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Electrical conductivity and creep of
polycrystalline «-Al,O; doped with titanium
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Creep and conductivity were measured for polycrystalline «-Al,O; doped with titanium or iron
plus titanium. Both series of samples show a transition from acceptor domination to donor
domination at the point where the concentrations of titanium and acceptors are approximately
equal. Parameters in the expression for the creep rate ¢ oc S"d 7Py, exp (—Q/kT) (where S is
the applied stress, d the grain size, Q an activation energy and n, p, r are constants charac-
terizing the creep mechanism) indicate limitation by bulk diffusion in the acceptor-dominated
samples and in the donor-dominated samples at low [Ti]. In the latter samples the rate-
limiting species is Ofat high P, Vyj at low P, , with involvement of e’ at medium £,,. At
higher titanium concentrations the creep rate is limited by generation/recombination of defects
at grain boundaries. Iron appears to increase the rate of these grain-boundary reactions. When

second-phase particles of Al, TiOg are present, ¢ is decreased but ionic conductivity is

increased.

1. Introduction

The transport properties and mechanical properties
of solids depend on the presence of imperfections:
point defects and line defects (dislocations). In a-Al,O,
point defects invariably result from the presence of
impurities or dopants, donor impurities promoting
the formation of aluminium vacancies, oxygen inter-
stitials and quasi-free electrons, acceptors promoting
the formation of aluminium interstitials, oxygen
vacancies and electron holes. Conduction involves
charged point defects; diffusion may involve neutral as
well as charged defects. The same applies to related
properties such as creep, though here dislocations may
also be involved.

In polycrystalline compounds diffusional creep
involves migration of all components: in Al,O, trans-
port of aluminium and oxygen atoms from grain
boundaries under stress to those not under stress. This
transport may occur either through the bulk of the
grains, along grain boundaries, or via both. For AL,O,
it is generally accepted that oxygen moves along grain
boundaries, probably as a neutral species, O} [1].
Aluminium, on the other hand, moves through the
bulk as either AL (in acceptor-dominated material)
or as V{j (in donor-dominated material). Since
charged species moving alone would set up an electric
field stopping the migration, electronic defects ¢’ or h’
must also be involved [2]. The creep rate may be
limited by the diffusion of one of the species, either the
charged aluminium defects or the clectronic defects, or
it may be limited by the creation of those defects at
interfaces by interfacial reactions. In the former case
the creep rate will be proportional to the defect con-
centration; in the latter case it is independent of these
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concentrations (provided the agent causing the change
in defect concentrations does not affect the rate of the
interfacial reactions). For Al,O,: Ti, defect chemistry
predicts a certain dependence of defect concentrations
on titanium concentration [Ti] and oxygen pressure
Po,. Such a variation is found for conduction [2-4]
but not for creep [2, 5, 6] indicating that the creep rate
is limited by interfacial reactions [6]. There is a problem,
however: interfacial reactions can only be rate-
limiting when the defect concentration has reached a
certain critical value. Below this value the rate should
be diffusion-limited and should be concentration-
dependent. In the work described below, creep is
studied under conditions where the defect concen-
trations are varied from low to high values by varying
the concentration of a donor dopant: titanium. Since
even the purest Al,O, available invariably either con-
tains acceptors or picks up acceptors during process-
ing, variation of the titanium donor content causes the
material to change from acceptor to donor domination,
with a change in the type of dominant defects from
AlL", V5 and h' to V3, Of and e at or close to the
equivalence point. Since such a change is expected to
be clearly noticeable in conductivity, conductivity is
also studied, the conductivity types (ionic or elec-
tronic) being determined with the aid of e.m.f. measure-
ments. The acceptors present in the undoped material
are almost certainly magnesium and iron. Complete
certainty of the dominant acceptor type is achieved by
doping the material with a relatively large concentra-
tion of iron, i.e. studying the properties of AL,O;: Fe +
Ti. Such a study should also show if and how iron
affects the rate of the interfacial reactions.

Since properties may be affected by dopants dis-
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solved in the AlL,Q, as well as by those present as a
second phase, solubilities were also determined, using
both electron microscopy and optical techniques. A
detailed description of experimental techniques,
results, and their analysis is given in the doctoral thesis
of one of the authors [7].

2. Experimental procedure

Alumina powder of fine nine grade was obtained from
Johnson Matthey Chemicals Ltd (Royston, UK).
Required amounts of a solution of dopant com-
pounds, ferric nitrate and titanium isopropoxide were
added to a suspension of the Al,O; powder in iso-
propyl alcohol in teflon cups. Addition of NH,OH
caused formation of a hydroxide gel. After thorough
mixing, the mixture was dried, then calcined at
850°C to form y-AlLQj;. Cylindrical boules, 1.9cm in
diameter, 1 to 1.5¢cm in height, were made from this
powder by hot-pressing for about one hour in a
graphite die at temperatures from 1450 to 1600°C in
a vacuum of 100 to 200 um Hg at stresses of about
8000 p.s.i. (55 MPa). Transformation of y- to -Al,O,
occurs at T > 1200°C. Samples for the measure-
ments of creep and conduction were cut from the
boules with the aid of a diamond saw and a diamond
hollow-pipe drill. Creep samples were rectangular,
7mm x 3mm x 3mm; those for conductivity were
cylindrical, 12mm in diameter, 1.1 to 1.7mm in
height. Grain size d was determined from photographs
of samples etched with H; PO, at 320° C for 1 to 5min,
using the intercept method: d = 1.5L/NM, where N
is the number of intercepts between grain boundaries
and a line of length L drawn on a picture taken at
magnification M. Samples with different grain size
were made by annealing in air at temperatures higher
than the test temperatures for different times and
temperatures. Typically, annealing at 1500° C for 10h
led to d = 10 to 15 um; annealing for 24 to 40 h gave
d = 20 to 45 um; 7 days at 1600°C gave d = 110 ym.

Details of the microstructure were examined by
scanning electron microscope (SEM) or on a trans-
mission electron microscope (TEM). The samples
were mechanically thinned with a diamond disc
to about 50um, further thinning being done by
gas ion milling. Carbon coating prevented charge
accumulation.

A second phase in titanium rich Al,O; is known to
give rise to an absorption peak at about 400 nm [8].
Therefore absorption in this region was used to moni-
tor the presence of a second phase. The absorption
was measured in diffuse reflectance using light from
a deuterium lamp passed through a Perkin-Elmer
E1 monochromator. A chopper was used to filter
extraneous noise. Creep was measured in a constant
compressive stress machine with a facility to vary the
atmosphere (oxygen partial pressure) and temperature
as described elsewhere [9]. Electrical conductivity was
measured by a three-probe method, using a volume
guard to eliminate surface and gas phase conduction
[2]. Conductivity type was determined from e.m.f.
measurements on oxygen concentration cells in which
the atmosphere at one side (I) was kept constant, that
at the other side (II) being varied [2]. Ionic trans-

ference numbers = g;/o as f(P,,) are found by
differentiating the e.m.f. E with respect to the varying
oxygen pressure:

o, = AF oE
W = 77 8 In Py

POZ,I =constant

where F = the Faraday constant.

3. Experimental results

Investigation of the conductivity and e.m.f. of undoped
samples as f(Po,, T) showed the material to be
acceptor-dominated, conductivity being ionic in nature
at low P, (10 *Pa), electronic (by holes) at high Py,
(10° Pa). Conductivity was measured both under equi-
librium conditions (i.e. with slow temperature vari-
ation) and under conditions in which equilibrium with
the atmosphere (and possibly in the sample) was not
maintained (rapid cooling: ‘“‘non-equilibrium™). Par-
ameters of the conductivity under the two conditions
are given in Table I. The partial conductivities are

proportional to Po, with r = —0.07 for g, r = 0.17
for a,,. Creep rate & can in general be represented by
¢ = AS'd 7P, exp (Q/kT) (1)

where 4 is a constant, S the applied stress, d the grain
size and Q an activation energy; n, p and r are con-
stants characterizing the creep mechanism, & is
Boltzmann’s constant and 7" the absolute temperature.
Creep rates on samples with d < 50 um were found to
be described by Equation 1 with parameters given in
the top line of Table II. These parameters with p close
to 2 indicate that the creep is controlled by bulk
diffusion (Nabarro—Herring creep). At grain size
above 50um the parameters change to n = 2.5,
p = 0,0 = 7.6¢V indicating a change to creep by a
dislocation mechanism. The value n = 2.5 is close to
the value 3 expected for a viscous dislocation glide
mechanism [10] or a dislocation climb mechanism
[11]-both mechanisms that are independent of grain
size. The activation energy of 7.6eV is close to the
value reported for oxygen bulk diffusion, 6.6 [12], 6.7
[13] or 7.7 [14]eV. It is therefore likely that the mech-
anism involves dislocation climb limited by oxygen
bulk diffusion.

Creep rates for samples with titanium contents from
15 to 30000 p.p.m. by weight with grain sizes from 5
to 55 um were measured at temperatures from 1400
to 1500°C under stresses from 10 to 40 MPa in
atmospheres with P, from 10° to 10~*Pa.

Parameter values in the creep rate expression
(Equation 1) are given in Table I1. These results make
it possible to construct a figure showing creep rates at
P,, = 2 x 10*and 107*Pa as a function of titanium
concentration (Fig. 1).

TABLE 1 Parameters of the conductivity
¢ = o, exp (— H/kT) for undoped samples of Al,O,

Equilibrium Non-equilibrium

Po,(Pa) o 6, (Q 'em™")  HEV) o,(Q'em™")  H(eV)
10° o, 250 3.2 67.4 3
10~* [ 3.53 x 106 438 1.88 x 10* 4

i
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TABLE II Parameters of the expression & oc S"d~?Pg, exp (— Q/kT) for the creep rate ¢ of AL O;:Ti with various amounts of

titanium; grain size 5 to 55 um

Region [Ti] n p r oeV)
(p.p.m.) (em~?) Py, = 2 x 10*Pa Py, = 107*Pa
I 0 0 1.18 to 1.3 1.8 —0.03 to —0.05 5to0 5.6
15 7.5 x 107 1.25 2% —0.01 5
20 10'® 1.1 2% —0.01
60 3 x 108 1.15 1.82 —0.013 5.7
70 3.5 x 10® 2% —0.03
I 100 5 x 10® 1.13 2.05 0.03 4.76
200 10 0.033 4.62 4.18
350 1.75 = 10° 1.2 1.4 0.014 5.13
500 2.5 x 10" 1.3 1.5 0.02 4.5
111 1500 7.5 x 10 1.22 1 0.023 4.2 3.5
3000 1.5 x 10%° 1.13 1 0.016 5.1 45
v 6000 3 % 102 1.47 to 1.5 1.8 0.01 53t05.7 5.1
0.014
9000 4.5 x 10% 13t0 1.5 2.1 —0.01 5.7 to 6.3 5.3-5.4
—0.02
12000 6 x 10° 1.48 —0.014 5.8 5.7
17000 8.5 x 102 1.6to 1.8 22 —0.018 6.2to 6.4 5910 6.0
30000 1.5 x 10* 1.6to 1.8 2.2 —0.016 6.51t0 6.8 6.4 10 6.6
* Estimated.

Conductivity as f(Po,, T') and the e.m.f. of oxygen
concentration cells and the corresponding # values
were measured for samples doped with 60 to
17000 p.p.m. Ti by weight, partial ionic and electronic
conductivities being obtained from o, = ot and
O = 0(1 - li)'

Table III gives values of pre-exponentials and acti-
vation energies for conductivities measured under
equilibrium and non-equilibrium conditions. Table IV
gives values of oxygen pressure exponents for partial
ionic and electronic conductivities measured under
equilibrium conditions, and values of these exponents
for conductivities by various species expected on the
basis of defect chemistry for [Tiy] =~ 3[Vy]] (the V.
model) and [Ti,] =~ 2[0!] (the O model). The dif-
ference in sign of the experimental values of r for
samples with high and low [Ti] indicates a change from
acceptor domination at low to donor domination at
high titanium concentrations.

Fig. 2 shows ionic conductivities for samples with
different titanium content at 1500°C under Po, =
10°Pa and 107*Pa. The minimum in ¢; at about
80 p.p.m. Ti corresponds to the titanium concentra-
tion at which acceptor domination changes to donor
domination. At [Ti] > 10000 p.p.m. the conductivity
is abnormally high.

Fig. 3 shows diffuse reflectance spectra in the spec-
tral range from 4 = 280 to 500 nm, showing for sam-
ples with various titanium contents annealed under
various conditions a peak at 400 nm characteristic of
AL TiO; in samples prepared under oxidizing con-
ditions when [Ti] = 3000p.p.m. by weight, peak
height increasing with titanium content. The peak is
markedly reduced by (partial) reduction. A scanning
electron microscope picture (Fig. 4) of a sample with
9000 p.p.m. Ti shows the presence of second-phase
particles at grain boundaries. X-ray dispersive energy
analysis shows the atomic ratio Ti/Al to be 1:2, indi-
cating that the second phase is AL, TiO; as expected.
Under reducing conditions the solubility is much higher
due to the fact that, whereas incorporation of Ti**
(=Tiy) involves formation of native ionic defects,
incorporation of Ti** (= Ti};) does not. The solubility
of the latter is limited by the reduction energy of TiO,
to Ti,0, and by the repulsive energy resulting from the
fact that the ionic radius of Ti**, 7.6 to 7.8nm, is
larger than that of A’*, 5.1 to 5.7nm [15]. Fig. 5
shows solubilities under various conditions according
to the present work as compared with results by other
workers. There are indications that the solubility of
Ti** is larger at grain boundaries than in the bulk of
the grains [18, 19].

TABLE III1 Parameters of the conductivity ¢ = o, exp (— H/kT') for samples doped with various amounts of titanium.

[Ti] o = 6,(Py, = 10°Pa) 0 = 0.(Po, = 107*Pa)
(ppm) (em™) Equilibrium Non-equilibrium Equilibrium Non-equilibrium
a(Q 'em™')  HEV)  g,(Q'em™')  HEV)  6,(@7'em™')  HEV) ¢,@'em™')  H(EV)

100 S x 10" 4.5 x 10° 4.16 43 x 10° 3.8 120 3.3 34 3.12

350 1.75 % 10" 1.2 x 10* 3.76 43 x 10° 3.6 150 32 150 3.2

500 2.5 x 10° 3.2 % 10° 4.5 8.7 x 10 3.8 4 x 10° 3.6 483 3.4

3000 1.5 x 10% 472 3.0 8.2 2.55 42 x 10%* 4.3* 3.4 x 10%  39%
1.5 x 107*% 1af 2 x 10 39f

*T > 1450°C.

T < 1400°C.
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Figure 1 Creep rates as a function of titanium con-
centration at 7 = 1450°C, d = 20um and S =
30 MPa for Po, = ()2 x 10* and (m) 10~*Pa.
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Creep measurements similar to those described
above were also performed for a series of samples with
500 p.p.m. Fe (=2.15 x 10”cm™*) and amounts of
titanium varying from 200 to 7000 p.p.m. by weight
(10° to 3.5 x 10®cm™?), with grain sizes from 10 to
32 um. Table V shows values of the characteristic
parameters of Equation 1. The oxygen pressure
exponent r changes from negative when [Fe] > [Ti] to
positive when [Ti] > [Fe] indicating again a change
from acceptor domination to donor domination.

Fig. 6 shows the creep rate of the co-doped samples
in air at 1450°C together with the creep rates for
samples doped only with titanium as a function of the
total {Ti] and (for the donor-dominated sample) as a
function of the net donor concentration: [Ti] —
[acceptors].

4. Discussion

The parameters for the creep rate of undoped but
acceptor-dominated AlLQO, given in the top line of
Table 11 indicate that the creep is bulk-diffusion con-
trolled. The stress exponent value n > 1 indicates a
contribution by non-viscous creep (probably grain-
boundary sliding [20]) on top of viscous creep requir-
ing n = 1. Similar results were reported by other
workers [21]. The relatively weak P, dependence indi-
cates that magnesium is the major acceptor. Iron
should have larger values of r, —0.17 for V5 or —0.25
for Al;" in the model dominated by Vg, or —0.125 for
Vi and —0.188 for AL™ in the Al;” model. Also, for
Al,O;: Fe pure viscous creep has been reported [5, 22].
Yet the fact that hot-pressed (i.e. reduced) samples are
brown indicates that some iron is present: MgO is not
reduced to metal under such conditions.

1021

Creep results for AL,O;: Ti fall in four groups, [ to
IV. The sign of r in Table II indicates that in Region
I the material remains under acceptor control, change
to donor control occurring at [Ti] = 80p.p.m. by
weight = 4 x 10¥cm 3. Fig. 1 shows that the creep
rate decreases up to that concentration, increasing
again beyond that point (Region IT). The creep mech-
anism remains unchanged throughout Region I with
approximately the same parameter values. The acti-
vation energy of 5 to 5.7¢eV is close to that of ionic
conductivity (Table I: 4.8 V) suggesting involvement
of the same defect species. The correctness of this idea
can be checked by calculating the lattice diffusion
coefficient D, of these species from both creep and
conductivity. The creep rate limited by bulk diffusion
of one species (Nabarro—-Herring creep) is given by

14QD, S/k Td> V)

with Q the molecular volume, 4.25 x 1072 c¢m®, and S
the stress. Analysis of the data on this basis gives

(D); = 8.5 x 10*exp (—5.8eV/kT)

é =

cm?sec™!

©)

The Nernst-Einstein relation links ionic conductivity
g; to the diffusion coefficient (D,),:

(D), = okI/NZ¢’ (4)

with N = Q7' 7 the charge of the conducting species
(probably Al” with z = 3) and g the electron charge.
Use of the parameters of g; as given in Table I leads to

1

®)

(D), = 0226 exp (—4.15eV/kT) cm’sec”

TABLE 1V Values of r in the expression ¢ = AP, of the partial ionic and electronic conductivities of AL Oy: Ti and values expected
for the conductivities by various species in models dominated by V3 or O/

[Ti] Py, (Pa) (o)) r(o,) V4 model O model
(ppm)  (em™) Vi of ¢ Vi of ¢
60 3 x 10% 10° —0.03 +0.21
100 5 x 10% 10° +0.21 —0.12 +0.188 +0.125 —0.25 +0.25 +0.167 —0.25
350 1.75 x 10" 10° +0.22 —0.12
500 2.5 x 10" 1074 +0.19 —0.13
1000 5 x 10" 107* +0.17 —0.05
3000 1.5 x 10® 10-* +0.12 —0.14
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TABLE V Parameters of the expression & o s"d PP, exp
(—Q/kT) for the creep rate ¢ in Al,O; co-doped with 500 p.p.m.
(=2.19 x 10”cm™*) Fe and various amounts of titanium

[Ti) n )4 r Q(eV)
(ppm) (cm™?)

200 10 1.32 2% —0.012 4.6
530 2,65 x 10 1.21 2% 40.01 5.0
570 2.85 x 10"  1.12 2 +0.015 4.6
1800 9 x 107 09410122 14 +0.014 5.1
7000 35 x 102 1.3 1.7 +0.012 54

Although the parameters of Equations 3 and 5 are
somewhat different, absolute values calculated from
those expressions are close: 5.3 x 107" and
1.1 x 10" ®cm?sec™’, respectively, at 1400°C. The
oxygen pressure dependencies are also close: r =
—0.07 for o;, —0.03 to —0.05 for & Therefore it is
likely that creep and conductivity are limited by the
same species: Al", oxygen diffusing rapidly along
grain boundaries. However, if the oxygen diffusion
involves a neutral species, O}, as it is believed to do [2],
the diffusion of Al;" should be accompanied by the
counterdiffusion of h’, and the creep rate should be
described by Equation 2 with [2]

3DALT)DE)[AL][h]

(Dl)ambipolar = 9D(All)[Alx] T D(h)[h] (6)
or, using Equation 4 with ¢; = z;gN[j]y; and y; =
(qu/kT)D]a

kT 0,0y
(Dl)ambipolar - W <6i T 0_h> (7)

This expression predicts a change of D, from D, =
(kT/3Ng*) o, when o, > g, to D, = (kT/3Ng*) oy, in
the opposite case.

Atlow Pg, 0, = 4 x 107°Q""em™, at high P,
o, =2 x 108Q'cm™', and at the point where
the partial conductivities are equal. 0; = g, = 4 x
10~2Q~'em =" [7]. Hence D, (in units k7/3Ng*) should

vary from 4 x 10° via 2 x 1073 to 2 x 10~ and
the creep rate (oc D) thus should increase rather than
decrease as observed. Similar discrepancies exist for
ALO;:60p.p.m. Ti. Apparently creep is limited by
Al;" at all Py, holes not being involved because either
(a) oxygen diffuses rapidly along grain boundaries in
charged form (contrary to previous observations [2])
or (b) migration of holes is limited by slow generation/
recombination at grain boundaries. But then elec-
troneutrality should be maintained by still another
species, probably Vg.

In general a model involving three species: AL™, Vg
and h™ might be considered. Such a model, involving
Vi, O and ¢’, will be discussed for the donor-
dominated samples in Region II.

In Region II the creep rate increases with [Ti] and
P,,, though with an exponent r smaller than expected
for limitation by one species, Vi — a situation similar
to that met for Region I. The stress exponents n are
similar to those of Region I, i.e. we are dealing with
Nabarro—Herring creep with some grain-boundary
sliding. The decrease of the grain-size exponent —p
from 2 to 1.5 indicates involvement of interface kinetics
when Region III is approached.

Tonic conductivity increases with Pg, with r values
close to those expected for Al,O, (Table IV). It is not
possible, however, to decide whether V,; or O/ is the
major defect compensating the charge of Ti,,. The
activation energies for creep, 4.5 to 5eV, are slightly
larger than those of ionic conductivity, 4eV.

The small P, dependence of the creep rate can have
different origins. For the sample close to the transition
point from acceptor to donor domination there may
still be some contribution from Al (which has a P,
dependence opposite in sign to that of V;i and thus
tends to reduce r). For the samples close to the bound-
ary of Regions II and III a contribution by interfacial
kinetics may be responsible.

Just as for Region I, a model based on ambipolar
diffusion of V| and e’ required when oxygen transport

o,
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T T T

undoped
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- ! !
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g1 Lty | [HEETE [ L1 | | Figure 2 Partial icnic conductivites at 1500°C
10" 10'° 1O20 104 for samples with different titanium content at
[Til(em™) Po, = (®) 10° and (W) 10~*Pa.

2336



Figure 3 Diffuse reflectance of undoped

Al,O; and samples doped with 1500 to
17000 p.p.m. Ti, annealed for 20h at
1550° C under various conditions.

2
10 ppm. Ti
1 17000
N 2 12000
T gl 3 9000 )air
- L 4 8000
5 5 3000 _4
=6 6 9000 air + 10" Pa
g - ; %888 as-hot pressed
Q@ g 9 1500 air
O undoped s
B 4 3000 qir +10 " Pa
2__
1
260 300 400 500

——=> x(nm)

takes place by fast grain-boundary diffusion of O}
does not provide an acceptable solution. However,
small r values may be accounted for by a mechanism

involving bulk diffusion of three charged species: V{],
O and ¢’, the particle currents j satisfying
Y/ = 3qj(Vi) + 24400 + qj€)  (®)

The general expression for ¢ for such a model is

. C.
GALO;) = 5 j(Al

CD(Va)IVi
2kT{9DVDIVA

ds )
X (dx
with C a constant.
The contribution by ¢’ is negligible at high as well as
low Po,: at high Py, because there D(e’)[e’] is very
small relative to the ionic terms, and at low P,

because D(e’)[e’] is large leaving the ions to limit
creep. In the first case Equations 8 and 9 are reduced

1{D(e)[e’]Q + 2D(0))[0/ 10}
1 + 4D(O))[O/] + D(e)[e'}

)

Figure 4 Scanning electron microscope picture of oxidized
AL, 0,:9000p.p.m. Ti.

to
3(Van)

~2i(0)) (10)

and
- CD(VA)[VAID(O)[0O1Q <g§> an
kT{9D(V;)[Vi] + 4D(O))[07]} \dx

For 4D(O7)[O/] < 9D(VX)[VX] the species O will
limit the creep rate, but V;] the ionic conductivity —
a difference supported by the difference in activation
energies 3.76 to 4.5¢V for ¢; (Table III), 4.5 to 5.1eV
for creep (Table II). Creep rate is given by

Q. ds
& = qk—TD(Oi )[Oi]a

For the O] model dominated by [Tiy] ~ 2[0/],
preferred because of observations by Phillips er al.
[23], we may have 4D(O!)[O] > 9D(V:)[ V] at low
Py, and

(12)

. cQ ds
i = or DYV = (13)
with Vg limiting creep.
7{°C)
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g 8 _:_1021
g - 3
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Figure 5 Solubility of titanium as f(7T'); present results and values
reported by other authors: () Winkler et /. [8], (®) McKee and
Aleshin [16], (@) Roy and Coble [17], (0) Bagley er af. [18}, (+)
Kroger [19].
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Figure 6 Creep rate as a function of titanium concentration for samples doped only with (——-) titanium and (—) Ti + 500 p.p.m. Fe;
T = 1450°C,d = 20um, S = 30MPa and Po, = 2 x 10°Pa. (a) Plot as f[Tilu; (5) plot as f[Til.e for the donor-dominated samples.

Only at medium Py, is €” involved and the complete
expression (Equation 9) has to be used. Using the Py,
exponents of [V4], [0 ] and [¢’] for the O] model given
in Table IV, at P, = 0.1Pa with o(V3}) ~ a(e’) =
5¢(0), Equation 9 leads to ¢ oc Pp, with r ~ 0.09,
somewhat larger than the values 0.02 to 0.33 found by
us (Table II), but close to the value » = 0.1 reported
by Hollenberg and Gordon [5].

The values of ionic conductivity at 1500°C, Py, =
10° Pa, of the samples with 350 or 500 p.p.m. Ti, 2.5 x
1077 and 3.5 x 1077Q ' cm™! are close to those
reported for single-crystalline AL,O;:430p.p.m. Ti [4]
indicating that ionic conductivity is independent of
grain size at least for d > 10 um, a conclusion arrived
at earlier by El-Aiat ef al. [2]. The activation energies
for ¢; and o, under equilibrium and non-equilibrium
conditions are also similar to those previously reported
[4] and may be interpreted in the same manner [1].

In Region III the creep rate is almost independent
of [Ti]. The grain-size exponent —p = 1 (as also
found by Ikuma and Gordon [6]): interface kinetics
dominate the rate. Yet the Py, exponent r ~ 0.02 and
not zero as it should be for a process independent of
defect concentration. However, # is much smaller than
the values r = 0.17 and 0.12 found for o; (Table IV).
The activation energy of creep remains unchanged (4
to 5eV); that of ¢, has decreased to 3eV (Table II).

If the creep rate limited by diffusion is éyy and that
by interface kinetics &y, the rate limited by a com-

bination of the two is found from (§) ' = éx +
¢! which for ey as given by Equation 2 and
. K QS
&R = IICRTd (14)
gives [6]
448 [ 44  \!
i e e SR 15
S (QdK,R + QD,) (13)

where Ky is the rate constant of the interfacial reac-
tion and D; a bulk diffusion coefficient of the rate-
limiting species. For fast diffusion of oxygen along
grain boundaries in neutral form as assumed in the
discussion of Region II, QD is given by an expression
corresponding to Equation 9:

3D(VIVAI{DE)[e' 124 + 2D(0])[0710}
ID(VADIVA] + 4D(O1)[0!] + Dle)le’]
(16)

oD, =
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thus introducing a weak P, dependence. The terms
for electrons are important only at medium P, . At
high Pg,, Of limits the creep rate and V{ the ionic
conductivity. Let us now see whether ¢ at high Py, can
be accounted for on the basis of Equation 15, assuming
O/ to be the major native ionic defects.

The concentrations of V3| and Of are related

through
307 = 30§ + 2Vy
with an equilibrium constant an
///]2
Ko = fory

Elimination of [V)]] with o, = 3¢[ V. 1u(Va]) gives
071 = Kel®{3qu(Vi)} 0¥ = Koa?® (18)

where kg is a new constant equal to the multiplier
of ¢/ in the central part of Equation 18. With
O/ the major native defect, [O]] = $([Tiy] — [A']),
A’ being the acceptors present in the undoped material
with [A’] ~ 4 x 10®%cm™. At high Py, [Tiy] =
[Ti]ow [4]. Then for the sample with 500 p.p.m. Ti,
[07] = 1.05 x 10”cm™ = 449 x 107* atoms per
molecule of ALO,. With ¢; = 1.3 x 1077Q™" as
found for the 500 p.p.m. sample, Equation 18 gives
K, = 17.36 (Qcm)*. Combining Equations 2, 17 and
18 with D, = D,[O!] gives
40
b = 1o DoKool” (19)

Table VI shows experimental values of o; and & (= &)
for samples with various titanium contents with d =
20um for T = 1450°C and § = 30 MPa, and values
of éyn and ¢ calculated from Equations 19 and 15
using the value of K, arrived at above, with a value of
Dy = 3 x 10" %cm’sec™', chosen to make éyy > £y
at the highest titanium concentrations, and K =
2.73 x 10~*cmsec™" with which Equation 14 gives
gr = 7.32 x 1077sec™!. The agreement between é
and &, is reasonable; only in the sample closest to the
neutralization point is there a marked discrepancy.

Attempts to remove this discrepancy by basing the
value of K, on the low-concentration sample lead to
values of éyy < &, at all concentrations, leaving no
room for limitation by interfacial reactions in the high-
concentration samples required by the observation
that p = 1.



TABLE VI Calculation of creep rates of samples with d = 20um at 1450°C, Po, = 2 % 10*Pa, § = 30MPa from ionic

conductivity and rate of interfacial reactions

[Ti] 7, [o7]* ol & Eoxp
opm) () Q@ 'em™Y (em™?) (sec™!) (sec™!) (sec™!)

100 5 x 10" 22 x 1078 3.18 x 10%® 7 x 1077 3.59 x 1077 [.1 x 1077
350 1.75 x 10* 1.15 x 1077 9.6 x 10" 2.1 x 1078 5.46 x 107 428 x 1077
500 2.5 x 10% 1.3 x 1077 1.05 x 10" 2.29 x 107° 5.58 x 1077 5.28 x 1077
1000 5 x 109 2.5 x 1077 1.61 x 10" 3.54 x 107¢ 6.1 x 1077 6.11 x 1077
3000 1.5 x 10%° 23 x 1077 1.53 x 10" 3.34 x 1076 6.0 x 1077 7.1 x 1077

*From Equation 18 with Ko = 17.36 (Qcm)??, fitting 2[0/] = [Tiy] — [A’] = [Tilgw — 4 x 10 cm ™ for the sample with 500 p.p.m. Ti.

TFrom Equation 19.

{From Equation 15 with Kz = 2.73 x 10~%cmsec™!, Equation 14 giving &, = 7.32 x 107 7sec™".

In Region IV, where a second phase of ALTiOs is
present, the creep rate decreases with increasing
amounts of second phase, accompanied by an increase
in n, p and Q, r becoming weakly negative (Fig. 1,
Table II). Theories presented for such an effect are
based on the presence of a threshold stress to be
overcome if grain boundaries are to act as sinks or
sources of point defects (which involves grain bound-
ary dislocations [24-26]. Thus the interfacial kinetics
of Region III are replaced by the lowering of activity
of grain boundaries as sources or sinks. The
expression of & now is

g = K(—S—Wﬁ)—exp (—Q/kT)
in which S, is the threshold stress and K is a constant
proportional to P, .

Apparent stress, grain size, and P, exponents and
activation energies n,, pa, ra and Q, are obtained
from

(20)

s = :1111:112 - Sn—SSO @1
1 iy TV
and

0 = R =0T
= ddhinPiz = r et h:i (1i ;OZSO) @)

Since in the absence of a second phase n = 1,
Equation 21 indicates that n, > 1. With an average
value of S = 20MPa, the observed n values (1.5 to
1.8) correspond to S; = 6.6 to 8.9MPa. As men-
tioned earlier, the solubility of titanium increases with
decreasing grain size and thus S, should decrease,
making d In (S — S;)/d In d in Equation 22 less than
zero and thus p, > p or, withp = 2, p, > 2. Values
between 1 and 2 as observed close to the boundary of
Regions III and TV must be attributed to limitation by
both interface kinetics and the presence of a second
phase.

According to Table II, 0, > Q. Then Equation 23
indicates that dS,/dT < 0, threshold stress decreasing
with increasing temperature — a reasonable result.

Finally, since the solubility of titanium is smaller for

Ti** than for Ti** while oxidation increases the ratio
[Ti** J/[Ti’*], increase of P, tends to increase the
amount of second phase and therewith S, making
dIn (S — Sp)/d In Py, < 0 and r, < r. Contrary to
the decrease observed for creep when a second phase
is present, the conductivity increases markedly
(Fig. 2). Similar effects have been observed for
CuCl + ALO, [27] and Agl + ALO, [28].

Results for ALO;:500p.p.m. Fe + Ti (Table V,
Fig. 6) again show a sharp minimum in the creep rate
at the point where acceptor domination changes to
donor domination at [Ti] ~ 2 x 10”cm 3, close to
[Fe] + [A] ~ 2.6 x 10”cm™>. In the acceptor-
dominated sample the creep rate is larger than in the
samples without iron. At such large iron concentra-
tions most of the iron is present as clusters, probably
(Fea AL Fey;) [29, 30]. This gives rise to a concentra-
tion of AL and/or Vg, limiting creep lower than the
one expected for [Fe,] =~ 3[AL”] or 2[Vg] but still
larger than that expected in the absence of iron. In the
donor-dominated range, é increases with [Ti], p = 2,
n > | and a relatively weak positive P, dependence
indicates a mechanism similar to that proposed for the
singly doped samples. A plot as f{[Ti|oee) With
[Tilwess = [Ti] — [Fe] — [A] (Fig. 6b) shows identical
behaviour for the doubly and singly doped samples.

A lowering of the p parameter from 2 to 1.4 and 1.7
in the samples with about 10*cm > Ti indicates the
involvement of grain-boundary kinetics. Yet, the data
for the co-doped samples do not show a saturation of
. Apparently iron tends to increase Kz, thus raising
the level to which ¢ can rise before complete limitation
by interfacial kinetics occurs.

The solubility limits for titanium in the two cases
differ because of different acceptor content. Solubility,
as determined by

2A1,TiOs — 2AL0, + 2Tiy, + 305 + O7 (25)
gives

[Of][TiAl]z = Ksola'zl'ioz (26)
For an estimated solubility of about 6 x 10¥cm~*in
the single doped material at 1450°C, and 2[O;] =
[Tin] — [A'], Kdhio, = 1 x 10¥cm ™. Then 2[0]] =
[Tiy] — [Fe] — [A] gives [Ti] = 6.9 x 10®cm >

The titanium concentrations used in the present
work are not high enough to reveal second-phase
effects.
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5. Summary
Creep rate and conductivity were measred for hot-
pressed polycrystalline «-Al,O; doped with titanium
or (Fe + Ti). Both types of sample show a change
from acceptor to donor domination at the point where
[Ti] ~ [acceptors]. Parameters in the creep rate
expression & oc 8"d 7P, exp (— Q/kT) indicate that
bulk diffusion limits the creep rate in samples with
relatively low concentrations of acceptors and tita-
nium for grain sizes less than 50 um. At larger grain
sizes creep is limited by dislocation climb. In donor-
dominated samples, the species limiting creep are O
at high Po,, Vi) at low P,,, with involvement of ¢’ at
medium Py, . Tonic conductivity always involves V.
At larger [Ti], creep rate is limited by interfacial
processes governing the generation/recombination of
the rate-limiting defects. Iron appears to increase the
rate of these processes.
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