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Pore formation during oxidative annealing of
AlLLO,- : Fe and slowing of grain growth by

precipitates and pores
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High-density samples of polycrystalline Al, O; doped with iron retain their high density
when annealed at high temperature in a reducing atmosphere, but pores are formed, both
inside grains and at grain boundaries, and the density decreases upon annealing in oxi-
dizing atmospheres. An explanation for these effects is proposed. The presence of pores
and second-phase particles of FeAl,0, is found to affect the physical properties and to
slow grain growth. Grain size is proportional to the humber of second-phase particles to

the power — 3§
constant during grain growth.

indicating that the number of second-phase particles per grain remains

1. Introduction

Annealing of low-density polycrystalline samples
normally leads to a decrease in the porosity ac-
companied by an increase in the density. Annealing
of high-density hot-pressed samples, on the other
hand, has been reported to"lead to a decrease in
density by pore formation both for Al, 05 [1,2]
and Fe, 05 [3]. This effect was attributed to the
liberationn of gas adsorbed at grain surfaces, be-
lieved to be present even after hot-pressing in
vacuo ({2] p. 42). The present paper describes
density loss of Al, O5:Fe, prepared by hot-pressing
in vacuo, upon annealing in an oxidizing but not
in a reducing atmosphere. An explanation for
this effect is proposed. The effect of the pores
on grain growth and on the electrical conductivity
is investigated.

2. Experimental procedure

Samples of polycrystalline o-Al,0; doped with
Fe were made from aluminium isopropoxide®,
vacuum distilled at 150 to 160° C at a pressure of
10 to 15 mm Hg. An appropriate amount of
Fe,(804); + 10 H,O was dissolved in 2 litre de-
ionized water. While stirring with a magnetic
stirrer, pouring of 250 cm® purified aluminium

isopropoxide into this solution led to the for-
mation of a homogeneous gel. After drying and
crushing, this material was decomposed over-
night in a box furnace at 850° C. Hot-pressing of
the oxide powder obtained was carried out in
vacuum in a graphite die heated by r.f. power. In
order to achieve approximately equal density
(>99.5% theoretical) and grain size (4 um) for
all samples, the conditions varied with the Fe con-
tent. For the samples doped with 0.05, 0.5 and
3 wt% Fe the time, temperature and stress of hot-
pressing were respectively 3 h, 1400° C,4.1 x 107
Pa; 1 h, 1450° C, 4.1 x 107 Pa and 3 h, 1500° C,
4.8 x 107 Pa. Density was measured by the Archi-
medes method by weighing the samples in air and
immersed in water.

The samples were annealed in a high-density
alumina tube, closed at one end, heated in a
Super Kanthal® furnace. Required oxygen partial
pressures were maintained with the aid of com-
mercial pure oxygen, air and CO/CO, mixtures.

A Cambridge S4-10 scanning ¢lectron micro-
scope was used to study the morphology of the
main phase, of second-phase particles (if any),
and of pores. X-ray diffraction was used to deter-
mine the crystal structure of the second phase,

* Alfa Division, Ventron Corporation, Danvers, Massachusetts, USA.

Kanthal Corporation, Wooster Street, Bethel, Conn.
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Figure 1 SEM of AlL,O,-3wt% Fe as-hot-pressed. The
grain size is 4 um, the second-phase particle size is 0.8 um,
X 8400.

and its composition was determined with the aid
of an energy-dispersive X-ray unit™ in the scanning

electron microscope. Optical micrography of.

polished and etched samples was used to deter-
mine grain and pore size with the aid of the inter-
cept method [4]. Polishing was performed with

diamond paste of grain sizes ~ 45, 20, 9, 6, 3 and,

I ym. Etching was done with boiling concentrated
phosphoric acid for 2 to 3 min.

3. Results

Samples of Al,;03~3 wt% Fe, hot-pressed at
1500° C in vacuo under a pressure of 4.8 x 107 Pa,
have a density corresponding to 99.9% theoretical
density. The grain size is 4 um while second-phase
particles of 0.8 um are present at grain boundaries
and at triple junctions; they do not form a con-
tinuous film between the grains of the main phase

(Fig. 1). The structure and density remain un-
changed after annealing at 1600° C and pg , =
107 Pa. X-ray analysis of the sample containing
the second-phase particles using CuK, radiation
gives diffractions peaks at 31.16, 36.68, 59.00 and
64.83° in addition to those of a-Al,0;. These
peaks, corresponding to interplanar distances of
287A(220), 245A (100), 2.304(400),
1.56 A (333) and 143 A (4.4 0), identify the
second phase as FeAl, O, .

Fig. 2a and b show the polished surface before
and after etching of the sample doped with 3 wt%
Fe annealed at 1600° C in po, = 107 Pa for 48 h.
The shiny white area in the as-polished sample
represents a second phase. After etching, the
white area has disappeared and grain boundaries
of Al, O3 show up. All second-phase particles are
located at ternary points of grain boundaries.

Fig. 3 shows the grain size of the main phase
and the second-phase particles as a function of
time of annealing for Al,03;--3 wt% Fe annealed
at 1600° C at po, = 107° Pa. The Al,0; grains
are equal-axis particles and grow according to a
law, d" = d§ + kt with n =2; the second phase
follows a similar law with n = 5.

The grain size of Al,0; and second-phase
particles as a function of doping concentration for
samples as-hot-pressed and after annealing for 16
h at 1600° C at pg, = 107 Pa, is shown in Fig.
4. The second phase reduces grain growth at all
concentrations, and the second-phase size increases
with doping concentration.

Fig. 5 shows SEMs of samples after prolonged
annealing at 1600° C with cyclic changing of oxy-
gen pressure between 107 and 10* Pa, every 3 h.

Figure 2 (a) Polished, (b) etched sample of Al,0, —3 wt% F'e annealed at 1600° C at po, = 107% Pa for 84 h, X 210.

*Tracer Northern, NS-880.
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Figure 3 Logarithm of grain size (d) versuslog ¢ for AlLO, -
3 wt% Fe annealed at 1600 Catpg, = 107° Pa.
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Figure 4 Grain size and second-phase particle size as a
function of doping concentration for Fe-doped samples
as-hot-pressed and after annealing at 1600° C at po, =
107¢ Pafor 16 h.

TABLE I Wt % foreign elements in Al, O, samples

Figure 5 SEM of Al1,0,~-3 wt% Fe annealed for 18 h at
1600° C in an atmosphere with cyclically changing oxy-
gen pressure from 1074 to 10 Pa, X 840.

for 18 h. It is seen that a considerable number
of pores have been formed. The majority of
these pores are present at the grain boundaries,
forming mostly an interconnected network, but
some of the pores are formed inside the grains.

Table I shows the spectrographic analysis re-
sults of a sample Al,03;—-3 wt% Fe as-hot-pressed,
the same sample after annealing at 1600° C in
cyclically changed oxygen atmospheres for 18 h,
and a slice of ~ 1 mm thick taken from the top
of the alumina® tube which supported the latter
sample during annealing.

After prolonged annealing, the concentration
of all impurities except Si has been reduced. The
iron concentration is decreased to about half of
the as-hot-pressed value (3.0% to 1.4%). The end

Element 1 2 3 4 5 6 7

Ca 0.0010 0.002 5 0.014 0.002 6 0.000 9 0.002 8 0.001 8

Cr 0.0011 0.000 48 0.000 85 0.000 2 0.000 4 0.000 41 0.000 36
Cu 0.000 43 0.000 15 0.000 47 TR<0.0001 0.00008 0.000 16 0.000 11
Fe 3.0 1.4 0.7 3.0 3.0 2.9 2.0

Mg 0.005 0 0.035 0.10 0.002 8 0.022 0.001 8 0.0011

Mn 0.006 1 0.0010 0.003 0 0.001 6 0.000 98 0.001 2 0.0017

Mo 0.016 ND < 0.004 ND < 0.004 . ND < 0.004 ND < 0.004 ND < 0.004 ND <0.004
Ni 0.001 7 ND < 0.005 0.001 3 ND < 0.005 ND < 0.005 0.0015 0.000 80

Si 0.018 0.039 0.33 0.022 0.019 0.009 4 0.011

(1) 3 wt% Fe, as-hot-pressed.

(2) 3 wt% Fe, after annealing at 1600° C with pg _ cyclically changing between 10 ™% and 10* Pa every 3 h for 18 h.
(3) A slice 1 mm thick from the end of the AD-998 Alumina tube used to support sample 2 for annealing.

(4) 3 wt% Fe, after annealing at 1400° C in oxygen for 2 weeks.

(5) Sample 4, after another annealing treatment at 1400° C at po, = 10~¢ Pa for 5 days.

(6) 3 wt% Fe, after annealing at 1550° C in powder of the same composition in oxygen for 18 h.

(7) Sample 6, after another annealing at 1550° C in powder of the same composition at Po, = 107¢ Pafor 18 h.

*Coors AD-998 Al, O, tube, reported to be 99.8% Al, O,, Coors Porcelain Co, Golden, Colorado, USA.
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Figure 6 SEM of Al,0,-3 wt% Fe after annealing in
oxygen at 1400° C for 14 days, X 1680.

of the supporting tube which was in contact with
the sample reaches an iron content of 0.7%. Con-
sidering the volume of the coloured section of the
Al, O; tube, this accounts for all the Fe lost by
the sample.

Samples annealed in oxidizing atmospheres in-
variably show pores, which do not disappear by
a subsequent reducing treatment. This is true
independence of whether the sample loses or does
not lose iron. For example, a hot-pressed sample
of Al,03-3 wt% Fe, annealed for 2 weeks in 10°
Pa oxygen at 1400° C, has a microstructure in
which many pores have been formed (Fig. 6).
The sample weight increases 0.53% by this anneal-
ing, which is close to the expected value calculated
for the oxidation of the Fe?* to Fe®* for all the
iron present. The sample density decreased from
99.8% to 97.5% theoretical value. Spectrographic
analysis in Table I shows that there is no detect-
able iron loss. In the oxidized sample, no second
phase is detected either by SEM or by X-ray dif-

fraction. When the sample is annealed again at
Po, =107 Pa at 1400° C for 5 days, the density
is increased from 97.5% to 97.7% theoretical
value, and the weight of the sample decreases by
0.55%, almost exactly the weight gain in the
previous oxidation. Analysis again shows no de-
tectable iron loss. Local composition analysis in
the SEM shows that the second phase has again
been formed.

The sample annealed for 48 h at 1600° C,
Po, = 107° Pa with the microstructure shown in
Fig. 2a and b, was re-oxidized for 16 h in O, at
1600° C. Fig. 7a and b show the microstructure.
Many pores are observed, most of them located
at grain boundaries, but some of them found at
the centre of grains.

In an effort to prevent the loss of iron at high
temperature, a sample of Al,0;-3 wt% Fe was
annealed at 1550° C in oxygen for 18 h, surrounded
by powder of the same composition. Spectro-
graphic analysis shows the iron loss is less than
that of the unprotected sample (3.0% to 2.9% and
3.0% to 2.2%, respectively). The microstructure of
this sample shows the presence of many pores
in the centre of grains as well as at grain-boundary
triple points. The size and amount of pores are
only slightly smaller than those of the sample
annealed in oxygen without powder protection.
The density is decreased from 99.8% to 96.2%
theoretical value.

Reduction for 18 h at 1550° C at po, = 107°
Pa increases the density from 96.2% to 96.8%. The
amount of pores is slightly smaller, but the pore
size is increased. accompanied by an increase in
grain size of the main phase and the reappearance
of second-phase particles.

The formation of a second phase of FeAl, 0O,
in the reduced sample is in agreement with litera-

Figure 7 Optical micrographs of Al,0,-3 wt% Fe annealed at 1600° C at pg, = 107 Pa for 48 h and in oxygen at

1600° C for 16 h (a) polished; (b) etched; X 180.
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Figure 8 FeO—-Al,0,~Fe,0, phases as a function of
Po, and Fe concentration at 1500° C.

ture data for the solubility of Fe in Al, O, as
f(po,). Fig. 8 shows this solubility at 1500° C.
obtained from data by Muan [5] and ourselves,
combined with phase boundaries FeAl,Q,/Al, O,
and FeAl,Q,4/Fe;0, according to Roiter [6] . The
solubility of FeAl,0, in Al,0; «PO,% is ex-
pected on the basis of the incorporation reaction

2 FeAl,0; + 10, »2 Fe%, + 3 0% + 2 AL, O,.

Fig.9 shows grain size and pore size as functions
of time for Al,03—3 wi% Fe annealed in air at
1300, 1500 and 1600° C. The grains grow initially
following the law, d" = dj + kt with n = 4; pores
follow the same law with n = 3. At longer times
both grains and pores do no longer grow. The time
needed to reach this stage decreases with increasing
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Figure 9 Grain size and pore size as a function of time for
AL, O, -3 wt% Fe annealed in air at 1300, 1500 and
1600° C. .
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Figure 10 Grain size and pore size as a function of iron
content after annealing for 1 h in air.

temperature, but the limiting grain and pore size
is independent of temperature.

Fig. 10 shows grain size and pore size of Fe-
doped samples annealed at 1500° C in air for 1h as
a function of doping concentration. The electrical
conductivity at 1600° C as f(po,) for samples
AL, O3-3 wt% Fe of 4% and 16% porosity are
shown in Fig, 11. Fig. 12a shows the emf, £, of oxy-
gen concentration cells.

Pt:(poz )I ( Sample I Pt» (p02)n
with the samples of Fig. 11 as the electrolyte;
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Figure 11 Electrical conductivity at 1600° C as a function
of po, for AL, O, --3 wi% Fe with (1) 4% porosity and (2)
16% porosity and partial ionic and electronic conductivi-
ties 6; and 6y,.
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Figure 12 (a) EMF of an oxygen concentration cell based
on samples (1) and (2) of Fig. 11. (b) Transference number
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Values of the partial ionic and electronic (hole)
conductivities g; = of; and 0, = o(1 —¢;) are shown
in Fig. 11. The increase in porosity from 4 to
16% increases the hole conductivity by a factor
2.4 and decreases the ionic conductivity by a
factor 2.5.

4. Discussion
4.1. Pore formation mechanisms
As shown in the experimental section, pore for-
mation upon oxidative treatment may be, but
need not be, accompanied by a loss of iron from
the sample; pores are formed but no iron is lost if
the annealing is performed at a relatively low
temperature or if, at high temperature, loss of Fe
is prevented by the presence of doped powder
around the sample. Pores are formed and iron is
lost upon annealing at high temperature without
protection by powder.

After loss of iron, the lacking iron is found in
the AlL,O; tube supporting the sample; it is prob-
ably the “sink” effect of the pure Al, Q3 ceramics

close to the doped Al,0;—Fe sample which is
responsible for the loss, Fe migrating by surface
diffusion to the absorbing ceramic tube. Move-
ment of Fe inside the Al, O, is fast [7, 8]. Since
both Fe and O leave the sample, it is not surprising
that pores are formed under these conditions.

More difficult is the explanation of pore
formation — both inside the grains and at grain
boundaries — in the absence of an Fe loss. In this
case, pores may be formed by one or both of the
following processes: (i) as a result of stress induced
in the compact when the second phase is oxidized;
(ii) by condensation of vacancies during climb of
dislocations. Let us consider these processes
separately.

(i) The solubility of Fe?" in Al,Qj is limited,
but that of Fe®" is large. Oxidation changes the
FeAl, Q, precipitate phase according to either

0, + 2FeAl,0, > Fe,0; + 2A1,0; (1)
0, + 2FeAl, 0, - Fe,0;+Al,0; + ALO; (2)

o0, + 2FeAl, 0, — (Fe; 03)y+ (Al203 )y
+ (AL, 03)145 *(Fey 03) - (3)

Of these three, Reaction 3 is the most likely pro-
cess. After and during the completion of these
reactions, Fe®* will diffuse from the second-phase
particles (where its concentration is high) into
the neighbouring Al, O3 grains (where its con-
centration is relatively small) leading ultimately to
a compact in which the iron is evenly distributed.
Volume changes can have two origins. The first
is a consequence of the fact that the volume per
cation is different for FeAl, Q4 + Al,O5 than for
(Al, Fe),03. FeAl, 0, has a spinel structure with
an effective volume per cation of yg = 22.25 x
10"**¢m?. ALO; has an hcp (corundum) struc-
ture with v =21.22 x 1072 cm®. Fe, 03, also
with a corundum structure, has vg = 25.3 x 1072
cm?.

Assuming Vegard’s law to hold, a homogeneous
solid solution Al,03-3 wt% Fe 03 (=2 mol%
Fe,03) will have vc =21.30 x 10" *cem?, and
thus the change from Al,0; (main phase)+
FeAl, 0, (second phase) to homogeneous solid
solution (Alg gsFeg 02),05 is accompanied by a
volume effect of —0.82x 1072 ¢cm® per Fe
atom or —3.9% of the second-phase volume, a
direct reason for pore formation.

Additional reasons are found in the volume
changes involved in the formation of the inter-
mediate phases by Reactions 1 to 3.
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Stoichiometric Fe,03+Al,05; has an orthor-
hombic structure with ¢ = 20.55 x 107 cm3.
Nonstoichiometric (Fe,03)9.53(Al,03)0.47 has a
different orthorhombic structure with vg = 24.67
x 107 ¢cm?3. Simple calculation shows that Re-
action 1 is accompanied by a volume increase
Ave =033 %107 ¢cm® or 1.5% of the second-
phase volume. Reactions 2 or 3 with stoichiometric
or non-stoichiometric product phases, respectively,
have Avg =—1.5x 107 cm® or —6.5% of the
second-phase volume, and + 1.27 x 107 cm?® or
+5.7% of the second-phase volume. Thus the
intermediate phases occupy either a larger or a
smaller volume than the initial phases. In either
‘case, part of these changes may remain in the
sample and lead to pore formation. If the inter-
mediate phase (present at triple grain boundaries)
are larger, they exert a stress on the adjoining
grains of Al,O;, pressing these apart, creating
voids between grain surfaces. If the intermediate
phases are smaller, homogenization may fill up
part of the voids initially formed, but leaving
some unfilled.

(ii) The second possible mechanism involved
dislocations. The second-phase particles formed
by Reactions 1 to 3 have either different lattice
constants or different crystal structures than
Al,0;, and dislocations must be present at the
interfaces. As a result of the diffusion of Fe3*
into the Al, 05 grains (and Al®* out of the grains),
the mismatch decreases and the dislocations climb
out of the mismatch zone [9]. This climb is ac-
companied by the creation of vacancies. Vacancies
formed at the centre of the grains do not all dif-
fuse to the grain boundary; the majority remain in
the grains, where they precipitate, forming voids.
In this way voids are formed in the centre of
grains rather than at grain boundaries as for
mechanism (i).

4.2. Influence of pores and second-phase
particles on grain growth
Under the conditions to which Fig. 4 applies, all
samples contain second-phase particles, and Fig.
4 shows that the presence of a second phase slows
grain growth to an extent increasing with the
amount (= total volume) of second phase.
However, it is clear that it is not the total
volume of second phase that is important, but
that the effect must be related to the way in which
the second phase is distributed, i.e. to the size and
number of second-phase particles. The number of
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second-phase particles per unit volume, Cg, can be
determined in two ways. In the first, the total
volume of second phase per unit volume, Vg, is
determined from the difference Ax wt% of the
iron content and the solubility (=480 ppm at
1600° C,po, = 107° Pa) using

Ax Paio, Mreay,o,

100 prea,0, Mre

“)

sp

with p the densities and M the molecular weights:
Payo, =3.97, preaso, = 4.32, Mrea0, = 174
and Mg, = 55.85. The values of Vg, so obtained
are confirmed by measurement of the area fraction
of the second phase in a photomicrograph which
should be equal to the volume fraction [10] . With
a volume per second-phase particle vg, ~ d3, (ie.
assuming a cube shape), and using dg, determined
from micrographs, Cg, = Vg, /vy is found to be
70x10% and 14x10° cm™ for the samples
doped with 0.5 and 3 wt% Fe, respectively. The
method cannot be applied to the low concentration
sample. A second method determines the number
from

)

where p, is the number of precipitates intersected
by a line of unit length and p¢ the number of pre-
cipitates per unit area, both measured on a micro-
graph of known magnification. This method gives
values of 2.8 x 10°,23 x 10® and 4.7 x 10® cm™3,
three times smaller than the values found by the
other method.

Figure 13 shows growth rate constant, k, and
average grain size, d, of the sample as a function of
Cy for samples with different doping concentration
using for Cg, the values determined by method
one, taking for the low concentration samples
Cp =84x%10° (=3x28x10%)cm™. It is seen
that k from the solution d” —d% =kt is k « C 33
Thus d is a function of the number of second-
phase particles rather than of their size or their
total volume. With an average grain volume of
Vg = @d® (with o intermediate between 1 and
7/6, corresponding to cube-shaped and spherical
grains), the number of second-phase particles per
grain, n; = Cg Vg is found to be 2.9 a for all
samples. The number, n, of second phase particles
adjacent to one grain is larger: if there are particles
present at 1, corners (shared by =~ 4 grains) and at
ns edges (shared by 3 grains), n; = (n,/4) +
(n3/3) = (n/3.5). For a reasonable value «=0.7,

Csp = 2pyDs
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n =7, for steady-state morphology, in good agree-
ment with the number found by inspection of
photo micrographs (Fig. 14), which show pre-
cipitates at 1 to 4 of all corners (= 24) [11] and
at a few edges. Use of Cg, from Equation 5, would
have given n = 2.4, not in agreement with ob-
servation.

The low value of n could be increased by
changing the expression used to determine d from
d=15 NM/L to d=2 NM/L, but this would
leave the discrepancy with Cg, as determined by
method 1. It seems preferable to modify Equation
5to

_ Co = 6p1Ds (6)
Since
n, = CspVgts
n 1/3
d = . Cep ™3 (7)

in agreement with Fig. 13 if », /o is constant, as
observed.

Figure 14 Photomicrograph of Al,O, —3 wt% Fe, annealed
at 1600° C, po, =10 “6 Pa, polished and etched. Pits
indicate the position of second-phase particles removed
by etching, X 840.

AL T

10® Figure 13 Rate constant k and grain size

d of AlLO,-Fe annealed at 1600° C at
Po, = 107° Pa asa function of the con-
centration of FeAl,O, precipitates; d is
determined from a micrograph using

loNd .
) d = 1.5 NM/L, when L is the length of a
> s straight line, N the number of grain
(pm?h) boundary intersections, and M the mag-
nification.
103
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The growth law d" —dg = kt with n =2 ob-
served in the present case where the grain growth
is slowed in the presence of precipitates is not
in agreement with that, with n = 3 expected for
limitation by precipitates at corners [12—14]. The
reason for this discrepancy is not clear.

The slowing effect of second-phase particles is
not to be confused with the promoting effect of
the dopant when dissolved in the grains at con-
centrations below the solubility limit, as observed
for Fe by Rao and Cutler [15], for Mg and Ti by
Harmer et al. [16] and for Mg by Johnson and
Coble [17] and Peelen ([2] p. 20). The latter
clearly demonstrated the transition between pro-
motion and slowing of sintering as the solubility
limit is reached.

From Fig. 10, it may be concluded that the size
and amount of pores is proportional to the doping
concentration. The pores slow grain growth, leading
to a grain growth law, d" —dg = kt, with n =4,
corresponding to rate regulation by pore migration
by volume diffusion [13]. After prolonged an-
nealing, pores are interconnected to form a net-
work, which practically stops the grain growth,
causing the limited grain size displayed in Fig. 9.

The presence of pores also has a large influence
on the mechanical properties. For example, at 1
to 2% porosity, the creep rate at 1400° C is about
ten times higher than that of a comparable sample
with 0.3% porosity. At even higher porosities (5
to 10%), the creep rate is extremely high and
fracture occurs before a steady state is reached.

4.3. Influence of porosity on electrical
conductivity

The increase of hole conduction and decrease of

ionic conduction with increase in porosity is

similar to the effect of grain boundaries on these
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properties [18]. However, since we are dealing
with polycrystalline samples, the effects observed
must add to those of grain boundaries. The in-
crease of hole conductivity must be attributed to a
contribution of conduction via pore surfaces, which
may be an order or so higher than that along grain
boundaries or through the bulk. The decrease in
ionic conduction indicates that pore surfaces just
as grain boundaries have a low ionic conductivity,
and pores as well as grain boundaries represent
barriers for this type of conductivity, particularly
pores cutting off conduction paths and decreasing
the effective cross-section of the sample.

4.4, Pore formation during oxidation of
superatloys (Ni, Cr, Al)

Oxidation of superalloys forms a surface film of
Al, O; containing up to 5 vol% pores close to the
gas/oxide interface. These pores are believed to be
formed by condensation of oxygen vacancies gen-
erated at the metal—oxide interface [19]. It is
unlikely, however, that a porosity as large as 5%
can be formed in this manner. It seems poséible
that the pores arise in the manner described in
the present paper, with Ni instead of Fe.
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