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Abstract Niy¢Mn, 4O, negative temperature coefficient
ceramics were prepared by using solid-state coordination
reaction and traditional solid-state methods, their structures
and properties were characterized by using scanning elec-
tron microscopy, powder X-ray diffractometer and temper-
ature dependent resistivity test. For solid-state reaction
powders, the calcination temperature necessary for forma-
tion of the spinel phase was 1000 °C, which is 300 °C higher
than that of solid-state coordination reaction powders.
Regardless of preparation routes, the ceramics were crys-
tallized in a single cubic spinel structure when the sintering
temperature was lower than or equal to 1150 °C, Mn3O,
impurity phase was detected when the sintering temperature
raised to 1200 °C. Having higher densities and bigger grain
sizes, the solid-state coordination reaction samples had
smaller room temperature resistivities and larger B,s/so
values as compared with those of solid-state samples.

1 Introduction

Manganese-based transition-metal spinel oxide ceramics
are widely used as negative temperature coefficient (NTC)
thermistor for suppression of in-rush current, temperature
measurements, control and compensation [1-4]. In the
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spinel structure, the oxygen anions are in a cubic close
packed arrangement with cations occupying one-eighth of
the tetrahedral interstices (A sites) and one half of the
octahedral interstices (B sites) [5]. B constant, which
reflects the temperature sensitivity of NTC ceramics, and
electrical resistivity p are the two main electrical properties
of NTC ceramics. Resistivities of these ceramics follow the
well know Arrhenius relation: p = poexp(E,/kT), in which
p is the resistivity, E, is the activation energy for con-
duction, k is Boltzmann’s constant, and 7 is the absolute
temperature [6].

Nickel manganite is special in manganite-based spinel
oxides, because it has a partially inverse structure; Mn,.
Ni,_,[Ni,Mn3_,_,]O4, where v is the degree of inversion.
The degree of inversion determines both the electrical [7,
8] and magnetic properties [9] of nickel manganite. The
inversion parameter is affected by chemical composition
[10, 11] and process for preparation [6, 12—14]. Thus it is
important to control this parameter. In addition, the sample
preparation method affects the oxygen content and the
distribution of the cations on the different crystallographic
sites, which makes the microstructure and the electrical
properties quite different. For example, the resistivity of
thin films is different with that of bulk ceramics, which is
due to the different densification and grain size [15-18].

So far, however, most of the researches have been
focused on adding different metal oxides to tune the room-
temperature resistivity and the B value [19-23] and very
little attention [24, 25] has been paid to the effect of
preparation routes on the microstructure and electrical
properties of NTC ceramics. In this study, powders were
prepared via the solid-state coordination reaction method
and traditional solid-state method. The effect of prepara-
tion routes on the microstructure and electrical properties
of NiggMn, 404 ceramics was studied.
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2 Experimental

As has been described in detail by Ma et al. [14], oxalate
precursor Nig¢Mn, 4(C>04)-nH,O was prepared by using
analytical reagent nickel acetate Ni(CH3COO),-4H,O0,
manganese acetate Mn(CH;COO),-4H,0, and oxalic acid
H,C,0,4-2H,0 as raw materials. For comparison, analytical
reagent NiO and MnO, powders were weighed in appro-
priate proportions to fabricate Nig¢Mn; 40,4 ceramics via
traditional solid-state method. The weighed powders were
mixed and milled in a planetary mill for 12 h with solvent
ethanol. The slurries were dried at 80 °C for 24 h.

The oxalate precursor was calcinated in an alumina
crucible at 700 °C for 4 h and the solid-state mixed oxides
power was calcinated at 850, 900, 1000 °C for 2 h, and
then the pre-sintered solid-state powder was milled once
again for 12 h. Subsequently, the dried powder was pressed
with polyvinyl alcohol (PVA) using a hand press to prepare
pellets of 1.5 mm-thick and 14 mm in diameter. The green
compacts were sintered at 1000-1300 °C for 5 h in air, and
then furnace cooled.

To observe the whole reaction process, thermal analysis
of oxalate precursor and solid-state oxide mixtures was
performed by using thermogravimetric analysis/differential
scanning calorimetric analysis (TGA/DSC) (STA 449 F3,
NETZSCH, Germany) over 0-1200 °C at a heating rate of
10 °C/min in air. Phase and crystalline structure of the
samples were characterized by X-ray diffractometer (XRD)
(SmartLab, Rigaku, Japan). The microstructural features of
the ceramics were analyzed using Scanning Electron
Microscope (SEM) (JSM-6510, JEOL, Japan). For elec-
trical resistance measurements, the two opposite sides of
the sintered disks were polished and coated with silver
paste, and then heated at 750 °C for 15 min for metal-
lization. The electrical resistance was measured in an oil
bath at 25 and 50 °C by a two-probe technique using an
PROVA-901 digital multimeter. The B constant was
derived according to the formula Bjs/;50 = 3850.16In(p,s/
ps0), in which p,s and psq are the resistivities at 25 and
50 °C, respectively.

3 Results and discussion
3.1 Analysis of precursors

Figure 1 shows the TGA and DSC results from the oxalate
precursors and mixed oxides powders. For the oxalate
precursor (Fig. la), two intense and sharp peaks of
endothermic and exothermic were appeared at 197.7 and
286 °C, which are correspond to the evaporation of crystal
water and the decomposition of NigeMn; 4(C>04)-nH,0,
respectively. For the mixed oxides powders (Fig. 1b), the
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Fig. 1 Simultaneous TGA-DSC curves of the oxalate precursors
(a) and mixed oxides powders (b) for Niy¢Mn; 404

weight loss of 0.45 % in region I, accompanied with an
exothermic peak at 280 °C, was due to the removal of
absorbed water in the samples. Subsequently, several
oxido-reduction phenomena were observed. Due to the
reduction of Mn** to Mn>", one obvious loss of weight
was observed in region II [26]. When the temperature was
further increased (region III), a weight slightly decreased
because of the reduction of the Mn>* to Mn>" [19]. For
higher temperatures (region IV), the powders started to
gain weight. This was due to the formation of crystalline
phases. Finally, for temperatures higher than region IV, we
could find a slight weight loss of the powders, which was
associated with the loss of excess oxygen, and the stoi-
chiometry of the sample was progressively restored [27].
The phase structure of calcined powders prepared by
solid-state coordination reaction method has been dis-
cussed previously [14]. While the calcination temperature
rose to 700 °C, a single cubic spinel Nig¢Mn, 404 powder
was obtained. The XRD patterns of the mixed oxides
powders calcined at different temperature range are shown
in Fig. 2a—c, respectively. The powders calcined at 850 °C
(Fig. 2a) consisted of cubic spinel structure and Mn,Os.
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Fig. 2 XRD patterns of powders obtained by calcining metal oxides
for 2 h at different temperatures. a 850 °C, b 900 °C and ¢ 1000 °C

Mn30,4 was formed in the sample when the calcination
temperature rose to 900 °C (Fig. 2b). Further increasing
the calcination temperature (Fig. 2c), a single phase with
cubic spinel structure was obtained. These results are in
good agreement with those of TGA/DSC. Consequently,
1000 °C was used as calcination temperature.

3.2 Analysis of sintered ceramics

Figure 3 exhibits XRD patterns of the NiggMn, 404
ceramics sintered at different temperatures for 5 h. As
seen, a single phase with cubic spinel structure was
obtained in the samples prepared by both methods while
the sintering temperature was lower than or equal to
1150 °C. When the samples were sintered at higher than
1150 °C, Mn30, was detected in addition to the cubic
spinel phase in the samples. The decomposition has been
reported previously [14].

The relative densities of the ceramics sintered at dif-
ferent temperatures are shown in Fig. 4. For solid-state
coordination reaction samples, the relative density
increased rapidly from 84.8 to 97.3 %, and then increased
slightly to 98.5 % when the sintering temperature increased
from 1000 to 1200 °C. For traditional solid-state samples,
it increased from 90.7 to 94.1 % when the sintering tem-
perature increased from 1100 to 1150 °C, and then
decreased from 94.1 to 89.2 % when the sintering tem-
perature further increased to 1300 °C. It is noteworthy that
the relative density of solid-state coordination reaction
samples was much higher than that of traditional solid-state
samples when the samples were sintered at the same tem-
perature. It indicates that the sintering activity of powders
prepared by solid-state coordination reaction method was
higher than that of powders prepared by traditional solid-
state method.

@ Springer
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Fig. 3 XRD patterns of the Niy ¢Mn, 404 ceramics prepared by using
a solid-state coordination reaction and b traditional solid-state method
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Fig. 4 Relative densities of the ceramics sintered at different
temperatures for the solid-state coordination reaction and traditional
solid-state NigsMn, 40,4 samples
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Microstructure morphology of the sintered ceramics
varies depending on the sintering temperature. SEM ima-
ges of the ceramics sintered at different temperatures for
5 h are shown in Fig. 5. Results show that the pores content
in the ceramics decreased with the increase of sintering
temperature for the solid-state coordination reaction sam-
ples (Fig. Sa—e). Dense structure could be obtained while
the sintering temperature was higher than 1100 °C. How-
ever, for traditional solid-state samples, the porosity first
decreased and then increased, the minimum value could be
obtained when the samples sintered at 1150 °C (Fig. 5f-J).
The increase of porosity, along with the pores moved into
the grains, was caused by the oversintering [28]. In order to
confirm this process, a cross-sectional image of the
1300 °C-sintered traditional solid-state sample was taken
and is shown in Fig. 5k. A small amount of pores was
found in the grain in addition to a large amount of pores in
the grain boundary. A comparison of SEM images of the
sintered samples is further evidence demonstrating higher
density of the solid-state coordination reaction sample. In
addition, it was found that the grain sizes increased with
the increase of sintering temperature regardless of prepa-
ration routes. The traditional solid-state sample had smaller
grain size than that of the solid-state coordination reaction
samples.

Room temperature resistivities and Bjs/s0 values of the
solid-state coordination reaction and traditional solid-state
Nip¢Mn, 404 ceramic samples as a function of sintering
temperature are shown in Fig. 6. For solid-state coordina-
tion reaction samples, the room-temperature resistivity
decreased rapidly from 3420 to 2182 Q cm when the sin-
tering temperature increased from 1000 to 1100 °C, and
then increased slightly from 2133 to 2273 Q cm when the
sintering temperature further increased to 1200 °C. The
B>s/50 value increased from 2413 to 3890 K when the
sintering temperature increased from 1000 to 1050 °C, and
then decreased to 3820 K when the sintering temperature
increased to 1200 °C. The B,s/50 value increased rapidly
with increasing sintering temperature, indicating that the
ceramic sensitivity improved. For practical applications, a
large B value is desirable because the resistivity is more
sensitive to variation of temperature, providing more
accurate and smaller variations in temperature measure-
ments [14]. However, the room-temperature resistivity
decreased from 5291 to 4859 Q cm when the traditional
solid-state samples sintered at 1100 and 1150 °C, then it
increased from 4859 to 5020 Q cm when the sintering
temperature further increased to 1300 °C. Small changes
had taken place for B,s/50 value since the sintering tem-
perature changed. The maximum and minimum were 3767
and 3601 K, respectively. It is quite clear that resistivities
of the traditional solid-state samples were much larger than
those of the solid-state coordination reaction samples and

other Mn-Ni—O based samples [23]. The Bjs;50 values of
the traditional solid-state samples were smaller than those
of the solid-state coordination reaction samples.

As previously reported [29], the total resistance consists
of bulk resistance, grain boundary resistance and electrode
resistance. The electrical conductivity is satisfactorily
described by a phonon assisted hopping of charge carriers
between Mn>" and Mn*" on octahedral sites of spinel
structure induced by lattice vibrations [30]. In this paper,
we believe that the chemical composition of all Nigge.
Mn, 4O, ceramics is the same, meanwhile, the electrodes
were prepared in the same way, so the differences caused
by NTC bulk resistance and electrode resistance can be
neglected. For solid-state coordination reaction samples,
the sample exhibits a larger resistivity when sintered at
1000 °C. This result is caused by the low density and small
grain size. Because the sample can be regarded as the NTC
particles-air mixture: since air has high resistance, its
presence increases the total resistance of the mixture. In
addition, the grain size of the sample is small and is over
0.5-2 pm, so there are a lot of grain boundaries in the
sample. Grain boundary is the center of the electron scat-
tering, lots of grain boundaries resulting in a high grain
boundary resistance [30]. When samples sintered at
1050 °C, the density and grain size increases significantly,
as a result, the resistivity decreases. However, when sam-
ples sintered at high temperatures, due to the low oxygen
partial pressure, reduction reaction would occur [14]. Parts
of Mn*" reduces to Mn>", which gives rise to a decrease in
the number of the Mn>*/Mn*+ couples on octahedral sites,
resulting in an increase in resistivity. In addition, the sec-
ondary insulative phase, i.e. Mn3O,, also have an influence
on the increase of electrical resistivity [12, 31]. For tradi-
tional solid-state samples, the total resistivity decreases
with the increase of sintering temperature in the range
1100-1150 °C, which is due to the increase of density and
grain size. When the sintering temperature is larger than
1150 °C, the significantly decrease in density results in the
increase of resistivity. It is also found that the relative
density and grain size of the traditional solid-state samples
are smaller than those of the solid-state coordination
reaction samples. In another words, the contents of porosity
and grain boundary of the traditional solid-state samples
are bigger than those of the solid-state coordination reac-
tion samples, leading to larger resistivity and smaller B;s/s0
value of the traditional solid-state samples.

4 Conclusions
Preparation route had a great influence on performance of

Nig ¢Mn, 404 NTC ceramics. Single spinel phase could be
achieved when the sintering temperature was lower than or

@ Springer
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Fig. 5 SEM images of the
ceramics sintered at different
temperatures for 5 h for the
solid-state coordination reaction
(a 1000 °C, b 1050 °C,

¢ 1100 °C, d 1150 °C,

e 1200 °C) and traditional
solid-state (f 1100 °C,

g 1150 °C, h 1200 °C,

i 1250 °C, j 1300 °C,

k 1300 cC) Nio'sMH2'404
samples
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Fig. 6 Room temperature resistivities and B,s/so values of the solid-
state coordination reaction and traditional solid-state NipgMn, 404
samples

equal to 1150 °C, such phenomenon was detected in both
samples prepared by solid-state coordination reaction and
traditional solid-state method. Compared with samples
prepared by using traditional solid-state method, the
Nig ¢Mn, 40,4 ceramics prepared by using solid-state coor-
dination reaction method had higher density and bigger
grain sizes. The higher density solid-state coordination
reaction samples had smaller grain sizes and fewer grain
boundaries, which results in lower room temperature
resistivity and higher Bjs/s50 value. Thus, solid-state coor-
dination reaction method is an effective route to prepare
low room temperature resistivity ceramics, and traditional
solid-state method is a simple route to prepare high room
temperature resistivity ceramics.
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