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High temperature steady-state creep of 
polycrystalline rutile, pure and doped 
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The steady state creep of polycrystalline (5-60/am) futile, which is doped with 1 cation % 
tantalum, is controlled by a Nabarro-Herring lattice diffusion process at 1100 to 
1200 ~ C. Doping with tantalum significantly depresses the steady state creep rate by 
lowering the concentrations of titanium interstitials and oxygen vacancies. The 
concentrations of these defects, and hence the steady state creep rate of doped rutile, can 
be increased by decreasing the oxygen partial pressure below 10 -7 to 10-Satin at 1200 ~ C. 
Tentative evidence is presented in support of the hypothesis that the steady state creep of 
polycrystalline, undoped rutile at 950 to 1100~ is controlled by interfacial defect 
creation and/or annihilation at grain boundaries. Interracial controlled deformation rates 
are probably due to the large concentrations (and perhaps high mobilities) of cation and 
anion lattice defects which are present in pure rutile equilibrated in both oxidizing and 
reducing atmospheres. The steady state creep rate was a very weak inverse function of the 
grain size and essentially independent of the oxygen partial pressure. 

1. Introduction 
Titanium dioxide is an intermediate band gap 
material with interesting electrical properties, par- 
ticularly when it is doped with substitutional im- 
purities such as Ta2Os, Nb2Os or A1203 [1]. "p"- 
type material can be produced by doping with tri- 
valent aluminium ions, whereas doping with penta- 
valent ions, such as tantalum and niobium, leads to 
"n"-type semiconduction. Since the concentration 
of both electronic and lattice defects can be 
readily controlled by the presence of these 
dopants, the rutile structure is an ideal candidate 
for the study of high temperature creep and/or 
sintering phenomena which will depend on the 
concentration and mobility of defects on either 
the cation or anion sublattice. For example, some 
evidence exists which indicates that the optimum 
sintering temperature in air is significantly 
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increased by the addition of small amounts of tan- 
talum [1 ]. 

Other than work on the creep of "pure" rutile 
single crystals [2, 3], no work has been reported 
on the creep of polycrystalline rutile. In this 
paper, the results of creep studies at low stresses 
(under 15 MPa) will be reported on both pure and 
tantalum-doped polycrystalline (5-60pro) rutile. 
The objective will be to understand what diffusion 
processes are important in polycrystaUine deform- 
ation and, perhaps, sintering and how they are 
affected by the presence of aliovalent dopants 
such as Ta s+. 

2. Experimental procedures 
Undoped anatase TiO2 powder $ was converted to 
rutile crystallographic form by heating at 1100 ~ C. 
Prior to hot-pressing in graphite dies, the calcined 
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powder was ball-milled. Undoped specimens with 
densities over 99% of theoretical were obtained 
with grain sizes of 5 and 25/.u-n after hot-pressing 
at 1100 and 1350 ~ C, respectively. 

Tantalum-doped (1 cation % Ta) polycrystalline 
T i Q  specimens were prepared by sintering iso- 
statically pressed discs at 1400 ~ C for several hours 
in air. The doped powder was prepared by mixing 
an aqueous oxalic acid solution of tantalum 
oxalate with an aqueous slurry of TiO2 powders. 
Upon slow addition of NH4OH at room tempera- 
ture, tantalic acid was precipitated on to the TiO2 
particles. After drying, the powder was calcined at 
l l 00~  to convert the tantallc acid to Ta2Os. 
Prior to sintering, the powder was milled and then 
binder was added. Disc-shaped specimens were pre- 
pared by uniaxial pressing (138MPa) followed by 
isostatic pressing at approximately 200 MPa. Sin- 
tered densities over 95% of theoretical were 
achieved in specimens with an average grain size of 
5/.tm. 

Annealing specimens, which were embedded in 
powders of the same composition, at various tem- 
peratures in air yielded a distribution of grain sizes 
up to a maximum of about 60/~rn. Grain sizes are 
standard linear intercept averages multiplied by 
1.5. Grain sizes were measured before and after 
creep testing to confirm that no grain growth was 
occurring at temperatures ~< 1200 ~ C. 

Dead4oad, four-point-bending creep tests were 
conducted on machined, ground, and polished rec- 
tangular bar specimens with a cross-section of 
2 mm x 5 mm. The experimental test apparatus has 
been described elsewhere [4]. Stresses and strains 
were calculated from standard viscoelastic rela- 
tions [5]. Various oxygen partial pressures down 
to 10 -is atm measured with a zirconia galvanic cell 
were achieved using air, nitrogen and C0/C02 gas 
mixtures. All data in this paper represent steady 
state creep conditions which were easily achieved 
at the test temperatures (950 to 1200 ~ C). In order 
to achieve steady state creep rates in undoped 
specimens, oxidizing anneals (several days) at tem- 
peratures greater than or equal to the test tempera- 
ture were required. After hot-pressing, the colour 
of the undoped material was a dark blue (similar 
to the tantalum-doped specimens). After annealing 
or testing in oxidizing atmospheres, the colour of 
the undoped specimens was a straw yellow. 

3. Experimental results 
The major variables of stress, temperature, oxygen 

partial pressure, and grain size were systematically 
studied for the creep of "pure" and tantalum- 
doped polycrystalline ruffle. Stress, temperature 
and oxygen partial pressure dependencies were 
determined by conducting single-specimen tests in 
which the variable to be studied was changed in 
step-wise fashion (e.g. stress) while holding con- 
stant all other variables (e.g. temperature, oxygen 
partial pressure). 

3.1. Stress d e p e n d e n c e  
In Fig. 1 data are presented for tantalum-doped 
material which indicate the dominance of viscous 
creep (i.e. linear dependence between strain rate 
and stress) in an oxidizing atmosphere for stresses 
up to 13 MPa with no apparent threshold stress. 

In Fig. 2 strain rate-stress data are presented 
for the steady state creep of undoped rutile at 
964~ in an oxidizing atmosphere. Again nearly 
viscous behaviour is observed. The data in Fig. 2 
were taken from specimens with grain sizes of 5 
and 45 gin. The difference in creep rates was only 
a factor of three, indicating a very weak inverse 
gain-size dependence in undoped material. 

A linear plot is presented in Fig. 3 in the low 
stress region for undoped rutile at two different 
grain sizes (5 and 25/~m). The data suggest linear 
creep at 1000~ in air with a threshold stress 
which increases as the grain size decreases. Increas- 
ing the grain size by a factor of five depressed the 
threshold stress by about a factor of 3. 

In summary, the strain rate-stress data indicate 
that creep deformation in undoped and Ta-doped 
polycrystalllne ruffle is viscous at stresses below 
about 15 MPa. In the case of undoped material, 
viscous creep deformation appears to have a 
threshold stress associated with it. 

3.2. Activation energy for creep 
deformation 

The results of temperature change experiments in 
air for undoped and Ta-doped rutile specimens are 
shown in Fig. 4. From these data activation 
energies of approximately 264 and 510kJmo1-1 
were obtained, respectively. Furthermore, the data 
in Fig. 4 clearly indicate that small amounts of 
the tantalum dopant significantly decrease the 
steady state creep rate of polycrystalline ruffle. 
For comparable grain sizes and stresses, creep 
rates are suppressed at 1100 ~ over two orders 
of magnitude by the tantalum dopant present 
at the 1% level. 
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Figure 1 Viscous creep of tantalum- 
doped polycrystalline futile. 

Figure~2 Viscous creep of undoped 
polycrystalline rutile. 
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Figure 3 Viscous creep with a thresh- 
old stress - undoped, polycrystalline 
futile. 

3.3. Effect of oxygen partial pressure 
In Fig. 5 the effect of oxygen partial pressure on 
the steady state creep of Ta-doped, polycrystalline 
rutile at 1200~ and 3.4MPa is shown for two 
different grain sizes: 24 and 56 pan. At the lowest 
Po= values (< 10-Tatm), tests were run at lower 
temperatures to minimize strain accumulation at 
the very fast creep rates. All data were corrected 
to 1200 ~ C, using an activation energy of 510 kJ 
mo1-1. The data reveal a slight decrease in creep 
rate as the oxygen partial pressure is dropped from 
0.18atm to about 10-Tatm. Below 10-Tatm the 
creep rate is enhanced considerably by further 
decreases in pressure to 10-1Satm. Note also that 
the creep rate is a strong inverse function of the 
grain size. 

In comparable tests at approximately 1000 ~ C, 
the steady state creep rate of undoped rutile at 
low stresses (~ 3 MPa) was found to be essentially 
independent of oxygen partial pressure from about 
0.17 to 10-15atm. 

3.4.  Grain size effects 
The effects of grain size on the steady state creep 

of Ta-doped rutile at 1200~ are shown in Fig. 6 
for deformation tests in both oxidizing (P% ~ 0.18 
atm) and reducing atmospheres (Po~ ~- 10-14atm) �9 
The steady state creep rate varies with the inverse 
square of the grain size in both oxidizing and 
reducing environments over grain sizes between 5 
and 60/.tm. Note the significant enhancement 
( ~ x 4 0 )  in the creep rate as the oxygen partial 
pressure is decreased from 0.18 to !0-t4atm. 

In contrast to Ta-doped material, the creep rate 
of undoped, polycrystalline rutile was a very weak 
function of the grain size (e.g. Fig. 2). In the grain 
size range between 5 and 45 ~rn, the creep rate was 
decreased by less than a factor of 3 to 4. For Ta- 
doped material, the creep rate is suppressed by a 
factor of 81 for a comparable increase in grain 
size. 

4. Discussion 
To summarize, the steady state creep of Ta-doped 
rutile is Newtonian viscous with an activation 
energy of 510kJmo1-1. Creep rates can be signifi- 
cantly enhanced by decreases in the oxygen partial 
pressure. Furthermore, creep rates vary inversely 
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Figure 4 Effect of tantalum doping on the 
steady state creep of polycrystalline futile. 

with the square of the grain size. These character- 
istics are markedly different from those observed 
in undoped material. In the latter, viscous creep 
with a threshold stress is observed. The creep 
activation energy is a factor of 2 smaller (264 kJ 
mol-1). Creep rates are insensitive to changes in 
oxygen partial pressure and they are a weak 
inverse function of the grain size. Finally, tanta- 
lum doping at the 1 cation % level significantly 
suppresses the viscous creep rate. 

Taking into account the effects of grain size 
and stress, it is concluded that the steady state 
creep of polycrystalline rutile doped with tanta- 
lum is rate-limited by a volume (lattice) diffusion 
process. The reciprocal square grain-size depend- 
ence of the creep rate in both oxidizing and reduc- 
ing atmosphere is consistent with Nabarro-Herring 
diffusional creep [6, 7]. Doping with tantalum sig- 
nificantly depresses the creep rate. Similar effects 
have been observed with respect to sintering 
kinetics [1]. In both cases, the temperature at 
which mass transport is sufficient for either dif- 

fusional creep or sintering is increased approxi- 
mately 200 ~ by doping with 1 cation % tantalum. 

In the case of undoped T iQ,  the mechanism of 
creep deformation at low stress is apparently 
different from that of doped material. While the 
rate of  deformation is very rapid, the creep rate is 
a very weak function of the grain size and essen- 
tially independent of changes in the oxygen partial 
pressure. Furthermore, some experimental evidence 
is present which suggests that the creep rate is 
linear with stress after a threshold or yield stress is 
exceeded. This threshold stress increases as the 
grain size is decreased. All of  these effects strongly 
suggest that the creep mechanism involves mass 
transport kinetics which are ldneticaUy limited by 
some interfacial (or grain boundary) process 
involving the creation and/or annihilation of point 
defects [8]. 

In order to compare mass transport processes 
in polycrystalline rutile with those measured by 
tracer diffusion in single crystals, diffusion coef- 
ficients were calculated from the Nabarro-Herring 
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creep data according to the following equation, 
taking into account coupled diffusion of both the 
cation and anion [9, 10]: 

- 14g2va 
k T(GS)2 De~ 

and 
1 1 DTiDo 

De~ = Db + 2D~. 

D~i and Dlo are the titanium and oxygen lattice 
diffusion coefficients, respectively, ~2 v is the 
molecular volume and k is Boltzmann's constant. 
In Fig. 7 calculated values of Deomplex, which were 
computed from the steady state creep of undoped 
and tantalum-doped rutile, are compared with 
titanium [11, 12] and oxygen [13] tracer diffusion 
coefficients measured on undoped single crystals 
equilibrated in air atmosphere. Diffusion coef- 
ficients calculated from the creep of undoped 

*Partially or completely ionized. 

polycrystalline rutile are underestimated because 
volume diffusion is so rapid that the kinetics are 
probably rate-limited by interfacial reactions at 
grain boundaries. Nevertheless, reasonable agree- 
ment exists between diffusion coefficients inferred 
from creep data and tracer measurements. It is 
noted that the diffusion coefficients calculated 
from the creep of doped futile in a very reducing 
atmosphere are comparable to what might be 
expected for diffusion in undoped material 
equilibrated in an oxidizing atmosphere. Note also 
the significant depressing effect of tantalum 
doping on lattice diffusion. 

Since tantalum substitutes for titanium on the 
cation lattice, it can be concluded ~hat the concen. 
tration of both titanium interstitials (Ti~', Ti4") * 
and oxygen vacancies (V~') will be depressed as 
the concentration of the tantalum dopant is 
increased. Owing to charge considerations, the 
interstitial concentration will be depressed by a 
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greater degree than the oxygen vacancy concentra- 
tion. In an oxidizing atmosphere, it is expected 
that the tantalum dopant will be compensated by 
both conduction band electrons and titanium 
vacancies (V~'). At high dopant levels, the concen- 
tration of titanium vacancies will become signifi- 
cant and perhaps even dominant. With these 
simple considerations in mind, it is expected that, 
at small dopant concentrations, both titanium (via 
interstitials) and oxygen (via vacancies)lattice dif- 
fusion should proceed through a minimum since 
the concentration of titanium vacancies will 
increase as the tantalum concentration is 
increased. In this regime, creep rates will probably 
be cation diffusion controlled and proceed 
through a minimum as the concentration of cation 
vacancies becomes larger than the concentration of 
anion vacancies. At high dopants, the creep rate 
should again be depressed and controlled by oxy- 
gen lattice diffusion. In this study at a single 
dopant, insufficient data are available to dis- 

tinguish between kinetics controlled by titanium 
(via interstitial or vacancy) and oxygen (via 
vacancy) lattice diffusion. 

A schematic plot is made in Fig. 8 for the con- 
centration of lattice defects in rutile at a fixed 
temperature (~ 1400 ~ C) and oxygen partial pres- 
sure (Po~ ~ 1 atm) for different dopant levels. For 
purposes of illustration, the material in undoped 
form is assumed to be pure and not affected by 
the presence of any acceptors. Using this figure, 
which is based on simple mass action considera- 
tions f and defect concentrations inferred from 
conductivity data [14] as an approximate guide, 
mass transport by lattice diffusion in predicted to 
follow the solid dark iine. At small dopant concen- 
trations (< 10 -3 cation fraction), lattice diffusion 
will be suppressed to some minimum. At this 
point, cation transport is predicted to increase due 
to the increasing concentration of titanium vacan- 
cies. At large dopant concentrations (> 10-2), mass 
transport is predicted to be dominated by anion 
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Figure 8 Schematic illustration of the 
effect of tantalum doping on defect con- 
centrations in rutile. 
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tActually because tantalum doped futile can be a degenerate semi-conductor [1], Fermi-Dirac statistics should be used 
in some situations to calculate defect concentrations and not classical Boltzmann statistics which are implicitly assumed 
in a mass action treatment [1]. 
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lattice diffusion and depressed again by  the 
addit ion of  more dopant .  $ This behaviour has 
been qualitatively confirmed in sintering studies at 
1400 ~ C [1 ]. Optimum densities are achieved at the 
1% dopant concentrat ion.  At lower ( ~  0.2%) and 
higher (>  2%) dopant  concentrations,  sintering in 
air to high densities is very difficult. For the creep 
of  tantalum-doped,  polycrystall ine ruffle at 
1200 ~ C, it is clear that  lattice diffusion is signifi- 
cantly suppressed; however, more data at different 
dopant  concentrations are required before 
definitive conclusions can be made on the species 
(anion or cation) which is controlling lattice dif- 
fusion. At the 1% dopant  concentrat ion,  i t  is sus- 
pected that  the kinetics are control led by  oxygen 

lattice diffusion (via vacancy exchange). 

The effects of  oxygen partial pressure on the 
steady state creep o f  polycrystalline rutile doped 
with tantalum can also be understood qualitatively 
by  examining simple mass action effects. In Fig. 9, 
the concentrat ion of  lattice defects at 1400~ C and 
a dopant depresses both the concentration of  
t i tanium interstitials and oxygen vacancies at high 
oxygen partial pressures, i t  is predicted that  the 
creep rate of  doped material will be independent  
of  the oxygen partial pressure until  the pressure is 
reduced below about 10 -7 to 10 -8 atm w At this 
point ,  the concentrations of  both  t i tanium inter- 
stitials and oxygen vacancies increase to enhance 
lattice diffusion. In the intermediate pressureregime 
(i.e. > 10- 7 to 10-8 atm), the concentrations of  

all lattice defects are significantly depressed. 

SThe exact position of this maximum will, of course, depend on the position of the line describing the concentration of 
cation vacancies. Two positions have been shown for purposes of illustration. It is also possible, of course, that if anion 
grain-boundary transport is rapid, as might be the case [15], then the kinetics will be controlled by cation lattice diffu- 
sion via exchange with vacancies and no maximum will be observed with increasing dopant concentration. 
w If oxygen grain-boundary transport is rapid, then creep will be controlled by cation diffusion and creep rates will drop 
to a minimum with a decrease in oxygen partial pressure from 1 to 10-Tatm. 
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At pressures under 10 -t2 to 10-16atm, depend- 
ing on the exact temperature, it is expected that 
the conduction band electrons will be compen- 
sated by titanium interstitials (intrinsic "n"-type 
semi-conduction). ~ Electrical conductivity 
measurements [17] on Ta-doped, polycrystalline 
ruffle actually indicate a plateau (donor-controlled 
conduction) independent of  P o :  until the pressure 
drops below 10 -14 atm at 1300~ (~  10 -12 atm at 

1400 ~ C and ~ 10-16atm at 1200 ~ C). However, in 
creep (and probably sintering) the concentrations 
of  minority lattice defects (Ti•', Ti~" or V~)  
increase with decreasing oxygen partial pressure 
and they become significant in mass transport at 
pressures well above the transition in electrical 
conductivity which is sensitive to the dominant 
charged defects (i.e. conduction band electrons). 

Finally, a comment should be made that not 
only is lattice diffusion suppressed in Ta-doped 
ruffle, but the activation energy for diffusion is 
significantly increased. This can be explained 
qualitatively in terms of doping which controls the 
concentration of  conduction band electrons and 
increases the apparent defect formation energy for 
the minority lattice defects. The activation energy 
for the creep of  undoped material is comparable to 
tracer diffusion coefficients of  both titanium and 
oxygen. This apparent agreement may be 
fortuitous in that creep may not be controlled by 
any lattice diffusion process. It is believed that 
because of  the high defect concentrations in 
undoped rutile, lattice diffusion is too fast to be 
accommodated by defect creation and/or annihila- 
tion processes at grain boundaries. 

5. Conclusion 
The diffusional creep of  tantalum-doped poly- 
crystalline rutile at 1100 to 1200~ is rate- 
controlled by a lattice diffusion process. At the 
1 cation % dopant concentration, mass transport is 
probably limited by oxygen lattice diffusion via a 
vacancy exchange mechanism which is suppressed 
by the dopant in solid solution. In reducing atmos- 
pheres (<  10 -1 atm), both cation and anion lattice 
diffusion, and hence diffusional creep rates, are 
enhanced by increased concentrations of  both 
titanium interstitials and oxygen vacancies. 
Additional studies are needed at different dopant 
levels to identify possible transitions in mass trans- 

diffusion involving interstitial defects, (2) cation 
diffusion via vacancy exchange and (3) anion dif- 
fusion via vacancy exchange. 

Tentative evidence was presented in support o f  
the hypothesis that the creep o f  polycrystalline, 
undoped futile at 950 to 1100~ is controlled by 
interfacial defect creation and/or annihilation at 
grain boundaries. Interfacial control o f  mass trans- 
port kinetics implies very rapid lattice diffusion 
processes caused by relatively large defect concen- 
trations and/or mobilities on the cation and anion 
sublattices [ 18]. 
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