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Creep in pure and two phase nickel-doped alumina has been investigated in the stress 
range 0.70 to 4.57 kgf mm- 2 (1000 to 6500 psi), and temperature range 1450 to 1800~ 
for grain sizes from 15 to 45 gm (pure alumina) and 15 to 30 gm (nickel-doped alumina). 
The effect of stress, grain size and temperature on the creep rate suggests that 
diffusion controlled grain-boundary sliding is the predominant creep mechanism at low 
stresses and small grain sizes. However, the stress exponents show that some 
non-viscous boundary sliding occurs even at the lowest stresses investigated. This 
mechanism is confirmed by metallographic evidence, which shows considerable 
boundary corrugation in the deformed aluminas. At higher stresses and larger grain 
sizes the localized propagation of microcracks leads to high stress exponents in the creep 
rate equation. The nickel dopant, which introduces an evenly distributed spinel second 
phase into the alumina matrix, increases the creep rate and enhances boundary sliding and 
localized crack propagation. The weakening effect of the second phase increases with grain 
size, and tertiary creep occurs at strains of 0.5% and below in large grained material. 

1. Introduction 
Although the low temperature mechanical 
properties of nickel-doped alumina had been 
investigated in these laboratories [1], its 
behaviour at higher temperatures had not been 
established. The purpose of the present investiga- 
tion, therefore, was to study the high temperature 
creep properties of nickel-doped aluminas and 
to compare the properties of these materials 
with pure aluminas prepared in a similar manner. 

Much information has been reported con- 
cerning the creep properties of pure alumina 
(Heuer et al [2] have reviewed the literature in 
this field) but the relative importance of the 
main mechanisms cited (i.e. viscous diffusional 
creep, grain-boundary sliding, dislocation climb) 
is still unclear. However, it does appear that at 
low stresses diffusional creep is predominant, 
and Heuer et al have suggested that non- 
Newtonian grain-boundary sliding may be 
important at higher stresses. 

2. Experimental procedure 
2.1. Material 
In the present investigation the starting material 

was alumina powder (total impurities less than 
0.1%), which was ball milled and cold iso- 
statically compacted at 47 kgf mm -2. For the 
production of nickel-doped specimens, 2 wt % 
nickel powder was added to the alumina before 
ball milling, and the green compacts were 
sintered in air so that nickel oxide was formed 
which retarded grain growth. Sintering times of 
30 rain at 1700~ produce high density, fine 
grain size nickel-doped aluminas, but the grain 
sizes so formed would not be stable at the creep 
temperatures to be used. Sintering times of 15 to 
20 h were, therefore, used to ensure equilibrium 
grain size in the specimens prepared for tests. 
Different grain sizes in each batch of material 
were produced by sintering at 1700, 1800 and 
1900 ~ C. The densities of the compacts, measured 
by a water displacement method, are summarized 
in Table I. Metallographic examination showed 
that the residual pores were trapped within the 
grains. 

The grain sizes were determined from the 
relationship: 

C = 7r2/16 x L) (1) 
where C = average linear intercept (from 

*Now at: Department of Metallurgy, University of Strathclyde, Glasgow, Scotland, U K .  

�9 1973 Chapman andHallLtd. 1573 



A. CROSBY, P. E. EVANS 

T A B L E  I Sintering temperatures, densities and grain 
sizes of the alumina compacts 

Alumina type Sintering Density ( ~  Average 
and batch No. temp. Theoretical) grain size 

(~ (~m) 

Pure (2) 1700 98.8 15 
Pure (3) 1800 95.5 21 
Pure (4) 1900 95.8 45 
Nickel-doped (5) 1700 98.7 15 
Nickel-doped (6) 1800 98.3 17 
Nickel-doped (7) 1900 97.3 30 

500 grains/specimen), s = average grain 
diameter. Both aluminas sintered at 1700~ 
showed monomodal distributions of grain size, 
but the materials sintered at 1800 and 1900~ 
showed bimodal distributions. In the pure 
aluminas the secondary modes were only 
noticeable as levelling off or slight upward 
kinks in the distribution curves after the initial 
peak. The relative sizes of the frequency peaks 
were 15.0~ at 4 gin, and 9 .6~  at 10 gm for the 
pure material sintered at 1800~ and 6 .8~  at 
13.5 lam, and 4 . 1~  at 29.5 gm for the pure 
material sintered at 1900~ The more pro- 
nounced peaks in the nickel-doped materials 
gave values of 17.3~ at 4 gin, and 14.3~ at 8 
gm for the 1800 ~ sintered material, and 10.2 
at 5.5 gin, and 6 .6~  at 19.5 g m f o r  the 1900~ 
sintered material. In each case a class intervals of 
2 gm was used in the frequency calculations. By 
comparison the materials sintered at 1700~ 
gave modal frequencies of 22 ~ at grain sizes of 
3.5 gm (pure alumina), and 4 gm (nickel-doped 
alumina). 

The occurrence of the pronounced bimodal 
distributions in the nickel-doped materials may 
be explained as follows. Electron probe micro- 
analysis of the nickel-doped materials has 
revealed a two phase structure [3, 4], consisting 
of an alumina rich matrix containing dispersed 
nickel rich grains. The phase diagram deter- 
mined by Lejus [5] for the system NiO-A12Oa 
shows no solubility of NiO in nickel aluminate 
spinel at any temperature, and vanishingly small 
solubility of alumina in the spinel below 1300 ~ C. 
However, non-stoichiometric spinels containing 
between 50 and 83 vol ~ alumina were found 
between 1300 and about 1900 ~ C, i.e. an increase 
in solid solubility of alumina with rising tem- 
perature. Typical X-ray counts from nickel 
rich grains in our material indicate that non- 
stoichiometric spinels are retained during cooling 
to room temperature. The nickel content of the 
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spinels varies between 11 and 33 wt ~ ,  and the 
larger spinel grains generally contain a higher 
proportion of nickel than the smaller grains. It 
also appears that the larger spinel grains grow 
at the expense of the smaller spinel grains, since 
they decrease in number but increase in size as 
the sintering temperature is raised. The sequence 
of events, therefore, appeals to be complex 
involving oxidation of the nickel and solution of 
alumina to form non-stoichiometric spinels, and 
spinel grain growth by the transfer of nickel from 
smaller to larger spinel grains. Such inter- 
particle diffusion may lead to some segregation 
of nickel at the grain boundaries, as observed by 
Jorgensen and Westbrook [6]. If the iate of 
spinel grain growth depends on inter-particle 
nickel diffusion, the growth process will be 
strongly temperature dependent, and the rate 
of spinel grain growth may differ appreciably 
from alumina grain growth under the same 
temperature conditions. This would explain the 
clearly defined bimodal distributions in the 
nickel-doped materials sintered at 1800 and 
1900~ 

2.2. Creep testing 
Work by Poteat [7] suggests that the creep rate 
in compression is independent of the length to 
diameter ratio of the specimen in the range 
1.5 to 2.5:1. The specimens were therefore 
ground to 0.1182 =~ 0.0002 in. diameter and cut 
and faced to 0.2300 • 0.0002 in. long. They 
were deformed in compression at stresses between 
0.70 to 4.57 kgf mm -2 (1000 and 6500 psi) in the 
temperature range 1450 to 1800~ The creep 
apparatus, described more fully elsewhere [4], 
basically consists of a carbon tube furnace with a 
loading head transmitting the load to the speci- 
men via graphite pushrods. The specimen 
chamber was flushed with high purity argon. 
Specimen deformation was measured by a 
linear variable differential transformer in contact 
with the loading head, and the results were 
recorded on a potentiometric chart-recorder. 
The strain-rate range was 10 .3 to 1 ~ min -1 and, 
depending on strain-rate, strains of 0.5 to 6 .0~  
were measured. 

3. Results and discussion 
The creep curves showed all three stages of 
creep - the duration of each stage depended on 
temperature, stress and grain size. The nickel- 
doped materials deformed more rapidly than the 
pure aluminas under the same creep conditions. 
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3.1. Temperature dependence of secondary 
creep rate 

At least five specimens from each batch of 
material were deformed in creep using a con- 
stant stress of 2.11 kgf mm -2. The temperature 
was varied from specimen to specimen of the 
same batch, but remained constant during each 
test. The results are summarized in Fig. 1 where 
the natural logarithm of the steady state strain- 
rate ( ~  min -1) is plotted against the reciprocal 
absolute temperature. 
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Figure I Temperature dependence of strain-rate for 
alumina at 2.11 kgf m m  -~. Figures quoted are activation 
energies for creep in kcal mo1-1. 

The activation energies for creep derived from 
the best fit straight lines for pure alumina are 
consistent, within the limits of experimental 
accuracy, with the results of Paladino and 
Kingery [8] for aluminium ion diffusion. The 
larger scatter in the values for the largest grain 
size material could not have been caused by 
measurement errors, since a standardized experi- 
mental procedure was adopted for each creep 
test. Although one might expect larger measure- 
ment errors at lower strain-rates, these were 
effectively reduced by measurement over longer 
periods of time. The scatter is attributed to 
structural differences between individual speci- 
mens in this batch. This was confirmed by 
further tests using single specimens for activation 
energy determinations, when values of 112 ~ 15k 
cal mo1-1 were obtained. 

The value of activation energy obtained for the 
largest grained nickel-doped material was not 
considered reliable because of the narrow range 
of strain-rates to which measurment was 
necessarily restricted (because of the low creep 
strain to fracture), and the high degree of scatter 
within this range. However, the activation 
energies obtained foi the smaller grained nickel- 
doped aluminas were higher than those for the 
pure material. This may be owing to changes in 
solubility with temperature in the two phase 
ceramic, when endothermic heats of solution 
could affect the measured value of the creep 
activation energy, Another possibility is a change 
in NF+:NP + ion ratio with increasing tem- 
perature, when the creep activation energy 
would consist of a defect mobility term and a 
defect creation term. However, the emergence 
and gradual predominance of a second mech- 
anism (where diffusional processes are not rate 
controlling) with increasing temperature could 
give rise to a high value of the activation energy 
for creep. Such a mechanism could be non- 
viscous grain-boundary sliding with localized 
crack propagation [9]. The exact contribution of 
each of these mechanisms to the higher observed 
activation energy for creep in the nickel-doped 
alumina is at present unknown, but grain- 
boundary sliding and localized crack propaga- 
tion has been observed in the metallography of 
the creep-deformed specimens. 

3.2. Stress dependence of the secondary 
creep rate 

The dependence of creep rate on stress level was 
determined by creep testing at constant tem- 
perature, and adjusting the stress in the range 
0.70 to 4.57 kgfmm -2. At low stresses, the strain- 
rate at several stress levels could be determined 
in one creep test. At high stresses, however, the 
strain-rates were so rapid that only one stress 
level per specimen could be employed. 

Fig. 2 shows the variation of strain-rate with 
stress. The data for the smallest grained pure 
alumina and the medium grained nickel-doped 
alumina could be divided into two stress regimes. 
This phenomenon has been observed by several 
other workers [9-12]. At the lowest stresses 
investigated the pure alumina showed a stress 
exponent typical of a slight departure from 
viscous flow. At higher stresses a considerable 
increase in the stress exponent shows the dom- 
inance of a non-viscous deformation process and 
the increased scatter shows the importance of 
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Figure 2 (a) Stress dependence of strain-rate for pure 
alumina. (b) stress dependence of strain rate for nickel- 
doped alumina. 

individual specimen structure in determining the 
strain-rate in this regime. Metallographic evi- 
dence showed that non-viscous grain-boundary 
sliding and localized crack propagation was 
responsible for these high strain-rates. Coble and 
Guerard [13] attributed enhanced creep rates in 
alumina at large grain sizes and stresses to 
grain-boundary separation, and there, too, 
localized propagation of microcracks was 
probably responsible for the separations. The 
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medium grain size nickel-doped alumina showed 
a stress-strain-rate relationship approximating 
to viscous behaviour at low stresses, but there 
was again a rapid increase in strain-rate at 
higher stress levels, giving a stress exponent 
showing the dominance of a non-viscous creep 
process. 

The finest grained nickel-doped alumina did 
not show a sharp transition from low to high 
exponent regimes, but the stress exponent did 
show that non-viscous creep processes were 
occurring. It is possible that the interpretation 
of  the data for the 15 ~tm material in Fig. 2b as a 
straight line is not justified, and that the stress 
exponent is changing with stress at the higher 
stresses, i.e. the transition may be beginning at 
the higher stresses in this range, leading to a 
value of stress exponent greater than unity when 
the two ranges are considered together. 

3.3. Grain size dependence of strain-rate 
For the creep tests performed at constant stress, 
the temperature-compensated strain-rate (z) 
was calculated from the creep rate equation in the 
following manner: 

= k ~"G b e -  AH/RT 

where k, n, b are constants, T = temperature in 
K ,  A H  = activation energy for creep, ~ = strain 
rate, a = stress, G = grain size 

AH 
�9 In ~ = nlna + b l n G -  -'R-T + constant. 

Since e is constant in this series of  tests, 

A H  
ln~ + R T  = b l n G  + constant = z (2) 

Because of the low creep strain to failure in the 
largest grained nickel-doped alumina,measurable 
strain-rates were only possible at low creep rates, 
and even so the degree of scatter and inaccuracies 
made these results unreliable. A reliable grain 
size dependence of creep rate was, therefore, not 
obtained for the nickel-doped material. 

However, for the pure alumina the tem- 
perature-compensated strain-rate derived from 
Equation 2 using an average activation energy of 
108 kcal mo1-1, was plotted against the logarithm 
of average grain size. The results are shown in 
Fig. 3. For the largest grained material three 
points are clearly well above the scatter limits 
one would normally expect, and this was 
attributed to differences in structure in these 
specimens. The regression line for the data gives 
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Figure 3 Grain size dependence of strain-rate for pure 
alumina at 2.11 kgf mm -2. 

a gradient of  - 2 .68  =L 0.20. This lies between 
the grain size exponents expected for a 
mechanism controlled by diffusion through the 
grains (Nabarro-Herring [14], b -- - 2 )  and 
diffusion along the grain boundaries (Coble [15 ], 
b = - 3), and suggests that more than one creep 
mechanism is involved in the deformation 
process. This result is similar to that of  Heuer, 
et al [2] who found a grain size exponent of  
- 2 . 5  for creep in alumina. 

3.4. Microstructural changes during creep 
After creep testing the specimens were sectioned 
along the stress axis and the polished surfaces 
were examined in reflected light. Etched speci- 
mens were examined by reflected light and by 
replication electron microscopy. 

Fig. 4 shows the effect of  increasing stress on 
the microstructure after creep. The specimen in 
Fig. 4a was deformed in the tow stress exponent 
regime and shows grain-boundary porosity and 
the linking of pores to form a continuous crack 
in the maximum shear stress direction (in all the 
micrographs the applied stress axis is parallel to 
the shorter side of  the micrograph). Fig. 4b 
shows more boundary porosity and linking of 
pores to form cracks, but several wedge-shaped 

Figure 4 Pure alumina (batch 2) deformed at 1600~ 
(a) 3.2~ at 2.11 kgf mm 2, (b) 5.4% at stresses from 
2.46 to 3.52 kgf mm 2. (c) 4.6% at 3.52 kgf mm -~ 
(unetched). 

cracks are also visible. This microstructure is 
typical of  a specimen deformed in the transition 
regime between low and high stress exponents. 
In the high stress exponent regime many wedge- 
shaped cracks, and straight-sided crack networks 
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fashion. Etching revealed considerable evidence 
of grain-boundary sliding in the form of grain- 
boundary corrugation, and cracking initiated at 
grain boundaries, as shown in Fig. 5. The light 
regions in Fig. 5 are caused by subsurface 
voids. In the nickel-doped aluminas whole 
grains shattered during the creep process, 
particularly in the largest grained material. A 
typical example is shown in Fig. 6 at A, and 
electron probe microanalysis of such areas has 
shown that the shattered grains are the nickel- 
rich phase. 

Figure 6 Nickel-doped alumina (batch 7) deformed 1.7 
at 1575~ and 2.11 kgf mm -z. Phosphoric acid etch. 

Figure 5 (a) Pure alumina (batch 4) deformed 1.1 ~ at 
1600~ and 2.11 kgf mm -~. (b) Nickel-doped alumina 
(batch 6) deformed 2.7~ at 1525~ and stresses from 
1.05 to 1.76 kgf ram-2. (c) Nickel-doped alumina (batch 5) 
deformed 5% at 1525~ and stresses from 0.70 to 1.76 
kgf mm -2. Etched in boiling phosphoric acid at 200 ~ C. 

were apparent, as shown in Fig. 4c. Both the 
pure and nickel-doped aluminas behaved in this 
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Specimen failure occurred in a predominantly 
intercrystalline fashion, and the fracture path 
followed a plane at approximately 45 ~ to the 
applied stress axis (Fig. 7). 

4. Discussion 
During grain-boundary sliding, stress concentra- 
tions are developed at obstacles in the sliding 
path (e.g. ledges, protrusions, pores, triple 
points), and further sliding may be inhibited by 
the back stresses so developed. Further sliding 
can only occur if these stresses are relieved in 
some way. This could occur by diffusional 
processes, dislocation mechanisms, or crack 
propagation. The limited number of slip systems 
available in alumina will restrict dislocation 
movement to those grains favourably oriented 
for slip to occur, and at low stresses diffusional 
processes should be the predominant stress 
relieving mechanism. The experimentally obser- 
ved relationship between strain-rate, temperature 
and stress, supports the theory that a diffusional 
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Figure 7 Pure alumina (batch 2) fractured at 2.0~ strain 
at 1600~ and 4.22 kgf mm 2. (a) Macroscopic direction 
of fracture path. (b) Intercrystalline fracture surface. 

process is the dominant rate controlling step 
during creep at low stresses. However, at higher 
stresses the stress concentrations may be 
sufficiently high for initiation and local pro- 
pagation of microcracks to occur. This would 
allow deformation to continue at a faster rate 
than a diffusion-controlled process, and would 
account for the increase in stress exponent at 
higher stresses. The metallographic evidence of 
an increasing number of wedge-like and straight- 
sided clacks with increasing stress exponent 
supports this hypothesis. 

The larger grained materials also showed a 
higher proportion of wedge-like and straight- 

sided cracks than the smaller grained materials 
deformed under identical conditions of stress 
and temperature. Hence, the changeover in stress 
exponent must occur at lower stresses and/or 
temperatures in larger grained materials. The 
bigger grain facets in a larger grained material 
would allow pores to coalesce and form a crack 
of sufficient length for localized propagation to 
occur at stresses that would not induce pro- 
pagation in a finer grained material with smaller 
facets. Transgranular cracks, which have been 
observed in our specimens (e.g. Fig. 5c) at A, 
will generally grow to a maximum length of one 
grain diameter and will be arrested at the grain 
boundary. The stress concentrations at the tips 
of these cracks will depend on their lengths, and 
further propagation will occur only in the longest 
cracks at a certain stress level. The larger 
grained materials will contain a higher pro- 
portion of long cracks than the finer grained 
materials, and propagation of these cracks will, 
therefore, play a more important role in larger 
grained materials. The effect of  the nickel dopant 
was to increase the strain-rate and decrease the 
stress at which the transition in creep mechanisms 
occurred. The metallography shows a higher 
proportion of cracking in the nickel-doped 
materials. Indeed the extent of cracking in the 
largest grained nickel-doped aluminas was such 
that a tertiary creep stage was observed at 
strains of only 0.5 ~ in some cases. The high 
strain-rates in the nickel-doped materials may 
be attributed to increased boundary sliding rates, 
and to an increase in the extent of localized crack 
propagation. An increase in the rate of sliding: 
may be caused by enhanced boundary diffusion 
rates or by the formation of a viscous grain-. 
boundary phase in the presence of nickel. 
Although such a nickel rich phase cannot be 
detected by electron probe microanalysis, Jor- 
gensen and Westbrook [6] have shown by 
microhardness measurements, autoradiography, 
and lattice parameter measurements as a function 
of grain size, that nickel and magnesium oxides 
segregate to the grain boundaries in alumina 
doped with small quantities of these oxides. 

5. Conclus ions 
1. At low stresses the stress, temperature and 

grain size dependencies of strain-rate for pure 
alumina show that the creep process is diffusion 
controlled and that the creep mechanism is 
slightly non-viscous in character (i.e. ~ 
a n . G  b . e - ~ s / R T ,  where n = 1.33 ~z 0.04, 
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b = - 2 . 6 8  ~z 0.20, A H  = 108 ~ 14 kcal  
mo1-1. The non- integral  stress and  grain size 
exponents  of  creep rate suggest tha t  several 
c reep  mechanisms are involved.  

2, G r a i n - b o u n d a r y  cor ruga t ions  are formed as 
a result  of  the sliding process,  and  t ransgranutar  
microcracks  are  often ini t ia ted at  sliding 
boundar ies .  

3. A t  higher  stresses, stress exponents  much  
greater  than  uni ty  are observed,  and  meta l lo-  
graphic  evidence shows that  the t rans i t ion  in 
creep mechanisms is associated with the local ized 
p r o p a g a t i o n  o f  microcracks.  

4. The effect of  nickel  addi t ions  is to increase 
the  s t ra in-rate  and  increase the a m o u n t  o f  c rack  
p ropaga t ion  under  given exper imental  con- 
dit ions.  The nickel addi t ions  are par t icu la r ly  
de t r imenta l  to the creep proper t ies  of  larger  
gra ined aluminas,  since extensive cracking in the 
nickel-r ich phase quickly leads to specimen 
failure. 

5. The  measured  act ivat ion energy for  creep 
in n ickel -doped a lumina  was higher  than  in the 
p u r e  material .  This may  be associa ted with the 
increase  in local ized crack  p r o p a g a t i o n  in this 
ma te r i a l ,  since the in t roduc t ion  o f  a non-  
~diffusional mechanism for rap id  creep would  
inev i t ab ly  lead to e r roneous  act ivat ion energy 
values.  

6. Ter t i a ry  creep and fracture occur  by the 
growth  and coalescence o f  the defects p ro -  
duced dur ing secondary  creep, and  fracture is 
p r edominan t ly  intercrystal l ine.  The  fracture 
pa th  follows the direct ion o f  m a x i m u m  shear  
stress. 
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