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Abstract

In this paper, Nig ¢Sip»Alp ¢Mn; ¢04 compounds with negative temperature coefficient (NTC) property were fabricated using NiO, SiO,, MnO,
and Al,O3 as raw materials. The effect of ball milling time on phase composition, microstructure and electrical stability of the compounds was
studied. The results showed that the particle size of calcined powder decreased with the increase of ball-milling time, resulting in a decreased B,s/gs
constant, activation energy and resistance drift AR/Ry (%) of the Ni ¢Sip2Alp¢Mn; ¢O4 compounds. Meanwhile, it was found that activation
energy increased with the decrease of the density of the compounds, and the resistance drift AR/R, (%) was less than 0.02% when the ball-milling

time reached to 48 h.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ascribing to the smart property that the resistance decreases
with increasing temperature, negative temperature coefficient
thermistor (NTC) is considered as one of the high performance
ceramic materials and has been used in fabricating temperature
sensors [1,2]. Electrical properties of the NTC thermistors after
a long-term exposure at elevated temperatures, i.e. 150 °C was
stable [3]. However, the main problem of these materials is
aging, which refers to a drift of the resistivity with time (500-
1000 h). The aging often occurs during using of the thermistors
at elevated temperatures (i.e. 150 °C) [4]. In general, NTC
thermistors are spinel-like ceramics with the formula of AB,QOy,
which are based on the mixed oxides of Mn, Ni, Fe, Co and Cu
[5,6]. In the spinel structure, two sites are available for the
cations: the tetrahedral site (A-site) and octahedral site (B-site).
It is generally accepted that the exchange of cations between
sublattice tetrahedral (A-sites) and octahedral (B-sites) result in
the aging of Fe-containing NTC thermistors [4,7—13]. Besides,
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some studies showed that the aging also involves migration of
cation vacancies from the grain boundaries to the interior [14].

The typical NTC thermistor preparation method was
conventional solid-state synthesis processing, the screen
printing and electron-beam evaporation (EBE) technology
were also used to fabricate film NTC thermistor [15-19]. The
physical properties of NTC thermistors depend on the
preparation technique and the particle morphology [9].
Hosseini and Yasaei reported that the electrical resistivity
decreased with increasing grain size, and attainment of high
density microstructure controlled by grain size and appropriate
dimensional designs was the key factor in fabricating high-
performance sensor [20]. So, in the present study, one novel and
efficient approach to improve the electrical properties of
Nig ¢Sig2AlggMn; 04 NTC materials is addressed. And the
effect of ball-milling time on the microstructure and electrical
properties of the NigSig2AlgeMn; 04 NTC materials was
studied in details.

2. Experimental

High-purity (analytical grade) NiO, SiO,, MnO, and Al,O3
powders (Sinopharm Chemical Reagent Co. Ltd., China) were
weighed respectively according to the stoichiometric composi-
tion of NiggeSigoAlgeMn; ¢O4. The weighed powders and
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alcohol were mixed and milled for 12 h in a plastic jar using
agate balls as grinding media. The obtained slurry was dried at
80 °C in an oven for 12 h, following by calcination in alumina
crucible at 950 °C for 2 h. The mixture was further milled for
6 h, 12 h, 24 h, and 48 h, respectively. The dried powders were
ground in mortar and passed through a 200-mesh sieve.
Polyvinyl alcohol (PVA) solution (PVA/distilled water = 5:95
in weight) was added into the powders and the mixtures were
ground in mortar, followed by ball-milled for 2 h in plastic jar
using agate balls. The mixture powders were uniaxially pressed
at the pressure of 180 MPa and the cylindrical pellets with
diameter of 10 mm and thickness of 5 mm were obtained. The
green compacts were heated in air from room temperature to
500 °C at the heating rate of 20 °C/h to remove the organic
binder, and then were sintered at 1280 °C for 4 h in the ambient
air furnace, followed by a natural cooling. In order to measure
the resistances, the high temperature Ag pastes were applied on
two-sides of the sintered samples. After drying of the pastes, the
samples were heated at 750 °C for 20 min.

The particle size of powders was measured using by laser
particle size analyzer (Rise-2008, Jinan, China). The phase and
crystalline structure of the samples were characterized by X-ray
diffraction (XRD) using Cu Ka radiation (Rigaku X-Ray
Diffractometer, Japan). The microstructures of samples were
investigated using a scanning electron microscope (SEM)
(VEGAII XMU, Tescan, Czech Republic). Electrical measure-
ments of resistance vs. temperature were performed using
digital measurements (Fluke8846, U.S.A.). The thermistor
constant B was calculated according to Eq. (1):

InR; — InR

po (R —InRy) (1)
(1/T1) = (1/T)

R, and R, are the resistances at temperatures 7, and 75,
respectively. The relative 25 °C resistance change, AR/R
(%), of the samples is defined by the following Eq. (2):
AR R, — Ry
— =———x100 2
Ro (%) Ro 8 @

where R is the resistivity at 25 °C for the initial test, and R is

the resistivity at 25 °C after soaking these samples in an oven at
150 °C for 500 h.

3. Results and discussion
3.1. Particle size distribution

The results obtained from laser particle size analyzer revealed
that the average median particle size (Dsq) for the original
powders of NiO, MnQO,, SiO, and Al,O5; were 1.2, 60.3, 17.2,
23.4 pm, respectively, which indicated that the original powders
covered a wide range of particle size. Fig. 1 shows the particle
size distributions of powders after calcined at 950 °C for 2 h and
then ball-milled for 6 h, 12 h, 24 h and 48 h, respectively. As
shown in Fig. 1, the powders ball-milled for 24 h and 48 h
exhibited a narrower particle size distribution, as compared with
the powders ball-milled for 6 h and 12 h. In addition, the powders
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Fig. 1. Comparison of particle size distribution curves of different ball-milling
times.

ball-milled for 6 h and 12 h exhibited a bimodal distribution, and
only narrow peak was observed when the ball-milling time
reached to 24 or 48 h. The D5, for ball-milling for 6 h, 12 h, 24 h
and 48 h were 6.1, 4.1, 2.2, 1.5 pum, respectively. The above
results indicated that the particle size of calcined powders
decreased with the extension of ball-milling time.

3.2. X-ray diffraction analysis

The samples using the powders obtained by ball milling for 6 h,
12 h, 24 and 48 h were marked as I, II, III and IV, respectively.

Fig. 2 shows the XRD analysis of samples after sintered at
1280 °C in air for 4 h. As seen from it, the samples I, IT and IIT
had the same XRD patterns, which were composed of cubic
spinel and Al,O; phases. However, the Al,O3; phase was
scarcely recognized in the sample IV. The Al,O; phase in
samples I, II and III was originated from the starting powders,
and its content was decreased with ball-milling time increased.

For the purpose of detecting if any cubic spinel Ni-rich phase
was present in spinel, as suggested by Park et al. [21], the 20
ranged from 55° to 64° was set to give a distinguishing of them.
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Fig. 2. XRD patterns of Nig 6Sip ,Alp sMn; 04 ceramic sintered at 1280 °C in air.
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Fig. 3. Selected XRD patterns of NigSig,AlgsMn; 04 ceramic sintered at
1280 °C in air.

The XRD patterns are shown in Fig. 3, and it was found that the
cubic spinel phase was composed of two phases: a major Mn-
rich phase and Ni-rich phase. So, it can be concluded that three
phases coexisted in the sintered samples, namely cubic Mn-rich
spinel phase, cubic Ni-rich spinel phase and Al,O5 phase.

3.3. SEM analysis

Fig. 4 illustrates the SEM images of the as-sintered samples.
All the samples showed a homogeneous microstructure, and the
density of samples reached to 78, 82, 92, 99% of the theoretical
density, respectively. It indicated that the density increased with
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Fig. 5. EDS spectra of the area marked with “A” and “B”.

the decrease of particle size of raw calcined powder due to the
high sintering activity.

From the SEM image of sintered samples, the grain size was
similar, ranging from 2 to 10 wm. In addition, two kinds of
grain morphology in the sintered bodies were found, which
were marked by “A” and “B” in Fig. 4. The EDS was used to
investigate the chemical composition and the results are shown
in Fig. 5 for the two kinds of grain morphology. The average
concentrations of Ni, Mn, Si and Al in the area A were 24, 36,
27 and 1 at.%, respectively, while that in area B were 18, 46, 5
and 16 at.%, respectively. Compared to the nominal composi-
tion of the ceramic (Nig¢Sig-AlyeMn; ¢O,4), the A area was
rich in the Si and Ni, which was identified as Ni-rich phase or

Fig. 4. SEM micrographs of the as-sintered samples (a) I; (b) II; (c) III; (d) IV.
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Si-rich phase, while the “B”* area was done as Mn-rich phase.
The above results also suggested that Al had a priority to react
with Mn as compared with Ni, whereas Si was easier to react
with Ni than Mn. In addition, it was found that the Ni-rich (Si-
rich phase) phase showed a smooth structure, whereas the Mn-
rich phase showed a coarse structure. Park et al. named this
structure as twin-containing [21]. A software (Image-Pro Plus)
was used to quantify the concentration of two different phases.
The results showed that the average area concentrations of the
Ni-rich phase were 50.54, 65.27, 47.63, 31.49%, and those of
the Mn-rich phase were 49.46, 34.73, 52.37, 68.51% for the
samples I, II, III and IV, respectively.

3.4. Electrical measurement

It was found that the electrical resistivity (p) of the
Nig SigorAlpgMn; ¢O4 NTC thermistors decreased with the
increase of temperature. The logarithm of the electrical
resistivity, In p, as a function of the reciprocal of the absolute
temperature, 1/7, with four kinds of samples is shown in Fig. 6.
All thermistors showed a linear relationship for the In p with 1/
T in the measured temperature range (room temperature
~300 °C), indicating the good agreement of NTC thermistor
characteristics as described by the Nernst—Einstein relation
[22]. The conductivity mechanism of nickel manganite spinel
materials was explained by many researchers [7,12,13,23], and
they considered that the conductivity depended on the change in
concentration and ordering of hopping charge carriers namely
Mn>* and Mn** at octahedral site.

Table 1 gives the p,s, B,s/g5 constant, activation energy and
resistance drift (aging), which are the most important
characteristics of technical interest for NTC thermistors. The
resistivity of four kinds of samples at room temperature showed
an interesting tendency, with the increase of ball-milling time, it
decreased when the milling time was less than 12 h, and then
dramatically increased up to 48 h. The minimum value of
resistivity was measured from the sample II which was ball-
milled for 12 h. The resistivity of the materials depends on
several factors, such as phase and structure. From the above
SEM results (Fig. 4), the content of Ni-rich phase was 50.54,
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Fig. 6. Plot of In p vs. reciprocal of temperature for four kinds of thermistor
samples.

Table 1
Resistivity at room temperature, B,sgs, activation energy and resistance drift
(aging) for four kinds of NTC thermistors samples.

Sample p (25) Bossss Activation Resistance
(Q cm) constant (K) energy (eV) drift (%)

1 8.06 x 10° 5166 0.4456 6.02

I 6.57 x 10° 4952 0.4271 4.87

I 1.02 x 107 4876 0.4206 1.82

v 1.36 x 107 4817 0.4155 0.02

65.27, 47.63, 31.49% for the four kinds of samples,
respectively; and one interesting phenomenon was that the
samples showed an inverse relationship between the content of
Ni-rich phase and the resistivity at room temperature. The
relation between the content of Ni-rich phase and resistivity can
be explained as follows: the content of Mn-rich phase was
increased with decreasing Ni-rich phase (Fig. 4) and the Al had
a priority to react with Mn in compared with Ni (Fig. 5). So the
content of Al also increased with decreasing Ni-rich phase. In
the spinel, O*~ ions form a cubic close-packed array, and AI**
ions had a preference for occupying the octahedral sites
according to the crystal field theory, so with the increase of Al
content, the number of the Mn*>*/Mn** couples for hopping was
decreased, resulting in increased resistivity.

Previous study has shown the activation energy (AE)
dependence of the porosity for ionic conductivity ceramic
material [24]. In the same way, the increase of the activation
energies with the density is presented in Fig. 7. Porosity and
density were two conflicting parameters, and the porosity
decreased with the increase of density. As shown in Fig. 7, it
was found that the activation energy decreased with the
increase of density. Meanwhile, this tend also indicated that
higher activation energy was required for a material with higher
porosity.

From the results of resistance drift (AR/R,) as shown in
Table 1, it decreased with the increase of ball-milling time. A
resistance drifts of less than 0.02% was obtained for the sample
IV, which was ball-milled for 48 h. The aging phenomenon
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Fig. 7. Activation energy dependence of density of Nig Sig Al ¢Mn; 04 NTC
thermistors.
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could be explained by the contact degradation [25] and cationic
migration [4]. The resistance drift of less than the 0.02%
indicated excellent reliability of the NigSigoAlgeMn; 6Oy
NTC thermistor. By the ball-milling with proper time (i.e. 24 h
to 48 h), well-refined powder could be obtained, and the
electricity reliability of NTC thermistor could also be improved
through sintering these powders.

4. Conclusion

The high stable Nig¢Sig2AlgsMn; 04 NTC thermistors
with different electrical properties were fabricated through
proper ball-milling of calcined powders, by tailoring the phase
composition and the microstructure. The B,sgs5 constant,
activation energy and resistance drift AR/R, (%) decreased with
the increase of ball-milling time. Furthermore, the resistance
drift AR/Ry (%) of less than the 0.02% was obtained for the
sample of ball-milling for 48 h.
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