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Résumé. 2014 Des monocristaux de NiO ont été comprimés par fluage entre 1 070 °C et 1 550 °C sous des contraintes
comprises entre 10 MPa et 150 MPa. La pression partielle d’oxygène varie entre 10-5 atm. et l’air. Le fluage sta-
tionnaire semble dépendre de la concentration de lacunes d’oxygène V"O, ce qui suggère un mécanisme de fluage
dépendant de la diffusion de l’oxygène.

Abstract. 2014 NiO single crystals have been crept in compression between 1 070 °C and 1 550 °C for stresses in the
range 10 MPa-150 MPa. Oxygen partial pressures were varied between 10-5 atm. and air. The steady state creep
rate seems to depend on the concentration of oxygen vacancies V"O, in agreement with an oxygen diffusion controlled
creep mechanism.
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1. Introduction. - High temperature steady state
creep is generally diffusion controlled. In oxides,
it is accepted that the creep rate is related to the
diffusion coefficient of the slowest species. However
no experimental proof has been well established [1, 2].
Nonstoichiometric oxides provide good systems for
studying the relation between diffusion and creep [2].
In a previous note, we have suggested that the creep
rate Es of NiO single crystals is controlled by oxygen
diffusion between 950 °C and 1200 °C in air [3].
Activation energies for creep [3] and diffusion [4]
have been found to be very similar. We have then
extended our measurements to higher temperature
(T ;5 1 500 °C) (1 500 °C = 0.8 Tm) and various

oxygen pressure (10 - 5 atm.  P02  0.21 atm. ;
1 atm. ~10*~ Pa). The experimental techniques
and single crystals are the same as those used in [3]
and [4]. The total impurity content (10-100 ppm)
is smaller than the departure from stoichiometry
(10-4 to 10-3 at 1 500 °C). The law which describes
the steady state creep is written [1, 5] :

8s=~P~exp-~. (1)s ~2 p kT ( )

(*) Part of the thesis of J.C.C., to be submitted. 
’

The aim of the work is to determine the stress expo-
nent n, the oxygen pressure exponent m and the creep
activation energy Q. For this we made stress, P02 or
temperature changes and compared is values before
and after the changes [1]. Care must be taken to ensure
that the specimen has reached thermodynamic equi-
librium after Po2 or temperature change [5]. Annealing
duration before resuming creep is determined in NiO
by nickel vacancy diffusivities, i.e. chemical diffusion
[6, 7]. If we use the smallest diffusion coefficient

D [6], we find that Dt = 0.2 cm for annealing
duration of 28 hours, 5.6 hours and 1.4 hour at

1 100 ~C, 1 300 °C and 1500 °C respectively (specimen
size : 2 x 2 x 5 mm3). Long enough annealing has
been used to ensure that new equilibrium nonstoichio-
metry has been reached in the whole specimen;
shorter duration can be used, because the diffusion
is probably accelerated, at low temperature, by the
large amount of dislocations due to plastic defor- .

mation. Annealing durations between 1 h and 18 h

have been used, depending on temperature creep test,
with no influence on m and Q values. Very long
annealing does not improve the experiment because
it leads to large dislocation recovery, followed by a
transient, when resuming creep, which decreases the
accuracy of the n, m or Q determination [5].
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2. Results. - Fourteen NiO single crystals have
been strained up to 8 ~ 0.6 with 6 parallel to ( 100 ~.
Among then, one was doped with 300 ppm Cr;
n, m and Q values have been extracted from steady
state creep by 20 stress changes, 35 temperature
changes and 30 oxygen pressure changes. The stress
exponent n decreases from 11.5 at 1 150 °C to 8.5 at
1 350 °C and 6.8 ( ± 1) at 1 500 °C. This shows that,
for an accurate description of results, the power creep
law should be replaced by an exponential law, in

particular at low temperature and high stress [ 1 ].
Values for m and Q are shown in figure 1. The accuracy
for m values is not better than + 0.05 and for Q values
+ 1 eV. More experiments would be necessary to
decrease the scatter of experimental results. However,
it can be seen (Fig. 1) that the minimum value for Q
is around 5.2 eV [3] with higher values at higher
temperature and lower P02’ The m values decrease
from m ~ 0 to ~2~ 2013 0.1 (Fig. 1).

Fig. 1. - Stability range of NiO showing iso-concentration lines
for V~i and V~i as determined by [6]. Activation energies (eV) and
Po2 exponent m for creep are shown for T and ~02 creep conditions ;
m values are shown in rectangles showing the Poz change used for
their determination.

3. Discussion. - Nonstoichiometry has been

explained in NiO by the presence of large amounts
of nickel vacancies V~i and V’N; i [6]. Singly charged
vacancy concentration [V~J is high at low temperature
and high P02 and [V~i] is high at high temperature and
low Po2 (Fig.1) [6]. If we accept the likely assumption
that steady state creep is controlled by the diffusion
of oxygen [1, 2], we can explain the variation of
is with Po2 and determine the nature of the point
defect X through which oxygen diffusion occurs.

Following a procedure previously developed [5], we
deduced eq. (1) from :

Es = BDo 6n (2)

where Do is the diffusion coefficient for oxygen :

Do = [X] Dx fx (3)

[X] : concentration of defect allowing oxygen diffu-
sion i.e. either oxygen vacancy Vo or oxygen
interstitial 0~ i

Dx : diffusion coefficient of X
fx : correlation factor taken constant.

The Po2 exponent m in eq. (1) is the same as that
in the equation giving [X]. We can calculate it with
the help of the Kroger-Vink formalism [8].

Results of such systematic calculations are summa-
rized in [8], p. 358 for pure and doped binary oxides.
For NiO in the intrinsic state, the results for 10 cases
are shown in the table I.

Creep experiments give m values that are close to
zero or negative. This indicates that oxygen diffuses
through vacancies. Moreover, m values tend to be
zero when V~i is dominant (Fig. 1) and - 0.1 when
V’N; is dominant (Fig. 1). This strongly suggests that
the point defect in the oxygen sublattice which explain
diffusion controlled creep is Vo. This result is in

agreement with that suggested from an entropy
analysis of oxygen self-diffusion [4].
The variation of Vo concentration with P02 and T

can be calculated when V~ or Vj~; are dominant.
The formation equation of V~i is :

2 O2 ~ 00 + VNi + h(i1G4) (4)

giving for hole h and vacancy concentration :

[h] = [V, i] = poO.2’ exp - 
~G4 

(5)lh] = N = 2 2kT* (5)

We can write for the formation equation of Vo :

2h+Oo~Vo+~(AG6) (6)

giving with the help of eq. (5) :

As shown in the table I, when V~i and Vo are the
dominant defects in Ni and 0 sublattices, the concen-
tration of Vo is independent of oxygen pressure.

Table I. - Po2 exponent m for the concentration [X] of point defect X in the oxygen sub lattice for various combi-
nations of oxygen and nickel defects (after [4]).



L-121POINT DEFECTS AND CREEP OF NiO

When V~i is dominant we write :

2 02 ~ 00 + V~i + 2 h(~G8)

Then from reaction (6) and (8) :

A comparison of eqs. (7) and (10) shows that the
activation energy for oxygen diffusion controlled

creep is different depending on whether V~i or VN;
is the dominant point defect. The difference in diffu-
sion activation energy is : 3 OG8 - A 64.
We can estimate its value from electrical conduc-

tivity o-g measurements [6] :

7, = e~c[h] (11)

where ~ is the hole mobility. When V~i is the dominant
point defect, the activation enthalpy for (J e can be
deduced from (5) and (11) : :

where DHm is the activation enthalpy for hole mobi-
lity.

Experimental determination gives [6] :

When VN; is the dominant point defect one finds from
(9) and ( 11 ) [6] :

Eqs. (12), (13) and (14) allow an estimate to be made of
the maximum variation in diffusion activation

enthalpy :

2AG8 - AG4 ~--- 0.6 eV . (15)

When V~H is the dominant point defect (high T, low
Po2, Fig. 1 ), the activation enthalpy for oxygen diffu-
sion exceeds by 0.6 eV that corresponding to V’
A value of 5.6 ± 0.5 eV has been found for oxygen
self-diffusion [4]. For creep, values are between
5.2 ± 1 eV and 7.9 ± 1 eV (Fig. 1). In both cases,
results are rather inaccurate, but they are in qualitative
agreement. In order to have a full understanding of
activation process, one must take into account the

following facts :

(i) The Arrhenius plot for oxygen self-diffusion
in air has been analysed as a straight line [4]. There
might be some curvature at high temperature giving
larger activation energies as suggested from point
defect analysis.

(ii) Q has been determined with the help of eq. (1)
which gives large n values. This means that Q is better
written as 60 " ~ [1], where Qo must be compared
to diffusion data. This would explain values for creep
smaller than for diffusion.

(iii) Eq. (2) is based on the assumption that creep
is diffusion controlled. Dislocation point defect inter-
action jog formation and mobility energies might
influence the creep rate and give activation enthalpies
larger than diffusion enthalpies [1].

Oxygen pressure dependence is then a better way
for checking the models.
Such an experiment has been performed on a

300 ppm chromium doped specimen. Calculations can
be performed with one of the neutrality equations :

[VN~] _ [Cr~] (16)
or

2[VNJ = [Cr~i] . (17)

For Vo, m values of 0.5 with eq. (16) and m = 0 with
eq. (17) can be deduced ([8], p. 359). Creep experiments
give a m value of 0.35 (two measurements) between
air and Po, = 1 % atm. at 1 120 °C and m ~ - 0.01
(two measurements) between P02 = 1 % atm. and
2 x 10-5 atm. at 1320 °C. If the diagram of the
figure 1 is still valid for doped NiO, the creep condi-
tions correspond respectively to dominant V~i and
VN;. Experimental values are in fair agreement with
predictions from calculations assuming, again Vo
as a dominant defect in the oxygen sublattice.

4. Conclusion. - In a previous study of this type,
high temperature creep of Cu20 has been explained
in terms of oxygen self-diffusion and suggested an
interstitial point defect in the oxygen sublattice [5].
This result is in fairly good agreement with more
recently performed [9] oxygen diffusion measurements.
The situation in NiO is more complicated because non-
stoichiometry is described by a mixture of V~i and
V~,. However, creep experiments lead to the conclusion
that Vo is the dominant point defect in the oxygen
sublattice.
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