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Creep and conductivity were measured for polycrystalline c~-AI203 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 

~n ,V-p•r equal. Parameters in the expression for the creep rate ~ ~ ~, ~, -02 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 O~'at high Po2, ~'~ at low Poz, with involvement of e' at medium Po2. 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 AI2TiO~ are present, ~ is decreased but ionic conductivity is 
increased. 

1. I n t r o d u c t i o n  
The transport properties and mechanical properties 
of solids depend on the presence of imperfections: 
point defects and line defects (dislocations). In ~-A1203 
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 A1203 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 AI203 
it is generally accepted that oxygen moves along grain 
boundaries, probably as a neutral species, OF [1]. 
Aluminium, on the other hand, moves through the 
bulk as either AI['" (in acceptor-dominated material) 
or as V~I (in donor-dominated material). Since 
charged species moving alone would set up an electric 
field stopping the migration, electronic defects e' 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 electronic 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 A1203 : Ti, defect chemistry 
predicts a certain dependence of defect concentrations 
on titanium concentration [Ti] and oxygen pressure 
Po2. 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 A1203 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 
AI~", Vo" and h' to V~'l, O~' 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 AlzO3 : 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 A1203 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 A1203 powder in iso- 
propyl alcohol in teflon cups. Addition of NHaOH 
caused formation of  a hydroxide gel. After thorough 
mixing, the mixture was dried, then calcined at 
850°C to form 7-A1203. Cylindrical boules, 1.9 cm 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#m Hg at stresses of about 
8000 p.s.i. (55 MPa). Transformation of 7- to 0~-A1203 
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, 12ram in diameter, 1.1 to 1.7mm in 
height. Grain size d was determined from photographs 
of samples etched with H3PO 4 at 320 ° C for 1 to 5 min, 
using the intercept method: d = 1.5 L/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 10 h 
led to d = 10 to 15#m; annealing for 24 to 40h gave 
d = 20 to 45#m; 7days at 1600°C gave d = l l 0 # m .  

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 50#m, further thinning being done by 
gas ion milling. Carbon coating prevented charge 
accumulation. 

A second phase in titanium rich A1203 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 w a s  

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 ti = Gi/a as f(Po2) are found by 
differentiating the e.m.f. E with respect to the varying 
oxygen pressure: 

4 F (  c~E ) p ~  ,~-p 
( t i ) i i  

R T  1 - ~ o 2  n o2,1 . . . . .  t.nt 

where F = the Faraday constant. 

3. Experimental results 
Investigation of the conductivity and e.m.f, of undoped 
samples as f(Po2, T) showed the material to be 
acceptor-dominated, conductivity being ionic in nature 
at low Po2 (10-4pa), electronic (by holes) at high Po2 
(105 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 P~2 with r = - 0 . 0 7  for ai, r = 0.17 
for ah. Creep rate ~ can in general be represented by 

= AS"d PP~2 exp (Q/kT) (1) 

where A 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, k is 
Boltzmann's constant and Tthe  absolute temperature. 
Creep rates on samples with d < 50 #m 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-Herr ing creep). At grain size 
above 50#m the parameters change to n = 2.5, 
p = 0, Q = 7.6 eV 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 30 000 p.p.m, by weight with grain sizes from 5 
to 55#m were measured at temperatures from 1400 
to 1500°C under stresses from 10 to 40MPa in 
atmospheres with Po2 from 105 to 10-4pa. 

Parameter values in the creep rate expression 
(Equation 1) are given in Table II. These results make 
it possible to construct a figure showing creep rates at 
Po2 = 2 x 104 and 10-4pa as a function of titanium 
concentration (Fig. 1). 

T A  B L E I Parameters of the conductivity 
= ~r 0 exp ( -  H/kT) for undoped samples of A1203 

Equilibrium Non-equilibrium 

Po2(Pa) a c%(Q lcm t) H(eV) cr0(f~-lcm i) H(eV) 

105 a h 250 3.2 67.4 3 
10 4 ai 3.53 × 106 4.8 1.88 × 104 4 
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n - - p  r TABLE II Parameters of the expression ~ oc S d Po2 exp ( - Q / k T )  for the creep rate i of A1203:Ti with various amounts of 
titanium; grain size 5 to 55 ~m 

Region [Ti] n p r Q(eV) 

(p.p.m.) (cm 3) Po2 = 2 x 104pa Po2 = lO-4pa 

I 0 0 1.18 to 1.3 1.8 
15 7.5 × 1017 1.25 2* 
20 1018 1.1 2* 
60 3 x 10 TM 1.15 1.82 
70 3.5 x 10 I8 2* 

II 100 5 x 1018 1.13 2.05 
200 1019 
350 1.75 × 1019 1.2 1.4 
500 2.5 × 1019 1.3 1.5 

III 1500 7.5 x 1019 1.22 1 
3000 1.5 × 1020 1.13 1 

IV 6000 3 x 1020 1.47 to 1.5 1.8 

9000 4.5 x 1020 1.3 to 1.5 2.1 

12000 6 x 1020 1.48 
17000 8.5 x 1020 1.6 to 1.8 2.2 
30000 1.5 x 102t 1.6 to 1.8 2.2 

-0.03 to -0.05 5 to 5.6 
-0.01 5 
-0.01 
-0.013 5.7 
-0.03 

0.03 4.76 
0.033 4.62 
0.014 5.13 
0.02 4.5 

0.023 4.2 
0.016 5.1 

0.01 5.3 to 5.7 
0.014 

-0.01 5.7 to 6.3 
- 0.02 
-0.014 5.8 
-0.018 6.2 to 6.4 
-0.016 6.5 to 6.8 

4.18 

3.5 
4.5 

5.1 

5.3-5.4 

5.7 
5.9 to 6.0 
6.4 to 6.6 

* Estimated. 

Conduc t iv i ty  a s f ( P o 2 ,  T)  and  the e.m.f, o f  oxygen 
concen t ra t ion  cells and  the co r r e spond ing  ti values 
were measured  for  samples  d o p e d  with  60 to 
17 000 p .p .m.  Ti by  weight,  pa r t i a l  ionic and  electronic 
conduct iv i t ies  being ob ta ined  f rom o i = ati and 

O'e l  = a(1 - ti). 
Tab le  I I I  gives values o f  p re -exponent ia l s  and  acti-  

va t ion  energies for conduct iv i t ies  measured  under  
equi l ib r ium and  non-equ i l ib r ium condi t ions .  Table  IV 

gives values o f  oxygen pressure  exponents  for  pa r t i a l  
ionic and electronic conduct iv i t ies  measured  under  
equi l ib r ium condi t ions ,  and  values o f  these exponents  
for  conduct iv i t ies  by var ious  species expected on  the 
basis o f  defect  chemis t ry  for [TiA1 ] ~-- 3[V21 ] (the V21 

model )  and  [TiAl] ~-- 2[O~'] (the O~' model) .  The dif- 
ference in sign of  the exper imenta l  values o f  r for 
samples with high and low [Ti] indicates a change f rom 
acceptor  d o m i n a t i o n  at  low to d o n o r  d o m i n a t i o n  at  
high t i t an ium concent ra t ions .  

Fig.  2 shows ionic conduct iv i t ies  for  samples  with 
different t i t an ium conten t  at  1500°C under  Po2 = 
10SPa and  10-4pa .  The  m i n i m u m  in ai at  abou t  

80p .p .m.  Ti co r responds  to the t i t an ium concent ra -  
t ion at  which accep tor  d o m i n a t i o n  changes to d o n o r  
domina t ion .  A t  [Ti] > 10 000 p .p .m,  the conduc t iv i ty  

is a b n o r m a l l y  high. 

Fig.  3 shows diffuse reflectance spect ra  in the spec- 

t ral  range f rom 2 = 280 to 500 nm, showing for  sam- 
ples with var ious  t i t an ium contents  annea led  under  
var ious  condi t ions  a peak  at  400 nm character is t ic  o f  
A12TiO 5 in samples  p repared  under  oxidizing con- 
di t ions  when [Ti] ~> 3000p.p .m.  by weight,  peak  
height  increasing with t i t an ium content .  The  peak  is 
m a r k e d l y  reduced by (par t ia l )  reduct ion .  A scanning 
e lect ron mic roscope  picture  (Fig.  4) o f  a sample  with 
9000p.p .m.  Ti shows the presence o f  second-phase  
par t ic les  at  gra in  boundar ies .  X- ray  dispersive energy 
analysis  shows the a tomic  ra t io  Ti/A1 to be 1 : 2, indi-  
ca t ing tha t  the second phase  is AI2TiO 5 as expected.  
Under  reducing condi t ions the solubil i ty is much higher  
due to the fact that ,  whereas  i nco rpo ra t i on  o f  Ti 4+ 
( =  TiA~) involves fo rma t ion  of  nat ive  ionic defects,  
i nco rpo ra t i on  o f  Ti 3+ ( =  Ti l l )  does  not.  The solubi l i ty  
of  the la t ter  is l imited by the reduct ion  energy o f  TiO2 
to Ti203 and by the repulsive energy resul t ing f rom the 
fact tha t  the ionic radius  o f  Ti 3+, 7.6 to 7 .8nm,  is 
larger  than  tha t  o f  A13+, 5.1 to 5 .7nm [15]. Fig.  5 
shows solubil i t ies under  var ious  condi t ions  accord ing  
to the present  work  as c o m p a r e d  with results by  o ther  
workers .  There  are indica t ions  that  the solubi l i ty  o f  
Ti 4+ is larger  at  grain bounda r i e s  than  in the bu lk  o f  
the grains  [18, 19]. 

TABLE III  Parameters of the conductivity cr = ~0 exp ( H/kT)  for samples doped with various amounts of titanium. 

[Ti] cr _= o-i(Po2 = 10SPa) a =- a,(Po2 = 10-4pa) 

(p.p.m.) (cm -3 ) Equilibrium Non-equilibrium Equilibrium Non-equilibrium 

a0(f~-t cm -j ) H(eV) a0(f~-I cm -1) H(eV) a0(f~-I cm -I) H(eV) o-0(f~ lcm-l) H(eV) 

100 5 x 101~ 4.5 X 10 4 4.16 43 x 103 3.8 120 3.3 34 3.12 
350 1.75 X 1019 1.2 x 10 4 3.76 4.3 x 103 3.6 150 3.2 150 3.2 
500 2.5 x 10 t9 3.2 x 105 4.5 8.7 x 104 3.8 4 x 103 3.6 483 3.4 

3000 1.5 x 1020 472 3.0 8.2 2.55 4.2 x 105* 4.3* 3.4 X 10 4* 3.9* 
1.5 x 10 4"~ 1.1? 2 X 10 -4? 3.9? 

*T > 1450°C. 
+T < 1400°C. 
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Figure 1 Creep rates as a function of titanium con- 
centration at T = 1450°C, d = 20#m and S = 
30MPa for Po 2 = (e)  2 x 104 and (11) 10 4pa. 

Creep measurements similar to those described 
above were also performed for a series of  samples with 
500p.p.m. Fe (=2 .15  x 1019cm -3) and amounts of  
titanium varying from 200 to 7000 p.p.m, by weight 
(109 to 3.5 x 102°cm-3), with grain sizes from 10 to 
32/zm. 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: [ T i ] -  
[acceptors]. 

4 .  D i s c u s s i o n  
The parameters  for the creep rate of  undoped but 
acceptor-dominated A120 3 given in the top line of  
Table II  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 Po2 dependence indi- 
cates that magnesium is the major  acceptor. Iron 
should have larger values of  r, - 0.17 for Vo or - 0.25 
for Ali'" in the model dominated by Vo, or - 0.125 for 
V o and - 0 . 1 8 8  for A1;'" in the Ali'" model. Also, for 
A1203 : 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. 

Creep results for A1203 : Ti fall in four groups, I 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 101Scm -3. Fig. 1 shows that the creep 
rate decreases up to that concentration, increasing 
again beyond that point (Region II). 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 eV) 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 (Nabar ro -Her r ing  creep) is given by 

= 14ffZDIS/kTd 2 (2) 

with f~ the molecular volume, 4.25 x 10 -23 cm 3, and S 
the stress. Analysis of  the data on this basis gives 

(D~)~ = 8.5 x 104 exp ( -  5.8 eV/kT)  cm2sec 

(3) 

The Nernst-Einstein relation links ionic conductivity 
o- i to the diffusion coefficient (D~),: 

(Dj)~ = a i k T / N z Z q  2 (4) 

with N = f~- ~, z the charge of the conducting species 
(probably AI~'" with z = 3) and q the electron charge. 
Use of the parameters of  ai as given in Table I leads to 

(DI)~ = 0.226 exp ( - 4 . 1 5 e V / k T )  cm2sec 1 

(5) 

T A B L E I V Values of r in the expression a = A P~2 of the partial ionic and electronic conductivities of A1203:Ti and values expected 
for the conductivities by various species in models dominated by V~I or O~" 

[Ti] Po2(Pa)  r(ai) r(a¢) V~' 1 m o d e l  0~' m o d e l  

(p.p.m.) (cm -3 ) V~I O~' e' V~' 1 O~' e' 

60 3 x 1018 105 - 0 . 0 3  +0.21 
100 5 x 1018 105 +0.21 --0.12 
350 1.75 x 1019 105 +0 .22  --0.12 
500 2.5 x 1019 10 4 +0 .19  - 0 . 1 3  

1000 5 X 1019 10 -4 +0 .17  --0.05 
3000 1.5 X 1020 10 4 +0 .12  --0.14 

+0.188 +0.125 --0.25 +0.25 +0.167 --0.25 

2 3 3 5  



TABLE V Parameters of the expression d oc s"d-Pp~2 exp 
(-Q/kT) for the creep rate ~ in A1203 co-doped with 500p.p.m. 
(= 2.19 x 1019 cm -3) Fe and various amounts of titanium 

[Ti] n p r Q(eV) 

(p.p.m.) (cm -3) 

200 1019 1.32 2* -0.012 4.6 
530 2.65 × 1019 1.21 2* +0.01 5.0 
570 2.85 X I019 1.12 2 +0.015 4.6 

1800 9 × 1019 0.94 to 1.22 1.4 +0.014 5.1 
7000 3.5 x 102° 1.3 1.7 +0.012 5.4 

Although the parameters of Equations 3 and 5 are 
somewhat different, absolute values calculated from 
those expressions are close: 5.3 x 10 ~3 and 
1.1 x l0 13cm2sec-J, respectively, at 1400°C. The 
oxygen pressure dependencies are also close: r = 
- 0 . 0 7  for ai, - 0 . 0 3  to - 0 . 0 5  for 4. Therefore it is 
likely that creep and conductivity are limited by the 
same species: A l i ,  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 A1;'" should be accompanied by the 
counterdiffusion of h', and the creep rate should be 
described by Equation 2 with [2] 

3D(A1;'" )D(h' )[Ali"][h'] 
(Dl)ambip°lar = 9D(A1;")[Ali" ] + D(h ' ) [h ]  (6) 

or, using Equation 4 with aj = zsqN[j]~ j and ~t s = 
(zjq/kT)Dj, 

kT ( aiah ) (7) 
( D 1 ) a m b i p o l a ,  - -  3Nq~ ~i + a--------~h 

This expression predicts a change of D1 from Dl = 
(kT/3Nq 2) a i when a h > a i to DI = (kT/3Nq 2) ah in 
the opposite case. 

At lowPo2, ah --~ 4 x 10 9~-1cm - l , a t h i g h P o 2 ,  
ai = 2 x 1018.Q-lcm -~, and at the point where 
the partial conductivities are equal, a~ -- ah = 4 x 
10-s YU ~ cm -1 [7]. Hence D l (in units kT/3Nq 2) should 

vary f r o m 4  x 10 9 v i a 2  x 10 Sto 2 x 10 8and 
the creep rate (oc DI) thus should increase rather than 
decrease as observed. Similar discrepancies exist for 
A1203: 60p.p.m. Ti. Apparently creep is limited by 
AI~'" at all Po2, 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 Vo. 

In general a model involving three species: AI~", Vo 
and h" might be considered. Such a model, involving 
V~'I, O~' and e', will be discussed for the donor- 
dominated samples in Region II. 

In Region II the creep rate increases with [Ti] and 
Po2, though with an exponent r smaller than expected 
for limitation by one species, V~I - 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-Herr ing  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. 

Ionic conductivity increases with P~2 with r values 
close to those expected for A120 3 (Table IV). It is not 
possible, however, to decide whether V~I or O~' is the 
major defect compensating the charge of Ti;, 1. The 
activation energies for creep, 4.5 to 5 eV, are slightly 
larger than those of  ionic conductivity, 4 eV. 

The small Po~ 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 AI~" (which has a Po2 
dependence opposite in sign to that of V21 and thus 
tends to reduce r). For the samples close to the bound- 
ary of  Regions II and I I I 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 
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I I I  Figure 2 Partial ionic conductivites at 1500°C 
for samples with different titanium content at 
P% = (e) l0 s and (m) 10 4Pa. 
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Figure 3 Diffuse reflectance of undoped 
AI203 and samples doped with 1500 to 
17 000 p.p.m. Ti, annealed for 20h at 
1550°C under various conditions. 

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: V2[, 
O{' and e', the particle currents j satisfying 

= " " 2 "O'" ~ j  3qj(V;,)  + qJt ~) + qj(e ')  (8) 

The general expression for ~ for such a model is 

= Cj(A1203) = Cj (AI)  

CD(VA])[V~I ] {D(e)[e' ]f~A~ + 2D(O~')[O~']f~} 
t i t  t~t  / !  / z  kT{9D(Vf~,)[Vf~,] + 4D(Oi )[O i ] q- D(e)[e']} 

<) x dxx (9) 

with C a constant. 
The contribution by e' is negligible at high as well as 

low Po2: at high P% because there D(e')[e'] is very 
small relative to the ionic terms, and at low Po~ 
because D(e')[e'] is large leaving the ions to limit 
creep. In the first case Equations 8 and 9 are reduced 

Figure 4 Scanning electron microscope picture of oxidized 
A1203 : 9000p.p.m. Ti. 

t o  
3 j ( v ;D  = - 2 j ( o ; ' )  (10) 

and 

~ ~ CD(V/,{)[V~{]D(O~')[07]~ ( d ~ )  
kT{9D(V~I)[V~I ] + 4D(O~')[O;']} (11) 

For 4D(O;')[O;'] < 9D(VA~)[V~'~] the species O~' will 
limit the creep rate, but V~I the ionic conductivity - 

a difference supported by the difference in activation 
energies 3.76 to 4.5eV for a i (Table III), 4.5 to 5.1 eV 
for creep (Table II). Creep rate is given by 

CE~ . d S 
: q k T  D(O~ )[O~'] ~xx (12) 

For the O~' model dominated by [TiAJ ~ 2[O('], 
preferred because of observations by Phillips et al. 
[23], we may have 4D(O~')[O~'] > 9D(V~;)[Vj~I] at low 
Po2, and 

Cf2 dS 
= 4 k T  D(VXI)[V21] ~ (13) 

with V~I limiting creep. 
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Figure 5 Solubility of titanium as f(T); present results and values 
reported by other authors: ([2) Winkler et al. [8l, (BI) McKee and 
Aleshin [16], (e) Roy and CoNe [17], (o) Bagley et aL [18], (+) 
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Figure 6 Creep rate as a function of  t i tanium concentrat ion for samples doped only with @ - - )  t i tanium and ( ) Ti + 500 p.p.m. Fe; 
T = 1450 ° C, d = 20 #m, S = 30 MPa and / ' o2  = 2 x 104 Pa. (a) Plot as f[Ti]tot,l; (b) plot as f[Ti]  ...... for the donor-dominated  samples. 

Only at medium Po~ is e' involved and the complete 
expression (Equation 9) has to be used. Using the Po~ 
exponents of [V~I], [O~'] and [e'] for the O~' model given 
in Table IV, at PQ = 0.1 Pa with a(V~[) ~- a(e') = 
5a(O['), Equation 9 leads to ~ oc Pg2 with r -~ 0.09, 
somewhat larger than the values 0.02 to 0.33 found by 
us (Table II), but close to the value r = 0.1 reported 
by Hollenberg and Gordon [5]. 

The values of ionic conductivity at 1500 ° C, Po2 = 
10 s Pa, of the samples with 350 or 500 p.p.m. Ti, 2.5 x 
10 -7 and 3.5 x 1 0 - 7 ~  - l  cm -1 are close to those 
reported for single-crystalline AI203 : 430 p.p.m. Ti [4] 
indicating that ionic conductivity is independent of 
grain size at least for d >~ 10 #m, a conclusion arrived 
at earlier by E1-Aiat et al. [2]. The activation energies 
for a~ and ~¢ 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 Po~ exponent r ~- 0.02 and 
not zero as it should be for a process independent of  
defect concentration. However, r is much smaller than 
the values r = 0.17 and 0.12 found for ai (Table IV). 
The activation energy of creep remains unchanged (4 
to 5 eV); that of ai has decreased to 3 eV (Table II). 

If the creep rate limited by diffusion is inu and that 
by interface kinetics ~m, the rate limited by a com- 
bination of  the two is found from (0 1 = iN 1 ..1_ 
~ which for e~n as given by Equation 2 and 

Kmf~S  
eIR - k T d  (14) 

gives [6] )-1 
44S 44 rt (15) 

where Km 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, f~D~ is given by an expression 
corresponding to Equation 9: 

3D(V2;)[V~'t]{D(e)[e']~Ai n t- 2D(O~')[O~']f~} 
~2D~ = 

9D(V£~)[V21 ] + 4D(O~')[O['] + D(e)[e'] 

(16) 

2 3 3 8  

thus introducing a weak Po2 dependence. The terms 
for electrons are important only at medium Po~. At 
high Po~, O~' limits the creep rate and V21 the ionic 
conductivity. Let us now see whether i at high Po2 can 
be accounted for on the basis of Equation 15, assuming 
O~' to be the major native ionic defects. 

The concentrations of V2~ and O~' are related 
through 

i i  t t r  3Oi = 30~) + 2V~i 

with an equilibrium constant (17) 

Iv21] 2 
Kov - [O~,]3 

Elimination of [V21 ] with o- i = 3q[V21]#(V21 ) gives 

[O['1 = Kov~/3{3q#(V'~'l)} 2/3~/3 = Ko~2/3 (18) 

where k o is a new constant equal to the multiplier 
of ~r 2/3 in the central part of Equation 18. With 
O~' the major native defect, [O['] = ½([Yikl] - [A']), 
A' being the acceptors present in the undoped material 
with [A'] ~ -4  x 1018cm -3. At high Po2 [Ti)a] = 
[Ti]tot,l [4]. Then for the sample with 500p.p.m. Ti, 
[O~'] = 1.05 x 1019cm -3 = 4.49 x 10 4 atoms per 
molecule of AI20 3. With ~ = 1.3 x 10 7~-I  as 
found for the 500 p.p.m, sample, Equation 18 gives 
Ko = 17.36 (f~cm) 2/3. Combining Equations 2, 17 and 
18 with DI = Do[O['] gives 

14~S 
eNH = kTd2 DoKoff~/3 (19) 

Table VI shows experimental values ofai  and i (=  ~exp) 
for samples with various titanium contents with d -- 
20#m for T = 1450°C and S = 30MPa, and values 
of dNn and i calculated from Equations 19 and 15 
using the value of  Ko arrived at above, with a value of 
Do = 3 x 10 8cm2sec-l, chosen to make iNu > iexp 
at the highest titanium concentrations, and KIR = 
2.73 x 10-Scmsec -~ with which Equation 14 gives 
i m =  7.32 x 10 7 s e c - L  The agreement between 
and ~exp 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 o on the low-concentration sample lead to 
values of eNH ~< 8exp a t  all concentrations, leaving no 
room for limitation by interfacial reactions in the high- 
concentration samples required by the observation 
that p = 1. 



T A B L E  V I  C a l c u l a t i o n  o f  c reep  ra tes  o f  s amples  wi th  d = 20/~m a t  1450°C ,  P %  = 2 x 104pa ,  S = 3 0 M P a  f r o m  i o n i c  

c o n d u c t i v i t y  a n d  ra t e  o f  in te r fac ia l  r e ac t i ons  

[Ti] O" i [O(Z] * gNH t g~ ~exp 
( ~ -  1 c m  I ) (cm 3 ) (sec - 1 ) ( see -  i ) (see - i ) 

(p .p .m. )  (cm -3)  

I00 5 x 1018 2.2 x 10 -8 3.18 x 1018 7 x 10 7 3.59 x 10 -7 1.1 x 10 -7 

350 1.75 x 1019 1.15 x 10 .7  9.6 x 10 TM 2.1 x 10 .6  5.46 x 10 -6 4.28 x 10 .7  

500 2.5 × 1019 1.3 x 10 .7  1.05 x 1019 2.29 x 10 -6 5.58 x 10 -7 5.28 x 10 -7 

1000 5 × 1019 2.5 x 10 -7 1.61 x 1019 3.54 x 10 6 6.1 x I0 7 6.11 x 10 -7 

3000 1.5 x 1020 2.3 x 10 -7 1.53 x 1019 3.34 x 10 6 6.0 x 10 7 7.1 x 10 7 

* F r o m  E q u a t i o n  18 wi th  Ko = 17.36 (f~ cm) 2/3, f i t t ing 2[O~'] = [TiAI ] --  [A ' ]  = [Ti]total - -  4 x 10 ~8 c m  3 for  the  s amp le  wi th  500 p .p .m.  Ti. 

+ F r o m  E q u a t i o n  19. 
{ F r o m  E q u a t i o n  15 wi th  KIR = 2.73 x 1 0 - S c m s e c  - I ,  E q u a t i o n  14 g iv ing  elR = 7.32 x 10 7 sec - t .  

In Region IV, where a second phase of A12TiO5 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 

= K (S - SO)n exp ( -  Q/kT) (20) 
d p 

in which So is the threshold stress and K is a constant 
proportional to P~2" 

Apparent stress, grain size, and Po2 exponents and 
activation energies hA, PA, rA and Q A  a r e  obtained 
from 

d In £ nS 
- ( 2 1 )  

nA d in S S - So 

d i n e  d i n ( S -  So) 
PA - d l n d  n d l n d  + p (22) 

and 

d In ~ T 2 dSo 
QA = - R  d(T-'-----~ - Q (S - So)" dT  (23) 

d l n ~  d i n ( S -  So) 
rA - - r + n (24) 

d In Po2 d in Po2 

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

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

Finally, since the solubility of titanium is smaller for 

Ti 4+ than for Ti 3+ while oxidation increases the ratio 
[Tin+]/[Ti3+], increase of  Po2 tends to increase the 
amount of second phase and therewith So, making 
d In (S - S0)/d In Po2 < 0 and rA < 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 
CuC1 + A 1 2 0  3 [27] and AgI + A 1 2 0  3 [28]. 

Results for A1203:500p.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 10~9cm 3, close to 
[Fe] + [A] ~- 2.6 x 10~9cm 3. 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 
(FeAjAliFeA0" [29, 30]. This gives rise to a concentra- 
tion of Ali'" and/or Vo, limiting creep lower than the 
one expected for [Fekl] ----- 3[Al;"] or 2[Vo] but still 
larger than that expected in the absence of iron. In the 
donor-dominated range, ~ increases with [Ti], p -- 2, 
n > 1 and a relatively weak positive P% dependence 
indicates a mechanism similar to that proposed for the 
singly doped samples. A plot as f([Ti] ...... ) with 
[Ti] ...... = [Ti] - [Fe] - [A] (Fig. 6b) shows identical 
behaviour for the doubly and singly doped samples. 

A lowering o f t h e p  parameter from 2 to 1.4 and 1.7 
in the samples with about 1020 cm 3 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 KIR, 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 

2A12TiO5 --+ 2A1203 + 2TiA1 + 30~ + O~' (25) 

gives 

[O~,][Tia~]2 2 = Ksol axi % (26) 

For an estimated solubility of about 6 x 1019cm 3 in 
the single doped material at 1450°C, and 2[O~'] = 
[TiA1] -- [A'], Kso~a2sio2 - 1 x 1059cm -9. Then 2101] = 
[Tial ] -- [Fe] -- [A] gives [Ti] = 6.9 x 1019cm 3. 

The titanium concentrations used in the present 
work are not high enough to reveal second-phase 
effects. 

2 3 3 9  



5. Summary 
Creep rate and conductivity were measred for hot- 
pressed polycrystalline e-A1203 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 

~n ..4 --PD r expression ~ oc ~, , -o2 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 pro. At larger grain 
sizes creep is limited by dislocation climb. In donor- 
dominated samples, the species limiting creep are O~' 
at high Po2, VA~ at low Po2, with involvement of e' at 
medium Po2. Ionic 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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