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Abstract

The thermal stability and aging of spinels of the system Fe2O3±NiO±Mn-oxide are studied by measuring the electrical properties

of ceramic samples obtained by sintering up to 1350�C. Based on the formula FeIII
x NiIIy Mnz

3ÿxÿyO3�x=2��, chemical analyses of
ceramic samples with de®ned values of x and y make it possible to determine the average oxidation number z of manganese with
z � 2�= 3ÿ xÿ y� �� � � 2 thus leading to the share of oxygen 2ÿ xÿ 2�� �=4� � O2 which is liberated during sintering. X-ray di�raction
measurements of samples with higher NiO and lower Fe2O3 content indicate NiO separation. Hence, the analytical results are sui-

table to elucidate the phase constitution of the ceramics consisting of a mixture of NiO and of a spinel with modi®ed composition.
The formation of the spinel ceramics FeNi0.5Mn1.5O4 (x � 1; y � 0:5) and FeNi0.7Mn1.3O4 (x � 1; y � 0:7) in a single-phase state,
i.e. without oxygen loss on sintering at 1350 or 1300�C in air, is due to the lower content of NiO at a su�ciently high fraction of

Fe2O3 in the composition. The compounds show ferrimagnetic behavior. FeNi0.5Mn1.5O4 has a Curie temperature of 245 5�C. At
increasing temperature, commonly above 150�C or 200�C up to 400�C the speci®c electrical resistivity �25�C and the value of the
B25/100�C constant of both of the two compounds depend on time and on the thermal pre-treatment of the samples. Aging is due to

the frozen-in state of the equilibrium of distribution of cations between the tetrahedral and octahedral sites of the spinel structure.
This tends to shift towards equilibrium when the temperature is increased step by step during aging; it can be followed by measuring
the electrical properties. The changes are observed to arise approaching the Curie temperature. Soaking of the samples at 650�C
after aging for 72 and 144 h up to 500�C shows that the variations of the �25�C and B25/100�C values can be repeated in a following
aging cycle, provided that the same cooling rate is applied. On the other hand, above 400 �C the ralaxation e�ects fail. Changes in
this range of higher temperature involve fast rates of cation re-distribution thus leading to short waiting times until a constant value
of the electrical resistivity is achieved. Hence, above 400�C, FeNi0.5Mn1.5O4 ceramics appear completely stable against aging within

common measuring times. Therefore, they should be suitable for high temperature NTC thermistor applications. The compara-
tively high value B25/100�C=7470 K makes it possible to measure the temperature via the electrical resistivity with satisfactory sen-
sitivity, e.g. � � 1=� d�=dT� �=0.8% is achieved in the range around 750�C. # 2000 Elsevier Science Ltd. All rights reserved.
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Zusammenfassung

Es wird uÈ ber die thermische StabilitaÈ t der im System Fe2O3±NiO±Mn-Oxid zugaÈ nglichen Spinelle und das Alterungsverhalten der

elektrischen Eigenschaften von Keramikproben berichtet, die durch Sintern an der Luft bei 1300 bis 1350�C erhalten werden.
Ausgehend von der Zusammensetzung FeIIIx NiIIyMnz3ÿxÿyO3+x/2+� mit z=[2�= 3ÿ xÿ y� �]+2 wird aus der chemischen Analyse von
Proben mit bestimmten Werten fuÈ r x und y die mittlere Oxydationstufe z des Mangans ermittelt und damit zugleich auf den Anteil
Sauersto� [ 2ÿ xÿ 2�� �=4] O2 geschlossen, der bei der Sinterung freigesetzt wird. Auf Grund von roÈ ntgenographischen Untersu-

chungen sind die Analysenergebnisse bei den Proben mit hoÈ herem NiO Ð und zugleich vergleichweise geringem Fe2O3 Ð Gehalt
auf eine NiO-Ausscheidung zuruÈ ckzufuÈ hren, d. h. es liegt eine mehrphasige Keramik mit bestimmtem Anteil an NiO und einer
Spinellphase vor, deren Zusammensetzung entsprechend veraÈ ndert ist. Eine Ausnahme bilden die Spinelle FeNi0.5Mn1.5O4 (x=1,

y=0.5) und FeNi0.7Mn1.3O4 (x=1, z � 2�= 3ÿ xÿ y� �� � � 2=0.7), deren NiO±Gehalt zugunsten des Fe2O3 Ð Gehalts vermindert
ist. Derartige Halbleiterkeramiken lassen sich bei 1350 bzw. 1300�C an Luft unzersetzt sintern. Die Verbindungen sind ferri-
magnetisch. FeNi0.5Mn1.5O4 hat eine Curie- Temperatur von 245 5�C. Beide Verbindungen weisen im Temperaturbereich bis zu
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400�C eine von der thermischen Vorbehandlung stark beein¯uûte ZeitabhaÈ ngigkeit der spezi®schen elektrischen LeitfaÈ higkeit �25�C
und der B25/100�C- Konstante auf. Auf Grund der nachgewiesenen PhasenhomogenitaÈ t kann das Alterungsverhalten auf temperatur-
abhaÈ ngige Gleichgewichte der Verteilung der verschiedenen Kationen auf den Tetraeder und OktaederplaÈ tzen der Spinellstruktur
zuruÈ ckgefuÈ hrt werden, die oberhalb der Curie - Temperatur verstaÈ rkt einsetzen. Ausgehend von einer AÈ quilibrierung bei 650�C und

anschlieûender de®nierter AbkuÈ hlung sind die Alterungswerte zyklisch wiederholbar. Oberhalb 400�C entfallen die Relax-
ationse�ekte, da die Einstellung der inneren Gleichgewichte bei einer TemperaturaÈ nderung dann rasch erfolgt und sich eine fuÈ r den
praktischen Anwendungsfall hinreichend kurze Wartezeit bis zur Einstellung eines konstanten Widerstandswertes ergibt. Davon

ausgehend stellt FeNi0.5Mn1.5O4 oberhalb 400�C eine alterungsstabile Keramik dar, die auf Grund ihrer hohen B±Konstante von
7470 K in Hochtempertur±Thermistoren mit hinreichender Emp®ndlichkeit, z. B bei 750�C mit � � 1=� d�=dT� � � ÿB=T 2=0.8%,
anwendbar ist. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Changing of the electrical properties with time, parti-
cularly when the temperature is increasing, appears as
an essential reason for limiting the application of oxide
ceramic NTC thermistors to temperatures below 150 or
200�C.1 On the other hand, special devices with glass
covered oxide ceramics have been developed yielding
comparatively permanent electrical data up to 400�C.2,3

In a steel or platinum encapsulated version even higher
temperatures of application have been described, e.g.
for exhaust gas temperature sensing up to 1000�C.3,4

Nevertheless, the reliability of the electrical data of
NTC ceramics submitted to long term high temperature
exposure is still unsatisfactory.
Aging of the electrical properties results from non-

equilibrium states which exist inherently in available
semiconducting NTC ceramics. Preferentially, spinel
forming oxide systems are used based on manganese
oxide in combination with NiO and/or CoO/Co3O4,
Fe2O3 and/or Cu2O/CuO. Commonly, sintering in air at
a su�ciently high temperature has to be applied for
achieving densi®cation. However, at those conditions
heterogeneous materials are often formed consisting of
two or more phases, whose ratio and composition
depend on the sintering temperature and on the cooling
rate. In part oxygen loss takes place at the high sintering
temperature leaving behind a mixture of a rocksalt type
phase and a spinel phase with modi®ed composition.
The fraction as well as the oxidation state and cation
vacancy concentration of the di�erent phases depend
sensitively on the temperature of sintering and on cool-
ing. Depending on the cooling rate, di�erent equilibria
occur on quenching. NiMn2O4 decomposes above
950�C in air by oxygen cleavage yielding NiO and a
residual spinel with changed composition.

NiMn2O4 ! aNiO� a=6O2

� 3ÿ a

3
Ni

3�1ÿa�3ÿa
Mn 6

3ÿa
O4 �1�

Sometimes, as for NiMn2O4 the spinel phase is only
formed in fast cooling from higher temperature. At slow

cooling, oxygen is absorbed below 730�C initiating
separation into two phases. �Mn2O3 and the ilmenite
type compound NiMnO3 are formed.5

2NiMn2O4 � 1=2O2
ÿ! ÿ aMn2O3 �NiMnO3 �2�

Moreover, for homogeneous spinel phases the internal
equilibria of cation exchange between the crystallograph-
ically distinct tetrahedral and octahedral sites have to be
taken into consideration.6 The quenched states of all of
these incompletely equilibrated reactions can be a source
of aging. Variations of the electrical properties with time
have to be expected when the temperature of quenching
of one of these reactions is close to the range of tem-
perature where thermistor application takes place.
Consequently, semiconducting ceramics consisting of

a compound with de®nite composition and structure
showing no decomposition or phase transformation from
sintering down to room temperature have been suggested
as more suitable for thermistors. In such a single phase
ceramic, aging of the electrical properties should be sig-
ni®cantly reduced. Hence, provided that the requirement
of su�cient sensitivity is obeyed, high temperature appli-
cations become more available. According to the relation

� T� � � �25�C exp EA=RT� � � �25�C exp B=T� � �3�

thermistor sensitivity � is de®ned by � � 1=� d�=dT� � �
ÿB=T2. Therefore, as an additional prerequisite for high
temperature thermistor applications comparatively high
values of the B constant are required even if the condi-
tion of zero or small aging is met.
The present paper concerns NTC ceramics of the sys-

tem Fe2O3±NiO±Mn-oxide.
Earlier studies7 in the series FexNiMn3ÿxO4 had

shown that single-phase spinel compounds are formed
as a result of thermal decomposition of mixed crystal
oxalate powders FexNiyMn3ÿxÿy(C2O4)3.6H2O yielding
®rst of all a defect spinel, which makes sintering possible
already at about 1000�C. However, densi®cation of the
ceramic samples remained incomplete. On the other
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hand, sintering at higher temperatures implies phase
separation providing NiO and a spinel with changed
composition. Starting from mixed crystal oxalate pre-
cursor powders, Martinez et al.8 report also the forma-
tion of single-phase spinel compounds in the range of
lower NiO content of the Fe2O3±NiO±Mn-oxide system
using sintering temperatures up to 1300�C.
It is the aim of the present paper to extend these stu-

dies in order to elucidate the reasons for aging and to
®nd a solution for high temperature applications. In the
system FexNiyMn3ÿxÿyO4 the upper limit of thermal
stability is suggested to increase when the y value is
decreasing. Therefore, the mixed oxide preparation tech-
nique and sintering at 1300 or 1350�C, followed alter-
natively also by soaking at 1000�C, have been applied.

2. Spinel formation and thermal stability

Fig. 1 shows the range of spinel formation near room
temperature for the system FexNiyMn3ÿxÿyO4 after
sintering in air.9 Large areas of phase separation prevail.

On the left hand side, the high temperature solid state
spinel solutions of Mn3O4, Fe3O4 and NiFe2O4 are
submitted to oxidation in air when the temperature is
decreasing. In dependence on composition di�erent
shares of � Fe2O3 and �Mn2O3 are separated and at the
same time a residual NiO containing spinel is formed,
which is stable against oxidation in air. Phase separa-
tion in the system (Ni1ÿxFex)O in dependence on oxy-
gen partial pressure has been studied by Ricoult and
Schmalzried.10

On the right-hand side of the ®gure, the position of
the cubic spinel NiMn2O4 (a0=839.7 pm) is indicated,
which is unstable at room temperature. Obviously, the
widely inversed cation distribution coupled with MnII

formation on the tetrahedral sites in the result of MnIII

disproportionation according to [NiII0.1MnII0,9]
[4][NiII0.9MnIV0.9

MnIII0.2]
[6] O4

11ÿ14 gives rise for a driving force of oxygen
contamination followed by decomposition according to
Eq. (2). However, as we have shown for Fe1/6NiMn11/
6O4 (a0=838.8 pm),6 the gap of instability can be closed
by addition of relatively small shares of Fe2O3 in the
series FexNiMn2ÿxO4. FeIII prefers tetrahedral site

Fig. 1. Spinel formation area of the system FexNiyMn3ÿxÿyO4 near room temperature in air and temperature of decomposition from DTA mea-

surement: (*) samples prepared yielding the single-phase spinel state provided that preparation starts from the mixed crystal oxalate precursor

FexNiyMn3ÿxÿy(C2O4)3.6 H2O, however being with the exception of sample (2) and (3) partially decomposed when the mixed oxide preparation

route is applied; (*) samples whose electrical properties and aging has been measured; (&) samples which even by application of the precursor route

could not be obtained in the homogeneous spinel state.
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occupation in the spinel structure allowing the NiII

cations to enter the preferred octahedral sites. Hence,
MnII formation as a the result of MnIII disproportiona-
tion is reduced thus leading for x51=6 to the formation
of spinel compounds which are stable against oxidation
in air.
However, preparation of samples along the dotted

line y=1 and 1=6 < x < 1, i.e. between NiMn2O4 and
NiFe2O4, requires a mixed crystal oxalate precursor
FexNiMn2ÿx(C2O4)3�6H2O, which can be transformed
into a defect spinel powder by thermal decomposition in
air.15 Sintering activity of this precursor powder is
increased thus making possible sintering of pressed pel-
lets already at about 1000�C.6 Application of higher
sintering temperatures leads to NiO separation accord-
ing to

FexNiMn2ÿxO4 ! aNiO� a=6O2

� 3ÿ a

3
Ni 3x

3ÿa
Fe

3�1ÿa�3ÿa
Mn3�2ÿx�

3ÿa
O4 �4�

This reaction is detectable by DTA measurements.
The decomposition proceeds the more the higher the
temperature of sintering. As shown by the values of the
reaction on-set temperature noticed inside the spinel
formation area of Fig. 1, the thermal stability is
increasing for higher Fe content and lower Ni content in
the spinel phase. Hence, the most steep increase of
thermal stability is observed in the series FeNiy
Mn2ÿyO4 (x=1.1>y>0.5). Indeed, an approach to the
composition of FeNi0.5Mn1.5O4 makes it possible to
obtain single-phase spinels by sintering even at a tem-

perature T > 1350�C. Therefore, reasonably the famil-
iar mixed oxide preparation route has been used.16

3. Preparation of ceramics in the system FeIIIx NiIIy
Mnz3ÿxÿyO3+x/2+�

The preparation has started from mixtures of NiII-
oxide, FeIII-oxide and Mn-oxide or of suitable basic
carbonates, whose metal contents have been accurately
determined by analyes. The weighed components were
ball milled in an aqueous slurry for 24 h using agate
spheres. After evaporation of the water, drying and
sieving, for calcination the powder mixture was heated
to 750�C for 4 h. The procedure of ball milling, drying
and sieving has been repeated followed by a second step
of thermal treatment, this time at 850�C for 4 h. The
powder was then ground up to about 1.2 mm using Y2O3

hardened ZrO2 spheres of 1 cm for 4 h and in a second
step by spheres of 1 mm in diameter for 1 h. After
granulation using a polyvinyl alcohol binder, cylindrical
pellets have been formed by pressing. For metallization
these green bodies were coated on opposite sides using a
Pt paste. After sintering the samples had a diameter of
about 3.0 mm and a height of about 1.3 mm.
The programmes of thermal treatment given in Fig. 2

were applied for sintering in order to check if there are
conditions for achieving single phase or less decom-
posed ceramics, respectively. The di�erent times of
keeping at 200 and 400�C for 1 and for 10 h at the sin-
tering temperature of 1250, 1300 or 1350�C are indicated
in the diagram and also cooling without (programme I)
or with annealing at 1000�C for 17 h (programme II and
IIa) or 50 h (programme IIb and IIc).

Fig. 2. The ®ve di�erent sintering programmes applied to the samples.
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4. Structure of the prepared samples

X-ray di�raction measurements of the powdered
ceramic samples con®rm spinel formation as a result of
sintering at 1350�C. However, only in a comparatively
narrow area around the composition FeNi0.5Mn1.5O4

(a0=842.8 4 pm) and FeNi0.7Mn1.3O4 (a0=840.7 4 pm)
is single-phase spinel formation observed. Some of the
di�raction peaks of the other samples are split indicat-
ing the presence of a NiO phase which is formed at the
high sintering temperature the more the closer the com-
position is to the borderline NiMn2O4±NiFe2O4 in the
diagram of Fig.1.
Moreover, chemical analyses of the samples make it

possible to reveal the phase constitution of the sintered
ceramics, because there is a close relation between the
residual oxidation equivalents, the share of NiO and the
composition of the spinel in the mixture of phases.
For this purpose, powdered ceramic samples are dis-

solved in a solution of FeII of known content in hydro-
chloric acid using a closed vessel with an inert
atmosphere of nitrogen or argon. According to the for-
mula FeIIIx NiIIyMnz3ÿxÿyO4 the oxidation equivalents k �
zÿ 2 � 2ÿ x� �= 3ÿ xÿ y� � (z is the average oxidation
number of Mn) will be transferred to FeII yielding FeIII,
which opens the possibility to titrate the residual FeII

ion concentration, e.g. potentiometrically using a CeIV

solution of known molarity. If oxygen loss according to
Eq. (5a) with the formula FeIIIx NiIIyMnz3ÿxÿy O3+x/2+d

occurs, the relation k � zÿ 2 � 2�= 3ÿ xÿ y� � has to be
taken into account, i.e. at known values of x and y from
the analytically determined value of k it is always pos-
sible to check the oxygen loss 2ÿ xÿ 2�� �=� 4� O2 which
has occurred during sintering. However, the true struc-
ture of the ceramic is not a single phase anion defect
spinel. Actually, the reaction given by Eq. (5b) is
responsible for decomposition at sintering.

It is possible to separate the average oxidation number
z into fractions of MnII and MnIII, e.g. for x=y=1 the

molar unit M=[a NiO+
3ÿ a

3
FeIII

3
3ÿa

NiII3�1ÿa�
3ÿa

MnII
2a
3ÿa

MnIII
3ÿ2a
3ÿa

O4] is representive for the ceramic powder sam-

ple. Hence, starting the analysis with the weight m, it is
easy to ®nd the relation p � m

M �1ÿ 2
3 a� giving the num-

ber of oxidation equivalents which appear as MnIII in
the sample. These can be determined by the reaction
with FeII during dissolution followed by titration with a
CeIV solution.

The analytical data are summarized in Table 1 for
ceramic samples, whose integral formulae are noted in
the diagram of Fig. 1. As for FeNiMnO4, unde-
composed spinels are in the whole area accessible by
application of the mixed crystal oxalate preparation
route which makes possible sintering at 950 or 1000�C.
However, following the mixed oxide preparation route,
higher temperatures up to 1350�C are necessary. At
these conditions only ceramic samples of FeNi0,5
Mn1.5O4 (sample 3) and FeNi0.7Mn1.3O4 (sample 2) are
found to exist in good approximation in the single-
phase spinel state. The real state of all of the other
samples sintered at 1350 or 1300�C is given by a mixture
of NiO and a residual spinel with decreased content of
NiO. For FeNiMnO4 (sample 1), after decomposition at
1250 or 1350�C even the conditions of 50 h soaking at
1000�C in air (sintering program IIb and IIc) do not
allow to restore the homogeneous spinel state according
to the back reaction of Eq. (5b). A substantial part of
NiO remains thus leading to a residual spinel with the
ratio MnII/MnIII=0.33�0.03. Sample 4 is, after 2 and 3,
the best approximation to a single-phase spinel state
after sintering at 1350�C, provided that annealing at
1000�C for 17 h (sintering program II) is applied. How-
ever, the ratio MnII/MnIII ist still 0.22 instead of 0.091
which is expected for the single phase spinel state. It is
noteworthy that samples 7 and 8 with MnII/MnIII=0.22
and 0.25 separate just su�cient NiO to provide a resi-
dual spinel whose composition is close to the spinel
which has already been found for sample 4. In accor-
dance with the diagram of Fig. 1 the shift of spinel
composition caused by NiO separation is indicated by
these results. The NiO separation controlled approx-
imation to a residual spinel compound seems to be also
valid for samples 5, 6 and 9 showing the ratio MnII/
MnIII=0.29�0.04.
The density � was determined from weighing and

geometrical measurement of 10 un-metallized cylind-
rical samples. The theoretical density �th was deduced
from X-ray di�raction measurements taking into
account the fraction of NiO (a0=416.84 pm) and the
fraction of the spinel of modi®ed composition which
forms the second phase in the mixture. The values
�rel: � �=�th. being a measure of the residual porosity of
the samples are also given in Table 1.

5. Electrical properties and aging

Twenty-four specimens of every batch of preparation
have been measured at 25 and 100�C yielding the aver-
age values of the speci®c electrical resistivity �25�C and
of the constant B25/100�C which is a measure of thermis-
tor sensitivity.
For aging, after initial measuring, a set of four sam-

ples was submitted to annealing in each case at the
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Table 1

Composition of the ceramic samples after sintering: [a NiO+
3ÿ a

3
FeIII

3
3ÿa

NiII3�1ÿa�
3ÿa

MnII
2a
3ÿa

MnIII
3ÿ2a
3ÿa

O4] determined by oxidimetric titration

No. x y Formula of the single-phase

spinel prepared by the

precursor route

Applied programme

of sintering

Density

�rel. (%)

Weighing

out loss

(m/mg)

Oxidation

eqivalent

pmeasured

Relation of m

and p to the

NiO content a

Mol a of

NiO in the

decomposed state

Content in mol and composition

of the spinel in the mixture

1 1 1 FeIIINiIIMnIIIO4 I 99.8 246.4 0.73 a � mÿ 233:5p

0:6667mÿ 5:33p
0.474 0.842FeIII1.87NiII0.625MnII0.375MnIII0.814O4

II 99.6 225.5 0.745 0.352 0.883FeIII1.333NiII0.734MnII0.266MnIII0.867O4

IIa 99.4 255.2 0.810 0.398 0.867FeIII1.153NiII0.694MnII0.306MnIII0.847O4

IIb 99.3 254.1 0.807 0.398 0.867FeIII1.153NiII0.694MnII0.306MnIII0.847O4

IIc 99.2 259.9 0.863 0.347 0.884FeIII1.131NiII0.738MnII0.262MnIII0.869O4

from FeNiMn(C2O4)3*6H2O 1000�C 85 250,0 1,071 0 1.00FeIIINiIIMnIIIO4

2 1 0.7 FeIIINiII0.7MnII0.3MnIII1.3O4 I 98.8 257.2 1.051 a � mÿ 233:4p

0:667mÿ 5:33p
0.0072 0.976FeIII1.025NiII0.643MnII0.357MnIII0.975O4

II 98.8 252.9 1.074 0.014 0.995FeIII1.005NiII0.689MnII0.311MnIII0.995O4

3 1 0.5 FeIIINiII0.5MnII0.5MnIII1.0O4 I 94.2 248.8 1.069 a � mÿ 231:6p

0:667mÿ 5:33p
0.0075 0.998FeIII1.003NiII0.495MnII0.508MnII0.997O4

II 95.8 255.2 1.088 0.019 0.994FeIII1.006NiII0.485MnII0.515MnIII0.996O4

4 0.291 0.846 FeIII0.29NiII0.85MnII0.155MnIII1.71O4 I 99.8 157,6 1.000 a � mÿ 234:6p

0:667mÿ 5:33p
0.348 0.884FeIII0.329NiII0.563MnII0.437MnIII1.671O4

II 99.9 151,5 0.995 0.266 0.991FeIII0.319NiII0.636MnII0.364MnIII1.681O4

5 0.708 0.843 FeIII0.71NiII0.84MnII0.16MnIII1.29O4 I 99.6 157.0 0.910 a � mÿ 232:8p

0:667mÿ 5:33p
0.338 0.887FeIII0.798NiII0.569MnII0.431MnIII1.202O4

II 99.8 207.1 0.980 0.298 0.901FeIII0.786NiII0.605MnII0.395MnIII1.214O4

6 0.64 1.00 FeIII0.64NiII1.00MnIII1.36O4 I 99.8 200.2 0.889 a � mÿ 233:2p

0:667mÿ 5:33p
0.507 0.831FeIII0.769NiII0.600MnII0.400MnIII1.231O4

II 99.8 195.6 0.925 0.402 0.866FeIII0.738NiII0.696MnII0.304MnIII1.262O4

7 0.27 1.00 FeIII0.27NiII1.00MnIII1.73O4 I 99.8 155.2 0.913 a � mÿ 233:3p

0:667mÿ 5:33p
0.568 0.811FeIII0.333NiII0.533MnII0.467MnIII1.667O4

II 99.8 150.4 0.928 0.465 0.845FeIII0.319NiII0.634MnII0.366MnIII1.681O4

8 0.21 1.14 FeIII0.21NiII1.14MnIII1.51MnIV0.14O4 I 99.7 156.4 0.875 a � mÿ 233:6p

0:667mÿ 5:33p
0.762 0.746FeIII0.281NiII0.507MnII0.493MnIII1.719O4

99.6 158.6 0.915 0.700 0.767FeIII0.274NiII0.575MnII0.425MnIII1.726O4

9 0.51 1.14 FeIII0.51NiII1.14MnIII1.21MnIV0.14O4 I 99.5 176.6 0.746 a � mÿ 233:6p

0:667mÿ 5:33p
0.782 0.740FeIII0.69NiII0.485MnII0.515MnIII1.31O4

II 99.7 176.6 0.801 0.669 0.777FeIII0.656NiII0.606MnII0.394MnIII1.344O4
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temperature of 80, 100, 150, 200, 300 and 500�C as
shown by the scheme of Fig. 3. After soaking for 72 h,
the samples were removed from the thermostat for
cooling in air, which involves conditions of rapid cool-
ing. Measuring of the electrical restistivity at 25 and
100�C was carried out and annealing was proceeded at
the same temperatures for up to 144 h and additionally
followed by measuring again. The di�erences to the
initial data lead to the ��25�C=�25�C values which indi-
cate aging.
In order to check if aging is irreversible with time or if

the changes ��25�C=�25�C are repeatable, all of the sam-
ples aged in a ®rst cycle were submitted to annealing at
650�C for 10 h followed by cooling with a de®ned rate
ofÿ360 K/h (Fig. 3). Again, the electrical resitivity at 25
and 100�C of all of the 24 samples has been measured
yielding the starting values �25�C(a) and B25/100�C(a) for
the next annealing cycle which involved exactly the
same steps of temperature for soaking 72 and 144 h as
before. After that, heating at 650�C for 10 h has again
been applied yielding the data �25�C(b) and B25/100�C(b)
followed by repeating the aging programme for a third
time.
According to these three cycles, Fig. 4a shows the

values of aging ��25�C/�25�C and of B25/100�C for the
spinel compound FeNi0.5Mn1.5O4 (sample 3) prepared
by sintering using programme II. Above 150�C, this
ceramic compound with the single-phase structure exhi-
bits extreme aging. The e�ects depend on the cooling
rate applied in the last thermal treatment before mea-
suring, because there is a remarkable di�erence between
the intitial values �25�C=950 k
cm and B25/100�C=5023
K and the data �25�C(a)=1212 k
cm and B25/

100�C(a)=5052 K obtained after the ®rst period of heat-
ing at 650�C followed by de®ned cooling. Comparison

of the data of the second and third cycle of aging indi-
cates that these di�erences approximately vanish. The
values of r25�C(b)=1200 k
cm and B25/100�C(b)=5056
K are close to �25�C(a) and B25/100�C(a). Indeed, aging
shown by the values of ��25�C/�25�C and B25/100�C in the
diagram of Fig. 4a seems repeatable. Similar data of the
electrical properties are observed after equilibration at
650�C provided that a de®ned cooling rate is used.
Frozen-in non-equilibrium states have to be assumed

because of the applied conditions of cooling after sin-
tering and also as a result of the rate of ÿ360 K/h after
keeping at 650�C. Therefore, samples were submitted to
a long time annealing programme with +320 K/h up to
650�C, keeping for 2 h and cooling with ÿ10 K/h down
to 500�C and with ÿ1.5 K/h to 50�C, i.e. cooling to
room temperature was carried out within 13 days in
order to achieve equilibrium as complete as possible.
The results are shown in Fig. 4b. In comparison to

Fig. 4a the initial value is increased by a factor of about
2.4 in the result of the long time annealing treatment
yielding a value of r25�C=2264 k
cm. However, and
di�erent from Fig. 4a the increase of ��25�C/�25�C and
B25/100�C above 200�C fails. The values drop immedi-
ately when heating at 300�C is used. At 500�C the spe-
ci®c resistivity drops to 810 k
cm which is close to 840
k
cm measured for samples without long time anneal-
ing as shown in Fig. 4a.
This behavior suggests internal equilibria of a re-dis-

tribution of MnII and FeIII cations between the tetra-
hedral and octahedral sites, which occur when the
temperature changes. Both of the cations have a zero
value of crystal ®eld stabilization energy because of
spherical d5 electon con®guration. FeNi0.5Mn1.5O4 is a
ferrimagnetic compound showing a Curie temperature
of 245�5�C. Presumably, when this temperature is

Fig. 3. Scheme of three cycles of annealing at 80, 100, 150, 200, 300 and 500�C starting for 72 h after measuring of �25�C/(
cm) and B25/100�C and

followed by again measuring and proceeded annealing up to altogether 144 h and repeating measuring. Equilibration follows at 650�C for 10 h

before the second cycle starts.
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Fig. 4. Values ~�25�C/�25�C and B25/100�C of aging of ceramic samples of FeNi0.5Mn1.5O4 (sample 3) sintered at 1350�C according to programme II

after annealing at the temperatures 80, 100, 150, 200, 300 and 500�C for 72 and 144 h: (a) rapidly cooled after sintering; (b) additionally submitted to

a long time cooling treatment (13 days). The ®rst annealing cycle of aging is repeated after soaking of all of these samples at 650�C for 10 h and after

that followed by a third time.
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approached and particularly in the paramagnetic state,
cation re-distribution is kinetically favoured. The fol-
lowing equilibria appear plausible.

FeIII
0:5MnII

0:5

� � 4� �
NiII0:5FeIII

0:5MnIII
� � 6� �

O4 LT� � ()
FeIII

0:5��MnII
0:5ÿ�

� � 4� �
NiII0:5FeIII

0:5ÿ�MnII
� MnIII

� � 6� �
O4 HT� � �6a�

with 0 < � < 0:5 or

FeIII
0:5MnII

0:5

� � 4� �
NiII0:5FeIII

0:5MnIII
� � 6� �

O4 LT� � ()
FeIII

0:5ÿmMnII
0:5�m

� � 4� �
NiII0:5FeIII

0:5�mMnIV
m MnIII

1ÿ2m
� � 6� �

O4 �6b�

including partial MnIII disproportionation with
0 < m < 0:5. The combination of Eq. (6a) and (6b) is
unlikely because at crystallographically equivalent
octahedral sites MnII and MnIV should always form 2
MnIII. Di�erent equilibrium states characterized by � or
m have to be assumed as a function of temperature thus
producing changes of the concentration of su�ciently
adjacent polaron states MnII/MnIII or MnIII/MnIV,
respectively. They form the real concentration of charge
carriers in the ceramics. Therefore changes of site occu-
pation are expected to a�ect the pre-exponential factor
of the Arrhenius relation and in part also the B con-
stant. Lifting of ferrimangetic coupling by increasing
the temperature seems to favour cation re-distribution
towards equilibrium.
Quenching during the period of cooling after sintering

leads at room temperature to a frozen-in state contain-
ing a higher concentration of polaron states yielding a
lower resistivity than should be valid in the range of
lower temperature, i.e. the quenched non-equilibrium
state is more on the right hand side (HT) of Eq. (6a) or
(6b) (� or m > 0), respectively. Consequently, starting
aging by increasing the temperature step by step from
room temperature to higher temperature, ®rst of all
increasing resistivity values have to be expected because
the relaxation towards equilibrium shifts Eq. (6a) or
(6b) to the left hand side-(LT). However, when the
Curie temperature is signi®cantly exceeded, e.g. at
500�C, the polaron state concentration is increased with
low relaxation thus yielding a shift to the right-hand
side (HT) with a lowering of the value of resisitivity.
On the other hand, in the result of long time anneal-

ing, i.e. cooling to room temperature within 13 days, the
low temperature state (LT) seems to be widely approa-
ched showing a signi®cantly increased value of the elec-
trical resistivity as shown in Fig. 4b. Consequently,
starting from room temperature, heating generates
already from the beginning growing values of the
polaron state concentration, which leads to decreasing
values of the electrical resistivity as soon as the relaxa-
tion time is su�ciently lowered by the temperature.
Indeed, the equilibria of Eq. (6a) or (6b) are able to

explain the cyclic behavior of aging in the range of
temperature up to 400�C.
Analogous results have been obtained for

FeNi0.5Mn1.5O4 ceramic samples which were prepared
by sintering using program I. As can be seen from Fig.
5a, due to omission of the step of soaking for 17 h at
1000 �C, the samples appear in a more quenched state.
Therefore, the initial high value of the electrical resis-
tivity is lowered to 792 k
cm. The more the annealing
cycles proceed, the more pronounced the changes of the
electrical data during aging. Again the direct drop of the
resistivity is observed as a result of long time annealing
according to the 13 days programme described above
(Fig. 5b).
As an example for heterogeneous ceramics, (Fig. 6a

and 6b) show the results of aging for sample (1) whose
integral formula is FeNiMnO4. Mixed oxide prepara-
tion with sintering according to programme IIa yields a
mixture of 0.398 mole NiO and 0,867 mole FeIII1,153-

NiII0.694 MnII0.306MnIII0.847O4 (Table 1). The e�ects of aging
are remarkably reduced. However, despite the hetero-
geneity which is representive for sintering at 1300�C
followed by 17 h annealing at 1000�C, the changes of
the electrical data during aging are also in good
approximation repeatable as for the single-phase cera-
mic compound FeNi0.5Mn1.5O4. The applied tempera-
tures at aging and for annealing at 650�C are su�ciently
below the temperature where the non-equilibrium state
of the mixture of the two phases could be lifted. Because
of failing thermal activation the back reaction which is
given by Eq. (5b) cannot take place. Indeed, there is no
recognizable shift of the electrical data in the result of
annealing at 650�C.
Moessbauer measurements of ceramic samples of the

cubic spinel compound FeNiMnO4 in the single-phase
state prepared by the precursor route, imply the cation
site distribution [FeIII0.67MnII0.33]

4[FeIII0.33NiIIMnIII0.33MnIV0.33]
[6]

O4.
17 This compound is also ferrimagnetic showing a

Curie temperature of 287�C. Oxygen loss followed by
NiO separation should be favoured because of the con-
tent of MnIV. In the decomposed state for the residual
spinel the most probable cation site occupation is sug-
gested to be near [FeIII0.694MnII0.306]

[4][FeIII0.459NiII0.694MnIII0.847]
[6]

O4. This is expected to be a high resistivity low tem-
perature state (LT). In close relation to Eqs. (6a) and
(6b), this con®guration makes it possible to assume
decreasing values of the resistivity at higher temperature
according to

FeIII
0:694MnII

0:306

� � 4� �
FeIII

0:459NiII0:694MnIII
0:847

� � 6� �
O4 �LT� ()

FeIII
0:694��MnII

0:306ÿ�
� � 4� �

FeIII
0:459ÿ�NiII0:694MnII

� MnIII
0:847

� � 6� �
O4

�HT�
�7a�

or, more likely,
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Fig. 5. Values ~�25�C/�25�C and B25/100�C of aging of ceramic samples of FeNi0.5Mn1.5O4 (sample 3) sintered at 1350�C according to programme I

after annealing at the temperatures 80, 100, 150, 200, 300 and 500�C for 72 and 144 h; (a) rapidly cooled after sintering; (b) additionally submitted to

a long time cooling treatment (13 days). The ®rst annealing cycle of aging is repeated after soaking of all of these samples at 650�C for 10 h and after

that followed by a third time.
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Table 2

Electrical properties of the samples [a NiO+
3ÿ a

3
FeIII

3
3ÿa

NiII3�1ÿa�
3ÿa

MnII
2a
3ÿa

MnIII
3ÿ2a
3ÿa

O4], initial data and values (a) and (b) after annealing and heating at 650�C

No. Applied programme

of sintering

Mol a of NiO in the

ceramic samples

Content in mol and composition

of the spinel in the ceramic samples

after sintering at 1350 or 1300�C

�25�C, init.
(k
cm)

B25/100�C,init

(K) (%)

�25�C (a)

(k
cm)

B25/100�C(a)

(K) (%)

�25�C(b)
(k
cm)

B25/100�C

(b) (K) (%)

1 I 0.474 0.842 FeIII1.187NiII0.625MnII0.375MnIII0.814O4 125.8�3.6 4118�0.2 134.9�4.0% 4103�0.6% 135.4�3.5 4127�0.2
II 0.352 0.883FeIII1,133NiII0.734MnII0.266MnIII0.867O4 70.6�4.2 3920�0.24 72.8�4.3 3919�0.27 72.7�4.3 3921�0.3
IIa 0.398 0.867FeIII1.153Ni0.694MnII0.306MnIII0.847O4 43.3�2.2 3874�0.13 45.0�2.3 3877�0.14 45.1�2.3 3881�0.13
1000�C 0 1.00FeIIINiIIMnIIIO4 6.80�1.4 3398�0.21 ± ± ± ±

2 I 0.072 0.976FeIII1.025NiII0.643MnII0.357MnII0.357MnIII0.975O4 56.6�4.0 4113�1.2 60.1�4.2 4123�1.3 60.7�4.3 4122�1.3
II 0.014 0.995FeIII1.005NiII0.689MnII0.311MnIII0.995O4 30.1�4.0 3972�0.4 30.6�4.3 3974�0.4 30.8�4.2 3974�0.4

3 I 0.0075 0.998FeIII1.003NiII0.495MnII0.508MnIII0.997O4 792�4.0 4994�0.5 1227�4.0 5004�0.5 1286�4.0 5047�0.5
II 0.019 0.994FeIII1.006Ni0.485MnII0.515MnIII0.996O4 950�4.8 5023�0.5 1212�3.7 5052�0.3 1200�4.6 5056�0.3

4 I 0.348 0.884FeIII0.329NiII0.563MnII0.437MnIII1.671O4 11.2�2.6 4044�0.3 11.0�5.0 4025�0.4 ± ±

II 0.266 0.991FeIII0.319NiII0.636MnII0.364MnIII1.681O4 6.1�4.8 3922�0.3 6.2�5.0 3915�0.5 6.2�4.9 3906�0.9
5 I 0.338 0.887FeIII0.798NiII0.569MnII0.431MnIII1.202O4 29.1�6.0 3986�0.7 30.0�6.0 3982�0.7 ± ±

II 0.298 0.901FeIII0.786NiII0.605MnII0.395MnIII1.214O4 13.9�5.8 3821�0.5 14.0�5.9 3820�0.5 14.0�5.9 3818�6.0
6 I 0.507 0.831FeIII0.769NiII0.600MnII0.400MnIII1.231O4 14.75�5 3807�0.7 14.72�6.0 3799�07 14.86�6.0 3802�0.7

II 0.402 0.866FeIII0.738NiII0.696MnII0.304MnIII1.262O4 13.70�0.6 3731�0.6 13.75�5.0 3725�0.6 13.68�6.0 3718�0.6
7 I 0.568 0.811FeIII0.333NiII0.533MnII0.467MnIII1.667O4 7.31�6.0 3935�0.7 7.12�6.0 3921�0.7 6.98�6.0 3912�0.7

II 0.465 0.845FeIII0.319NiII0.634MnII0.366MnIII1.681O4 4.74�5.8 3837�0.5 4.73�5.9 3833�0.5 4.63�5.9 3825�6.0
8 I 0.762 0.746FeIII0.281NiII0.507MnII0.493MnIII1.719O4 8.59�6.0 3970�0.7 8.40�6.0 3958�0.7 8.13�6.0 3948�0.7

II 0.700 0.767FeIII0.274NiII0.575MnII0.425MnIII1.726O4 5.36�5.7 3876�0.5 5.36�5.9 3873�0.5 5.32�5.7 3869�5.0
9 I 0.782 0.740FeIII0.69NiII0.485MnII0.515MnIII1.31O4 25.7�3.7 3880�0.13 25.7�3.6 3864�0.2 25.1�4.7 3852�0.5

II 0.669 0.777 FeIII0.656NiII0.606MnII0.394MnIII1.344O4 12.8�3.33 3719�0.09 12.7�3.4 3708�0.13 12.4�5.4 3673�1.3
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Fig. 6. Values ~�25�C/�25�C and B25/100�C of aging of ceramic samples sintered at 1300�C according to programme II a (sample 1) consisting of a

mixture of 0.398 mol NiO and 0.867 mol FeIII1.153NiII0.694MnII0.306MnIII0.847O4 after annealing at the temperatures 80, 100, 150, 200, 300 and 500�C for 72

h and 144 h; (a) rapidly cooled after sintering; (b) additionally submitted to a long time cooling treatment (13 days). The ®rst annealing cycle of

aging is repeated after soaking of all of these samples at 650�C for 10 h and after that followed by a third time.
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FeIII
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� � 4� �
FeIII
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FeIII
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FeIII
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0:847ÿ2m
� � 6� �
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The polaron state concentration is increasing from the
left to the right hand side. With su�ciently rapid cool-
ing, the high temperature con®guration (HT) is at least
partially quenched thus leading to an increase of the
resistivity in the result of heating at 300�C for 72 or 144
h, respectively, which is shown in Fig. 6a. On the other
hand, the shift to the right hand side of Eq. (7a) or (7b)
is indicated in Fig. 6b showing the results of aging,
which are observed again after the pre-treatment of long
time annealing of the samples.
In Table 2, for all of the prepared samples the average

values of the initial data �25�C,init. and B25/100�C,init. are
collected together with the data �25�C(a) and B25/100�C(a)
as well as �25�C(b) and B25/100�C(b) measured after the
®rst and second step of soaking at 650�C, respectively.
The heterogeneous ceramics show the better stability

in the low temperature range up to 150�C, which is
satisfactory for most practical purposes. However, in
the range up to about 400�C, aging appears as a phe-
nomenon of relaxation of cation re-distribution towards
equilibrium, which is reversible indicating an inherent

behavior of spinel forming ceramics containing MnII

and FeIII cations. However, above the range of tem-
perature where the electrical properties are submitted to
time dependent relaxation, these disadvantages vanish.
Actually, above temperatures of about 400�C, single-
phase ceramics around the composition FeNi0.5Mn1.5O4

do not show aging. Therefore, they should be suitable
for NTC high temperature applications.
There are other spinels, e.g. [Mg][4][NiIIMnIV][6]O4 or

[MnII][4] [CrIII2 ][6]O4, whose terahedral and octahedral
site occupation should be pinned because of important
di�erences of the values of the crystal ®eld stabilization
energy of the cations. Therefore, they are expected to be
free from aging even at medium temperatures. At the
same time, they are likely to show a high value of the B
constant. However, MgNiMnO4 decomposes already
above 720�C in air by oxygen loss18 which prevents
ceramic densi®cation. MnCr2O4 has the disadvantage of
chromium oxide volatility on long time high tempera-
ture exposure in air.

6. High temperature thermistor ceramics
FeNi0.5Mn1.5O4

Fig. 7 shows the characteristic of a ceramic specimen
of FeNi0.5Mn1.5O4. The curve has been measured 18
times starting from room temperature up about 750�C
and back. Indeed, in the low temperature range up to
about 300�C relaxation e�ects prevail, which impairs
application. The long waiting time for achieving a con-
stant value of resistivity after changing the temperature
cannot be accepted for practical purposes. On the other
hand, above about 400�C the curves coincide indicating
su�ciently short relaxation yielding an accurate corre-
lation between temperature and electrical resistivity.
At the same time, above 400�C the B25/100�C constant

is increasing, i.e. the thermistor sensitivity becomes
improved. Presumably, in the high temperature range
the exponent of Eq. (3) has to be completed by the
driving force �G of polaron formation having a positive
sign. Indeed, the law of mass action controls the
polaron state concentration which lowers the resistivity
at increasing temperature.

��T� � ��25�C�eÿ�S
R e

�H�EA
RT �8�

Interpreting the di�erence 7470ÿ5505=1965 K as
caused by polaron state formation leads to a value of
16.3 kJ/mole for the enthalpy of the reaction given by
Eq. (6a) or (6b), respectively. Schmalzied19 measured
10.9 kJ/mol for the high temperature cation re-distribu-
tion of NiAl2O4 from the inversed con®guration
[Al][4][NiAl][6]O4 to random distribution [Al2/3Ni1/3]

[4]

[Ni2/3Al4/3]
[6]O4.

Fig. 7. The speci®c resistivity of FeNi0.5Mn1.5O4 ceramic samples co-

®red with Pt electrodes as a function of the reciprocal temperature in a

semi-logarithmic plot of 18 heating up and down cycles showing

relaxation in the low temperature range up to about 400�C and no

aging e�ects above this temperature.
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Supported by this additional term of enthalpy the
temperature dependent thermistor sensitivity is
increased yielding in the range of 750�C �=B/T2=
7470/10232=0.8%. In the high temperature range, the
electrical properties of semiconducting ceramics based
on FeNi0.5Mn1.5O4 do not show aging. For the com-
pound Sr7Mn4O15 with B=14350 K a sensitivity of
1.5% had been found even at 700�C.20
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