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Nickel-manganese spinel, prepared from 20wt % NiO and 80 wt% Mn,0,, forms at 950°C

by the intermediate formation of Mn;0O, with evolution of oxygen, determined by mass-
spectrometric evolved gas analysis. On heating to higher temperatures, further oxygen is
evolved resulting in pore formation and bloating of pressed- sintered samples and anomalies in
their densification and electrical properties. Thermodynamic considerations and X-ray diffrac-
tion intensity measurements suggest that all the Mn?* is located in the tetrahedral spinel sites,
this cation configuration remaining unchanged by higher-temperature treatments such as

sintering.

1. Introduction

Negative-temperature coefficient (NTC) thermistors
are thermally-sensitive resistors whose resistance
decreases with increasing temperature [1, 2]. Since
NTC thermistor materials are generally mixed-oxide
compounds 3, 4], the electrical properties of a number
of mixed-oxide systems, including nickel-manganese
oxides, have been investigated for this application
[5, 6]. NTC thermistor materials based on nickel-
manganese oxides of composition Ni,_ Mn,, O,
have been found to adopt the spinel structure where
x < 0.4; such compounds exhibit n-type semicon-
ductivity, and for practical applications their resistiv-
ity can be decreased by doping with Cu** [7].

In a recent microstructural study of nickel-man-
ganese oxide thermistors containing 1% CuO [8],
anomalous sintering and electrical behaviour was
observed which was thought to be due to oxygen
evolution during firing. The present work addresses
this question by studying the formation of nickel-
manganese oxide without CuQO additions, using ther-
mal analysis, evolved gas analysis (EGA), X-ray and
microstructural techniques and electrical measure-
ments.

2. Experimental procedure

An intimate mixture of 20wt % NiO and 80wt %
Mn,0, was obtained by heating MnQ, at 700° C for
4 h; the resulting weight loss of 9.5% is in good agree-
ment with the theoretical weight loss for complete
formation of Mn,0, (9.2%). The oxide mixture was
converted to nickel-manganese oxide by firing in air
for 8h at 950°C. Thermal analysis was carried out
both on the unfired mixture and the material produced
at 950°C, using a Netzsch model 404 differential
thermal analyser and a Stanton Redcroft model
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TG770 thermobalance at a heating rate of 10°Cmin ™'
in a dynamic air atmosphere. EGA were made using
a quadrupole mass spectrometer (Extranuclear Corp.)
with argon as the carrier gas. Unit-cell dimensions of
all the products were measured using a computer-
controlled Philips PW 1700 X-ray diffractometer with
CoKu radiation and a graphite monochromator. The
internal angular calibrant was silicon.

The product fired at 950° C was pelletized at 3.5 x
10° kgem ™2 and sintered in air at various tempera-
tures up to 1350° C, the process being monitored by
measurements of bulk density and room temperature
electrical resistivity. The experimental details of these
measurements are given elsewhere [8]. Scanning elec-
tron microscopy was carried out on the sintered pellets
using a Cambridge electron microscope.

3. Results and discussion

The thermal analysis curves for the unreacted oxide
mixture are shown in Fig. 1. Two small endothermic
events at about 300 and 600° C accompanied by a total
weight loss of 0.5%, are seen from the corresponding
mass 44 EGA signal to be due to the decomposition of
carbonate. Carbonate impurities may be present both
in nickel oxide, and, as a result of recarbonation,
in the manganese oxide; the temperatures of these
two events correspond well with the reported decom-
position temperatures of nickel and manganese car-
bonates (about 375 and 600° C respectively [9]). The
higher-temperature weight-loss (Fig. 1A) can be seen
by differential thermal analysis (DTA) and derivative
thermogravity (DTG) to be a double event, both
stages of which involve the loss of oxygen only
(Fig. 1D). (The apparent discrepancy between the
temperatures of the EGA experiment and the other
thermal analysis curves is probably due to the inert
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atmosphere used in the EGA experiments). These
oxygen losses are related to the thermal decom-
position behaviour of the manganese oxides them-
selves, which, when heated alone under oxidizing
conditions, pass through a series of increasingly
oxygen-deficient compositions, including some of vari-
able stoichiometry [10]. Thus, at about 1000° C Mn,0;
is converted to Mn,O,, with a theoretical weight loss
of 3.4% (since in the present samples only 80% is
Mn,0,, the theoretical weight loss for its conversion
to Mn,0, is 2.7%, in good agreement with the observed
2.6% loss up to 1080°C). This decomposition is
accompanied by the formation of nickel-manganese
spinel, possibly facilitated by the appearance of diva-
lent ions in the Mn;0, structure, with which Ni** can
exchange. Nickel oxide was found to react even more
readily and completely with Mn;0, prepared from
MnQO, by prefiring at 950° C. In inert atmospheres, the
decomposition of Mn,0; to Mn;0O, occurs ~200°C
lower than in oxidizing conditions [10], explaining
the displacement of the oxygen evolution peak to
850°C under the argon atmosphere of the EGA
experiment.

The continuous loss of further oxygen on heating
to > 1120°C has also been reported in Mn,O, [10],
which in air becomes slightly oxygen deficient, forming
Mn;0,.,, but under inert conditions is gradually
reduced to MnO with increasing temperature [10]. The
nickel-manganese oxide apparently behaves similarly,
since oxygen evolution at higher temperatures was
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found even in mixtures in which NiMn,0O, had pre-
viously been formed by firing at 950°C for 8 hours
(Fig.2).

In this case, the thermal events and oxygen evol-
ution associated with the formation of Mn,0, are
absent, this reaction having occurred during the initial
firing, but a 0.65wt % oxygen loss is again found at
> 1080° C, in good agreement with the 0.7% oxygen
loss found in this temperature range in samples not
pre-reacted (Fig. 1). This weight loss corresponds
to the further loss of 0.1 oxygen atom per mole of
spinel, and may result from the conversion of a similar
amount of Mn’* to Mn?*. Attempts to confirm this
point by EPR spectroscopy were unsuccessful.

Another interesting point emerges from Fig. 2; on
prolonged standing in the ambient atmosphere, the
product formed at 950° C undergoes significant recar-
bonation, as seen from the CO, evolution curve from
this material (Fig. 2D). No unreacted manganese
oxides are detectable in this material by X-ray diffrac-
tion, the only phases present being the spinel and a
small amount of unreacted NiQO, and since the tem-
perature of the principal decarboxylation peak is more
typical of manganese than nickel carbonate, it might
be inferred that when formed at this temperature, the
spinel itself is capable of significant recarbonation,
possibly reflecting its manganese-rich composition.
The high-temperature evolution of oxygen from this
ferrite has practical consequences for its fabrication
behaviour and its physical and electrical properties as
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an NTC thermistor material, since pellets pressed
from the spinel pre-formed at 950° C evolve further
oxygen during sintering, causing them to bloat and
develop pores and blowholes (Fig. 3).

The effects of this porosity on the density and elec-
trical resistivity are shown in Fig. 4, which indicates
that sintering at > 1100° C produces a decrease in the
bulk density and an increase in the room-temperature
resistivity. Similar sintering behaviour observed in
nickel-manganese oxides doped with CuO [8] was

found not to be caused by phase changes occurring
during the firing process, but in the light of the present
results, is probably also caused by oxygen evolution
during sintering.

3.1. The possible constitution of the present
spinel

On the basis of the thermal analysis results and the

composition of the mixture of starting oxides, the

present spinel appears to be based on Mn,0,, i.e. it

Figure 3 Scanning electron micrographs of pressed nickel-manganese spinel pellets sintered in air at 1300° Cfor4h x 910. (a) pellet surface,

as pressed, (b) fractured surface.
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Figure 4 Bulk density and room-temperature electrical resistivity of
nickel-manganese spinel pellets as a function of sintering tempera-
ture. Sintering time 4 h.

contains both Mn?** and Mn** . In terms of a starting
composition of 0.27mol of NiO and 0.34mol of
Mn,0,, and normalizing to a four-oxygen cell, the
formula would be

2+ 2+ 3+
Nig g6 My 5; Mn; 5,0,

Since the total cation charge of this formulation is
slightly too high, it might be compensated for by
a slight change in the oxygen stoichiometry. From
thermodynamic considerations [11], Mn®>* has a sig-
nificant preference for tetrahedral sites in spinels,
whereas both Ni** and Mn’" have octahedral site
preferences, that of Mn*>* being stronger than Ni**.
On this basis, the spinel formed at 950° C might be
written

(Mng; Nigi;) [Mni%Nigi] O, (structure A)

The octahedral cations are contained in the square
brackets.

An independent method of establishing the con-
stitution of this spinel is suggested by the work of
Boucher e? al. [12] which reports a linear relationship
between the degree of inversion ¥ of the spinel and its
lattice parameter a:

a = 8.441 — 0.057V (1)

Extrapolating this relationship to the measured
a-values of the present spinels formed at 950°C
(0.8426 — 0.8429 nm) indicates inversion parameters
of 0.21-0.26, i.e. all the available nickel would be in
the tetrahedral sites. Since only 0.66gm atoms of
nickel are available, the formulation on this basis

would be
(Mng3,Nig) [MnigMngt,] O, (structure B)

To check which of these models is more correct, the
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X-ray diffraction intensities from the various crystal-
lographic planes of the spinel were calculated for
the two structures, and compared with the observed
integrated intensities, which are a function of the dis-
tribution of nickel and manganese cations over the
available tetrahedral and octahedral sites.

Assuming random orientation, the intensity of any
hkl reflection (I,;,) is given by

Ly = |Fl§k1Phkl(l + 00322‘9/511129 cos )4y ()

where | F| is the structure factor, P is the multiplicity
factor (to correct for the superposition of diffracted
beams from several planes) and the term containing
the Bragg angle 0 is the Lorentz-polarization factor.
The structure factor is a function of the number and
distribution of the atoms in the diffracting plane, and
their atomic scattering factors, which are related to
their atomic mass.

Following Datta and Roy [13], intensity calcula-
tions were made for the 400 and 4 2 2 reflections of the
spinel structures A and B. The choice of these reflec-
tions follows the suggestion of Durif-Varambon et al.
[14] that the ratio of these intensities is a diagnostic
indicator of cation distributions in the spinel struc-
ture. In view of the similarity of the atomic scattering
factors for Mn?* and Mn’", the valency of the man-
ganese was not distinguished, a mean manganese scat-
tering factor being assumed.

Comparison of the calculated intensity ratios o,/
I, for structures A and B (3.25 and 2.06, respectively)
with the measured integrated intensity ratios for
samples prepared at 950° C (2.74-3.04) suggests that
the model derived from thermodynamic considera-
tions is the more correct; extrapolation of the linear
relationship of Boucher ez al. [12] for spinels of larger
a-parameter is apparently not valid.

Heat treatment of these spinels at 1250°C has a
variable effect on the a-parameter, which in one case
increased to 0.8447nm but in another case remained
unchanged. By contrast, the intensity ratios /,/1;,5
(2.64-2.73) were relatively uninfluenced by heat treat-
ment, suggesting that although heating may cause
changes in the oxygen packing, the cation distribution
within this oxygen lattice remains relatively stable.

4. Conclusions

1. NTC thermistor materials prepared from mixtures
of 20 wt % NiO and 80wt % of Mn,0; form a spinel
phase at 950° C by initial formation of Mn,0, with the
evolution of oxygen. The appearance of some Mn**
probably facilitates the diffusion of Ni** into the
structure.

2. On further heating, the spinel continues to lose
small but significant amounts of oxygen, behaving
similarly to the Mn;O, on which it is based. This
oxygen evolution results in pore formation and bloat-
ing in pressed sintered samples, and is responsible for
anomalies in the densification and electrical properties
of the sintered compacts.

3. Thermodynamic considerations suggest that all
the Mn®* is located in the tetrahedral sites of the
spinel, the balance being Ni**, most of which is how-



ever located with the Mn?" in the octahedral sites.
This structural model is supported by calculations of
X-ray diffraction intensities. Extrapolation of struc-
tural information from cell-parameter data appears
not to be valid, giving results which are consistent
neither with thermodynamic considerations, nor with
intensity calculations.
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