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Partial ionic and electronic dc conductivities and compressional 
creep rate were measured for hot-pressed polycrystalline AlrOs made 
from Al-isopropoxide (A1203(II)). The undoped material was found 
to contain 1.5X 1OI8 cm-J fixed valency acceptors (Mg). Properties 
of undoped material and material doped with Fe or Ti were inves- 
tigated as a function of grain size, dopant concentration, oxygen 
pressure, and temperature. No fast ionic conduction along grain 
boundaries is found in either acceptor- or donor-dominated material. 
Absolute values of self-diffusion coefficients calculated from con- 
ductivity and creep indicate that both effects are limited by migration 
of Al, involving VAl”’ in donor-, Al, ’ . ’ in acceptor-dominated material. 
In creep, oxygen is transported along grain boundaries in a neutral 
form (Oix). The po2 dependence of u, and oh are as expected on the 
basis of a defect model. That of creep is weaker for reasons that 
are not entirely clear. An ionic conductivity with low activation en- 
ergy, observed a t  low temperature, is attributed to the presence of 
AI-silicate second phase. 

I. Introduction 

L P H A  AI2O3 is an important high-temperature ceramic material A and it is of considerable interest to understand the dependence 
of its physical properties on composition, grain size, density, oxygen 
pressure, and temperature. Extensive studies have been made for 
such properties separately, both for single crystals and for poly- 
crystalline materials. Results are summarized in Tables I and 11. 
Defect models explaining these results have been 
proposed.12.20.36.J7.39-41 Such models, if  correct, should account for 
all the properties of a material. Unfortunately, the reliability of 
these models in predicting properties cannot be checked satisfac- 
torily for results obtained with different materials: all properties 
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Table I. Activation Enthalpies of Processes Involving Atomic Migration 

Proccss 

A1 tracer diffusion 

I8O diffusion 

Neck growth 

Initial sintering 
(shrinkage) 

Intermediate and 
final-stage 
sintering 

Creep 

Surface scratch 
smoothing 

Activation enthalpy 
Grain size 

( r m )  (kJ/mol) (eV) 

130-?00 465 4.94 

Single crystal 240 2.5 

6 3 4 1  106 6 . 5 9 f  1.1 
20-30 459 k 62.5 4.77 f 0.65 

Single crystal 739 7.68 
Single crystal rt Mg or 
Ti 6 1 5 1 4 0  6.38 5 0.42 

Single-crystal spheres 563 5.85 
689 7.16 

Single crystal spheres 689 7.16 

0.3 625 6.5 

0.2 689 7.16 
5-20 625 6.5 
15-20 702.5 7.3 

0.2-20 584-643 6.07-6.68 

0.3 625 6.5 

18 
3-30 
30-100 
10 
Single crystal 
Single crystal 
26-75 
3-42 

2 8 4 2 1 1 5  
543 
689 
567 
750 
828 
9 24 
475 
6 1 1 2 6  
71 1 

2.95 i 1.2 
5.64 
7.16 
5.90 
7.8 
8.6 
9.6 
4.94 
6.35 f 0.06 
8.02 

Single crystal 543 5.64 

Remarks Refs 

T< 1650°C 
(dislocation mecha-  

nism) 
T> 1650°C 
T> 1450°C 

I 585-1 840°c,  I( 1 i 2 )  

Wet H2 
Dry H2 

Dgb.Dbulk 

Dislocation climb 
T< 1800°C 
Dislocation climb 
Dislocation climb 
T> 1800°C + Cr 
+Fe; ap0z-3116 
+Ti, apo21110, 

2nd phase? 

Dw/, ,  

1 

2 

3,4 

5 
6 
6 
7 

8 
9,10,11 

7 
12 

13 

14 
15,16 

16 
17 
18 
19 
19 
20 
20 

20 

21 

174 
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Table 11. Activation Enthalpies of Conductivity 

175 

H Grain 
Dopant s i x  (pm)  Conditions (kJ/rnol) ( eV)  Type of conductivity 

None Single crystal 
None Single crystal 
None 12-20 

None, Co, Mg Single crystal 
Ti Single crystal 
Mg 20 

None Single crystal 

None Single crystal 

Air 
Air 
Air. 800-1200°C 
Air; T<80O0C 
Air 
Air 
Air 
30 Pa 0, 
lo5 Pa 0, 
10-3 Pa 6, 
80Oo-l 100°C 
1 100"-1650°C 

None Single crystal 1650°-18000C 
None Single crystal 850"-I 5OO0C, 

None Single crystal 120O0-150O0C, air 
l - l O s  Pa 

MgO-doped A1,03 tubet lo5 Pa 0, 
100 co,/1 co Mg 

None Single-crystal tubes 

Fe 20-900 
None Single crystal tubes 

Polycrystalline tube7 

None, Mn, Fe Single crystal 

Fe Single crystal 
None Single crystal 
co Single crystal 

Fe Single crystal 

Mg Single crystal 

Ti Single crystal 

Acceptor Single crystal** 

Acceptor Single crystals 

1 Os Pa O,, T< 1400°C 
T> 1400°C 
los Pa 0, 
Air 
0.8 Pa 0, 
1200"-1500"C. 4.3 Pa 
02, air  
T< 1200°C 
700"-I20O0C, 

Pa 0, 
1 300°-1 550°C 
Air, 1000"-1600"C 
Air, 1600"-2000°C 
los Pa 0, 
(10 Pa 0, 
los Pa O,, T>1625"C 
(1625°C 
los Pa O2 
10-2-10-4 Pa 0, 
los Pa O2 
los Pa 0,, eq.; noneq. 
lo-, Pa 0, eq.; noneq. 
lo5 Pa 0,. eq.; noneq. 
lo-* Pa 02, eq.; 
lo5 Pa 02, eq.; noneq. 
lo-' Pa 0,, eq.; noneq. 

447 
385* 
192.5* 

279* 
279* 
125* 
154 
115; 145 
250 k 48 
96.2 
240s 
48 1 
240 

270; 145 
258 
305 
238 
334 
9.6; 38.5 
462 
414 

308 
212 
124-23 1 

86-96* 

3 8 5-4 3 3 
48 1 
750 
255* 
382* 
558.5 
273 
286 

195-204* 
334*;363* 
306*; 322* 
265*;337* 
258*;363* 
445 * 
4 16*;455* 

443-462* 

4.64 
4.0* 
2.0* 
0.9-1 * 
2.9* 
2.9* 
1.3* 
1.6 
1.2; 1.5 
2.6 f 0.5 
1 .o 
2.5 
5 
3s 

2.8; 1.5 
2.68 
3.17 
2.47 
3.47 
0.1; 0.4 
4.8 
4.3 

3.2 
2.2 
1.8-2.4 

4.0-4.5 
5 
7.8 
2.65* 
3.97* 
5.8 
2.84 
2.97 
4.6-4.8* 
2.03-2.1 2* 
3.48;3.78* 
3.18*; 3.35* 
2.55*;3.51* 
2.68*;377* 
4.63* 
4.33*;4.74* 

c h  (?) 

' J h ;  'Jn 

uh 
Mixed 

uh 
Hopping (?) 

uh 

'J, 
( ' J A q .  
( 'JJnonsq 

uh 
'Ji 

(u,)eq.; noneq. 
Mixed 
( o h )  eq.; noneq. 
Mixed 

Mixed 
uh 

Refs. 

22 
23 

24 

25 

26 
27 

28 

29 
30 

31 
32 

33 

34 
35 
36 

37,38 

39 

40 

41 

*Measured with elimination of surface and gas-phase conduction (dc). 'Lucalox, General Electric Co., Schenectady, N.Y.  *Measured with elimination of surface and 
gas-phase conduction (ac and dc). 5Tyc0. Saphikon Div , Tyco Laboratories. Inc., Waltham, Mass. llMorganite. **Union Carbide Corp., San Diego, Calif. 

depend on the presence of impurities or dopants and, for polycrys- 
talline material, on grain size and porosity, and these quantities as 
a rule differ for different samples. It is therefore necessary to study 
several properties on the same batch of a material. 

A previous paper42 reports on such a study, with dc conductivity 
and creep as the properties investigated and grain size, dopant 
concentration, temperature, and oxygen pressure as the variables. 
Grain-size variation influences the relative importance of grain 
boundaries which affect different properties in different ways. 
Creep is affected through the possibility of grain-boundary diffusion 
of one or both of the components. Conductivity may be either in- 
creased or decreased, depending on whether the grain boundary 
represents a favorable current path or acts as a barrier.43 Even 
without a detailed model, it is obvious that conductivity will de- 
crease with grain size in the former but increase in the latter case. 
Therefore grain-size dependence of conductivity should indicate 
whether appreciable grain-boundary conduction does or does not 
occur. 

polycrystalline samples were made by hot- 
pressing A1201 powder made from reagent-grade aluminum sulfate, 

In  our former 

undoped and doped with iron. The undoped material proved to be 
acceptor-dominated, with Mg the probable acceptor impurity pres- 
ent at  a concentration of 3 X 10l8 ~ m - ~ .  The samples showed mixed 
conductivity, with conductivity dominated by ions at low, by elec- 
trons (holes) at  high oxygen pressure. Grain-size dependence of the 
two conductivities showed indications of considerable grain-bound- 
ary conductivity by holes but not by ions. 

At small grain sizes and low temperatures, creep was found to 
be limited by bulk diffusion (Nabarro-Herring mechanism) with 
activation energies of 462 to 625 kJ/mol, consistently larger than 
the activation energies of 327 to 423 kJ/mol found for ionic con- 
duction. At large grain sizes and/or high temperatures, creep was 
independent of grain size and proportional to the square of the 
stress, indicating limitation by a dislocation mechanism with an 
activation energy of 847 kJ/mol. 

A satisfactory model accounting for all the observed effects could 
not be found. The present paper reports on a repetition of the 
experiments of iron-doped A1203 as a function of grain size, po2. 
and temperature in order to check the most essential results, as 
well as on similar experiments with AI,O, doped with titanium, a 
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Table 111. Hot-Pressing and Annealing Conditions for AI,03(II) Samples Made from Distilled Aluminum Isopropoxide 

Sample Annealing conditions 

and No. temp. ( "C)  55 MN/m'  ( h )  temp. ( "C)  Time (h) size (Fm) 
composition Hot-pressing Time at Grain Density (T 

theor.) 

Undoped A1203(II) 
No. 1 

No. 2 

AI,O,( 1I):Ti 
500 ppm Ti, No. 1 
500 pprn Ti, No. 2 
500 ppm Ti, No. 3 

7000 ppm Ti 
45 ppm Ti 
20 ppm Ti 

AI,O,(II):Fe 
3 wt% Fe 
5000 ppm Fe 
500 ppm Fe 

1500 

1600 

1600 
1450 
1400 

1550 
1400 
I400 

1500 
1500 
1500 

0.5 

1 

0.5 
0.5 
0.5 

1 
0.5 
0.5 

0.5 
0.5 
0.5 

1500 
1500 
I600 
1700 
1500 

1500 
1500 
1500 
1600 
1500 
1500 
1500 

1500 
1500 
1500 

48 
168 
48 
84 
48 

48 
48 
48 
48 
24 
48 
60 

20 
20 
20 

1.5 
2.5 

10 
40 

I *  

30 
20 
4 

15 
40 
4 
4 

10 
10 
10 

99.3 

99.4 

99.7 
99.7 

99.8 
99.6 
99.2 

99.8 
99.6 
99.1 

*Irregular grains, some even 30 prn. 

Table IV. Impurities in AltoJ Found by Spectrochemical Analysis 

Amount detected ( D i m )  

A120J(II): 
500 pprn Ti 

Undoped As-hot-pressed after As-hot-pressed As-hot-pressed 
Al~Oj( l )*  as-hot-pressed AIzOJ(II): electrical AI2OJ( I I ) :  AIzOJ(II): 

Element Undoped AID, (  1 1 )  500 ppm Ti measurements 3% Fe 45 ppm Ti 

Mg' 
Fe* 

20 
16 

1 1  8.6 30 50 .I 0 
18 ND<10 32 30 ooo < 10 

C a  43 4 3.3 73 10 3 
Si 72 700 96 320 180 150 
Mn 
c u  
Tie 

< 20 < 20 22 21 

(10 (10 330 500 
10.7 ND 2.2 0.59 

61 29 
4 < I  

(10 49 

*Ref 42, ' I  ppm Mg=9.8 l o ' *  cm-'. $ 1  ppm Fe=4.27r  lor6 crn-l. * I  pprn Ti=4.98X loi6 ~ r n - ~ .  ND=not  detected. 

donor. Since relatively small errors in absolute values can give rise 
to appreciable errors in the activation energies, absolute values of 
parameters calculated from the various effects, as well as activation 
energies, will be compared. 

11. Experimental Procedure 

( 1 )  Sample Preparation 
Alumina powder was made from aluminum isopropoxide 

AI(OC3H7),, purified by distillation in a vacuum of 20 mm Hg. 
The distilled fraction was 80%. 

The purified liquid was poured into deionized water and stirred 
to form a gel of aluminum hydroxide. After drying and crushing, 
the hydroxide was decomposed in air at  850°C. Cylindrical samples 
(1.84 cm in diam. by 1.5 cm high) were made by hot-pressing in 
vacuum in a graphite die under a pressure of 5 5  MN/m2 a t  1400" 
to 1600°C. After hot-pressing, no black coloration was observed as 
it was in the material of Ref. 42 (A1203(I)), indicating the absence 
of transition elements in the new material, which will be labeled 

For preparation of samples doped with Ti, the required amount 
of Ti isopropylate was mixed with A1 isopropylate before precipi- 

A1203( I I ) .  

tation; for AI20,:Fe, iron sulfate was added to deionized water be- 
fore pouring into aluminum isopropylate. 

The large samples were sectioned into smaller ones for the mea- 
surements; rectangular blocks (6 by 3 by 3 mm) for the creep mea- 
surements and cylindrical plates ( I  2 mm in diam. by 1 to 2 mm 
high) for the electrical measurements. The samples were annealed 
for two to seven days at  I5OO"C in air to stabilize the microstruc- 
ture. Grain size (by the intercept method) and density (by pyc- 
nometry) w.ere determined as described in Ref. 42. 

The grain size d of the samples was increased by sintering the 
hot-pressed samples or varied by varying the temperature and/or 
time of hot-pressing. Table I11 shows densities and grain sizes of 
the various samples and the methods used to arrive at  them. In  
accordance with findings by Arias44 and Harmer et 01 . ,4~  Ti is seen 
to promote grain growth. Inhomogeneous grain growth occurring 
in our samples may be due to inhomogeneity of the Ti concentra- 
tion.46 

Table IV gives concentrations of impurities and dopants as de- 
termined by semiquantitative spectrographic analysis. The results 
for undoped A120, made from sulfate, A120J(I),42 are shown for 
comparison. At the higher dopant concentrations, second-phase for- 
mation is to be expected and has in fact been observed. In some 
cases the concentrations in the samples after hot-pressing and those 
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a - 

0 

----[Ti] ( ~ r n - ~ )  

b - 

20 

Fig. 1. Conductivity at 1500°C for Ti-doped AIZ03(II) at po,'s of ( a )  los and ( b )  Pa. 

after a prolonged anneal at  high temperatures used to increase grain 
size are different; in particular, the increase in the Mg content may 
be significant. 

(2) Electrical and Creep Measurements 
Electrical conductivity of samples (u) and the emf of oxygen 

concentration cells with the sample as electrolyte ( E ) ,  were mea- 
sured as a function of oxygen pressure, oxygen pressure gradients, 
and temperature, allowing long equilibration times to ensure main- 
tenance of equilibrium with the atmosphere. A volume guard was 
used to eliminate gas-phase and surface conduction. Ionic trans- 
ference numbers t ,  were determined from emf E as a function of 
po2 by differentiating for po2: 

(1) 

Here F is the Faraday, R the gas constant, T the absolute tem- 
perature, and po2,1 and po2,,1 the oxygen pressures at  the two con- 
tacts. Partial ionic and electronic conductivities u, and u,/ were 
calculated from u,=ut, and u,,=u(l - t J  

Creep was measured under compression as a function of stress 
(s), oxygen pressure (pO2), and temperature. Stresses were kept to 
5 5 0  MN/mZ to remain in the range of diffusion control. For a 
detailed description of the methods of measurement and the ex- 
perimental setup, see Ref. 42 and earlier references given there. 

( fJPO*. I I  = [(4F/RT)dE/d In P02.111P02.1 

111. Experimental Results 

( I )  Conductivity 
Isotherms of undoped A1203( 1 I )  measured from 1400" to 1600°C 

reveal the presence of partial ionic and electronic conductivities, 
decreasing and increasing, respectively, with increasing oxygen 
pressure. Evidently the electronic conductivity is a hole conductiv- 
ity, i.e. the material is acceptor-dominated, as was A1203(I).42 Tem- 
perature-dependence studies show a simple exponential variation 

for uh but plots of log u, vs T-' are curved, indicating contributions 
by two mechanisms with different activation energies, (uJhigh and 
( o , ) ~ ~ ~ ,  a behavior not shown by A1203(I); ulow is independent of po2.  
Similar effects were found for u, in the doped samples. The oc- 
currence of ( u , ) ~ ~ ~  appears to be linked to S i 0 2  present in AlZ03(Il) 
at  a concentration sufficient to cause a second phase of alumino- 
silicate. This effect is important for the conductivity of polycrys- 
talline ceramics at  medium temperatures and deserves further study 
but is not important in the present context. Doping with Fe leaves 
the samples acceptor-dominated. Doping by Ti decreases the ef- 
fective acceptor concentration up to the point of equivalence; be- 
yond that point the material becomes donor-dominated and both 
u, (at high po2) and u, (at low po2)  increase with increasing Ti 
concentration up to 500 ppm Ti (Fig. 1). At higher concentrations, 
the material reverts to p-type, probably due to the presence of a 
second phase. Electron microscopy indeed shows the presence of 
a second phase in A1203(II):7000 ppm Ti and, to a smaller extent, 
even in A1203(II):500 ppm Ti. The transition from p-  to n-type 
material occurs at  e lo1* ~ m - ~  Ti, indicating that this is the con- 
centration of uncompensated acceptors in the undoped material. 
Combination of the absolute value of u, of undoped A1203(II) with 
the ionic mobility pL,=2X los exp(-457 kJ/mol, RT) cmz/V-l 
s-I, as reported in Ref. 41, gives an acceptor concentration of 1.5X 
10l8 cm-3. The fact that the two values are almost equal indicates 
that the acceptor involved is a fixed-valence element, probably Mg. 
Typical values of activation energies for ionic and electronic con- 
ductivities, ut and uc/=ue or of various undoped and doped sam- 
ples, taken from graphs given in Ref. 47, are assembled in Tables 
V and VI. Oxygen pressure exponents r of the partial conductivities 
in isotherms are assembled in Table VII. Partial conductivities are 
c c [ F e ] ~  with y=0.67 for u, and 0.33 for uh, in agreement with y= 
0.67 to 0.73 obtained from sintering'* but different from the values 
y=0.33 for u, and 0.62 for #h  found for A1203(I).42 The former 
values must be preferred. Grain-size dependencies of the partial 
conductivities in A1203(II), undoped and doped with Ti, are shown 
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Table V. Activation Energies of Conductivity and Creep Rate (in kJ/mol) for Undoped and Doped Polycrystalline AI,O, made 

from Sulfate (I) and Propoxide (11) (Equilibrium Values)* 

,J, Dopant C (s=20-37 MN/m*)  

. .  3 543 626 
('c)high (fl2)lOW ,JC uh 

Sa ni ple ppm .Y d (m) air po2= lo-' N / m 2  
Al,O,( I I 

366 183 

AI:Oj(II) 

10 
20 626 

100 844 
1 

565 6 
10 
40 667 

626 2 

AlzO3( I) 500 Fe 3 584 
10 

5000 Fe 10 459 
80 Ti  6 

30 000 Fe 10 
20 Ti 4 
45 Ti 4 
500 Ti 4 459 

20 
30 418 
40 

7000 Ti 25 625 
40 

100 584 

543 

396 

327 

>433 
49 1 

443 
433 

423 
375 
356 
288 

356 
490 
48 1 
433 
490 

459 48 1 
337 

543 

584 

584 

48 1 

356 

06 

18 
15 

06 

38 
87 
67 
58 
58 
58 
48 

58 

22 1 

>23 1 
385 

327 
260 

298 
280 

255 

385 
414 
452 
375 

606 
597 
558 

587 298 

* I n  comparing activation energies of conductivity and creep, one should compare H(i) with H ( o ) + k T - H ( u ) +  15 kJ/mol 

Table VI. Absolute Values of Partial Conductivities at 16OOOC 

1.5 3 x10-6  6 XlO-'  7 YIO-b(h . )  
A1203(Ii):3 wt% Fe 10 i sx  10-5 2 x10-7 4.3X 10-6(h.)  
A1203( ) 

Al,O,(II):500 ppm Ti 40 2.5X 1.5 X 3 x10-6 (e ' )  

Table VII. Oxygen Pressure Exponents for Electronic and Ionic Conductivity and Creep Rate of Polycrystalline Al2O3 
Sam p I e s 

Oxygen pressure exponent. r 

Sample uh ,J, c 

Acceptor-dominated 
Undoped AI2O3(1) 0.22 
A1203(I):500 ppm Fe .14 

Undoped A1203(11) .17 
A1203(lI):3 wt% Fe .I4 

.20 
- 

A1,03(I):5000 ppm Fe 

0 
0 

-0.1 
0.2-0.24 
-0.14 

A1,03(1):80 ppm Ti  
Al,03( I1):500 ppm Ti 

Donor-dominated 
-0.14 0.14 
-0.18 0.17 

-0.03 
- 0.02 
- 0.07 

0.01 5-0.03 

in Figs. 2 and 3. The ionic conductivity is seen to increase slightly 
with grain size for undoped material, becoming constant at  d> 10 
pm, a behavior similar to that found for A1203(I)42; uh of A1203(II) 
is independent of grain size, whereas that of A1203(I) decreased 
with increasing grain size up to d =  10 p1n.~2 The difference may 
be due to the presence in Al2O3(I1) of a second phase of alumi- 
nosilicate, mentioned earlier in reference to (uJlow. For A1203(II):500 
ppm Ti, ui is practically independent of d,  uc decreasing. Thus there 

appears to be a preference for grain-boundary conduction for elec- 
tronic defects in some cases but grain boundaries either hinder ion 
migration or are indifferent. 

(2) Creep 
Creep rate follows a law 

tccsnd-mpo2r exp(-HfRT) (2) 
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U I- 

-Grain Size (pm) 

1 po,= 105N/m2 

I7 E 
A t- 

A 

W 
17h 

I I I I I 1 1 1 1  I I I I1111 

I 10 I00 
<Grain Size ( p m )  

Fig. 2. Grain-size dependence of ( c l ) h ,  hand at pol= Pa and 
of uh at pol= lo5 Pa for undoped A12d3(II) at 1500°C. 

where s is stress, d grain size, H an activation enthalpy, and n, m, 
and r numerical constants. Values of H ,  r,  and n obtained from 
graphs given in Ref. 48 are given in Tables V, VII, and VIII. At 
1500°C, s=30 MN/m2, and pO2=2X lo4 Pa, grain-size exponents 
m have the value 2 for A120,(II). undoped, and doped with 500 
ppm Ti, with d = 4  to 40 pm; m = 3  for AI2O3(II):7000 ppm Ti with 
d=20 to 100 pm. Typical absolute values of C at 1500"C, po2= 
2 X  lo4 Pa, and s=30 MN/m2 are 5 X  10-3 (undoped, d=6 pm), 

(500 ppm Ti, d = 4  pm), and 1.4X lo-* (7000 pprn Ti, d=25 
pm), all in h-l. The values of the stress exponents n=1.2 to 1.3 
indicate diffusion control with some contribution by either grain- 
boundary sliding, effects of dislocations near the grain boundaries, 
or creation and/or annihilation of point defects as a result of the 
applied stress. The grain-size exponent m = 2  indicates bulk dif- 
fusion control (Nabarro-Herring mechanism). The value m = 3  for 
AI20,(II):7000 ppm Ti must be attributed to the presence of 
TiA120s second-phase particles of a few micrometers at  the grain 
b ~ u n d a r i e s , ~ ~  the phase also held responsible for the anomalous p -  
type conductivity. 

for fine- 
grained undoped and Mg-doped hot-pressed AI20, with d= 1 to 15 
pm and density 99.2 to 99.8; they found n=1.47 to 1.54 and m= 
2.7 to 2.9 and interpreted the results through a mixture of Al grain- 
boundary diffusion control (Coble creep, n= I ,  m = 3 )  and interface 

Our results differ from those reported by Cannon et 

t -  

I I I 1 1 1 1 1 1  I I I I 1 1 1 J  
10 I00 

GRAIN SIZE (pm) 

-8- 5x10 , 
IU 

LuJ 
I00 

s .c.-cy 
1 1 1 1 1  I 1 1 1 1  

in 

GRAIN SIZE ( p m )  
Fig. 3. 
at 1500°C. 

Grain-size dependence of u, and ce for A1203(II):500 ppm Ti 

control ( n = 2 ,  m = l ) .  The difference is no doubt due to the dif- 
ference in grain size. 

IV. Discussion 

The ionic conductivity of undoped A1203(I)42and (uJhlghof undoped 
A1203(Il) increase with increasing grain size. A120,(I):Fe and 
A1203(II):Ti have u, independent of d. These facts prove that in 
neither acceptor- nor donor-dominated materials is there preferred 
ionic conduction along grain boundaries; grain boundaries hinder 
rather than help ionic conductivity. Increased migration of oxygen 
along grain boundaries, indicated by the increase of oxygen self- 
diffusion with decreasing grain size, reported by Oishi and Kingery,2 
and the decrease in the rate of chemical self-diffusion with increas- 
ing grain size in A1203:Ti and AI2O3:FeS1 must therefore involve 
neutral species. For a constant concentration of oxidizable species, 
the rate of diffusion was found to be proportional to pozr with r= 

for Fe and r = 1 / 3  for Ti, the former value being equal to that 
expected for 0 , ' . 5 l  

Let us now see whether it is possible to find a defect model 
accounting for the following experimental facts: 

(a )  (DO)bull i<<(DO)gb~(DAl)bulk=(DAl)gb (Fig. 4 )  and similar in- 
equalities for the corresponding conductivities with the exception 
of ((T&,, g6 indicating grain boundary. 

(6) Fast oxygen diffusion along grain boundaries by a neutral 
species, with bulk diffusion limiting creep at  small grain sizes 

(c) Oxygen pressure dependence of u, and u,, and C as given in 
Table VII, in particular the difference between that of u, and i 

( d )  Iron concentration dependence of u, and uh 

Table VIII. Stress Exponents n 

Undoped A120,(II) 1450 

A1,0,(11):7000 ppm Ti 1415 
A1,03(11):500 ppm Ti 1500 

2 
30 
25 

5-50 2 x  104 
7-40 2 x  104 
5-30 1 

1.3 
1.25 
1.3 
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( e )  Activation energies of creep and conductivity as observed 

v) Variation of grain-size exponent of creep with increasing Fe 

(g) Increase of (Do)gb by doping with iron52 
In seeking for a model it should be kept in mind that any of 

(Table V )  

content from 2 to >2s2 

I 6-I' 

I C P  

1020 

T ("C) - 
1800 1600 1400 1200 

I I I 

1 1 1 1 1 1 1 1 1 1 1 1  

---o 1O4/T(K) 

Fig. 4. Self-diffusion coefficients obtained from measurements of dif- 
fusion, ionic conductivity, and creep. ( I )  Do obtained from diffusion 
measurementsof single crystals (Ref. 2); (2) Do obtained from diffusion 
measurements of polycrystals (Ref. 2); (3) Do obtained from diffusion 
measurements of single crystals (Refs. 3 and 4); ( 4 )  Do obtained from 
diffusion measurements of single crystals, both doped with Mg and 
undoped (Ref. 5 ) ;  ( 5 )  Do obtained from diffusion measurements of 
single crystals doped with 500 ppm Ti; (6) Do obtained by diffusion 
measurements of polycrystals (Ref. 5 ) ;  (7) D,, for single crystals and 
polycrystals (Ref. I ); (8) result of creep measurements (Nabarro-Her- 
ring) of undoped A1203(I); (9) result of creep measurements (Nabarro- 
Herring) of AI20,(11):500 ppm Ti, d = 4  pm; (10) result of conductivity 
measurements of same sample as for curve (a),  air; ( I f  ) result of con- 
ductivity measurements of A120,(II), d =  1.5 pm, po  = Pa; ( / I )  
result of conductivity measurements of A1203(I[):3 wt% Fe, d= 10 pm, 
po,= Pa (present work). 

these "facts" may be in error. 
In Ref. 42, the small activation energy of 241 kJ/mol observed 

for some oxygen diffusion processes ( 1  b and 26 of Fig. 4) and the 
correspondence of this activation energy with that calculated for 
the mobility of Yo" by Dienes et a1.53 were the basis of the as- 
sumption that (D& could be >D,,. However, the low activation 
energy process has been shown to be due to diffusion of oxygen 
along dislocations or subgrain boundaries5,5; for bulk diffusion 
DAl> >Do. Then the ionic conductivity of acceptor-dominated 
Al2O3 must be attributed to Al,' ' ' and that of the donor-dominated 
A1203 to V,,"'. Although it is likely that these species also dominate 
the neutrality condition, this is not necessarily so; in acceptor-doped 
material Vo' ' may dominate the neutrality, but still D,,>Do if the 
mobilities satisfy p(AI)>>p(O). Table IX shows the exponents s 
and r for the concentrations of Vo' ., Al,' . ', VAl"', 0,", h ' ,  and e' 
in b]cc [dopantIspo,' calculated on this basis for acceptor- and 
donor-doped A1203 with either the ionized or the neutral dopant 
species dominant; 0," is usually neglected because of the extremely 
large energy of formation expected for this spec ieP  but, in view 
of recent experimental results,55 neglect of 0," may not be justified. 
The values of Table IX must be compared with the experimental 
values of r given in Table VII and the reported values of s. 

The po2 exponents r for uh of undoped A1203(I) and (11) of 0.22 
and 0.17 are not too different from the value 0.25 expected for 
AI20,:Mg with [MgAI'] = [MgAl],otal=constant; the values r=O 
found for u, of undoped Al2O3(I) is just the value expected for 
AI2O3:Mg. The values r=0.14 to 0.20 observed for u,, in AI20,:Fe 
with [FeAl '1 e [Fe]total are in reasonable agreement with those ex- 
pected: 0.17 and 0.188 for the V, ' ' and Al,' ' . models, respectively. 
The values 0 to 0.14 observed for uh in AI,O,:Fe containing con- 
siderable amounts of Mg are much smaller then the values r=0.25 
and 0.188 expected for the Vo' ' and Al, '  ' ' models, respectively. 
This difference could be explained if both Fe and Mg contribute 
in the neutrality condition: 

In this case the expected values of r for u, are smaller than the 
values presented in Table IX. However, it would increase the value 
of r expected for uh to approximately 0.2. 

The experimental values of the dopant concentration exponent 
s for AI,03:Fe differ markedly for A1203(I) and A1203(II) but both 
indicate an increase of u, and uh with increasing iron concentration, 
showing that the Fe cannot be neglected relative to the Mg im- 
purity. The best value for u,, s=0.66, fits almost exactly the model 
dominated by [A]=2[Vo'  '1, with [A],,,,,.s:[A']. However, since 
Mg is present and tends to decreases, the model with [A]-3[A1,' . '1 
with s= 1 cannot be excluded and should in fact be preferred. 

I n  the donor-dominated samples, ionic conduction should be lim- 
ited by [ V,,"']; the experimental r values (0.14 and 0.17) are close 
to the value 0.188 expected for a model with [TiAIx] = [Ti],,,,, and 
[TiAI']=3[ VAI"']; the value expected for the 0; model is 0.25. The 
r values of ue fit the V,,"' and 0," models equally well. In view of 
the difference in the type of dominant defects, AI,' ' ' for AI,O,:Fe 
and V,,"' for Al2O3:Ti, the similarity in the absolute values of u in 
acceptor- and donor-doped material must be fortuitous. 

Let us now consider creep. If there is fast grain-boundary dif- 

Table IX. Values of s and r in b] ap,; (dopantf" for Various Species for Different Approximations of Neutrality Condition for Acceptor- 

" ] = [ L O  ] [.4'11=3[AI, 1 [D' ]=3[cAl .] [D ]=2[0 , " ]  

~ . ~ ' I = I A I , , , , ~  [A'I  = [ , G , ~ ,  [.4'1=~~1,,,,, [A*=[AJ,o,al [Dl = [%.I [D'I = [DItOt.l [ D  1 = ta.,,l [DYI = [ a m * ,  

and Donor-Doped A120, 

Specie5 F r F r S r F r S r 5 r r r F r 

Vo' ' 1 0 0.67 -0.17 0.67 0 0.5 -0.125 -0.67 0 -0.5 -0.125 -1 0 -0.67 -0.167 
Al,' ' ' 1.5 0 1 -0.25 1 0 0.75 -0.188 - 1 0 -0.75 -0.188 -1.5 0 - 1  -0.25 

0.5 0.25 0.33 0.17 0.33 0.25 0.25 0.188 -0.33 0.25 -0.25 0.188 -0.5 0.25 -0.33 0.167 
-1.5 0 - 1  0.25 - 1  0 -0.75 0.188 1 0 0.75 0.188 1.5 0 1 0.25 

h .  

-1 0 -0.67 0.17 -0.67 0 -0.5 0.125 0.67 0 0.5 0.125 1 0 0.67 0.167 
e' -0.5 -0.25 -0.33 -0.17 -0.33 -0.25 -0.25 -0.188 0.33 -0.25 0.25 -0.188 0.5 -0.25 0.33 -0.167 

$!'" 
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fusion of oxygen, creep must involve bulk diffusion of Al. However, 
since our experiments indicate that the diffusing oxygen is neutral, 
the Al bulk diffusion must be ambipolar, involving both ionic and 
electronic defects, i s .  AI,‘ ‘ ‘ and h ‘  in acceptor-dominated sam- 
ples, P‘,,”‘, and e‘ in donor-dominated samples. 

As outlined in Ref. 42, i n  such cases the rate is determined by 
the species with the smaller concentration X mobility product. Our 
experiments show that in acceptor-dominated samples Ch>r, at high 
po2 but uh<u, at low po2 Thus there should be a change of rate- 
limiting species from Al,’ ’ ’ at high to h’ at low pol. Donor-doped 
samples show the opposite conductivity behavior, with u,>u, at low 
po2.  requiring a change of rate-limiting species from e‘ at high to 
V,,‘” at low po2.  Such a change should affect both the activation 
energy and the oxygen pressure dependence of creep rate. 

In the acceptor-dominated samples, the oxygen pressure depen- 
dence of E of A120,(I) with or without Fe is close to that of u, and 
different from that of uh (see Table VII) .  As seen in Table V, the 
activation energy of creep is significantly larger than that of u, (and 
much larger than that of Oh) .  in particular for AI2O3(I), but also 
for A1203(II) where activation energies of ionic conduction as large 
as 491 kJ/mol (5.1 eV) have been observed, compared with 577 
kJ/mol (6  eV) for creep. This difference suggests limitation of u, 
and i by different species, one by Al and the other by 0. The 
activation energies of creep do not change appreciably with a 
change in po2 (see Table V), so there is no indication of limitation 
of creep by holes at low po2.  For Al20,:Ti, the activation energies 
of u,, ue, and c are approximately equal, indicating that u, and E 

may be limited by the same ionic species (V,,”’) but leaving open 
the possibility of limitation of creep by electrons. For u, as well as 
1 we expect a weak po2 dependence for undoped (=Mg-doped) 
material (Table IX, [ A ]  = [ A ’ ] )  but a marked po2 dependence for 
Al20,:Fe and A1203:Ti (Table IX, [ A ]  2 [ A x ]  or [ D ]  = [ D * ] ) .  This 
is in fact observed for ui but not for h which is almost independent 
of po2.  A po2 dependence for AI20,:Ti with r=0.1, weaker than 
that expected on the basis of defect models (r=0.188 or 0.25) was 
also found by Hollenberg and Gordonzo but was not explained. The 
effect can have various causes: ambipolar diffusion, precipitation 
of a second phase, or formation of defects by plastic deformation 
in concentrations larger than those resulting from doping. Ambi- 
polar diffusion with rate limitation by VAi”’ at low and by e‘ at high 
po2 gives a considerable reduction in po2 dependence because these 
species have opposite values of r. However, calculation of the ef- 
fective self-diffusion coefficient from 

(4) 

with r values of + and -0.1 88 for u, and u, and u,= 10 u, at po2= 
l o 5  N/m2 gives a po2 dependence of (DAJb with a maximum at 
intermediate pol, with values at the maximum that are four times 
larger than at  high and low po2. Such a maximum is not observed. 
Formation of a second phase to an extent increasing with increasing 
po2 is to be expected and should affect creep rate. However, it 
should affect u, in the same way, which is not observed, u, having 
a stronger po2 dependence than 1. This leaves defect formation 
during deformation as a possible cause. However, this effect is 
generally believed to be appreciable only at  stresses much higher 
than the ones used in our experiments. Repetition of the experi- 
ments with purer material, using lower stresses, and with different 
doping concentration, should indicate whether any of the suggested 
explanations are valid. 

Let us now consider the absolute values. Figure 4 shows values 
of the self-diffusion coefficient Drelf= b ] D ,  as determined by tracer 
diffusion of Al and 0, and as calculated from conductivity and 
creep, the former using the Nernst-Einstein relation, D=u,kT/ 
Nz,2q2 (with N the number of A120, molecules cm-,, z, the defect 
charge, and q the electron charge), the latter calculated on the basis 
of the Nabarro-Herring theory, e=13 .3  Dbi2s/kTd2 (with i2 the 
molar volume of Al20,, 4.2X 

It is seen that the values calculated from creep (curves 8 and 9) 
and conductivity (curves 10 to 12) are close together, being almost 
the same for undoped (=Mg-doped) material (curves 8, 10, and 
1 1 )  and for material doped with Fe or Ti (curves 9 and 12). All 
values are close to those for self-diffusion of Al (curve 7 )  but much 

crn3=N-’, and s the stress). 

higher than those for bulk self-diffusion of 0 in either donor- or 
acceptor-dominated AI20, (curves I n ,  3, 4, and 5). This result 
strongly suggests that creep and conductivity are both limited by 
Al with Al,’ . . and VAl”’ the native defects involved in acceptor- 
and donor-dominated material. 

Still to be explained is the lack of creep limitation by oh for 
A120,:Fe at  low poz and the increase of oxygen grain-boundary 
diffusion by doping with iron.5z Both effects would be expected 
should grain-boundary diffusion of oxygen involve charged species. 
I f  the assumption of grain-boundary diffusion by neutral 0,’ is 
maintained, the increase with doping could be due 10 pore for- 
m a t i ~ n . ~ ~  

Finally, i t  is necessary to account for the high activation energy 
(750 to 844 kJ/mol) found for large grain samples in which creep 
is limited by dislocation  limb.^^.^^,^^ This effect can be attributed 
either to oxygen bulk diffusion (observed activation energies 635,* 
741,4 and 616 kJ/mols) or to the complexities of the climb process 
itself.56-s8 

V. Summary 

Measurements of dc conductivity, ionic and electronic transfer- 
ence numbers, and creep were performed for hot-pressed polycrys- 
talline A120,, of various grain sizes, made from aluminum propoxide 
(A120,(II)), undoped and doped with Fe or Ti. The undoped ma- 
terial still contains 1.5 X l o i8  cm-, fixed-valency acceptors (Mg). 
Because of these impurities, the po2 dependence of conductivity of 
samples doped with Fe or Ti is smaller than expected for samples 
dominated by these dopants alone. Conductivity with a low acti- 
vation energy found at  low temperatures is attributed to a second 
phase. Fast ionic diffusion along grain boundaries is absent in donor- 
as well as acceptor-doped samples. Therefore, fast diffusion along 
grain boundaries must involve neutral species. Absolute values of 
self-diffusion coefficients calculated from conductivity and creep 
indicate that both effects are limited by Al. Yet some effects remain 
unexplained. 
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The Bi203-Pb0 phase diagram was determined using differential 
thermal analysis and both room- and high-temperature X-ray powder 
diffraction. The phase diagram contains a single eutectic at 73 mol% 
PbO and 63SOC. A body-centered cubic solid solution exists above 
=6OO0C within a composition range of 30 to 65 mol% PbO. The 
compounds a-Bi203, 6-Bi203, and y-PbO (litharge) have wide solu- 
bility ranges. Four compounds, 6Bi203.  PbO, 3Bi203.  2Pb0,  
4Bi203. 5Pb0, and Bi203. 3Pb0, are formed in this system and the 
previously unreported X-ray diffraction patterns of the latter three 
compounds are reported. Diffraction patterns for some of these 
mixed oxides have been observed in ZnO-based varistors grown using 
Bi203 and PbO as sintering aids. 

1. Introduction 

l i t  interest in the Bi,O,+PbO phase diagram arises because T PbO and Bi,O, are used as sintering aids for the preparation 
of ZnO high-field varistors. A varistor is a variable resistor in that 
its resistance decreases rapidly with increasing voltage above a cer- 
tain threshold voltage.l.2 Because this breakdown voltage is strongly 
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dependent on grain size, it is important to limit the size of the ZnO 
grains for a high-field device. Since PbO and Bi203 form a low- 
melting eutectic, relatively low temperatures can be used in the 
preparation of ZnO varistors, and only limited grain growth takes 
place.2 The definition of the liquidus temperatures in the system 
Bi203-PbO should be of aid in the preparation of varistors. 

Varistors are usually prepared from a mixture of metal oxides 
such as ZnO, COO, Bi203, and PbO. Although several theories have 
been proposed to explain the effects of certain oxides on the prop- 
erties of varistors, their roles are not completely understood or char- 
acterized. While it is thought that Bi203 does not affect the elec- 
trical properties of the ZnO grains themselves, it has been postu- 
lated that Bi20, affects the electrical properties of the grain bound- 
aries of var is t~rs . l -~ The existence of compounds and the formation 
of solid solutions in the system Bi20,-Pb0 could affect the perfor- 
mance of the varistors. Although several determinations of the 
Bi,O,-PbO phase diagram are reported, none are complete, and the 
results are somewhat contradictory.5-” This investigation of the 
Bi20,-PbO phase diagram was undertaken to determine what re- 
actions and compounds exist in the system Bi203-Pb0 and the tem- 
peratures and compositions at  which these reactions and compounds 
occur. 

11. Experimental Procedure 

The phase diagram of the system Bi203-Pb0 was examined by 




