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Abstract

In this paper spinel-type negative temperature coefficient (NTC) ceramic materials with general composition Nig¢Mn, 4 ,Sn,O4 (x=0.1, 0.2,
0.3, 0.4 and 0.5) were investigated. Powders were prepared by a solid-state reaction method and it was shown that the calcination temperature
necessary for formation of the spinel phase as well as the lattice parameter increased with increasing Sn content (x). The specific resistivity at
25 °C and the B value of the ceramics increased sharply by adding more Sn. This increase was correlated with the distribution of the Sn*™ ions
on the B-sites of the spinel lattice. The materials studied in this work are promising systems for NTC ceramics because of their high resistivity

and B values.

Crown Copyright © 2013 Published by Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In recent years negative temperature coefficient (NTC) cera-
mics have been extensively used for temperature measurement
and control in various industrial and domestic applications such
as circuit compensation in e.g. aero-space, cryogenic and
automotive applications. NTC ceramics are semiconducting
materials consisting of 3d transition metal oxides with the spinel
structure of the general formula AB,0,, based on the oxides of
Mn, Ni, Fe, Co, Cu, and Zn etc. In the spinel structure 0*~
forms a nearly cubic close-packed lattice, where two lattice sites
are available for the cations: a tetrahedral (the A-site) and an
octahedral site (the B-site) [1-3].

Nickel manganite-based systems are the most widely used
NTC thermistors [4]. The electrical properties of these nickel
manganites are explained in terms of a phonon assisted hopping
of charge carriers between the Mn®* and Mn*" ions as present
on octahedral B-sites [5]. In general the electrical properties of
these spinel structures strongly depend on composition and
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microstructure of the ceramic material, because both affect the
distribution of the different cations over the A- and B-sites.
In order to tune the electrical properties of nickel manganite-
based NTC ceramics, much efforts are made on doping this
systems with other metals like Co, Fe, Zn, Cr, Cu, Mg, Al, Zr or
Si [6—14]. The use of all these additives has greatly broadened the
properties and applications of NTC thermistors.

In this paper a new NTC ceramic material, Ni-Mn—Sn-0O, was
reported. Synthesis conditions and crystal structure of Nigg
Mn, 4 ,Sn,O4 (x=0.1, 0.2, 0.3, 0.4 and 0.5) NTC ceramics were
investigated. The distribution of Sn*™ ions in the spinel structure
was discussed and correlated with the electrical properties.

2. Experimental

High-purity Mn;0y, Ni;O3, and SnO, (AR, Shanghai Chemical
Reagent Co. Ltd., China) powders were weighed in appropriate
amounts to fabricate NipgMn,4_,Sn,O4 with x=0.1, 0.2, 0.3,
0.4 or 0.5. The powder mixture was milled for 6 h in absolute
ethanol using a planetary mill and zirconia balls as grinding media.
The obtained slurries were dried at 80 °C in an oven for 12 h and
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subsequently calcined for 6 h at temperatures varying from 950 °C
till 1200 °C. The calcined powders were milled again in ethanol,
dried, blended with an organic binder (PVA, n=1750, Shanghai
Chemical Reagent Co. Ltd., China), sieved (200 mesh), uniaxially
pressed at 60 MPa into disks with a diameter of 6 mm and a
thickness of 2 mm and finally isostatically pressed at 300 MPa.
The green compacts were heated in air to 400 °C at a rate of
100 °C/h and kept at that temperature for 2 h to remove the organic
binder, and further heated to 1250 °C at a rate of 250 °C/h and
kept at that temperature for 4 h for sintering and finally furnace-
cooled to room temperature.

In order to study the crystal structure, sintered samples were
crushed and subsequently powder XRD measurements were
performed using a PHILIPS X'Pert diffractometer (CuK,) with a
step size of 0.02° and 26 range from 10° to 70°. Lattice parameters
were fitted by the Unitcell software using the least square method.
The microstructure of polished and thermally etched as-sintered
ceramics was investigated by a scanning electron microscope
(SEM; Hitachi S4200). For electrical resistance measurements, the
two opposite sides of the sintered disks were polished and coated
with silver paste, heated at 850 °C for 15 min for metallization and
quenched to room temperature. Silver wires were attached as
electrode leads. The electrical resistance was measured in an oil
bath at 25°C and 50 °C by a two-probe technique using an
Agilent34401A digital multimeter. The thermal constant B was
calculated according to the formula B=3853.89* In(R,s/Rs() [7], in
which R,s and Rs are resistances at 25 °C and 50 °C, respectively.

3. Results and discussion
3.1. Phase structure

X-ray diffraction (XRD) is an effective tool to determine the
crystal structure, crystallinity and purity of materials. Typical
powder XRD patterns of several Nig sMn, 4_ ,Sn, O, materials
are given in Fig. 1. The XRD data were analyzed using the
PowderX software [15]. Ka, radiation was stripped and the
background was subtracted. For x=0.1 (Nip¢Mn,35n,,0,),
calcined at 950 °C (Fig. la), the SnO, phase still exists.
However, this SnO, phase disappears when this system is
calcined at 1000 °C, while a single spinel phase is formed.
With increasing Sn content a higher calcination temperature is
necessary for the formation of a pure, single-phase, spinel
structure, e.g. Nip¢Mn, ;Sng 30,4 and Nig ¢Mn; ¢Sny 504 form a
spinel phase after calcination at 1150 °C and 1200 °C respec-
tively (see Fig. 1b and c).

The lattice parameters of the spinel phase for the different
compositions, as calculated with the Unitcell software, are
presented in Fig. 2. It can be seen that the values increase with
increasing Sn content. This is due to the larger radius of Sn*™*
(0.71 A, Shannon radius) if compared with Mn** (0.58 /3).
Relative densities (p.) were calculated, using the formula p =
plpn, where the density p of the sintered sample was measured
using the Archimedes method and the theoretical density py, is
calculated from the lattice parameters derived from XRD analysis.
After sintering all ceramics have a relative density of more than
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Fig. 1. X-ray diffraction patterns of NiggMn,3Sng 104 (Fig. 1a), NiggMn, ;Sng 304
(Fig. 1b) and NiggMn, oSnys0, (Fig. 1c).

95%, indicating that the ceramics were well densified during
sintering.

The microstructures of the sintered samples were examined
with scanning electron microscopy. A typical SEM image of
the as-prepared samples, as given in Fig. 3 shows a dense
material with few, closed, pores and a relative uniform grain
size in the range 3-10 pm.
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Fig. 2. Lattice parameter for the Nip¢Mn, 4 _,Sn, Oy series.
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Fig. 3. SEM micrograph of the as-sintered Nip¢Mn, 1Sng 304 ceramic.

3.2. Distribution of Sn*™ ions in the spinel structure

The distribution of the cations in the spinel structure is a
subject of many studies, since the physical properties (e.g.
magnetic, semiconducting, catalytic, etc.) of these materials are
strongly related to the location of the cations in the lattice [16].
Various methods have been used to study the cation distribu-
tion, like X-ray diffraction (XRD), neutron diffraction, infrared
(IR) spectroscopy and Mossbauer spectroscopy [17-20], of
which X-ray diffraction is the most valid and convenient
method. In Nip¢Mns 4 Sn,O, spinels the Mn®*, Mn*" and
Ni*" ions prefer to occupy the B-site, while Mn*" ions tend
to reside at the A-site [21]. So only the location of the of Sn*+
ions over the A and/or B-site of the spinel structure has to be
analyzed by XRD.

It is known that the intensities of the XRD reflections are closely
related to the distribution of cations in the spinel lattice and these
intensities can be calculated by using the formula as proposed by
Buerger [22] Lw=Fy” - P- LpT A, where L, is the integrated
intensity of the XRD signal, Fj; a structural factor, P the
multiplicity factor for the plane (hkl) and Lp the Lorentz polariza-
tion factor, where Lp=(1+ cos?26)/(sin’6 cos 0). If one
makes use of the intensity ratios of the peaks, the absorption

factor (A) and temperature factor (7) do not need to be taken into
account, because these constants do not affect the relative inten-
sities for spinels at room temperature. For the NipcMny 4 Sn, Oy
series, having all the same space group, the relative intensity ratio
of the reflections is only determined by the structural factor Fj,,
which in turn is determined by the distribution of the cations over
A- or B-sites. By making use of the Powdercell software one can
examine in which way the intensity ratio of the reflections is
affected by the cation distribution in the AB,O, spinel [23]. From
simulation calculations, by using this Powdercell software, it can
be concluded that, if more heavy ions occupy the A-site, the
relative intensity of the (220) reflection increases, whereas the
relative intensity of the (222) and (400) reflections decreases,
while, on the other hand the relative intensity of the (220) reflec-
tion decreases with a simultaneous increase in relative intensity of
the (222) and (400) reflections, if more heavy ions occupy the
B-site of the spinel lattice. The relative XRD intensities of the
(220), (222) and (400) reflections of the NiygMn, 4_ ,Sn, O, series
are listed in Table 1. Clearly the relative intensity of (220)
reflection show a reduced trend, while the relative intensity of
the (222) and (400) reflections increase with increasing tin content,
x, indicating that the Sn*" ions preferentially occupy the B-sites.

3.3. Electrical properties

Fig. 4 shows the specific resistivity at 25 °C and B values of
the Nip ¢Mn, 4 Sn, Oy, series. As can be seen from this figure the
resistivity and B values increase sharply with increasing Sn
content from x=0.1 to x=0.5. For example, the resistivity at
25 °C and B values of NigeMn,3Sng 0, are 5920 Q cm and
3993 K respectively, while for Nip¢Mn, oSng4O,, the resistivity
and B values are 200, 526  cm and 4639 K. It is known that the
electrical conductivity of these spinels is via a hopping of
electrons between the Mn®* and Mn*™ ions as present at the
octahedral (B) sites of the spinel lattice [24]. An increase in
resistivity and B value occurs when the Sn** ions preferentially
occupy the B-site, because in that case these ions obstruct the
route for electron hopping and also lead to a decrease in [Mn® ]
and [Mn4+] on the B-sites. In other words, the persistent increase
in resistivity of NipeMn,4_,Sn,O, with increasing Sn content
indicates that the Sn*™ ions preferentially occupy the B-site,
which is in accordance with the results derived from X-ray
diffraction. It is noteworthy to mention that the usual method to
try to achieve high resistivity and B values in NTC ceramics is by
introducing Al into the spinel structure [25]. In this paper we
present Sn as an alternative element.

4. Conclusions

In summary, NigeMn,4_,Sn O, (x=0.1, 0.2, 0.3, 0.4 and
0.5) spinel ceramic powders were synthesized using a solid state
reaction. The calcination temperature, necessary for the forma-
tion of a pure single spinel phase as well as the lattice parameter
increases with increasing of Sn content. These spinels can be
sintered into dense ceramics at a temperature of 1250 °C.
The specific resistivity at 25 °C and the B values of the ceram-
ics sharply increase by adding more Sn content. This effect is
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Table 1

Relative intensities of (220), (222) and (400) XRD reflections for the NiggMn, 4_ ,Sn Oy, series.

x=0.1 x=0.2

x=0.3

oo 21.98 2182
Lo 7.32 8.39
Lo 17.83 19.13

21.53 20.26 20.02
11.60 12.02 15.71
21.95 24.14 28.62
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Fig. 4. Specific resistivity at 25 °C and B values for the Nig¢Mn, 4 ,Sn, Oy
series as a function of Sn content, x.

correlated with the distribution of the Sn** ions over the B-sites
of the spinel lattic. These Nigp¢Mn,4_ Sn,O,4 ceramics are new
promising materials for NTC ceramics with high resistivity and B
values.
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