note that only the
difference of the absolute values of the ambipdifusion coefficients plays a role for the
diffusion controlled growth kinetics of the reactitayer (mullite). The absolute values of the
ambipolar diffusion coefficients of AD; at both phase boundaries are determined by the
freely migrating defects which are formed during tmullite formation reaction. Equation
(17) would be the most direct way to calculate palia growth constants from diffusivity
data. However, this procedure requires the samectiehemistry to be valid for the entire

composition range of mullite and it requires theasweements of the two diffusion constants.

Because diffusivity measurements are often onlysiptes at one of the two interfaces it is
useful to express equation (17) by

k =Dj AR (18)
with the dimensionless factor
Dll _ DI
AR =n AI203| Al,O, (19)
DAI203

where we have assumed that the ambipolar diffuso@fficient of ALO3 at phase boundary |

corresponds to our calculated ambipolar diffusioefficient of ALO; from the measured
tracer diffusivity data. The disadvantage of thisation is that it seems to suggest t@é\tM
and the dimensionless facté&R, are independent terms, with the wrong implicatitat k is
proportional to the absolute value m‘;lz%. The advantage of this notation will, however,
become obvious in the development given below.

The diffusivities at the interfaces are proportiot@ the freely migrating defects at the

interfaces so that one gets for the dimensionlaswifAR (considering equations (15) and

(16))

[Val' -[val' _ V&1 -[Ve]

AR =n
A [Vl

(20)
As AR is proportional to the relative change of theaamrations of the transporting defects it
9
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can be calculated from our proposed defect moéel éppendix A.3)

2 AG: .
AR =5| (@' )Bexg —— 250 | _q 21
[( 0,) r{ 1ERT (21)

where A,G, 5.0, iS the Gibbs free energy for the formation of 3/alite from the parent
oxides andagioz is the activity of Si@in the aluminium-silicate melt at phase boundary |

In the absence of any plausible defect model omddcassume, as a first approximation, a

constant diffusion coefficientD,, , = D'A|203 = D','M203, which allows the simplest integration

of the right hand side of equation (12). This gives

ko = Dl'xlzo3 ARo (22)
with the dimensionless factdiRg
Au 2Y3
AR, = ‘% and Ay o = M ,0; ~Hy ,0, (23)

where the superscripts | and Il denote values ef ¢hemical potential of AD; at the
corresponding phase boundaries in Fig. 2 and thscsipt O indicates values of a first
approximation. The difference of the chemical pbo&trof Al,Os; at both phase boundaries
can be calculated by means of the Gibbs free engfrdgrmation of 3/2-mullite from the
oxides and the activity of SpOin the aluminium-silicate melt at phase bounddrysee

appendix A.4).

A Gy s
By, = =22 — 2 RTin(al, ) (24

[Insert Table 2 about here]

The dimensionless facto’sR, and AR for the 3/2-mullite formation from the oxides are
calculated in Table 2 for experimental temperatwsesd by Aksay et. al [17] (see Table 1). It
iIs obvious that both factors are practically equmlthis temperature range. Comparing

equations (18) and (22) through the ratio

10
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1
2
; 2 AG:
g 5 (a(slilc))z)TS exd - —' NSO | _q

k AR 15RT
6 = = (25)
7 k, AR A G o
8 0 0 _ PrAiSi,0;, +g|n(a(slilc)>2)
9 3RT 3
10
11 one can conclude that the reason for this observas the low value of the Gibbs free
12
13 energy, A,G) g0, = —35kJ/ mo] for the formation of 3/2-mullite from the oxidesid the
14
ig high experimental temperatureRT =17kJ/ mol. Therefore, our proposed defect model does
g practically not improve the agreement between tkgeemental data and the calculated
19 parabolic growth rates in this temperature range,tlat it is not meaningful to try a
20 o o .. . . , ,
21 quantitatively validation of this model. It is, hewer, extremely useful to discuss this
2:23 phenomenon from a more general point of view. Tleevdtion of the factor of first
gg approximation ARy, starts with the assumption that the (chemicdfysion coefficient, D, in
g? the reaction layer is practically constant and vesuane, of course, that the calculated
28 parabolic growth rate is practically correct, whigiplies the approximate relation
29
30 AR, AR .
31 ®=— if D=constant (26)
32 n n
33
34 where n is a correct number evaluated from a codefect model. Considering equations
35
36 (23) and (19) we can express relation (26) by
37
38 Ay, |_|D!'-D|
39 | Hy |:| — '| if D =constant (27)
40 InRT| | D |
41
fé where i = AbOs for the proposed mullite formation reaction. Suchelation holds for all
jg formation reactions which can be treated mathemition the same formal manner.
j? The right hand side of relation (27) corresponds to the relate change of the diffusivity
jg across the mullite layer. That is, the assumption that the tfusion coefficient in the
22 reaction layer is practically constant is fulfilled if |Ap;| <|n|RT. This case is generally
gg more likely at higher temperatures and reactions with low Gdbs free energy of
54 formation (e.g the considered mullite formation from the oxides One has then
55
56 AR, =AR and can calculate the parabolic growth constant by the simplequation (22).
57
58 The application of a defect model does practically not improvehe calculated parabolic
59
60 growth constants in the considered temperature range so that becomes difficult to

prove a proposed defect model quantitatively from experimentallgetermined parabolic

11
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growth constants.

The case|Ay,|>|n|RT is clearly in conflict with relation (27) which is based onthe

assumption that the diffusion coefficient in the reactiorlayer is approximately constant.
This case is generally more likely at lower temperatures anceactions with high Gibbs
free energy of formation. It is then not reasonable to assume amstant diffusion
coefficient to integrate equation (12), so that an appropriate dett model is necessary to
calculate parabolic growth constants.

The measured parabolic growth rates of 3/2-mudlite by a factor of 4 to 17 larger (see the

ratio k., /K. in Table 2) than the parabolic growth rates calgd from our measured

calc
tracer diffusivities in single crystalline 2/1-mitd. Two terms were used to calculate the
theoretical parabolic growth rates (see equati@)) (& diffusivity term and a dimensionless

term, the factorAR, which could be expressed in a good approximabipithe normalised

change of the chemical potential of.@§, ‘A“Alzos‘/RT , across the reaction layer. Hence, a

strong deviation from the experimental values camaoexplained by a wrong calculation of
the factor, AR, because this would imply a very erroneous catmni of the chemical
potential of AbOs. The observed deviation from the experimental eslnust be induced by
the calculation of the diffusivity term in equati¢b8). This term was calculated by equation
(10) using our measured bulk tracer diffusivitiés. we mentioned above the use of tracer
diffusivities, and neglecting correlation effeatsll result principally in a lower limit value of
the diffusivity term in equation (18). Furthermorgrain boundary diffusion has to be
considered to explain why the diffusivities of thweygen ions and the aluminium ions during

the mullite formation are significantly higher thaar measured bulk tracer diffusivities.

Grain boundary tracer diffusivities of mullite dkrown for the'®O isotope only [23]. In the
grain boundaries a much highé® diffusivity (up to a factor of 1) was observed than in the
bulk. The amount of AD3; which is transported through the grain boundasgsoportional
to the volume fraction of grain boundaries in thellite layer. Therefore, an effective
diffusion coefficient can be calculated by the Hdudrtlock equation [24][25]

Dot =sgDy, +(1-sg)D (28)
where D is the bulk diffusivity, [} the grain boundary diffusivity, g the volume friact of

grain boundaries, and s the grain boundary sedgoegdactor (s =1 for self-diffusion).

Assuming a similar enhancement (a factor of) 16f the 2°Al diffusivities in the grain

12
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1

2

2 boundaries one can conclude from the Hart-Mortleglation that volume fractions of grain
2 boundaries from 2X10* to 1.6<10° are sufficient to explain the observed discrepesici
7 between calculated and measured parabolic growagls.r&or a cubic grain geometry one can
3 estimate the grain size, d, ly=3d/g (p. 206 in [26]). Assuming an average grain bomnda
ﬁ width & = 1 nm one gets corresponding cubic grain sizes ftO um to 2 um.

E This explanation is plausible, however, the larger discrepancy dtigher temperatures is
15 somewhat contradictory to conventional thinking about grain boundary &ects (i.e., the
is relative contribution from grain boundary diffusion is often larger at lower
ig temperatures). Another explanation could be impurity effectson diffusion, even with
;‘1) relatively pure starting materials. For example, one observes a st¢at band of about one
22 order of magnitude for measured oxygen diffusivities in nominajl undoped a-Al,O3
;i which is mainly explained by impurities which induce extmsic point defects and affect
32 the diffusion process [27]. Furthermore, we have assumed thtte influence of the Si/Al
% ratio does not strongly affect the diffusion process. This assption is based on the low
ég value of the Gibbs free energy of formation of mullite and onhe resulting close
31 agreement of the oxygen diffusivity data obtained for (single cryatline) 2/1-mullite and
gé 3/2-mullite (see also [28] for further discussion) but ispen to debate for the aluminium
o diffusivity.

2? This discussion shows that the parabolic growth rates calculedl from our measured
23 bulk tracer diffusivity data of oxygen and aluminium define at kast a lower limit of the
32 experimentally observed growth rates. With the exception of thenullite formation data

jg set at the highest temperature (1813 °C) the discrepancy betare parabolic rate
44 constants calculated on the basis of (extrapolated) bulk diffion data and the
32 experimentally determined rate constants is about half an ordeof magnitude, which
j; clearly supports our model, taking into account that the detailsof the growth
‘5"8 experiment (impurity concentrations etc.) are not fully evident from tte literature.

51

52

53

54 5. Summary

55

g? An essential result of our tracer diffusivity stesliin single crystalline 2/1-mullite is the very
gg low diffusivity of *°Si compared to the diffusivities 6fAl and *®0, which are almost equal.
60 Based on this observation we propose a diffusiortroled mullite formation model which

assumes that the growth kinetics of a mullite lagerontrolled by the diffusion of aluminium

13

http://mc.manuscriptcentral.com/pm-pml



©CoO~NOUTA,WNPE

Philosophical Magazine & Philosophical Magazine Letters Page 40 of 72

ions and oxygen ions. The two ionic fluxes can lescdbed by a single molecular
(ambipolar) flux of A}Os which transports AD3; through the mullite layer and reacts with
SiO, to mullite. The ambipolar flux of ADs is enabled by freely migrating defects which are

formed during the mullite formation reaction.

The reaction of Si@with Al,O3 on regular sites in the mullite structure requtresformation

of aluminium vacancies and oxygen vacancies (egu#fi3)). Based on this defect model we
derive equation (17) to calculate the parabolicwgino constant of mullite formation.
However, the direct application of this equatioquiees the proposed defect model to be
valid in the whole mullite layer and necessitates ieasurement of tracer diffusivities at the
two interfaces. Therefore, we write equation (Iifpithe form of equation (18) by the
definition of a dimensionless fact@R, and assume that the ambipolar diffusion coeffici

of Al,O3 at interface | corresponds to the ambipolar difacoefficient of A}O3 calculated
from our tracer diffusivity data. The fact&R, is then calculated by means of the proposed

defect model (see equation (21)).

Further, it is demonstrated that because of théyfliw value of the Gibbs free energy of
formation of mullite the ambipolar diffusion coefient of ALO3 in the mullite layer is
practically constant.

To calculate the parabolic growth rate of mullitenhation we need the ambipolar diffusion
coefficient of AbOs in the mullite layer which can principally be callated from the diffusion
coefficients of aluminium and oxygen (equation (8\eglecting correlation effects we
calculate the ambipolar diffusion coefficient of, @ from our measured tracer diffusivity
data (equation (10)) he results of this calculation are compiled in Table 2 andhow that
our calculated values are about a factor of 5 lower than the measured uals by Aksay et
al. [17], at least below 1750 °C. Taking into account typical experimentalrors in layer
growth experiments this fairly small discrepancy supports ourreaction model. Our

calculated values thus define a lower limit of the parabolic growth rate.
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Appendix A

For the following derivations it is assumed thatdb thermodynamical equilibrium is

maintained within the reaction layer and also a& pimase boundaries | and Il, so that the

©CoO~NOUTA,WNPE

10 following equilibrium condition is valid

12 2A1% +30% = AlLO, (29)
15 2nA| 3+ + 3”02’ = U'Al 203 (30)

wheren is the electrochemical potential of electricalhaoged particles (A, 0*) andp is
the chemical potential of the uncharged particle@4). The chemical reaction equation of

21 the 3/2-mullite formation from the oxides is giviey
24 2Si0, +3Al,0, = Al Si,O,; (32)
57 The reaction equilibrium constant;,i€an be written as

29 a, . AGE .
30 K = - Al ¢S 2C2)13 = exg - Al¢Si,0;3 (32)
31 Ap,0,%500, RT

34 where ais the activity of component i (68013, Al2Os, Si0;) and A Gy g0, IS the Gibbs
36 free energy of formation of 3/2-mullite from theid&s which can be calculated by the free

38 energy of the formation from elemersG; tabulated in [29] or [30],
A Gy si0, = DGl sio, ~38Cy 0, ~24,Cgp, (33)
43 The activity of 3/2-mullite is 1 in the mullite lay so that equation (32) yields

P 2RTIn(ag, )+ 3RTIN(8, 0, )= A,G 6.0, (34)

49 A.1 Derivation of equation (8)

52 The fluxes of aluminium and oxygen ions are givgn b

54
_ C,» D, dn

j - _ A3 A3

A RT dx
57 (35)
Cyp D dn.

— 0%

- RT  dx

JOZ*

where ¢ D; andn; are the concentration, the diffusion coefficient ahe electrochemical

15
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potential of the ion i (AT, O%), respectively [31]. The gradient of the electremiical
potentials can be expressed by

dr]A|3+ — d“A|3+ +3F%
dx dx dx

(36)
Mo _ M _opde
dx dx dx
where F is the Faraday constant afdthe electrical potential. The condition for

electroneutrality, equation (5), is used to elinndne unknown term>e¢/dx from the flux

equations.
du 3+ d“‘ 2=
3c 3+D 3+7A|_2C z—D 2- 9
do _ _TTAT AT dx 0" 0" gx (37)
dx 9c,D,. +4c, D,

Inserting equation (37) into the flux equations){@%6) and respecting equation (5) and (30)

one gets for the ion fluxes

jAI3+ - jozf _ _ <CD>A|203 d“A|2O3 (38)

2 3 RT dx

with the shortcut

c ..D 3 xcoz_Doz_

cD = A A
< >AI 204 9 CA| . DAI . + 4 CO} D027 (39)

By equation (7) an ambipolar diffusion coefficievas defined. Comparing equations (6), (7)

and (38) one concludes that the ambipolar diffusioefficient is given by

— <CD>A| 205 — DAI3+ DOZ’ (40)
A0 CAl 203 9(CAl 203 /COZ* )DA| 3+ + 4'(CAI 203 /CA| 3+ )DOZ*
and finally because of the concentration relations
C,. C
c — A% _ ~0 41
noy = =2 (41)

one derives equation (8). Considering equatiom(@) equation (41) one concludes
- jA|203 — jAI3+ — jOZ*

CA' 203 CAI s COZ’

(42)

16
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I3

Thus, all particles (ADs;, AI**, O%) considered in the proposed mullite formation mode

migrate with the same drift velocity, v.

A.2 Derivation of equation (17)

©CoO~NOUTA,WNPE

11 By definition the chemical potential of ADs is given by
Ha,o, =Hayo, t RTIN(@y o) (43)

16 considering also equation (34) one can expresgiequd?2) by

18 (u) 2(”)

19 J.DAI 0, dln(aaoz) =

0, (44)
20 (l) 3(|) aSiOZ ©

23 Inserting equation (16) gives

I~ AI2023/15[ .oz )21 (aSqu 2/15] 5(D", . -D! |203) (45)
27 ( s|o2

A.3 Derivation of equation (21)

33 The factorAR is defined by equation (18). Considering equati@®) and (16) gives

36 AR = 5{ (@s0,) 1} (46)

(alS ) 2/15
i0,

40 At interface | the activity of AlOs; is 1 (see Fig. 2) so that one can calculate thgitscof

42 SiO, at interface | using equation (34)

44 AGO ) (47)
45 | )25 — oy Al Siy0p5
@so,) 15RT

49 Inserting equation (47) into equation (46) givegampn (21).
A.4 Derivation of equation (24)

The activity of AbOs is 1 at interface | and}ilzo3 at interface Il (see Fig. 8p that one gets
from equation (43) for the difference of the chesthjotential

59 Apy o, = U!|zo3 HA|203 = RTIn(a, AlLO, ) (48)
Considering equation (34) one gets equation (24).
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Table 1 Experimental conditions and data for sapphireddgyium-melt runs [17], where t

is the annealing timeg is the mullite layer thickness, andkthe experimental

parabolic growth constant.

T Melt Mullite t 13 Kexp = £71(21)
°C | mol % ALO;3 | mol % ALO3; | min um nf/s
1678 6.75 58.6-62.7 | 12,142 10 6.8x10""
1678 6.75 58.6-62.7 | 47,390 18 5.7x10"
1753 14.9 58.6-62.7 6,608 13 2.1x10™°
1813 30.2 59.9-62.7 | 10,025 36 1.1x10"°

Table 2 Parabolic growth rates calculated from the meabsuracer diffusivities of

aluminium and oxygen using equations (10), (18) 4@d) (compare with

experimental data in Table 1). The activity of S#D phase boundary ﬂgioz , was

approximated by the molar fraction of Sifd the aluminium-silicate melt. The free

energy,A, Gy g0, » for the formation of 3/2-mullite from the oxidess calculated

with equation (33) using thermochemical data fr@®][ The dimensionless factor

of first approximationARy, was calculated by equations (23), (24).

T | RT |[AGusio, | 8o, | ARo | AR | Dy, Keae | Kexp/K
°C | kd/mol| kJ/mol s nfls
1678| 16.2 -33.8 | 093 0.65 0.6p2.1x10"" | 1.5x107"' 4.6
1678| 16.2 -33.8 | 093 0.6% 0.6p2.1x10"" | 1.5x10™"' 3.9
1753| 16.8 -35.3 | 0.85 0.59 0.686.1x10"" | 3.8x<10™"' 5.6
1813| 17.3 -36.5 | 0.70 0.46 0.4B 1.3x10"° | 6.4x10™’ 17
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Figure Captions

Fig. 1 Compilation of our measured tracer diffusivitie&, 2°Al, 3°Si) in single crystalline

©CoO~NOUTA,WNPE

10 2/1-mullite. Ikuma et al. [8] measured th%® diffusivity in single crystalline 3/2-
mullite. Also shown are data of the parabolic gtowbnstant, k, of mullite formation
13 measured by Aksay et al. [17] via high-temperatliffision couple experiments.

18 Fig. 2 Schematic representation of the reaction modeltHer mullite formation. AlO3 is
20 transported through the solid mullite layer by neeaf intrinsic AP and G ion
fluxes and reacts to 3/2-mullite with Si@om the aluminosilicate melt which is in

23 equilibrium with mullite. The chemical potential Af,O3; decreases across the mullite

25 layer, the limiting values ang), ,0,IN 0-Al205 and p')\lzo3 in the aluminosilicate melt.
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This paper compiles all data of our tracer diffusivity studies in single crystalline 2/1-mullite.
As tracers we used the rare stable isotopes **0 and *°Si and the artificial pseudo-stable isotope
%Al. Secondary lon Mass Spectrometry was applied to analyse the depth distribution of the
tracer isotopes after the diffusion annealing. An essentia result of our tracer diffusivity
studies was the very low diffusivity of *°Si compared to the diffusivities of °Al and %0,
which are amost equal. Based on this observation we propose a reaction model for the
diffusion-controlled mullite formation in the solid state, which assumes that the growth
kinetics of a mullite layer is mainly controlled by the diffusion of aluminium ions and oxygen

ions.
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http://mc.manuscriptcentral.com/pm-pml



Page 51 of 72

©CoO~NOUTA,WNPE

Philosophical Magazine & Philosophical Magazine Letters

1. Introduction

Mullite is one of the most widely studied ceramic materials. This is due to its high thermal
and chemical stability, good thermal shock behaviour and high creep resistance, which makes
mullite a promising candidate for many high-temperature applications [1]. The crysta
structure of mullite can be described as a modified defect structure of sillimanite
(Al,030SI0,). Sillimanite consists of edge-sharing aluminium-oxygen octahedral chains
which are interconnected by double chains of ordered SiO, and AlO, tetrahedra. In mullite,

the AlO4-SiO4-sequence is amost random [2] and there exists a certain amount of structural

oxygen vacancies. The composition of mullite can be expressed as AlY' (Al},, Si, ., )0y,

where x indicates the amount of missing oxygen with respect to sillimanite and VI and IV
indicate sixfold (octahedral) and fourfold (tetrahedral) coordination of aluminium ions.
Silicon ions occupy tetrahedral sites only.

Sintering, grain growth, creep and al types of reconstructive reaction processes are strongly
controlled by atomic diffusion. Therefore, the diffusivities of oxygen and silicon in single
crystalline 2/1-mullite have been carefully determined in previous work using the rare natural
isotopes 20 and *°Si as tracer isotopes [3], [4]. Secondary lon Mass Spectrometry (SIMS)
was applied to analyse the depth distribution of the tracer isotopes after the diffusion
annealing. Recently, we applied the SIMS technique also to measure the diffusivity of
auminium in single crystalline 2/1-mullite using the pseudo-stable isotope 2°Al [5] so that we
can now present a complete set of tracer diffusivity data (*?0, *°Si, °Al) of all components of
the mullite structure. Based on the results of these tracer diffusivity studies a reaction model

for the diffusion controlled mullite formation is discussed in the following.

2. Experimental data

For al tracer diffusion experiments single crystalline 2/1 mullite disks (= 1 mm thick) cut
perpendicular to [010] and [001] were used to measure the tracer diffusivities along the
crystallographic b and c axes. The single crystals were synthesized by Dr. W. Walraffen
(Univ. Bonn, Germany) using the Czochralski technique. Details of the crystal growth
procedure were published by Guse and Mateika [6].

The b and c axes are very different from a crystallographic point of view, because the mullite
structure consists of chains of edge-sharing AlOg octahedra running parallel to the

crystallographic ¢ axis. These AlOg chains are cross-linked by (Al, Si)O, tetrahedra forming
2
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double chains, which aso run paralel to c [1]. Therefore, a pronounced anisotropy of the
diffusivities of the constituents could not be excluded a priori. However, al experimental
tracer diffusivity data display virtually no orientation-dependent variation. The slight
difference between b and c axes falls into the estimated error range of + 30 % of diffusion
data gained by the method of SIMS depth profiling. Therefore, al evaluated Arrhenius
relations represent average values deduced from the diffusivity measurements along the two
axes. Since structural arrangements along the a and b axes are very similar in mullite, tracer
diffusivities parallel to both directions should aso be in a comparable range. So it may be

justified to consider tracer diffusivities of the components to be isotropic in mullite.
e Oxygen tracer diffusion

Oxygen diffusion is well studied in many oxides because it can be measured relatively simply
by gas/solid exchange experiments [7]. We performed 80 isotope exchange experiments on

single crystalline 2/1-mullite samples [3] and obtained the following Arrhenius relation:

2 +

In 3/2-mullite, Ikuma et al. [8] evaluated the ®0 tracer diffusivity indirectly on micrometer

size single crystals by measuring the concentration of ‘20, in the gas phase:

? +
D¥2 = (1.32+0.39) x10°® m? exp(_ (397 + 4:)TkJ/ molj ©

e Silicon tracer diffusion

In contrast to oxygen, the measurement of silicon diffusivities in oxides is much more
difficult. The complications arise from the fact that the natura tracer isotope *°Si has a
relatively high natural abundance of about 3.1%. This circumstance limits the useful
diffusion length and requires a deposition technique that allows to prepare very smooth *Si
containing layers on the surface of the specimen. A detailed description of the experimental
procedure is given in [4]. The following Arrhenius relation was obtained for the diffusivity of

¥gj in single crystalline 2/1-mullite:

2 +
D = (73 107 T eqf - G2 @
S

RT

e Aluminium tracer diffusion

Aluminium has no natural tracer isotopes and there are only a few aluminium diffusion data
in the literature measured by means of the radiotracer isotope “°Al [9]-[13]. The reason is that

3
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two difficulties are encountered with this radiotracer. Firstly, Al is artificial and causes very
high production costs, and secondly, it has a half-life time of 7.4x10° years with a very low
specific activity which makes it difficult to apply classical radiotracer methods [12]. The
application of SIMS avoids the problems related to the radioactivity measurement, reduces
the necessary amount of °Al per experiment considerably, and yields a much higher spatial
resolution. A detailed description of the measurement of the °Al diffusivity in 2/1- mullite by
means of the SIMS technique is given in [5]. For the diffusivity of Al in single crystalline

2/1-mullite we obtained the following Arrhenius relation:

2 +
D2 = (92°%) x10‘3m?exp(— (517 33'(3’ mo'j (4)

[Insert Fig. 1 about here]

Fig. 1 shows our measured tracer diffusivities (*°0, °Al, *S) in single crystalline 2/1-mullite
and the *20 diffusivity in single crystalline 3/2-mullite measured by Ikuma et a. [8]. Thereis
only a small difference between the 0O diffusivity in 2/1-mullite and 3/2-mullite. One
observes that the diffusivity of *°Si is much lower than the diffusivity of *0 and %Al. Jaoul et
al. [14] and Andersson et al. [15] measured *°Si diffusivities in single crystalline forsterite
Mg.SiO, aong three crystallographic directions. Both observed that in this silicate, too,
silicon diffuses more slowly than oxygen and found no significant anisotropy of the diffusion
coefficients. It is assumed that the strong covalent bond within the SiO, tetrahedron is an
explanation for the low diffusivity of silicon. Furthermore, one observes from Fig. 1 that the
diffusivity of %Al is comparable to the diffusivity of *0. Le Gall et al. [12] reported a similar

result for the diffusivities of °Al and 0 in single crystalline o-Al;Os.

The solid pointsin Fig. 1 at higher temperatures are experimental data of the parabolic growth
constant, k, of diffusion-controlled mullite formation, intensively investigated by Aksay et. a
[16], [17]. The quoted authors used diffusion couples made from sapphire and auminium-
silicate glasses of 10.9, 22.8, and 42.2 wt % Al,Os. These binary glasses are in equilibrium
with mullite at 1678°C, 1753°C, and 1813°C. Thus, sapphire-glass diffusion couples of these
compositions at the corresponding annealing temperatures could be used to study the growth

kinetics of mullite as an intermediate phase without solution of mullite in the liquid glass

4
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phase. The thickness of the mullite layer increased linearly with the sguare root of time,
indicating that the growth mechanism is diffusion-controlled. The results of Aksay’'s

experiments are outlined in Table 1.

[Insert Table 1 about here]

The dashed lines in Fig. 1 are extrapolated tracer diffusivity data from lower temperatures.
This means, we know the tracer diffusivities of al components of mullite and the question
arises how the measured parabolic growth constants are related to our measured tracer
diffusivities. To answer this interesting question we will propose a reaction model for the

diffusion-controlled mullite formation in the next chapter.

3. Reaction mod€

Sung [18] proposed a diffusion-controlled reaction model which is based on the assumption
that the oxygen mobility is much lower than the mobility of the cations in mullite. Our tracer
diffusion experiments show, however, that silicon is the slowest species compared to oxygen
and aluminium in single crystalline 2/1-mullite. This is most probably also valid for 3/2-
mullite (s. [8] for the diffusivity of 80 in 3/2-mullite, which is virtually identical to the
oxygen diffusivity in 2/1-mullite, as shown in Fig. 1). We will use our experimental
observation to derive a more realistic reaction model which is schematically represented in
Fig. 2.

[Insert Fig. 2 about here]

Because of the low silicon tracer diffusivity we neglect Si** ion fluxes and consider a
formation mechanism where Al,O; is transported by Al** and O% ion fluxes through the
mullite layer. The fluxes are described by a coordinate system which is fixed to the phase
boundary 1. Such a coordinate system becomes applicable when one cation has a much lower
mobility than other species [19]. Theintrinsic drift velocity, d&/dt, describes the drift velocity
of phase boundary Il relative to phase boundary I. A simple, but fundamental, relation

between the AI** and O” fluxesin Fig. 2 is given in the absence of space charges

http://mc.manuscriptcentral.com/pm-pml
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3jA|3‘r - 2j02’ = O (5)
In the literature (p. 229 in [20]) one finds the concept of a molecular flux, jAuBB, and a

molecular diffusion coefficient, D, g , Whichis used to express the fact that the process takes

places as if an entity A B, of fixed composition (a “molecule” or better a “formula unit”)

were migrating. The condition for amolecular flux of Al.Ozis

. jA|3+ jozf
= =0 6

Jao, =75 3 (6)

where j; is the flux of the ion i (AI**, O%). Equation (6) ensures the composition to remain

constant and is identical to equation (5) which excludes any build-up of space charge. That is,

one can describe the two coupled AI** and O ion fluxes by asingle molecular flux of Al;Os

j __Caio, Daio, dMAlzo3 7)
ALO;, =
N RT dx

were c is the molecular concentration, D the molecular (ambipolar) diffusion coefficient and p
the molecular chemical potential of Al,O3 in the solid mullite layer. In ceramics the term
ambipolar diffusion coefficient is preferred as it implies the fact of the migration of coupled
charges (p. 232 in [20] or p. 238 in [21]). For the ambipolar diffusion coefficient of Al,O3 in
equation (7) one gets after alengthy calculation (see appendix A.1)

1 2 3
=5 *5 €)

Da ,0;

where D is the diffusion coefficient of the ion i (AI**, O%) which is related to the random
therma motion of the ions. In diffusional transport the random thermal motion is superposed
on a drift resulting from field forces like the gradient of the chemical potential. Using
equation (7) one gets for the average drift velocity of Al,Os

_Jao, Do, dNAlzo3

VvV =
Al20s Caso, RT  dx ©)

Since the forces (du, o, /dx =2du, . /dx+3du, /dx) are small on the atomic length

scale, diffusion coefficients established under equilibrium conditions (i.e., vanishing forces)
can be used to describe the drift of theions (p. 107 in [22]).
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The relation of the self diffusion coefficients, D;, of the ions in equation (8) to our measured
tracer diffusivities, D,;, is given by D., =f., D,, where f,; is the so-called correlation factor
(p. 97 in [20]). Correlation factors for self diffusion are calculated for different diffusion
mechanisms and crystal structures and are often in the order of 1 (p. 98 in [20]). Therefore,
we can calculate the ambipolar diffusion coefficient of Al,O3in afirst order approximation by

our measured tracer diffusivities

1 _ 2f26A| + 3f180 2 3

= = +
Duo, Ds, Du, Da, D (10)

180 26A| 180

Correlation effects diminish the effectiveness of atomic jumps (f., < 1) in diffusional random

motion (p. 110 in [22]), that is, ambipolar diffusion coefficients calculated by our tracer
diffusivities are lower limits.

To caculate the parabolic growth constant, k, it is assumed that the ion fluxes are quasi-
steady which means that during a specific time interval the fluxes can be considered to be
constant in space. Because the concentration of Al,Og is practically constant inside the mullite
layer the drift velocity of Al,Os is also practically independent of x. Separating variables and
integrating equation (9) between the phase boundaries | and 11 resultsin (p. 168 in [22])
Vaob= —i(ljpD d

A120,5 T T T 2 Lo, a0, (12)
where § is the thickness of the mullite layer. The drift velocity of phase boundary 11 relative to
phase boundary | is equa to the average drift velocity of the Al,O; molecules,

dé/dt=v, o, , o tha one calculates the parabolic growth constant, k, by separating

variables and integrating equation (11)

&2 1 (1
k= >t RT (V!.)szoadlvlmzo3 (12)

To integrate the right hand side of equation (12) we must know the dependence of the
ambipolar diffusion coefficient on the chemical potential which requires the application of an

appropriate defect model.

Aksay et a. [17] used diffusion couples with sapphire and aluminium-silicate glasses at
different temperatures. For every temperature, the Al,O3 concentration of the binary glass was
chosen so that the glass phase was in equilibrium with the mullite phase. That is, any growth

of the mullite layer requires Al,O3 to be transported through the mullite layer from the
7
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sapphire sample side. This transport is enabled by aflux of freely migrating defects which are
formed during the mullite formation reaction. We assume that during the reaction of “SO,*
from the binary glass with “Al,O3”, which is located on regular sites in the mullite structure,
aluminium vacancies and oxygen vacancies are formed according to the following reaction

(applying the Kroger-Vink notation)
2Si0, + 6Al,, +907 =6V, +9V7 + Al S0, (13)

where AlgSi»Oq3 is 3/2-mullite. If local defect equilibrium is assumed one gets from equation
(13) the defect equilibrium constant

6 9
_ aVZl aVc‘,'

2
850,

Kg

(14)

where g is the activity of the species i (SO, aduminium vacancies, oxygen vacancies).
Furthermore, we assume that the dilution of the vacancies is sufficient to express activities by

concentrations, a, = [V]. Using the condition for electroneutrality, 3[v7 ]=2[vs], one gets

from equation (14) a dependence of the vacancy concentration from the SiO, activity
-3/5
[Vil=aaly and [V(;']:gocaé’éf with astgj Ky (15)
If the diffusivity of aluminium ions is proportional to the concentration of auminium
vacancies, D, «<[V,], and if the diffusivity of oxygen ions is proportiona to the
concentration of oxygen vacancies, D _, o [V{'], one can conclude from equations (8) and

2/15

(15) that the ambipolar diffusion coefficient of Al,Os is proportional toagg’
as 2/15
Do =Dho| =2 (16)
Al,O, AIZOS(a!soz J

where the superscript | denotes values at the phase boundary 1. Inserting equation (16) into

equation (12) gives after some calculations (see appendix A.2)
k=n(Djy,0, ~Duo,) With n=5 (17)

where the superscripts | and Il denote values of the ambipolar diffusion coefficient at the

corresponding phase boundariesin Fig. 2.
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4. Discussion

The calculations in chapter 3 show that the parabolic growth constant, Kk, is proportional to the
difference of the ambipolar diffusion coefficients of Al,Oz at the phase boundaries (see
equation (17)) where the calculated proportional constant, n, depends on the applied defect
model and is 5 for the proposed one (equation (13)). It is interesting to note that only the
difference of the absolute values of the ambipolar diffusion coefficients plays a role for the
diffusion controlled growth kinetics of the reaction layer (mullite). The absolute values of the
ambipolar diffusion coefficients of Al,Osz at both phase boundaries are determined by the
freely migrating defects which are formed during the mullite formation reaction. Equation
(17) would be the most direct way to calculate parabolic growth constants from diffusivity
data. However, this procedure requires the same defect chemistry to be valid for the entire

composition range of mullite and it requires the measurements of the two diffusion constants.

Because diffusivity measurements are often only possible at one of the two interfaces it is

useful to express equation (17) by
k= DklzosAR (18)

with the dimensionless factor

DII _ DI
AR =n M (19)

Al,O
where we have assumed that the ambipolar diffusion coefficient of Al,O3 at phase boundary |

corresponds to our calculated ambipolar diffusion coefficient of Al,Oz; from the measured

tracer diffusivity data. The disadvantage of this notation is that it seems to suggest that D, o,

and the dimensionless factor, AR, are independent terms, with the wrong implication that k is

proportional to the absolute value of DIAI203 . The advantage of this notation will, however,

become obvious in the devel opment given below.

The diffusivities at the interfaces are proportional to the freely migrating defects at the

interfaces so that one gets for the dimensionless factor AR (considering equations (15) and

(16))

[Val' -[Val' _ Vo1 -[VeT

AR =n e o
[Val [V5]

(20)

As AR isproportional to the relative change of the concentrations of the transporting defects it

9
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can be calculated from our proposed defect model (see appendix A.3)

_ I f25 AGhs,0,
AR =5] (ago,) ™ exp T I5RT -1 (21)

where A,G, 5 0,1 the Gibbs free energy for the formation of 3/2-mullite from the parent

oxides and agoz isthe activity of SO, in the duminium-silicate melt at phase boundary 1.

In the absence of any plausible defect model one could assume, as a first approximation, a

constant diffusion coefficient, D, , =Dy, . = Dy, 0., which allows the simplest integration

of the right hand side of equation (12). This gives
ko = DlAI203 AR, (22)

with the dimensionless factor AR

‘Aumzoa

AR, = and Alp o, = M}llz% _ulAlzoa (23)

where the superscripts | and 11 denote values of the chemical potentia of Al,Os; at the
corresponding phase boundaries in Fig. 2 and the subscript O indicates values of a first
approximation. The difference of the chemical potential of Al, O3 at both phase boundaries
can be calculated by means of the Gibbs free energy of formation of 3/2-mullite from the
oxides and the activity of SO, in the auminium-silicate melt at phase boundary Il (see

appendix A.4).

AGy g 2
Alg o, = 2632013 - 5 RT |n(a:|3|ioz) (24)

[Insert Table 2 about here]

The dimensionless factors ARy and AR for the 3/2-mullite formation from the oxides are
calculated in Table 2 for experimental temperatures used by Aksay et. al [17] (see Table 1). It
is obvious that both factors are practicaly equa in this temperature range. Comparing
equations (18) and (22) through the ratio
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, .
5 | (a5 exp| — “romson |
AR 2 15RT
AR 5 (@)
AR A G « 2
0 0 r~—AlS,0
_ 9293 | Z | (!l)
3RT 3 (80,)

one can conclude that the reason for this observation is the low vaue of the Gibbs free

energy, A,G, g0, =—35kJ/mol, for the formation of 3/2-mullite from the oxides and the

high experimental temperatures, RT =17kJ/ mol . Therefore, our proposed defect model does

practically not improve the agreement between the experimental data and the calculated
parabolic growth rates in this temperature range, so that it is not meaningful to try a
guantitatively validation of this model. It is, however, extremely useful to discuss this
phenomenon from a more general point of view. The derivation of the factor of first
approximation, ARy, starts with the assumption that the (chemical) diffusion coefficient, D, in
the reaction layer is practically constant and we assume, of course, that the calculated

parabolic growth rateis practically correct, which implies the approximate relation

AR, _AR if D = constant (26)
n n

where n is a correct number evaluated from a correct defect model. Considering equations
(23) and (19) we can expressrelation (26) by

I} |
If;erzIDi[;DiI if D~ constant (27)

where i = Al,O3 for the proposed mullite formation reaction. Such a relation holds for all

formation reactions which can be treated mathematically in the same forma manner.

The right hand side of relation (27) corresponds to the relative change of the diffusivity across

the mullite layer. That is, the assumption that the diffusion coefficient in the reaction layer is

practically constant is fulfilled if |Ap,|<|n|RT. This case is generally more likely at higher

temperatures and reactions with low Gibbs free energy of formation (e.g the considered

mullite formation from the oxides). One has then AR, = AR and can calculate the parabolic

growth constant by the ssimple equation (22). The application of a defect model does
practically not improve the calculated parabolic growth constants in the considered
temperature range so that it becomes difficult to prove a proposed defect model quantitatively

from experimentally determined parabolic growth constants.
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The case |Ap;|>|n|RT is clearly in conflict with relation (27) which is based on the

assumption that the diffusion coefficient in the reaction layer is approximately constant. This
case is generally more likely at lower temperatures and reactions with high Gibbs free energy
of formation. It is then not reasonable to assume a constant diffusion coefficient to integrate
equation (12), so that an appropriate defect model is necessary to calculate parabolic growth

constants.

The measured parabolic growth rates of 3/2-mullite are by a factor of 4 to 17 larger (see the

ratio K, /K. in Table 2) than the parabolic growth rates calculated from our measured

tracer diffusivities in single crystalline 2/1-mullite. Two terms were used to calculate the
theoretical parabolic growth rates (see equation (18)): a diffusivity term and a dimensionless

term, the factor, AR, which could be expressed in a good approximation by the normalised

change of the chemical potential of Al;O3, ‘Au Alzos‘/ RT , across the reaction layer. Hence, a

strong deviation from the experimental values cannot be explained by a wrong calculation of
the factor, AR, because this would imply a very erroneous calculation of the chemical
potential of Al,Os. The observed deviation from the experimental values must be induced by
the calculation of the diffusivity term in equation (18). This term was calculated by equation
(10) using our measured bulk tracer diffusivities. As we mentioned above the use of tracer
diffusivities, and neglecting correlation effects, will result principally in alower limit value of
the diffusivity term in equation (18). Furthermore, grain boundary diffusion has to be
considered to explain why the diffusivities of the oxygen ions and the aluminium ions during

the mullite formation are significantly higher than our measured bulk tracer diffusivities.

Grain boundary tracer diffusivities of mullite are known for the **0 isotope only [23]. In the
grain boundaries a much higher 20 diffusivity (up to afactor of 10%) was observed than in the
bulk. The amount of Al,Oz which is transported through the grain boundaries is proportional
to the volume fraction of grain boundaries in the mullite layer. Therefore, an effective
diffusion coefficient can be calculated by the Hart-Mortlock equation [24][25]

Dyt =5gDgy, +(1-59) D (29)

where D is the bulk diffusivity, Dg, the grain boundary diffusivity, g the volume fraction of
grain boundaries, and s the grain boundary segregation factor (s=1 for self-diffusion).
Assuming a similar enhancement (a factor of 10% of the %Al diffusivities in the grain
boundaries one can conclude from the Hart-Mortlock equation that volume fractions of grain

boundaries from 2.9x10* to 1.6x10° are sufficient to explain the observed discrepancies
12
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between calculated and measured parabolic growth rates. For a cubic grain geometry one can

estimate the grain size, d, by d = 38/9g (p. 206 in [26]). Assuming an average grain boundary

width & = 1 nm one gets corresponding cubic grain sizes from 10 umto 2 pm.

This explanation is plausible, however, the larger discrepancy at higher temperatures is
somewhat contradictory to conventional thinking about grain boundary effects (i.e., the
relative contribution from grain boundary diffusion is often larger at lower temperatures).
Another explanation could be impurity effects on diffusion, even with relatively pure starting
materials. For example, one observes a scatter band of about one order of magnitude for
measured oxygen diffusivities in nominally undoped a-Al,O5 which is mainly explained by
impurities which induce extrinsic point defects and affect the diffusion process [27].
Furthermore, we have assumed that the influence of the Si/Al ratio does not strongly affect
the diffusion process. This assumption is based on the low value of the Gibbs free energy of
formation of mullite and on the resulting close agreement of the oxygen diffusivity data
obtained for (single crystalline) 2/1-mullite and 3/2-mullite (see also [28] for further

discussion) but isopen to debate for the aluminium diffusivity.

This discussion shows that the parabolic growth rates calculated from our measured bulk
tracer diffusivity data of oxygen and auminium define at least a lower limit of the
experimentally observed growth rates. With the exception of the mullite formation data set at
the highest temperature (1813 °C) the discrepancy between parabolic rate constants cal cul ated
on the basis of (extrapolated) bulk diffusion data and the experimentally determined rate
constants is about half an order of magnitude, which clearly supports our model, taking into
account that the details of the growth experiment (impurity concentrations etc.) are not fully

evident from the literature.

5. Summary

An essential result of our tracer diffusivity studiesin single crystalline 2/1-mullite is the very
low diffusivity of *°Si compared to the diffusivities of °Al and *#0, which are almost equal.
Based on this observation we propose a diffusion-controlled mullite formation model which
assumes that the growth kinetics of amullite layer is controlled by the diffusion of aluminium
ions and oxygen ions. The two ionic fluxes can be described by a single molecular
(ambipolar) flux of Al,Os which transports Al,Os through the mullite layer and reacts with
SiO, to mullite. The ambipolar flux of Al,Os is enabled by freely migrating defects which are
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formed during the mullite formation reaction.

The reaction of SiO, with Al;O5 on regular sitesin the mullite structure requires the formation
of aluminium vacancies and oxygen vacancies (equation (13)). Based on this defect model we
derive equation (17) to calculate the parabolic growth constant of mullite formation.
However, the direct application of this equation requires the proposed defect model to be
valid in the whole mullite layer and necessitates the measurement of tracer diffusivities at the
two interfaces. Therefore, we write equation (17) into the form of equation (18) by the
definition of a dimensionless factor, AR, and assume that the ambipolar diffusion coefficient
of Al,Os at interface | corresponds to the ambipolar diffusion coefficient of Al,O; calculated
from our tracer diffusivity data. The factor, AR, is then calculated by means of the proposed
defect model (see equation (21)).

Further, it is demonstrated that because of the fairly low vaue of the Gibbs free energy of
formation of mullite the ambipolar diffusion coefficient of Al,Os; in the mullite layer is

practically constant.

To calculate the parabolic growth rate of mullite formation we need the ambipolar diffusion
coefficient of Al,Ozinthe mullite layer which can principally be calculated from the diffusion
coefficients of aluminium and oxygen (equation (8)). Neglecting correlation effects we
calculate the ambipolar diffusion coefficient of Al,Os from our measured tracer diffusivity
data (equation (10)). The results of this calculation are compiled in Table 2 and show that our
calculated values are about afactor of 5 lower than the measured values by Aksay et a. [17],
a least below 1750 °C. Taking into account typical experimental errors in layer growth
experiments this fairly small discrepancy supports our reaction model. Our calculated values

thus define alower limit of the parabolic growth rate.
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Appendix A

For the following derivations it is assumed that local thermodynamical equilibrium is
maintained within the reaction layer and also at the phase boundaries | and Il, so that the

following equilibrium condition is valid
2A1* +30% = AlLO, (29)
2nA|3+ + 31’]027 = Hai,o, (30)

where 1 is the electrochemical potential of electrically charged particles (AI3+, 02') and uis
the chemical potential of the uncharged particle (Al,Os). The chemical reaction equation of

the 3/2-mullite formation from the oxidesis given by
250, + 3Al,0, = Al S,0,, (31)

The reaction equilibrium constant, K,, can be written as

A si,0, ArGOAIGSiZOB
Kr =3 2 =€exp| — RT (32)
&p),0,850,

where g is the activity of component i (AlgSi2O13, Al2O0s, SIO;) and A Gy, g ¢, IS the Gibbs
free energy of formation of 3/2-mullite from the oxides which can be calculated by the free

energy of the formation from elements, A, G; tabulated in [29] or [30],
ArG;MGSizoB =A; G;M@'zom — 34, Gj—\I203 — 24, G;OZ (33)

The activity of 3/2-mulliteis 1 inthe mullite layer so that equation (32) yields

2RT|n(aSiOz)+3RTIn(aAI203): ArGOAI5SizOls (34)
A.1 Derivation of equation (8)
The fluxes of aluminium and oxygen ions are given by
j , - _ CA|3+ DA|3+ dnA|3+
A RT dx
(35)
j - _ COZ’ DOZ’ dnoZ*
o RT  dx

where ¢;, D; and n; are the concentration, the diffusion coefficient and the electrochemical
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potential of the ion i (AI®*, O%), respectively [31]. The gradient of the electrochemical

potentials can be expressed by
dT]AI3* — duAI“ +3Fd_(p
dx dx dx
(36)
Mg _ Mo, pdo
dx dx dx

where F is the Faraday constant and ¢ the electrical potentia. The condition for
electroneutrality, equation (5), is used to eliminate the unknown term Fxdg/dx from the flux

equations.
du, .. du
3c,.D,, 2~ -2c,D, —°
pdo _ TTATTAY gk ot 7o dx (37)
dx 9¢c,»D,s +4C. D,

Inserting equation (37) into the flux equations (35)-(36) and respecting equation (5) and (30)

one gets for the ion fluxes

by _ o __(Plug, W, (39
2 3 RT dx
with the shortcut
Cpier DAl3+ XCor DOZ’

cD =
< >A|203 9C D o +4C027 Doz— (39)

A% A

By equation (7) an ambipolar diffusion coefficient was defined. Comparing equations (6), (7)

and (38) one concludes that the ambipolar diffusion coefficient is given by

_ <CD>A|203 _ DA|3* Doz‘
ALO, = = (40)
CA|ZO3 9 (CA|203 / COZ* )DA|3+ + 4 (CA|203 / CA|3+ )DOZ*
and finally because of the concentration relations
C,.. C.,
C — A _ "0 41

oy = =2 (41)

one derives equation (8). Considering equation (6) and equation (41) one concludes
V= jA|ZO3 — jA|31L — jOZ* (42)

CA|203 CAI3+ COZ’
16
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Thus, al particles (Al,Os, AI**, O%) considered in the proposed mullite formation model

migrate with the same drift velocity, v.
A.2 Derivation of equation (17)

By definition the chemical potential of Al,O3 isgiven by
Haio, =Maio, T+ RTIN(@, o,) (43)

considering also equation (34) one can express equation (12) by

2 Iy 2 D
k=3 [ D0, dIn(ag,) =3 [ == dag, (44)
0) (h 9so,
Inserting equation (16) gives
_ D'leos [ I \2/15 | 2/15] _ I |
k= SW (aSiOZ) - (asoz) = 5( DAI203 - DA|203) (45)
o0,
A.3 Derivation of equation (21)
The factor AR is defined by equation (18). Considering equations (45) and (16) gives
(ag 2)2/15
o,

At interface | the activity of Al,O3 is 1 (see Fig. 2) so that one can calculate the activity of

SiO; at interface | using equation (34)

AG, 4
I 2/115 _ ex AlgSi;0y3
(aaoz) P 15RT

] (47)
Inserting equation (47) into equation (46) gives equation (21).
A.4 Derivation of equation (24)
The activity of Al,Ozis 1 at interface | and aL{,zoa at interface Il (see Fig. 2) so that one gets
from equation (43) for the difference of the chemical potential

Ala,0, = Mo, — Mo, = RTIN@Y o, (48)
Considering equation (34) one gets equation (24).
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Tablel Experimental conditions and data for sapphire-equilibrium-melt runs [17], where t

is the annealing time, £ is the mullite layer thickness, and Keq the experimental

parabolic growth constant.

T Melt Mullite g Kexp = E71(2t)

°C | mol % Al,03 | mol % Al,03| min | pm m?/s
1678 6.75 58.6-62.7 | 12,182| 10 6.8x10™""
1678 6.75 58.6-62.7 | 47,380| 18 5.7x10°"
1753 14.9 58.6-62.7 6,608 13 2.1x10°
1813 30.2 59.9-62.7 | 10,025| 36 1.1x10"

Table2 Parabolic growth rates calculated from the measured tracer diffusivities of

aluminium and oxygen using equations (10), (18) and (21) (compare with

experimental data in Table 1). The activity of SO, at phase boundary II,agoZ , Was

approximated by the molar fraction of SiO, in the aluminium-silicate melt. The free

energy, A,G, g0, » fOr the formation of 3/2-mullite from the oxides was calculated

with equation (33) using thermochemical data from [29]. The dimensionless factor

of first approximation, ARy, was calculated by equations (23), (24).

http://mc.manuscriptcentral.com/pm-pml

T | RT |AGuso, | 8o, | ARy | AR | Dy, Keao Ke ! Keac
°C | k¥mol | kJmol m?/s m?/s
1678 | 16.2 -338 | 093 | 065|069 | 21x10" | 1.5x10™" 4.6
1678 | 16.2 -338 | 093 | 065|069 | 21x10" | 1.5x10™" 3.9
1753 | 16.8 -353 | 085|059 | 063 | 6.1x10" | 3.8x10™" 5.6
1813 | 17.3 -36.5 | 0.70 | 0.46 | 048 | 1.3x10™°® | 6.4x10™"' 17
20
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Figure Captions

Fig. 1

Fig. 2

Compilation of our measured tracer diffusivities (**0, °Al, ¥Si) in single crystalline
2/1-mullite. Ikuma et a. [8] measured the O diffusivity in single crystalline 3/2-
mullite. Also shown are data of the parabolic growth constant, k, of mullite formation

measured by Aksay et a. [17] via high-temperature diffusion couple experiments.

Schematic representation of the reaction model for the mullite formation. Al,Os is
transported through the solid mullite layer by means of intrinsic AI** and O* ion
fluxes and reacts to 3/2-mullite with SIO, from the aluminosilicate melt which is in

equilibrium with mullite. The chemical potentia of Al,O3 decreases across the mullite

layer, the limiting values are 1}, ., in 0-Al203 and iy, o, in the aluminosilicate melt.
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