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Abstract The impact of synthesis parameters, such as
calcination temperature and reaction time, on the micro-
structure, phase compositions and electrical properties of
Nip¢Mn, 40, negative temperature coefficient (NTC)
ceramics, which were synthesized via solid-state coordi-
nation reaction method, was systematically explained.
With enhancing calcination temperature and time, the rel-
ative densities were raised, while the porosities diminished.
A compact single-phase cubic spinel ceramic could be
obtained after annealing at 1,100 and 1,150 °C, while a
secondary phase Mn3O,4 was detected when the annealing
temperature raised to 1,200 °C. For the ceramics calcinated
at 1,100 or 1,150 °C for 3 h, their resistivities were 2,133
and 2,178 Q cm, the thermal constant B, which reflects the
temperature sensitivity of the NTC ceramics, were 3,820
and 3,857 K. While the ceramic prepared at 1,200 °C for
3 h, the resistivity and the B value reached 2,273 Q cm and
3,810 K, respectively. This phenomenon was attributed to
the increase of lattice parameters and the reduction of
Mn**-Mn** at high temperatures.

1 Introduction

Manganese-based transition-metal spinel oxide ceramics
have been attracting substantial attentions as negative
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temperature coefficient (NTC) thermistors in various
domestic and industrial applications due to their high
temperature sensitivity, fast response, convenience in use,
and low cost [1-3]. Diverse approaches were developed to
prepare powders for NTC ceramics, such as the oxalate co-
precipitation method [4, 5], the Pechini method [6], etc.
The solid-state coordinate reaction method [7, 8] stands out
from those methods because of some unique advantages,
such as non-pollution, the accurate stoichiometry, etc.

To full fill the requirement of suitable resistivity, B
value and high stability, many ions were doped into the
nickel manganite NTC ceramics [9, 10]. However, the
effects of sintering temperature [11, 12], rate of cooling,
duration of sintering and milling time [13] on the final
performances of NTC ceramics were extremely significant.
It was found that the electrical resistivity of the slow cooled
Nig.75sMn, 5504 ceramic was 4,220 Q cm, while the resis-
tivity was only 3,197 Q cm for the quenched sample [6].
Justin M. Varghese [14] reported that the resistivity of Ni—
Mn—-Fe—Cr-O ceramic, fabricated via traditional solid-state
method, increased with the increasing of sintering tem-
perature, and the decomposition of cubic spinel occurred
when the sintering temperature was above 1,200 °C. The
resistivities of Ni,_ Mn,Co; ¢O4 and Nij; oMn; oCoq_y.
Fe, O, thick films decreased and then increased with the
increasing of sintering temperature [15]. So far, it is barely
reported about the influence of sintering temperature on
microstructure, phase composition and electrical property
of the un-doped Nig¢Mn, 404 ceramic.

The present study focuses on the synthesis of NTC
ceramics by solid-state coordination reaction and the
effects of calcination temperature, sintering temperature
and soaking time on the relative density, lattice parameter,
porosity, grain size, DC electrical resistivity and thermistor
constant have been systematically investigated.
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2 Experimental
2.1 Preparation of nickel manganese ceramics

Pure oxalate precursor NigeMn, 4(C>04)-nH,O was pre-
pared by solid-state coordination reaction. Analytical
reagent Ni(CH3COO),-4H,0, Mn(CH3;COO),-4H,0, and
H,C,04-2H,O were used as raw materials. A powder
mixture with a molar ratio of 0.6:2.4:4.5 (Ni2+:M—
n*":oxalic acid) was ball milled for 5 h and then was dried
at 80° for 24 h. The oxalate precursor was calcined at
different temperatures for 4 h. Powders calcined at 700 °C
were used to form disk-shaped samples. Subsequently, the
samples were sintered at different temperatures from 1,000
to 1,200 °C for 3 and 5 h, and furnace-cooled to room
temperature.

2.2 Characterization

The X-ray diffraction (XRD) patterns of the powder and
the ceramics were recorded with a powder X-ray diffrac-
tometer (SmartLab, Rigaku, Japan). The microstructural
features of the ceramics were analyzed using SEM (JSM-
6510, JEOL Ltd., Japan). The bulk densities ppy of the
ceramics were determined by the Archimedes method in
water, and their relative density p,; was calculated from
the formula pr; = Ppu/Pms Where py, is the theoretical
density as obtained from XRD data of ceramics.

The resistances at 25° and 50 °C were measured with an
Agilent 4294A precision impedance analyzer, during
which the ceramics were immersed in a thermostat, whose
temperature fluctuation around the designated value was
40.1 °C. The B,s/50 value was calculated according to the
formula Bys/so = 3,850.16 In(R»5/Rs0), where Rys and R
were the resistances at 25 and 50 °C, respectively.

3 Results and discussion

The XRD pattern of the dried nickel-manganese oxalate
precursor is given in Fig. 1. The XRD result shows that the
as-prepared nickel-manganese oxalate precursor is a single
phase Nig¢Mn, 4(C,04)3-nH,0, apparently the same as the
manganese oxalate (JCPDS 25-0544), and different from
the nickel oxalate (JCPDS 25-0582). No characteristic
peaks of the raw materials were detected in the dried pre-
cursor, which indicates that the reaction was completed.
Figure 2 illustrates the XRD patterns of the nickel-man-
ganese oxide powder obtained by calcining precursor for 4 h
at different temperatures. The results show that Niy ¢Mn; 4O4
spinel is formed at 400°. Broadening of the peaks indicates
that the powder is not well crystallized and the grain size is
small. Cubic spinel structure (Ni-Mn);0,4 (JCPDS 84-0542)
and tetragonal spinel structure Mn3;O, (JCPDS 18-0803)
coexist when the precursor is calcined at 500° and 600 °C,
which are the same as J.L. Martin de Vidales’s [16] and T.
Yokoyama’s [17] results. While the calcination temperature

Fig. 1 XRD pattern of the
oxalate Ni0'6Mn2_4(C2O4)3'YlH20
prepared by solid-state
coordination reaction. The
standard patterns of
MnC,0,4-2H,0 (JCPDS
25-0544) and NiC,0,4-2H,0
(JCPDS 25-0582) are also
presented at the fop and bottom |
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raises above 700 °C, the tetragonal spinel Mn;0,4 disappears,
a single cubic spinel Nig ¢Mn, 404 powder is obtained.

Figure 3 illustrates the XRD patterns of the ceramics
sintered at different temperatures for 5 h. When the sin-
tering temperature is below 1,150 °C, a single cubic phase
spinel structure can be obtained. Secondary phase, Mn;0,4
(Hausmannite) with tetragonal structure, is detected when
the ceramic sintered at 1,200 °C, and the peaks are
broaden, which was also reported by K. Park [12]. We
believe that the Nig¢Mn, 404 is decomposed partially to
small grains, which leads to the broadening of (311) spinel
reflection. For NipgMn, 40,4, the decomposition would
occur at 1,200 °C by the formula (1),
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Fig. 2 XRD patterns of the nickel-manganese oxide powder obtained
by calcining precursor for 4 h at different temperatures. (a) 400 °C,
(b) 500 °C, (c) 600 °C, (d) 700 °C, (e) 800 °C
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Fig. 3 XRD patterns of the ceramics sintered at different tempera-
tures for 5 h. (a) 1,000 °C, (b) 1,050 °C, (c) 1,100 °C, (d) 1,150 °C,
(e) 1,200 °C

Nl'()_6Ml12,404 — le’l304 — 4)6/302
+ (3 = x)/3Ni 83— Mn72-0x))(3-2) 04

(1)

In addition, it is found that the diffraction peaks shift
slightly to the low-angle direction, which indicates the
lattice constant increases when the sintering temperature
raised from 1,000 to 1,200 °C. This phenomenon can be
caused by oxidation—reduction reactions and cation
migrations within or between sublattices of the spinel
structure [18, 19], expressed by formula (2),

Mn%" + Mnj" + Nigt — 2Mny" + Ni%". (2)

The lattice constant of the spinel is controlled by the
cation-oxygen distances, which vary depending on the
valence and coordination of the cations. Based on the data
presented by Castelan [20] and Fang Daolai [21], the cat-
ion-oxygen distances are Mnht-O = 1.843 A, Mn} -
0 =2045 A, Mn2"-0 =2.041 A, Nii'-0 = 2.088 A,
Nif\+—0 =197 A. According to formula (2), the increase
in lattice constant observed in the present experiment could
well indicates that a fraction of Mn** is reduced to Mn3*.

Microstructure morphology of the sintered ceramics varies
depending on the sintering temperature. SEM images of the
ceramics sintered from 1,000 °C to 1,200° for 3 h are shown
inFig. 4. When the sintering temperature increasing, the pores
content in the ceramics decreases. The grain size increases
significantly from 2 to 9 pm with the increasing of sintering
temperature. Dense structure can be obtained while the sin-
tering temperature is higher than 1,100 °C. The ceramics
prepared by solid-state coordinate reaction method has lower
sintering temperature than that of the ceramics prepared by
traditional solid-state method [14]. While the ceramics sin-
tered at 1,200 °C, it is found that a number of small grains
appear on the surface of the big grains. The decomposed
regions are marked with ellipses in Fig. 4e. Therefore, the
SEM results are well in agreement with that of XRD.

The relative densities of the ceramics sintered at dif-
ferent conditions are shown in Fig. 5. It is obvious that the
relative density increases rapidly from 82.4 to 96.8 %, and
then increases slightly to 97.8 % when the sintering tem-
perature increases from 1,000 to 1,200 °C. Meanwhile, the
density increases with the increasing of soaking time.
Dense ceramics can be obtained when the sintering tem-
perature is equal or higher than 1,100 °C.

The variations of electrical resistivities of the
Nip.¢Mn, 404 ceramics as a function of sintering tempera-
ture are shown in Fig. 6. For the ceramics sintered for 3 h,
the room-temperature resistivity decreased rapidly from
4,327 to 2,133 Q cm when the sintering temperature
increased from 1,000 to 1,100 °C, and then increased
slightly from 2,133 to 2,273 Q cm when the sintering
temperature further increased to 1,200 °C. Likewise, for
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Fig. 4 SEM images of
ceramics sintered at different
temperatures for 3 h.
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Fig. 5 Relative densities of NipeMn, 404 ceramics
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the ceramics sintered for 5 h, the room-temperature resis-
tivity decreased from 3,420 to 2,182 Q cm, and then
increased to 2,384 Q cm. The resistivities decreased sig-
nificantly when the test temperature increased from 25 to
50 °C.

Figure 7 shows the relationship between B value and
sintering temperature. For the ceramics sintered for 3 h,
when the sintering temperature increased from 1,000 to
1,200 °C, the B value increased from 2,513 to 3,857 K, and
then decreased to 3,810 K. For the ceramics sintered for
5 h, the B value increased from 2,413 to 3,890 K when the
sintering temperature increased from 1,000 to 1050 °C, and
then decreased to 3,820 K when the sintering temperature
increased to 1,200 °C. It is clear that the B value increased
rapidly with increasing sintering temperature, indicating
that the ceramic sensitivity improved. For practical appli-
cations, a higher value of the B is desirable because the
resistivity is more sensitive to variation of temperature,
providing more accurate and smaller variations in tem-
perature measurements [22].

In the spinel, oxygen anions are cubic close packed and
cations are situated at the tetrahedral sites and octahedral
sites, 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.

During the study, we believe that the chemical compo-
sition of all Niy¢Mn, 40,4 ceramics are the same, so their
physical properties depend mainly on the density, grain
size, phase composition and cationic effect of its crystal
sublattice. As previously reported [5], the total resistance is
consist of bulk resistance, grain boundary resistance and
electrode resistance. Factors affecting the resistivity can be
explained as follows.

(1) When the grain size is less than a critical value,
which is 9 pm in the research [23], the electrical resistivity
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Fig. 7 The B-values with different sintering temperatures and
soaking time in Niy¢Mn; 40, ceramics

decreases significantly with the increasing of grain size.
The increase of grain size can reduce the grain boundary
barrier, so the time and hoping probability among electron
scattering events of charge carriers increase [12, 22, 24], as
a result, the grain boundary resistivity decreases. (2) When
sintered at low-temperatures, the ceramics can be regarded
as the spinel-structured nickel manganite in composite of
pores. With the increasing of density, the pores content
reduces. Consequently, the resistivity decreases [25]. (3)
When the sintering temperature raises from 1,000 to
1,200 °C, the notable increase of lattice parameter makes
the hopping distance of charge carriers between Mn*" and
Mn>" longer [26], thus the hopping of carriers is more
difficult, resulting in the increase of the activation energy
E., which helps the increase of the resistivity. (4) The
confuration of the Mn>" and Mn*" in octahedral position
also governs the conductivity [27]. Indeed, in order to
participate in hopping, the Mn>" ions need to have in their
vicinity of Mn** ion. Therefore, the ordering between
Mn** and Mn*" may disrupt the conduction. Due to the
occurrence of reduction reaction, parts of Mn** reduces to
Mn>*, which gives rise to a decrease in the number of the
Mn*"/Mn** couples on octahedral sites, which are
responsible for hopping and conductivity [24], resulting in
an increase in resistivity.

When the sintering temperature is bellow 1,100 °C, the
factors (1) and (2) resulting in the rapidly decrease of
resistivity. However, while the sintering temperature is
higher than 1,100 °C, the grain size and the density remain
basically unchanged, the factors (3) and (4) dominate the
change of the resistivity. Therefore, the resistivity increases
slightly. These results indicate that the electrical properties
of the NTC ceramics can be adjusted by changing sintering
temperature.

When the ceramics were sintered at low temperatures,
there are many pores in the ceramics, which have low
negative temperature characteristic, resulting in the low B
value of the ceramics. However, when the dense ceramics
were sintered at high temperatures, the pores have little
influence on the B value, so the B value changes slightly.

4 Conclusions

The increase of sintering temperature and soaking time
produce appreciable changes in the phase, structural and
electrical properties. High density ceramics could be
obtained when the sintering temperature was higher than
1,100 °C, and single spinel phase could be achieved when
the sintering temperature was bellow 1,150 °C. The grain
size and porosity increased systematically with the
increasing of sintering temperature and soaking time. For
the ceramics sintered for 3 h, the electrical resistivity
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changed from 4,327 to 2,133 Q cm, on the contrary, the
B,s/50 value increased previously from 2,513 to 3,857 K
and decreased to 3,810 K later. For the ceramics sintered
for 5 h, the electrical resistivity varied from 3,420 to
2182 Q cm and then increased to 2,384 Q cm, the B,s/50
value increased from 2,413 to 3,890 K, and then decreased
to 3,820 K. In summary, the resistivities and the B values
of the ceramics can be tuned by controlling the sintering
process.
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