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In many cases, alumina scales are assumed to grow predominantly by oxygen diffusion, but some
authors have found that the growth can be controlled by aluminium diffusion. These mechanisms
can be modified by active elements. The problem with alumina is that there is a lack of data about
self-diffusion coefficients, and, due to the stoichiometry of alumina, diffusion data correspond to
an extrinsic diffusion mechanism so that it is not possible to compare oxygen and aluminium
diffusion coefficients. In order to obtain information about the alumina scale growth mechanism,
oxygen (80) and aluminium (*°Al) self-diffusion coefficients in Al,O3 were determined in the same
materials and in the same experimental conditions, thus allowing a direct comparison. For both
isotopes, bulk and sub-boundary diffusion coefficients were determined in single crystals of
undoped alumina. Grain-boundary diffusion coefficients have been computed only for oxygen
diffusion in polycrystals. Oxygen diffusion has been also studied for yttria-doped a-alumina in the
lattice, sub-boundaries and grain boundaries. Oxygen and aluminium bulk diffusion coefficients
are of the same order of magnitude. In the sub-boundaries, aluminium diffusion is slightly faster
than oxygen diffusion. Yttria doping induces a slight increase of the oxygen bulk diffusion, but
decreases the grain-boundary diffusion coefficients on account of segregation phenomena. These
results are compared with the oxidation constants of alumina former alloys (alloys which develop
an alumina scale by oxidation). It appears that neither lattice self-diffusion nor grain boundary
self-diffusion can explain the growth rate of alumina scales. Such a situation is compared to the
case of Cr,0;.

1. Introduction

Alumina is a structural ceramic of great technological
interest for applications at high temperature. In par-
ticular, alumina scales developed on high-temperature
alloys are one of the most protective films. It is well
known that active elements such as yttrium (or others)
notably increase the alumina scale adherence, but
despite extensive work on this subject the mechanisms
by which such elements act are not yet elucidated [1].
Many authors suggest that yttrium can act on the
transport properties of alumina scales, which seems
confirmed by extensive work on massive aluminas
[2-13]. Nevertheless, in the case of alumina scales
various and sometimes opposite mechanisms are sug-
gested in order to explain the effect of yttrium on the
transport properties. For instance, according to the
preponderant diffusion (cationic or anionic) which en-
sures alumina scale growth, it is proposed that yttrium
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either decreases aluminium diffusion [14] or oxygen
diffusion [15, 16]. However, it must be remarked that
there is not a great scatter in the parabolic oxidation
constant values found by various authors.

The problem with alumina is that it is one of the
most stoichiometric oxides and, consequently, its
transport properties are dominated by the impurities.
In addition there is a lack of data about self-diffusion
in alumina, particularly aluminium diffusion and also
grain-boundary diffusion of both aluminium and oxy-
gen [8, 17-24]. Due to these two disadvantages, it is
not possible at this date to compare cationic and
anionic diffusion coefficients.

Thus, it appeared necessary to perform new alumi-
nium and oxygen self-diffusion experiments in
alumina, on the same materials treated in the same
conditions and with the same procedure, in order to
be able to perform a correct comparison of oxygen
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and aluminium diffusivities in the bulk and in the
grain boundaries [8,25,26].

In order to apply the results to the interpretation of
the effect of yttrium on the growth rate of alumina
scales, it is necessary to determine the diffusion coeffi-
cients in undoped and yttrium-doped aluminas. This
has been conducted for oxygen diffusion, using the
previous results obtained by Prot [8] on undeped
single crystals and polycrystalline alumina samples,
and measuring the oxygen diffusivity on materials
differing only in the presence of a doping element
[26,27].

2. Experimental procedure

2.1. Materials

a-Al,O; single crystals were elaborated by the Ver-
neuil technique by Baikowski Chimie Society for both
the undoped alumina samples used by Prot [8] and
the doped samples. In this case the single crystals were
made from a 300 p.p.m. (weight percentage) Y,O;-
doped alumina powder of the same purity as the
powder used for the undoped samples. The powder
doping procedure is described elsewhere [26]. Chemi-
cal analyses indicated that the undoped and doped
aluminas were contaminated by silicon. The samples
were prepared so that the surface for diffusion experi-
ments was parallel to the (000 1) plane.

Dense polycrystals of good quality were obtained
by hot pressing (performed by P. Carry, Ecole Poly-
technique de Lausanne) [27], using a 500 p.p.m.
Y,0;-doped alumina powder also provided by
Baikowski Chimie Society. These polycrystals had
a volumic mass equal to 99.6% of the theoretical
volumic mass of alumina. Again a contamination with
Si was detected. ’

All samples were accurately diamond-polished and
then annealed in 0.21 atm 0, or in air for oxygen
and aluminium diffusion experiments, respectively, at
a temperature corresponding to the diffusion test con-
ditions and during a sufficiently long time to ensure
equilibrium as much as possible. As will be shown
later, in doped samples yttrium segregation can occur
during this pre-annealing.

80, was obtained through CEA (France) and was
introduced by isotopic exchange [26]. A low-activity
solution of 2°Al was provided by the Los Alamos
National Laboratory (LANL) and deposited as a drop
on the sample surface [25]. Afterwards, diffusion an-
nealing was conducted in air.

The diffusion experiments were conducted between
1540 and 1697°C for aluminium diffusion and
1110-1630° C for oxygen diffusion. All our conditions
were similar to those used by Prot [8].

2.2. Depth profiling

For all determinations of the oxygen diffusion coeffi-
cients, depth profiling was performed by secondary
ion mass spectrometry (SIMS) (CNRS, Bellevue). The
samples were previously covered by a thin layer of Au
{ ~ 20 nm) in order to eliminate charges, and the anal-
ysis conditions were the following: 10keV Cs* ion
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source, scanned area 250 pum x 250 pm, analysed zone
62 um in diameter [26]. After having verified that
a constant sputtering rate was obtained (linear rela-
tion between crater depth and analysis time), the pen-
etration depths were deduced by measuring the final
depth of the crater by means of a profilometer.

In case of aluminium diffusion, the curves for acti-
vity versus depth were established by successive thin
mechanical abrasions ( ~ 0.05 pm) and by counting
each time the residual activity (4,) of the sample using
the v disintegration ray of 26A1(0.511 MeV) and a ger-
manium detector (Marseille laboratory) [25].

2.3. Determination of diffusion coefficients
The diffusion coefficients were computed using the
following equations.

(i) For oxygen lattice diffusion coefficients

C(ys t) - Cs _ y
~C._C. c - erf<————2(DLt)1/2) 1)

with y the penetration depth, C, the constant superfi-

cial concentration in 30, C, the natural isotopic

concentration and Dy, the lattice diffusion coefficient.
(i) For aluminium lattice diffusion coefficients

Ar = Ar(o) erfc( (2)

¥
(4D, Y2
with A4, the total tracer activity per surface unit at
y=0.

(ili) For diffusion along dislocations if isolated

dinC A(w)

o)l
D,

with A a coefficient whose value is given by the curve
of A versus o [28]; a is the reduced value of the
dislocation radius, u/(D_t)*/?, u being the radius of the
dislocation, and Dy is the dislocation diffusion coeffic-
ient.

(iv) For diffusion either along aligned dislocations
(sub-boundaries) or grain boundaries (Whipple-Le
Claire equation for B-type diffusion)

D\'"?( oInC\ *?
anggb=1.322<T> ~ % (4)

with &, (or &) the grain boundary (or sub-boundary)
thickness and D, (or D) the grain boundary (or
sub-boundary) diffusion coefficient.

In all cases, for oxygen diffusion the *#O concentra-
tion was calculated from the results of SIMS analysis
using

[1°0] = I(18)/[J (16) + I (18)]

where (M) is the intensity in counts per second of the
mass M.

3. Results

3.1. Oxygen and aluminium lattice diffusion
coefficients in undoped a-alumina

The lattice diffusion coefficients of oxygen [8] and

aluminium [25] in single crystals of a-alumina are



reported in Fig. 1 and compared with literature data
for oxygen and aluminium self-diffusion [17-24] and
cationic heterodiffusion [29,30]. It appears that alu-
minium and oxygen diffusion coefficients determined
in the same material with the same experimental con-
ditions [8, 257 are of the same order of magnitude.
Aluminium diffusion is somewhat greater than oxygen
diffusion but the difference is very small

Aluminium diffusion coefficients determined in our
single crystals [25] are three to four orders of magni-
tude smaller than those determined byPaladino and
Kingery [17] in polycrystalline samples. The coefli-
cients determined in our single crystals are also small-
er than the cationic heterodiffusion coefficients
determined by Lesage [29] and Badrour [30] on
mono- and polycrystalline alumina samples.

The oxygen diffusion coefficients in single crystals
are smaller than most of the literature data on oxygen
diffusion, except for the diffusion coefficients of Oishi
et al. [20] and Reed and Wuench [21]. They are
exactly in agreement with the oxygen diffusion deter-
mined by Lagerlof et al. [23] and Cadoz [24].

Concerning the coefficients determined in our single
crystals of undoped alumina, the values of the diffu-
sion coeflicients are collected in Table L In the case of
oxygen diffusion [8], the diffusion law deduced from
the Arrhenius graph (Fig. 2) is

DP(cm?s™ 1) = 206(cm?s ™)
x exp[ — 636 4+ 30(kJmol ™ ')/RT]

Such a value of the activation energy for oxygen lattice
diffusion in alumina is of the same order of magnitude
as most of the results shown in Fig. 1 for oxygen
diffusion.

In the case of aluminium diffusion, if one attempts
to determine an activation energy from the few points
one finds 510 kJmol ™!, whereas Paladino and King-
ery [17] found an activation epergy equal to
460 kI mol ™ *.

It should be noted that the value at 1697°C for
aluminium diffusion is doubtful: it corresponds to the
determination of a lattice diffusion coefficient on
a curve which looks like a curve tail. It means that this
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Figure 1. Temperature dependence of aluminium and oxygen lat-
tice diffusion in undoped a-alumina. Our results for single crystals
and literature data.

TABLE I Lattice diffusion coefficients of oxygen and aluminium
determined in single crystals of undoped ¢-alumina.

TCC) 10T  t(h) D? (em?s™')  D¥em?s™Y)
KT [8] [25]
1500 5.64 10 46x10717
1520 5.58 55 5.1x107Y7
1540 5.515 253.25 4x1071¢
1550 5.49 3 1.0x10718
1570 543 3 2.1%x 10716
1570 5.43 6 3.7x 10716
1577 5.40 2 20x1071¢
1577 5.40 6 19x1071¢
1600 5.34 24 3.5%x 10718 )
1610 5.31 100 8x 10716
1630 5.25 5 9.4 x 10716
1630 5.25 24 6.1 x 10716
1630 5.25 34 5.4x10718
1650 5.20 214.5 3Ix 10713
1660 5.17 24 12x10°13
1685 5.11 80 3.1x107 %
1697 5.076 49.75 (9.8 x 10714
1720 5.02 72 42%10713
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Figure 2. Arrhenius plot of the lattice self-diffusion in single crystals
of undoped a-alumina: (O,~--) O, AE =636kJmol™" [8];
(®, ——) AL AE ~ 510kJ mol ™! (25, 26].

point corresponds rather to an apparent diffusion
coefficient than to a lattice diffusion coefficient, with
Dupp = ADg + (1 = X)Dr, A being the fraction of
atoms which diffuse in sub-boundaries. This point has
not been taken into acccount in Fig. 2 for the calcu-
lation of an order of magnitude of the activation
gnergy.

3.2. Oxygen and aluminium sub-boundary
diffusion coefficients in undoped
a-alumina

It was verified. by transmission electron microscopy

(TEM) that the penetration curve tails were due to

diffusion along sub-boundaries (i.e. aligned disloca-

tions) in the alumina single crystal. It was verified [8],

by the evolution of the curves In(C — C ) = f(y*/°) as

a function of the diffusion time, that the slope of the

curve tail depends on the diffusion time which ex-

cludes isolated dislocations. Thus Equation 4 was
used.

203



TABLE II. Sub-boundary diffusion coefficients of oxygen and aluminium determined in single crystals of undoped a-alumina

T{¢0) 10T K™Y t (h) D2 DA A=D,/D,
(em?s~1) [8] (cm?s™1) [25]
1500 5.64 10 83x10713 21x10*
1520 5.58 5.5 29x10712 4.6 x 10%
1540 5.515 253.25 22-34x10" 1t 5.5-8.5x 10*
1550 5.49 3 73x10712 5.8 % 10*
1570 5.43 3 32x1071t 1.6 x 10°
1570 543 6 2x 1971t 1x10°
1577 5.40 2 1L1x1071! 4.7 x 104
1577 5.40 6 89x 10712 3.8 x 104
1600 5.34 24 22x107 1 5.7x10*
1600 5.34 94 1.1x1071° 2.8x10°
1610 331 100 6-9x1071° 7.5-10.0 x 10°
1630 525 5 38x1073t 5.1x10*
1630 5.25 24 45% 107! 6.1 x10*
1630 5.25 84 1.9x 10710 2.6x10°
1650 520 80 1.6 x 10~ 1% 1.4 x10°
1650 5.20 2145 3x107° 1x 108
1660 5.17 24 20x 1071 1.5x10°
1675 5.13 118 1.0x1071° 5.4x10*
1685 5.11 80 35x10710 1.5x10°
1697 5.076 49.75 : 1-44x10° 1-4.5 x 10*
1707 5.05 72 73x10710 21x10°
1720 5.02 72 9.2x1071° 2.0x 10%
1751 494 67 48x107° 59 x10°
107 — from the few points concerning aluminium sub-

5.2 5.3 54 55 56 5.7
1047 (K"}

49 5.0 b1

Figure 3. Arrhenius plot of the sub-boundary self-diffusion in single
crystals of undoped a-alumina: (O,-—-) O, AE = 896 kJ mol~1!
[8]; (®, ——) Al, AE = 850 kJ mol ! [25, 26].

The values of the sub-boundary oxygen and alumi-
nium diffusion coefficients in undoped «-alumina
single crystals are collected in Table II. Fig. 3 shows
the Arrhenius plot of these coefficients.

It appears that aluminium sub-boundary diffusion
is faster than oxygen sub-boundary diffusion. The
difference is more marked than in the case of lattice
diffusion (see Fig. 2). The activation energy for the
oxygen sub-boundary diffusion is equal to
896 kI mol~* [8] with a diffusion law given by

D% (cm?s™ 1) = 3.1 x 10**(cm?s ™)
x expf — 896(kJmol~!)/RT]

the thickness of the sub-boundary 8, being arbitrarily
taken as 3 x 10" %cm.

In the same manner as for aluminium lattice diffu-
sion, if one attempts to determine an activation energy
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boundary diffusion, one finds 850 kI mol~!. In both
cases (aluminjium and oxygen diffusion), it is surpris-
ing to observe that the activation energy of sub-
boundary diffusion is greater than the activation en-
ergy of lattice diffusion for the same element.

3.3. Oxygen lattice and sub-boundary
diffusion coefficients in yttrium-doped
a-Alumina

These results will be compared with the oxygen lattice

and sub-boundary diffusion coefficients obtained by

Prot [8] on single crystals of undoped w-alumina,

whereas our samples are doped with 300 wt p.p.m.

Y,03 26, 27]. In the case of Y-doped alumina, oxy-

gen diffusion in sub-boundaries occurs for tempera-

ture higher than 1400° C. It was also verified by TEM
observations, and by the evolution of the diffusion
profiles as a function of diffusion time, that the curve
tails were due to aligned dislocations (sub-boundaries)

[26,27]. :

Values of the diffusion coefficients found by Prot in
undoped alumina are already given in Tables I and I1.
The values of oxygen diffusion coefficients in Y-doped
alumina single crystals are collected in Table III for
lattice and sub-boundary diffusion.

All these results are plotted in an Arrhenius graph
in Fig. 4. The diffusion laws for oxygen diffusion in
undoped alumina were already given above. In the
case of Y-doped alumina

Df(cm?s™ 1) = 67(cm?s™ ')
x exp[ — 590 + 30(kJ mol~!)/RT]
D3 (cm?s 1) = 10V (em?s ™)

x exp[ — 980(kJmol~1)/RT]



TABLE IIT Lattice and sub-boundary diffusion coefficients of oxygen determined in single crystals of Y-doped alumina (300 wt p.p.m. Y,03)

T(°C) 104T t (h) Do i A=D,/D, B
(K™Y (cm?s™Y) (cm?s™Y)
[26, 27] [26, 27]
1110 7.23 6 7.6 x107183.2 x 1017
1110 7.23 6 27x10718-22x 10717
1250 6.56 54.3 8.0x1071?°
1345 6.18 6 1.3x 10717
1370 6.08 5.5 1L.6x 10717
1396 5.99 5 23x10717
1415 5.92 80 20x10717 1.8x 10714 9.2x 10? 6
1460 5.77 543 3.0x 10717 9.2x10713 3.0x10* 200
1497 5.65 44.5 1.5x 10718 89x10712 5.9 x 10* 190
1505 5.62 2 1.4x10716 1.0x 10711 7.5 x 10* 1174
1550 5.48 24 1.1x10°13 80x10"11 7.3 x 10* 118
1550 5.48 5.1 4.5x10713 8.6x1071° 1.9x10° 332
1600 5.34 8 1.9x10°13 1.0x1071'° 5.5x10* 117
1600 5.34 8 8.4x10716 73x10712 8.7x10* 278
1614 5.30 3.1 30x1071° 6.4x 10711 2.1x10* 54
1630 5.25 5.5 1.0x 10714 80x 1071 8.0x 10* 90
1630 5.25 5.25 1.7x 10714 8.6x1071° 5.0 x 10* 44
It again appears for Y-doped alumina that the activa-
10%4 tion energy of sub-boundary diffusion is greater than
¥ the activation energy of lattice diffusion. In undoped
1074 and Y-doped alumina single crystals, the order of
2t magnitude of both the activation energy of lattice
v i diffusion and the activation energy of sub-boundary
E10™4 diffusion can be considered as of the same order of
a + magnitude due to the uncertainty. In both the lattice
1074 and the sub-boundaries, yttrium doping slightly in-
1 0_13‘f creases the diffusion coefficients.
"!!'
107 1 " { i L 3.4. Oxygen grain-boundary diffusion
4.5 5.0 5.5 6.0 6.5 7.0 coefficients in yttrium-doped o-alumina
1047 (K™ Again, these results will be compared with the oxygen

Figure 4. Arrhenius plot of the lattice and sub-boundary diffusion
of oxygen in single crystals of undoped and Y-doped o-alumina
(300 wt p.p.m. Y,03). Undoped [8]: (O,~-) Dy, (®,——=) D_.
Y-doped [26,27]: (O,——) D, (®,——) D,,..

grain-boundary diffusion coefficients obtained by
Prot [8] on polycrystalline undoped alumina samples,
while ours are doped with 500 wtp.pm. Y,0;
[26,27].

TABLE IV Grain boundary diffusion coefficients of oxygen determined in undoped and Y-doped polycrystalline alumina samples (500 wt

ppm. Y,03)
T(°C) 1041 t (h) D;’b A=D,/D. B
K™ (em*s™")
Undoped Y-doped
8} [26,27]

1460 577 19 4x10714 49 x 10? 30
1460 5.77 1.9 6.6x 10714 2.5x10% 15
1499 5.64 2 8.9x10712 2.3x10° 2 x 10%
1505 5.62 2 5% 10713 2.5x103 85
1540 5.51 1 9.7x1071! 9.6 x 10° 8 x 10*
1550 5.48 2.1 21x10713 3.7x 10% 8
1580 5.40 2 1.7x10°1° 6.8 x10° 3x10*
1580 5.40 8.1 72x10713 5.5x10? 4
1614 5.30 31 1.6x 1071 1.7 x 103 15
1629 5.26 6.5 3.1x1071° 43x10° 5x103
1660 517 0.5 1.8x10°° 1.3 x10¢ 4 x10*
1689 5.10 3 6.0x107° 2.4 x 108 2 x 10*
1718 5.02 6.5 1.5x 1078 3.4x10° 2x10*
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Figure 5. Arrhenius plot of the grain-boundary diffusion of oxygen
in undoped and Y-doped o-alumina (500 wtp.p.m. Y,O,)
(O,—~~) undoped [8], AE =921 kJmol™}; (0,—~-) Y-doped,
AE = 800 kJmol * [26, 27].
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Figure 6. Comparisons of lattice, sub-boundary and grain-bound-
ary diffusion of oxygen in (——) undoped [8] and (—) Y-doped
[26,27] aluminas.

The values of the grain-boundary diffusion coeffi-
cients obtained in polycrystalline undoped [8] and
Y-doped a-alumina are collected in Table IV. All these
results are plotted in an Arrhenius graph in Fig. 5. The
diffusion laws are the following: in the case of un-
doped alumina

DG (cm?s™1) = 1.6 x 10*¢(cm?s ™ 1)
xexp[ — 921(kJ mol~')/RT]
while in the case of Y-doped alumina
D (em?*s™1) = 7x10*%(cm?s™ )
x exp[ — 800 + 20(kJmol~1)/RT]

where 8, is taken as | nm. It appears that the oxygen
grain-boundary diffusion coefficients are smaller in
Y-doped alumina than in undoped alumina by about
three orders of magnitude.

The activation energy can be considered of the same
order of magnitude for undoped and doped aluminas.
The activation energy of grain-boundary diffusion,
like the activation energy of sub-boundary diffusion, is
greater than the activation energy of lattice diffusion.
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If all the results concerning oxygen diffusion ob-
tained by Prot [8] and ourselves [26,27] are plotted
on the same graph (Fig. 6), it appears that in undoped
alumina the sequence is

Dy < Dy, < Dy,

as generally observed, while in Y-doped alumina the
sequence is

Dy < Dy, < Dy,

4. Discussion

As the results obtained by Prot and co-workers [8,31]
and Le Gall et al. [25-27] have already been discussed
in detail, only the main interpretations will be recalled
here. Indeed, the objective of this paper is to use the
comparative results obtained by these authors to get
information on the growth mechanism of alumina
scales formed by high-temperature oxidation, and
on the yttrium effect on high-temperature corrosion
resistance.

4.1. Self-diffusion mechanisms in alumina
4.1.1. Lattice self-diffusion

The theoretically undoped alumina single crystals
used in the work of Prot et al. and Le Gall et al.
[8,25-27, 31] are unfortunately doped with silicon
(50 wt p.p.m. in the original powder). This is a non-
negligible amount for alumina, which is a very
stoichiometric oxide; Dils [32] suggests that at
1727°C the scatter from stoichiometry is equal to
~ 1078, Considering this and the low values of the
activation energy of lattice diffusion, it is suggested
that extrinsic diffusion occurs. Then the results ob-
tained for oxygen and aluminium lattice diffusion can
be justified on the basis of the preponderant impurity,
ie. Si.

In the case of oxygen diffusion, Prot [8] showed
that the lattice extrinsic diffusion mechanism could
only be interpreted assuming that the impurity Si in
alumina was compensated by oxygen interstitials, Oy .
This interpretation was in agreement with the cal-
culated possible defect concentrations, with the activa-
tion energy (636 kImol™') equal to the migration
enthalpy of the oxygen interstitial and with the en-
tropy term in the preexponential factor. With Prot’s
considerations, it is found that [O]] = 25 p.p.m. and
then it can be deduced that [V4]] ~ 4 p.p.m. In such
a case, considering that aluminium self-diffusion also
occurs by an extrinsic diffusion mechanism, the re-
spective diffusion rates of Al and O would mainiy
depend on the differences between the activation en-
thalpies for the defect considered. Our results are
perhaps too limited to propose an activation energy,
but calculations made by Dienes et al. [33] give for the
migration enthalpy of V4 a value equal to
366 kI mol ™. The difference between the two migra-
tion enthalpies can explain the greater diffusivity of
aluminium. Anyway, it must be remembered that both
oxygen and aluminium diffusions occur by an extrin-
sic mechanism and that the aluminium diffusivity is
somewhat greater, with a slightly smaller activation
energy.



4.1.2. Sub-boundary diffusion

In “undoped” alumina, the sub-boundary diffusion
coefficients of aluminium are greater than those con-
cerning oxygen diffusion. This was explained by Le
Gall et al. [25,26] by the size differences between
aluminium and oxygen ions (Ra;s+ = 0.053 nm and
Rp2- = 0.138 nm) and by the fact that oxygen ions
have a greater affinity for cations segregated along the
sub-boundaries than aluminium ions. In both cases,
the activation energy of sub-boundary diffusion would
be equal to the sum of the defect migration enthalpy
and of an interaction enthalpy term (interaction be-
tween the diffusing species and the segregated impu-
rities). Both the migration term and the interaction
enthalpy term would be greater in the case of oxygen
diffusion.

4.1.3. Grain-boundary diffusion

In “undoped” alumina only oxygen grain-boundary
diffusion data are available. Comparisons between
anionic and cationic diffusion cannot be performed. It
must be remembered that the activation energy of
oxygen grain-boundary diffusion is greater than the
activation energy for lattice diffusion. It is suggested
that this is again due to an interaction term between
the diffusing species and the impurities segregated or
precipitated along grain boundaries. It could be ex-
pected that the same phenomenon would occur for
aluminium diffusion, probably less importantly, and
always on account of the difference in the sizes of the
two ions and in their respective affinities for the seg-
regated impurities.

4.1.4. Effect of yttrium on oxygen diffusivity
As shown by Fig. 6, the yttrium doping of alumina
induces a slight increase of oxygen lattice diffusion
and of sub-boundary diffusion but a decrease of the
oxygen grain-boundary diffusion.

In the case of lattice diffusion, the differences are
explained by considering that the extrinsic lattice dif-
fusion mechanism is now controlled by silicon and
yttrium impurities which both act as a “donor”, ie.
they induce an increase of oxygen interstitial defects
[26,27]. Considering, on the basis of the work of
Loudjani et al. [34,35], that only 10 p.p.m. yttrium
atoms are in solid solution in alumina single crystals,
the oxygen interstitial concentration has been evalu-
ated as equal to 40 p.p.m. (always taking into account
the 50 p.p.m. Si). This increase in the oxygen inter-
stitial concentration compared to “undoped” alumina
( ~ 25 p.p.m.) explains the increase of the oxygen lat-
tice diffusion coefficients. This is in agreement with the
fact that the activation energy is of the same order of
magnitude in both “undoped” and Y-doped materials.

In the case of sub-boundary diffusion, it is suggested
that at temperatures lower than 1400°C yttrium is
precipitated on sub-boundaries and notably decreases
the oxygen sub-boundary diffusion (no curve tails
were observed in these cases). At temperatures higher
than 1400° C, yttrium precipitate dissolution occurs
which induces a greater density of dislocations free for

diffusion in the sub-boundaries than in undoped
alumina. The slight increase of oxygen diffusion in
doped alumina is due to the greater dislocation den-
sity resulting from the yttrium incorporation during
elaboration of the samples on account of the import-
ant size of Y** ions. It results in an increase of the
sub-boundary energy and diffusivity.

In the case of grain-boundary diffusion, yttrium
decreases the oxygen diffusivity on account of the
effect of either vttrium precipitates or yttrium segrega-
tion (according to the temperature [34, 35]) along the
alumina grain boundaries [26, 27].

It is always observed that the activation energy of
sub-boundary and grain boundary diffusion is greater
than the activation energy (AE) of lattice diffusion,
always on account of the fact that (AE);, = AH, when
(AE)sp or gp =~ AH, + AH,y,, as discussed above.

4.2. Relation between diffusion and growth of
alumina scales formed by oxidation of
alloys at high temperature

Though all the results concerning self-diffusion in

a given alumina material are not available (there is

a lack of data for grain-boundary diffusion of alumi-

nium), it is interesting now to calculate the parabolic

oxidation constants k. from the various possible diffu-
sion mechanisms and to compare them with the litera-
ture data on k, values given by oxidation experiments.

Using Wagner’s theory [36], and considering that
the diffusion coefficients do not vary with oxygen
pressure, which is suggested by Prot [8], k. can be
written

pO2(e)
k.= f (1.5 DA% + DS;)d(In pO,)
pO2(i)

with pO,(i) and pO,(e) the oxygen pressure at the
inner and outer interfaces of the alumina scale, respec-
tively, and D% the effective diffusion coefficient of the
Z element given by

D% = (1 —f— MWD + fDy + ADg,

with f the volume fraction of grain boundaries:
f=38/® where 3 is the grain boundary width (taken
as 1 nm) and @ the diameter of the grains (taken equal
to 1 um which is an average value for alumina grains
in oxide scales), giving f = 3 x 1073, X is the volumic
fraction of sub-boundaries given by A = nu?p4, with
u the dislocation radius (4 ~ 1 nm) and py the disloca-
tion density whose maximum value must be about
101 cmcem ~3 [26]; this gives A = 3 x 10™% Thus

A—f—3)=~1

The calculations will be conducted at two tempera-
tures, 1100 and 1300° C, by extrapolating the self-dif-
fusion results obtained by Prot and Le Gall in “un-
doped” alumina and in Y-doped alumina
[8,25-27, 31]. This will possibly yield evidence of an
inversion in the main diffusion phenomenon, as sug-
gested by some authors in the case of yttrium-doped
alumina scale growth [37,38]. For these tempera-
tures, the order of magnitude of experimental k. values
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TABLE V. Diffusion contributions at 1100 and 1300° C for oxygen
and aluminium in “undoped” and Y-doped aluminas, calculated by
extrapolation of the previous data

Parameter 1100°C 1300°C
(cm?s™ 1) (104T (04T
=728K™Y) =635K™Y)
Undoped Y-doped Undoped Y-doped
D? 1x10722 2x10720 2x1071® 2x 10718
Dg, 2x 10720 §x 10721 5x 10718 3x 10716
)»D:)b 6x10724 1x107% 2x1071° §x 10720
D;’b 1x10°1° 2x10720 4x1071'3 2x 10716
1D, 310722 7x107%  1x107Y7  6x1071°
Do, 4% 10722 2x107% 1.2x10717 269x10718
DA 6x 102! 210718
DA 6x1071° 7x1071
ADA! 2x1072? 2x10718
D;b' 25%x 10718 5.6x 10714
fo4 7x 1072 2x1071¢
pAf 1.34 x 10720 1.68 % 10716
(found in oxidation experiments) is
k,~5x10"1*-10"12¢cm?s ! at 1100°C
~ 10" em?s7? at 1300°C

In these temperature conditions

In (Poz(e)

=~ }1=1759 at 1100°C
Poz(l))

= 59.8 at 1300°C

with pO,(i) = 1073 atm at 1100° C and 10~ 2> atm at
1300° C, if thermodynamic equilibrium is reached and
in standard conditions.

The different oxygen diffusion laws in “undoped”
alumina (this work and Prot’s work) are the following,
D° being expressed in cm?s~! and the activation en-
ergy in kJ mol ™%

D? = 206 exp ( — 636/RT)
DY = 3.1x 10" exp( — 896/RT)
DY, = 1.6 x 10'exp( — 921/RT)

In the case of aluminium diffusion in undoped
alumina, the estimated laws are

DA = 0.16exp( — 510/RT)
DAl = 1.3x 10 exp( — 850/RT)

The diffusion coefficients deduced from these laws at
1100 and 1300° C are collected in Table V. Due to the
lack of data on aluminium grain-boundary diffusion,
it has been assumed that the ratio Dy,/D;, was a con-
stant for oxygen and aluminium diffusion. Then

2 has been calculated. The hypothetical values are
given in italics in Table V.

4.2.1. Results at 1100°C
With all the considerations given and assuming that
D D

~24
DS, ng

it is observed that aluminium grain-boundary diffu-
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sion would be the preponderant phenomenon with
fDA =7x10"*cm?*s™! > ADY
DY« DA =13x1072%cm?s™!

Then

— Al pOz(e))
k.=15D¢' +fD4)In (pOZ(i)

=15x10"18cm?s7!

which is « 1073 e¢m?s ™! (the experimental k. value).

4.2.2. Results at 1300°C

In this case, assuming

Dy DA
DND =~ 14

it appears that
fDR=17x10"'%cm?s™ ' > ADA
=2x10"18cm?s7!
fDA > DY, ~ 1077 cm?s”
Then

0
k.= 1.5fDAIn (p 2@) = 15x10"“cm?s~!

pO, (i)

which is « 107" ¢m? s~ (the experimental k, value).

4.2.3. Summary
The results appear to show the following.

(i) Whatever the temperature, aluminium diffusion
should predominate over oxygen diffusion, at least in
the case of growth of alumina scales doped with donor
clements (since our “undoped” alumina single crystals
are doped with silicon). Clearly, the literature data
indicate that alumina scale growth is often controlled
by oxygen diffusion [14, 39,401}, even if cationic diffu-
sion is observed in some cases (NiAl alloy, for instance
[15, 41], but in this case Ni is incorporated in the scale
[42] and should act as an acceptor).

(i) In all cases, it is clear that lattice diffusion alone
cannot explain the growth rate of alumina scales.

(i) Even considering intergranular diffusion, the
oxidation constants calculated from these coefficients
are smaller than the experimental oxidation constants.
This was already observed by Sabioni et al. [43] in the
case of chromia scale, and it is an object of controversy
in the case of NiO scales [44-46]. This suggests that
grain boundaries and all diffusion short-circuits can
chemically and physically differ according to the
elaboration mode of the polycrystals (i.e. polycrystals
grown from the melt or obtained by sintering or by
oxidation). Differences in the mass transport rates
could also be due to differences in the impurity nature
and amount in scales and in massive oxides, and
modifications of the purity of scales can occur as
growth proceeds [47]. Another parameter which
should be considered consists in the fact that, in the
case of Al,O; scale growth, other Al oxide phases



(y- and 0-Al,0,, particularly) can form before o-
Al, O3 nucleates and grows [48].

4.3. Effect of yttrium on the growth
mechanism of alumina scales

Calculations similar to those made in the previous

sections can be made for Y-doped alumina. In this

case, only oxygen diffusion results are available. The

diffusion laws are the following

DY = 67 exp( — 590/RT)
DS = 1x10'7 exp( — 980/RT)
DY, =7 x10'%exp( — 800/RT)

The various diffusion contributions were then cal-
culated at 1100 and 1300° C as previously (Table V).

4.3.1. Results at 1100°C

In this case, considering only oxygen diffusion, it is the
lattice diffusion contribution which predominates.
Then

kc — DI? In <p02(e)

pO2 (i)

which is « 10~ 13 cm?s™! (the experimental k. value).

) =15x10""°c¢m?s7?!

4.3.2. Results at 1300°C
At this temperature lattice, sub-boundary and grain-
boundary diffusion will participate in the scale growth

and
pOz(e))
pO, (i)

k.= (Df + LD, +fD§’b)1n<

~1.6x10"*%cm?s™!

which is « 107! cm?s ™! (the experimental k, value).

4.3.3. Summary

The values given above are smaller than those found
in “undoped” alumina, but further interpretation is
not possible as aluminium diffusion data are not avail-
able in this case. Nevertheless, as shown in Fig. 6, by
the values in Table V and by the considerations in the
next section, if alumina scales grow predominantly by
short-circuit diffusion, as suggested by other authors
[1,39] it can be assumed that yttrium doping should
decrease the growth rate of alumina scales on account
of yttrium segregation and precipitation in the short-
circuits. The increase of the growth rate observed by
some authors for Y-doped alumina scales formed at
high temperature when compared with the results
obtained at lower temperature [37, 38] does not seem
to be directly due to the presence of yttrium.

4.4. Comparison of self-diffusion coefficients
in alumina and chromia

4.4.1. Lattice diffusion

The available lattice self-diffusion coefficients in mass-

ive undoped alumina [8,25] and chromia [43] single

1078 4 '
5.0 5.5

80 65 7.0 7.5
1047 (K"

Figure 7. Arrhenius graph of lattice self-diffusion in Cr,O; and
Al,O; undoped single crystals. (O) Cr—Cr,0; [43],
AE =280 kImol™%; (O) O - Cr,0; [43], AE = 230 kimol ™ %;(x)
Al - Al,0; [25], AE=510kJmol™%; (x) O-AlLO; [8],
AE = 636 kJmol ™1,

5.0 5.5 6.0 6.5 7.0 7.5
1047 (K"

Figure 8. Arrhenius graph of grain-boundary self-diffusion in
Cr,0; and Al,O; undoped polycrystals. (O,—~—) Cr - Cr,0;

[43; (O) O-Cr,05 [43] (+, --) O-ALO; [8]
AE =921 kJmol ™.

crystals have been plotted in Fig. 7. In all cases,
according to the authors’ interpretations [8, 25, 431,
diffusion is assumed to occur by an extrinsic mecha-
nism. If the activation energies are compared, it means
that the migration enthalpy AH,, of the defects res-
ponsible for the diffusion in alumina (oxygen inter-
stitials and aluminium vacancies for oxygen and
aluminium diffusion, respectively) is greater than the
migration enthalpy of the defects responsible for the
diffusion in chromia (chromium vacancies for chro-
mium diffusion).

In the case of alumina, the diffusion coefficients of
oxygen and aluminium are of the same order of mag-
nitude, while in chromia the oxygen diffusion coeffic-
ient is greater than D,. Whereas the growth rate of
chromia oxide scales is about two orders of magnitude
smaller than the growth rate of alumina scales [49],
such a difference does not appear so clearly between
the diffusion coefficients in massive oxides.

4.4.2. Grain-boundary diffusion
It appears from Fig. 8 that again there is not a great
difference between the grain-boundary diffusion
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coefficients of oxygen in massive alumina and chro-
mium in massive chromia, elements which are as-
sumed in most cases to be responsible for the scale
growth. In both cases, it is observed that the activation
energy of the grain-boundary diffusion is greater than
the activation energy of the lattice diffusion, as already
mentioned.

5. Conclusions

Lattice and grain-boundary diffusion coefficients of
aluminium and oxygen in Al,O; single crystals or
polycrystalline samples were determined using 20
tracer and depth profiling by SIMS or 2°Al and
v counting. For the first time, the aluminium and
oxygen diffusion coefficients were determined in the
bulk and along sub-boundaries, on the same materials
(single crystals) treated in the same conditions. Oxy-
gen grain-boundary diffusion was also determined on
polycrystals. The conclusions were as follows.

1. Aluminium lattice diffusion coefficients are lower
than values previously given in the literature. It can be
suggested that the previous results obtained from
polycrystals were relative to apparent diffusion coeffi-
cients, taking into account a part of grain boundary or
sub-boundary diffusion. Oxygen lattice diffusion coef-
ficients are in agreement with some of the values
previously given in the literature.

2. In both cases, lattice diffusion occurs by an ex-
trinsic mechanism controlled by silicon impurity. The
activation enthalpy of lattice diffusion corresponds to
the migration enthalpy of oxygen interstitial in case of
oxygen diffusion, and to aluminium vacancy in case of
aluminium diffusion.

3. Sub-boundary (Al and O) diffusion and grain-
boundary oxygen diffusion are characterized by an
activation energy greater than the activation energy of
lattice diffusion on account of segregation phe-
nomena. They correspond to the sum of a term of
migration enthalpy and a term of interaction between
the diffusing species and the segregated impurities. .

4. Aluminium diffusion is faster than oxygen diffu-
sion in both the lattice and the sub-boundaries.

5. Doping of alumina with Y,0; induces an in-
crease of lattice and sub-boundary diffusion but a de-
crease of grain boundary diffusion. In the lattice, it is
due to the increase of “donor” impurity. In the sub-
boundary, it is due to an increase in the dislocation
density in the sub-boundaries, and the decrease of the
intergranular diffusion is related to the yttrium segre-
gation in the grain boundaries.

6. Calculations clearly indicate that the growth of
alumina scales by oxidation of alumina former alloys
is controlled by grain boundary or short-circuit diffu-
sion. However, the short-circuits of scales must phys-
ically and chemically differ from those in massive
alumina since the k. values calculated from the fastest
diffusion phenomenon are smaller than the experi-
mental k. values determined by oxidation experi-
ments.

7. Yttrium should decrease  the growth rate of
alumina. scales . whatever the temperature
(1100-1300°C).
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8. Further experiments, particularly on aluminium
grain-boundary diffusion, would be of great interest
for a better understanding of the transport properties
of alumina and for the interpretation of the growth
mechanism of alumina scales.
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