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Aging of NTC Ceramics in the System Mn-Ni-Fe-O
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Abstract. The aging behaviour at 150◦C of negative temperature coefficient ceramics in the system Mn-Ni-Fe-O
has been investigated. Comparison is made between samples cooled in air and in a controlled atmosphere in which
no oxidation can occur. The results show that the aging is dependent on composition and is strongly dependent on
oxidation which occurs during cooling in air after sintering of the ceramics. From these results a model has been
derived which describes the aging mechanism as a migration of cationic vacancies from the grain boundaries to the
bulk. Additionally, cations and cationic vacancies migrate to their thermodynamically favourable site in the spinel
structure.
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1. Introduction

Negative temperature coefficient (NTC) ceramics or
thermistors are widely used for temperature sensing
and compensation. The specific resistivity of these
semiconducting ceramics is given by the well known
Arrhenius equation: ρ = ρ0 exp(Ea/kT ), in which ρ is
the specific resistivity, Ea is the activation energy for
conduction, k is Boltzmann’s constant and T is the ab-
solute temperature. In the field of NTC ceramics the
activation energy is replaced by the thermal constant,
B in K, which is related to: B = Ea/k. Furthermore,
the specific resistivity at 25◦C is normally used: ρ25.
The charge carriers have a very low mobility of typ-
ically 10−5–10−8 cm2/V s at 25◦C and are described
by the small polaron model [1, 2]. The conductivity
in manganite spinels typically used in NTC thermis-
tors is p-type is reported by Suzuki [3] for spinels
in the system Mn-Co-Ni-O, Sasamoto et al. [4] for
Mn-Fe-Co-Ni-O spinels, Sheftel et al. [5] for Mn-Cu-
Co-O spinels and Gilot et al. [6] and Kshirsagar [7] for
Mn-Ni-Cu-O spinels. An exception is NiMn2O4 which
shows n-type conductivity but this is a different system
since it is highly oxidized [8]. This is in agreement with
the results form Larson et al. [9] who report that the
conductivity changes from p-type for Ni-Mn-O spinels
to n-type for very high amounts of Ni.

A main problem with these materials is aging. There
is a drift in resistivity with time which occurs after
an annealing at elevated temperatures, i.e. 150◦C. In
this paper the aging of NTC ceramics in the system
Mn-Ni-Fe-O has been investigated. The problem for
Fe-containing ceramics is that the aging is much larger
than for ceramics with only Mn and Ni. Additionally,
the aging properties depend on the amount of Fe. In
general, an increase in the resistance, R and the thermal
constant, B, is observed. The change of the resistance
value (�R/Rt=0) at 25◦C after 1000 h at 150◦C can be
higher than 20% depending on the composition.

Almost all NTC ceramics crystallize in the spinel
structure which can be described by the formula
AB2O4. In this structure there are two sites available
for the cations: a tetrahedral site, A-site, and an octa-
hedral site, B-site. A lot of results on how the cations
are distributed over the sites have been published but
only some rough guidelines can be given. Mn3+ will
occupy predominantly the B-site while Mn2+ will be on
the A-site and almost all Ni2+ will go to the B-site [10].
The distribution of the cations depends on the sintering
temperature and on the cooling procedure after sin-
tering. For the cubic spinel (MnvNi1−v)[Mn2−vNiv]O4

the inversion parameter v changes from 0.74 when the
sample is quenched from high temperature to v = 0.93
when the sample is slowly cooled [11]. This is generally
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Fig. 1. Stability diagram of the binary oxides of Mn and Fe in equilibrium with oxygen.

found in spinels: at high temperatures the entropy
favours a more random distribution of the cations over
the different sites. Upon cooling the ordering of the
cations to the A- and B-sites occurs. This process
should be strongly dependent on the cooling rate.

For the distribution of the Fe-ions the situation is
more complicated. An interesting study on the distri-
bution and valency of Fe in the system Mn3−x Fex O4

has been reported by Battault et al. [11]. The valency
of Fe in this system (air fired samples) is 3+. Up to
Fe = 0.6 the iron occupies equally A- and B-sites. For
higher Fe contents approximately 0.3 Fe goes to the
A-site while the rest of the Fe goes to the B-site.
A similar distribution was observed for the system
Mn2.4−x Ni0.6Fex O4 [12].

The NTC ceramics based on spinels in the systems
Ni-Mn-Fe-Co-Cu-O are typically sintered at tempera-
tures between 1000 and 1300◦C depending on the com-
position. Normally, the sintering and also the cooling
atmosphere is air and as a result the ceramics will oxi-
dize during cooling. This can be best visualized by the
phase diagram as presented in Fig. 1. In this diagram
the thermodynamic stability of the binary Mn-O and
Fe-O oxides is presented [13–15]. It shows which bi-
nary oxide is stable at a certain temperature and partial
oxygen pressure. The oxidation which happens when a

sample is cooled down in air is shown by the horizon-
tal arrow. For instance if Mn3O4 is sintered at 1250◦C
in air (log(pO2) = −0.7) and slowly cooled in air, it
is expected to transform to Mn2O3 due to oxidation.
To prevent oxidation during cooling, it is possible to
use a controlled atmosphere, the so-called “stoichio-
metric cooling”. In this case the amount of oxygen
is controlled in a way so that nominally no oxidation
(or reduction) occurs. During “stoichiometric cooling”
the partial oxygen pressure is regulated as described
by Morineau et al. [16]. This process of cooling is
schematically presented in Fig. 1 by an arrow. The slope
of the arrow represents the value with the mean for the
lines Mn2O3-Mn3O4 and Fe2O3-Fe3O4 [15].

The diagram as shown in Fig. 1 is only valid for
binary compounds which are in equilibrium with the at-
mosphere. It should be noted that for mixed Mn-Ni-Fe-
oxides the diagram is more complicated. The kinetics
of the oxidation reactions are not taken into account.

The oxidation reaction for Ni0.5Mn2.5O4 can be de-
scribed by the following reaction:

Ni0.5Mn2.5O4 + 1/2x O2 � Ni0.5Mn2.5V0.75x O4+x

in which V is a cationic vacancy. For simplicity we
write in the formulas an excess of oxygen: 4 + x . In
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fact, there is little space for interstitial oxygen in this
kind of lattice since it is a cubic close packing of oxygen
ions. Thus the whole formula should be multiplied by
the factor 4/(4 + x).

Another way of writing this is the Kröger–Vink
notation [17]:

1/2O2 � O∗
O + 1/4V′′

A + 1/2V′′′
B + 2p•

The formed vacancies are distributed over the A- and
B-sites. The formal valency for the A-site is 2 and for
the B-site is 3. Furthermore, it can clearly be seen that
two charge carriers are created per oxygen ion.

Thus, oxidation results in the formation of cationic
vacancies at A- and B-sites. Now a redistribution may
occur whether these vacancies prefer A- or B-sites. It
can be argued that at high temperatures these will be
distributed randomly over the lattice as discussed for
NiMn2O4. At lower temperatures the vacancies will be
distributed in such a way that the overall energy is min-
imized. It is known that γ -Fe2O3, γ -Mn2O3, γ -Al2O3

and γ -Cr2O3 can crystallize in a defect spinel structure,
the so-called gamma phases. Sinha & Sinha [18] have
shown that the cationic vacancies are predominantly
present at B-sites so these compounds can be described
using conventional terminology as M3+[M3+

5/3V1/3]O4.
So in fact, this is a simple spinel structure with cationic
vacancies on the B-site.

Gillot et al. [19] report for an oxidized manganese
zinc ferrite also a defect spinel with cationic vacancies
on the B-site. For the spinel magnetite, Fe3O4, experi-
mental [20] and theoretical [21] evidence show that the
cationic vacancies prefer the B-sites. So it may be con-
cluded that the cationic vacancies show a preference
for the octahedral site positions in general.

Note, however, that the existance of oxygen vacan-
cies are also reported in the MgIn2O4 [22] and Li-Mn-O
spinels [23].

A number of models have been reported to ex-
plain the aging phenonema. Zurbruchen and Case [24]
conclude that besides contact degradation, the de-
gree of inversion (the distribution of the cations be-
tween tetrahedral and octahedral sites in the spinel)
changes upon aging. This is observed from changes
in the crystal structure. Feltz [25] reports two mod-
els for aging of NTC ceramics: the first is an oxygen
uptake or release, the second one is also a redistri-
bution of the cations over the sublattices. Investiga-
tions on Mn3−x Fex O4 (x = 0.58 and 1.05) by means of
Mössbauer spectroscopy before and after aging have

shown that a migration of Fe3+ occurs from the A-site
to the B-site [26]. In general it was observed that oxi-
dation results in an increase of aging. However, it can-
not be stated that an oxidized ceramic will show fast
aging. In the case of Mn3−x Nix O4, which has been ex-
tremely slowly cooled to room temperature, 6◦C/h, no
aging was observed [27]. In this case, the heat treatment
which is done for the curing of the electrode paste is re-
ported to induce structural and microstructural changes
which results in aging.

Recently we reported an investigation of the aging
in the series Mn2.46−x Ni0.54Fex O4 with x = 0.75 and
1.05 [28] by magnetic permeability measurements for
samples which are cooled in air after sintering and sam-
ples which are stoichiometrically cooled with respect
to oxygen content. These experiments showed that the
cationic vacancies which are formed because of ox-
idation during cooling in air are not homogeneously
distributed over the ceramics. A grain boundary region
with a high concentration of cationic vacancies was
assumed which vanishes after aging. So during aging,
cationic vacancies migrate to the bulk which results in a
homogeneous distribution of cationic vacancies in the
ceramic.

2. Experimental

Samples have been prepared from mixtures of Mn2O3,
NiO and Fe2O3 in the appropriate ratios. These pow-
ders have been ball-milled on a roll bank and cal-
cined at 800◦C for two hours. The calcined powders
have been milled again and thereafter have been gran-
ulated using polyvinyl-alcohol. Pellets with a diameter
of 5.25 mm and a thickness of 2.5 mm were pressed
and sintered as follows: 10◦C/min to 1250◦C → 1 h
at 1250◦C → 10◦C/min to 25◦C. The first series has
been sintered in air and subsequently cooled in air.
The second series of pills were sintered in air and
cooled using a controlled atmosphere to avoid oxi-
dation of the ceramics in order to keep the oxygen
content constant. The set-up used for these experi-
ments has been described by Verweij et al. [29]. For
the electrical measurements, two types of metalliza-
tion were used: screen printing and vacuum metalliza-
tion. The resistance value of the samples (15 pieces)
was measured in an oil bath at 25◦C and 85◦C by
a two probe technique. The average values of R
and B and the standard deviations are calculated.
After measurement, they were washed in ethanol and
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placed in an oven at 150◦C in air. After specified
times they are measured again and the shifts �R/R
and �B/B were calculated. These are defined as the
change in resistance and B value after the aging test,
e.g.:

�R/R = [R25(t = 1000 h)

− R25(t = 0 h)]/R25(t = 0 h)

in which R25(t = 0 h) is the resistivity at 25◦C before
the aging test and R25(t = 1000 h) is the resistivity at
25◦C after 1000 h aging at 150◦C in air.

Complex impedance measurements have been
performed using an EG&G Instruments Potentiosat/
Galvanostat Model 283 in the frequency range 1 MHz
to 1 mHz.

The sign of the Seebeck voltage has been deter-
mined by cooling or heating one end of a sintered bar
of 2 × 2 × 15 mm3 (see ref. [9]) and measuring the
polarity of the cold end. X-ray diffraction measure-
ments were made with a Philips PW1700 diffractome-
ter using monochromatized Cu Kα radiation. Scanning
electron microscopy (SEM) investigations of carbon
coated samples have been performed with an accel-
eration voltage of 10 kV in a Philips XL30 FEG
SEM equipped with an EDAX energy-dispersive X-ray
analysis system (EDX). The used signals have been
secondary electrons (SE) for morphological studies,
surface topography and information about porosity as
well as characteristic X-rays for elemental mapping and
spectroscopy in order to identify potential secondary
phases or chemical inhomogenities.

Fig. 2. SE images at two magnifications of a freshly broken surface area of Mn2.46−x Ni0.54Fex O4 cooled in air with x = 1.05.

3. Results

3.1. The System Mn2.46−x Ni0.54 Fex O4

In the first series of experiments, the Fe quantity (x)
in the spinel Mn2.46−x Ni0.54Fex O4 was varied from
0 to 1.2 with a constant nickel content of Ni = 0.54.
Samples have been sintered in air and cooled in air as
described in the experimental section. X-ray diffraction
on sintered samples showed that all samples with x > 0
are single phase and crystallize in a cubic spinel struc-
ture. The unit-cell parameters decrease from 845.0 pm
for x = 0.2 with increasing Fe content to 842.5 pm for
x = 1.2. The sample without Fe (x = 0) crystallizes in a
tetragonal crystal structure. The density of the ceramics
is higher than 99% of the theoretical density.

The SEM investigations reveal for all samples in
this work a homogeneous microstructure without any
secondary phases detectable by EDX. From Fig. 2 it
can be concluded that an averaged grain size of ap-
proximately 3.5 µm and low porosity are typical for
the ceramics. No difference between oxidized and sto-
ichiometrically cooled samples has been observed and
the microstructure in the range of the interesting com-
positions appears to be independent of the Ni or Fe
amount.

Electrical contacts were made by means of screen
printing. The electrical resistivities have been mea-
sured at 25 and 85◦C. Figure 3 shows R25, the spe-
cific resistivity at 25◦C, and calculated B25/85 values
(B25/85 = 1779.7 ln(R25/R85)) as a function of x , the
Fe content. A slow increase of R25 with the Fe con-
tent is observed up to x = 0.7. For higher iron contents
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Fig. 3. Specific resistivity and B value for the system
Mn2.46−x Ni0.54 Fex O4 as a function of the iron content, x .

the increase is more rapidly. The B value slightly de-
creases with increasing iron content up to Fe = 0.4, for
higher iron contents a steady increase of the B value is
observed.

After the measurements, the samples were placed
in an oven at 150◦C in air for the aging test. They
were measured again after different aging times (up to
1000 h). The shifts of the specific resistivity, �R/R
as a function of time for three samples with a different
iron content are presented in Fig. 4.

The R25-value is observed to increase with time.
Also the rate of aging is higher for the first 250 h.
However, no equilibrium is reached even after 1000 h,
the R value continues to increase with time. The shifts
in R25 are very dependent on the Fe content, except
for the samples without Fe which show no aging after
1000 h at 150◦C. In Fig. 5 the change in resistivity,
�R/R and �B/B after 1000 h at 150◦C is shown as a
function of the Fe content.

Fig. 4. Relative change in resistance after aging at 150◦C for three
samples air cooled samples of Mn2.46−x Ni0.54 Fex O4 with x = 0,
0.5 and 1.

Fig. 5. Relative change in specific resistivity and B-value after
1000 h aging at 150◦C as a function of the Fe content, x (air cooled
samples).

The curves of�R/R and�B/B both present a max-
imum value for approximately x = 0.5. Furthermore,
the values of the shifts in R25 are as high as 20% after
1000 h aging at 150◦C and aging always results in a
positive drift of R25 and B25/85. Each sample has been
analysed by X-ray diffraction before and after aging,
but no significant change in the unit cell parameters
could be observed.

3.2. The System Mn2.25−yFe0.75Niy O4

As shown above, the iron content has a large influence
on the aging properties. To investigate the influence of
the Ni content on aging, a series of samples were pre-
pared with a constant Fe content of 0.75 and a varying
Ni content. The value of Fe = 0.75 was chosen because
this composition shows a relatively high degree of ag-
ing. X-ray diffraction on sintered ceramics show that
samples with a high Ni content are sensitive for demix-
ing of the spinel at high temperature which results in
the formation of NiO as a second phase. For nominal
nickel contents higher than 0.7 it has been observed by
XRD that NiO is indeed present as a second phase in
the specimens. Due to the low cation mobility of Ni,
the second phase is maintained during cooling in air.
In Fig. 6, the R25 and B25/85 values are presented as
a function of y, the Ni content. An increase of the Ni
content results in a decrease of the specific electrical
resistivity and the B-value. The results of the aging test
after 100 h at 150◦C are presented in Fig. 7. It shows
that �R/R and �B/B are a strong function of the
nickel content. For low Ni contents a relatively high
aging is observed. However, for Ni = 0.7 and higher
almost no aging is observed.
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Fig. 6. Specific resistivity and B-value for Mn2.25−y Fe0.75 NiyO4

cooled in air as a function of the nickel content, y.

Fig. 7. Relative change in resistance and B-value after 100 h aging
at 150◦C for Mn2.25−y Fe0.75 NiyO4 cooled in air as a function of the
nickel content, y.

3.3. Stoichiometric Cooling

As discussed in the introduction, cooling in air af-
ter sintering is expected to result in the oxidation of
the ceramics. To investigate the effect of this oxi-
dation, a series of experiments has been performed
with Mn2.46−x Ni0.54Fex O4 in which the ceramics were
cooled stoichiometrically with respect to oxygen con-
tent after sintering. Electrical contacts have been made
by vacuum metallization to prevent oxidation which
might occur during the curing of the conductive paste
in case of screen printing. The measured specific resis-
tivities and B25/85 values for these ceramics are slightly
higher than those of the air cooled samples, which
are discussed in Section 3.1. After the measurements,
the samples were aged in an oven at 150◦C in air.
After 1000 h the samples were measured again and

Fig. 8. Relative change in specific resistivity, R25, after 1000 h aging
at 150◦C as a function of the Fe content for Mn2.46−x Ni0.54 Fex O4

cooled stoichiometrically. The data for air cooled samples are given
for comparison.

the resulting shift in R25 and B25/85 was calculated.
The shift in R25 as a function of the iron content, x , in
the samples is presented in Fig. 8. The values for air
cooled samples are given for comparison. It is shown
that the stoichiometrically cooled samples show much
less aging than the air cooled samples. The shifts in
�B/B are typically smaller than 0.5%. These results
clearly demonstrate that the oxidation which occurs
during cooling down in air has a large impact on the
aging behavior of the ceramics. Furthermore, the sta-
bility is less dependent on the composition.

3.4. Complex Impedance Spectroscopy and Sign
of Seebeck Coefficient

To insure that the differences with respect to aging at
150◦C in air observed between air cooled and stoichio-
metrically cooled samples of Mn2.46−x Ni0.54Fex O4 are
bulk effects rather than electrode and grain boundary
effects, complex impedance measurements were made
at 25◦C. Samples of air cooled Mn2.46−x Ni0.54Fex O4:
x = 0, 0.5, 1.0 with screen printed contacts and “sto-
ichiometrically cooled” Mn2.46−x Ni0.54Fex O4 : x = 0,
0.5, 1.0 with electrical contacts prepared by vacuum
metallization were measured before and after the aging
test at 150◦C in air. In all samples, just one semi-
circle was observed for which the calculated capaci-
tance confirmed this semicircle to be related to the bulk
resistance. No electrode effects or grain boundary re-
sistances are observed.

The sign of the Seebeck coefficient was measured
for air cooled Mn2.46−x Ni0.54Fex O4 : x = 0, 0.25, 0.5,
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0.75, 1.0 and 1.2. Electrical contacts were made by
screen printing. All six samples showed a positive
Seebeck voltage indicating p-type conductivity.

4. Discussion

4.1. Oxidation

From the experiments performed, it is clear that there
are large differences with respect to aging at 150◦C in
air between samples of Mn2.46−x Ni0.54Fex O4 cooled in
air and those cooled stoichiometrically. The oxidation
which occurs during air cooling after sintering has a
large influence on aging. Therefore, before discussing
the aging behavior, a description of what happens dur-
ing oxidation is necessary. As discussed in the introduc-
tion, the incorporation of one oxygen atom results in
the formation of two electron-holes and 3/4 cationic va-
cancies. As a result of the increased hole concentration,
one might expect that the specific resistivity decreases
since the material is a p-type conductor. However, in
nearly all cases the opposite is observed (especially
for low carrier- or low Ni-concentrations). This im-
plies that the concentration of charge carriers does not
only dominate the resistivity but that the mobility of
the charge carriers is also of importance.

As an example, data for the system Mn3−x Nix O4 are
presented in Fig. 9 [30] showing the specific resistiv-
ity of quenched and air cooled samples as a function
of x . For the quenched samples, there is only a very
weak dependence of the resistivity on the nickel con-
tent. The more the samples are oxidized, the higher the
specific resistivity for the low Ni content samples. As
discussed before, oxidation results also in the formation
of cationic vacancies. The conduction in NTC resistors

Fig. 9. Specific resistivity for samples of Mn3−x Nix O4 versus nickel
content: quenched samples, slowly cooled sampled with contacts
made by evaporation.

is generally described by electron or hole hopping over
B-sites in the spinel lattice [1, 2, 9]. Support for this
comes from the distances between the different sites.
For a cubic spinel with a0 = 84.5 pm these distances
are calculated as: B–B = 29.9 pm, A–B = 35.0 pm and
A–A = 36.6 pm. So when there is an empty B-site (a
metal vacancy on the B-site) in the lattice one can argue
that this leads to an increase in resistivity. The concen-
tration of metal vacancies in spinels can be high as is
shown for γ -Mn2O3 [18] which can be described as
M3+[M3+

5/3V1/3]O4. Furthermore, low temperature (up
to 425◦C) oxidation of Haussmannite, Mn3O4, results
in the formation of a defect spinel of formula Mn2O2.78

( = Mn2.88O4) [31].
The other interesting result deduced from Fig. 9 is

that on the Ni-rich side, oxidation during cooling in air,
seems to have no (or a very small) effect on the specific
resistivity. From the results discussed above, a tentative
conclusion may be drawn that in these samples oxida-
tion does not result in the formation of cationic vacan-
cies. Therefore these samples probably have oxygen
vacancies at high temperatures. When such a sample is
oxidized the oxygen vacancies are filled at first:

V··
O + 1/2O2 � O∗

O + 2p.

As a result of this, the charge carrier concentration
increases and the specific resistivity decreases as ob-
served (see Fig. 9 for the samples with a high Ni con-
tent). The oxygen vacancies are expected to have a
small influence on the mobility of the charge carriers in
contradiction to cationic vacancies as discussed above
since they are not directly involved in the conduction
mechanism.

4.2. Phase Diagram

In general, it can be stated that the stoichiometry of a
metal oxide depends on the partial oxygen pressures
when it is in thermal equilibrium. When the partial
oxygen pressure is too high, at first oxidation occurs
which results in the formation of cationic vacancies as
discussed in the previous section. With increasing oxy-
gen partial pressure, a certain limit is reached at which
decomposition occurs. In the case of NiMn-oxides, at
this point, the spinel is decomposed to Mn2O3 and a
nickel rich cubic spinel. The same result has been re-
ported by Larson et al. [9].

For low oxygen partial pressures, reduction of the
compound occurs. Now two things may happen: the
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formation of oxygen vacancies as described by:

O∗
O � 2e′ + V··

O + 1/2O2 or

O∗
O + 2p. � V··

O + 1/2O2.

This results in the formation of two electrons and an
oxygen vacancy. Another reaction which may occur is
the formation of interstitial cations:

Mn3O4 � Mn··(tetrahedral)
i + 2Mni

···(octahedral)

+ 8e′ + 2O2.

The net result of both reactions is the same, therefore
only the first one is considered. For lower oxygen par-
tial pressures, decomposition of the spinel is observed
which leads in the case of a NiMn-oxide to the for-
mation of NiO and nickel poor spinel. Again similar
results are reported by Larson et al. [9].

Note that reduction and oxidation are very strongly
dependent on the temperature, as has already been dis-
cussed (see Introduction and Fig. 1). Therefore an in-
crease of temperature has a similar effect as a decrease
of the oxygen partial pressure and vice-versa. These
results can be presented schematically in a phase dia-
gram as shown in Fig. 10. The dashed line in the cen-
ter of the diagram represents an ideal stoichiometric
spinel with “no” vacancies. Below this line, oxygen
vacancies are present and above this line, cationic va-
cancies are present. When ceramics are cooled under
conditions represented by the lower side of the phase
diagram (below the dashed line), oxidation does not
result in formation of cationic vacancies but rather in

Fig. 10. Phase diagram for NTC ceramics consisting of manganite
spinels doped with nickel and/or iron. In this diagram the relations
are shown between composition and reduction or oxidation.

the filling of oxygen vacancies. As discussed in the
previous section, the mobility of the charge carriers is
of importance. Therefore, since the conduction is by a
hopping process over B-sites, cationic vacancies at the
B-site will have a large impact, while oxygen vacan-
cies will not. This is in good agreement with the ob-
served data for the system Mn3−x Nix O4 as presented in
Fig. 9.

The introduction of Ni2+ will “reduce” the ceramic
because of the formation of oxygen vacancies. As dis-
cussed in the introduction, the Ni will predominantly
occupy the B-site in the spinel:

6Mn∗
B + 3O∗

O + 6NiO � 6Ni′B + 2Mn3O4

+3V··
O + 1/2O2.

The same happens when the ceramics are reduced. As
a result, the composition represented in the phase dia-
gram of Fig. 10 will move to the bottom.

The introduction of Fe3+ on the B-site in a spinel
has no influence on the charge balance since it replaces
a Mn3+ ion. However, when the Fe3+ ion occupies the
A-site it replaces a Mn2+ ion. As a result, a cationic
vacancy is created:

3Mn∗
A + 1/2O2 + Fe2O3 � 2Fe.A + Mn3O4 + V′′

A

The same happens if the ceramics are oxidized. As a re-
sult, the composition represented in the phase diagram
will move up and consequently will become more sen-
sitive to oxidation. Note that the distribution of the iron
ions over the sublattices is already discussed in the in-
troduction.

These results can be verified by the experiments
described in Section 3.2 on the system Mn2.25−y

Fe0.75NiyO4. In the system Mn3−yNiyO4 cationic va-
cancies are formed for values of y lower than approxi-
mately 0.5 (see Fig. 9). In Mn2.25−yFe0.75NiyO4 : 0.29
Fe is located on A-sites [11, 12]. Thus for Ni = 0.5 this
compound will be sensitive to oxidation during cool-
ing and will not be stable in the aging tests as observed.
However, when the nickel content is increased to val-
ues higher than 0.7 the stability is good again indicating
that no cationic vacancies are present. Note that it was
expected that the stability would improve at Ni = 0.79
( = 0.5 + 0.29), so this is in agreement when taking
the relative errors into account. The error may be due
to the fact that not all Ni is present at the B-sites which
is assumed.
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4.3. Aging

Oxidation of Ni0.5Mn2.5O4 results in a spinel with
cationic vacancies which are not homogeneously dis-
tributed but are enriched at the grain boundaries.
However, this compound does not show a high aging
compared to the Fe-substituted samples. Therefore, the
existance of cationic vacancies is not only responsible
for the aging phenomena. As discussed before, the in-
troduction of Fe does increase the aging considerably.
From Mössbauer investigations by Battault et al. [26]
it is clear that a reordering of Fe occurs over the sites
during aging. This reordering of the cations is proba-
bly due to the fact that during cooling after sintering,
the cations do not order completely in their thermo-
dynamically stable site. Consequently, at the elevated
temperatures during aging, a slow reordering of the
cations might happen. That such a process is not un-
likely to occur at 150◦C, it is of importance to note that
Brabers [32] noticed a cation exchange between the
octahedral and tetrahedral sublattices at 200◦C in the
system Mnx Fe3−x O4. The speed of cation reordering is
most probably dependent on the amount of cation va-
cancies available. If there are cation vacancies available
there will be a neighboring site available for a cation
to hop/diffuse to. As an example, the site swapping be-
tween an Fe at an A-site and an Mn at an B-site can be
described as follows:

FeA + VB → FeB + VA followed by

MnB + VA → MnA + VB.

It is clear that these reactions do not occur when there
are no available cation vacancies. Note that also a dif-
fusion of cation vacancies to the B-sites is expected
to occur because the cationic vacancies show a higher
preferential energy for the octahedral sites as discussed
in the introduction. This is probably the reason why, in
almost all cases, an increase of the resistivity is ob-
served upon aging.

Summarizing the results described above and those
from the magnetic measurements described in ref. [28]
the aging can be described by the following process:
(1) cationic vacancy migration from grain boundary

to bulk
(2) cation vacancy assisted migration of cations (also

vacancies) to thermodynamically stable site.
As a result of these processes there is an increase of
metal vacancies on the B-sites in the spinel inside the
grains, which results in an increase of the resistivity

since the hole conduction is over the B-sites in these
spinels as discussed.

Support for this description of the aging mech-
anism in NTC ceramics crystallizing in the spinel
structure is given by a study on the system NiAl2O4

[33]. Here a disorder of the cations is induced by a
temperature-jump experiment, and the kinetics of the
cation exchange are studied from relaxation. Samples
with cationic vacancies show a fast exchange while
samples with no cationic vacancies show a very slow re-
laxation. It is concluded from these experiments that the
cation exchange mechanism is of vacancy controlled
type.

The effect of various heat treatments on aging of
NTC ceramics using the model described above can be
summarized in Fig. 11.

In case of stoichiometrically cooled or quenched
samples there will be no oxidation during cooling. As
a result, the cationic vacancy concentration will be low.
Therefore it is expected that the stability for the stoi-
chiometrically samples will be good as has been ob-
served. However, for quenched samples the stability is
questionable since there will be a strong disordering of
the cations.

For air cooled samples there will be an oxidation
starting from the grain boundaries which results in the
formation of cationic vacancies. At sufficient high tem-
peratures these vacancies can diffuse into the grain
but at still lower temperatures the vacancies will be
trapped at the grain boundary. The result is a NTC ce-
ramic with a high cationic vacancy concentration and
a non-ideal distribution of cations and cationic vacan-
cies, thus the ceramics will be unstable with respect
to aging. After prolonged aging the cationic vacancies
will be distributed homogeneously over the ceramics.
Furthermore, the cations and cationic vacancies mi-
grate to their ideal site. Consequently after the aging
test, the ceramics reach a state in which they are stable.
One problem which arises from too high aging temper-
atures is a simultaneous oxidation of the ceramics. In
this case the ceramics will never be stable because there
is a continuous generation of cationic vacancies at the
grain boundaries. At last it is of interest to note that is
has been reported that ceramics which are extremely
slowly cooled in air are stable with respect to aging if
the electrical contacts are made by vacuum metalliza-
tion [27]. For these ceramics there will be severe ox-
idation and thus formation of cationic vacancies. But
since the cooling rate is very slow there will be time for
the cationic vacancies to diffuse into the grains and the
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Fig. 11. The impact of various heat treatment on the stability of NTC ceramics.

distribution of cations and vacancies will reach equilib-
rium. However, when the electrical contact are made
by screen printing (and as a consequence are heated
for a short time at 850◦C for curing) the stability with
respect to aging is low [27]. This can be explained be-
cause during the short heating cycle a disordering of
cations and cationic vacancies will occur.

5. Conclusions

The aging behaviour of NTC ceramics is shown to
be strongly dependent on the oxidation which occurs

after sintering during cooling down in air. A model has
been developed which describes the mechanism of this
aging:
(1) cationic vacancy migration from grain boundary to

bulk
(2) cation vacancy assisted migration of cations

(also vacancies) to thermodynamic stable site
occupation.
The model predicts that the specific resistivity is

always expected to increase when ceramics are aged.
This is in good agreement with experimental ob-
servations and cannot be explained by the existing
models.
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33. J. Bäckermann and K.D. Becker, Z. Phys. Chem., 206, 31 (1998).


