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Abstract New high temperature negative temperature
coefficient (NTC) thermistors based on the 0.6Y,0;—
0.4Y,_,Ca,CrysMny 503 (0 < x < 0.15) composite system
have been prepared through the conventional solid-state
reaction. The effects of Ca doping on the structure and
electrical properties of 0.6Y,05-0.4Y,_,Ca,CrysMny 503
have been investigated. The major phases presented in the
samples are Y,O; phase and orthorhombic perovskite
phase isomorphic to YCrO;. The resistance decreases with
increasing temperature from 25 to 1000 °C, indicative of
NTC characteristics. The resistance of NTC thermistors
decreases with the increase of Ca content as a result of the
enhancement of Cr** and Mn** concentration, which has
been explained by using defect chemistry theory. The
values of P25, 325_150 and B70()_10()() of O.6Y203—O.4Y1_x
Ca,CrysMngsO; NTC thermistors are in the range of
2.73 x 10*-3.86 x 10° Q cm, 29523553, 5790-8391 K,
respectively. These values can be tuned with the Ca con-
tent. These compounds could be used as potential candi-
dates for high temperature thermistors applications.

1 Introduction
There is an increasing need for sensors capable of operat-

ing at extreme conditions, in particular at high tempera-
tures (near 1000 °C or above) [1]. Temperature sensors are

< Aimin Chang
changam @ms.xjb.ac.cn

Key Laboratory of Functional Materials and Devices for
Special Environments of CAS, Xinjiang Key Laboratory of
Electronic Information Materials and Devices, Xinjiang
Technical Institute of Physics and Chemistry of CAS,
Urumgqi 830011, China

@ Springer

mainly classified as follows: thermocouples, platinum
resistance temperature detector, and negative temperature
coefficient (NTC) thermistor sensors. Considering both
high temperature reliability and cost-efficiency, the NTC
thermistors are the most attractive temperature sensor
solution [2].

Classical NTC thermistor ceramics composed of spinel
structure (MMn,0O,, where M = Ni, Co, Fe, Cu, Zn) show
the aging of the electrical properties and their application is
commonly limited to temperatures below 300 °C [3]. Rare
earth (Sm, Tb, Y, etc.) perovskite oxides (ABOj3) can be
used for measurements from ambient to 1000 °C [4].
Houivet et al. [5] have studied the composition aY,03—
bYCrypsMnygsO; (@ + b = 1) and have shown that, the
microstructure of these ceramics is two-phased, compound
of a Y,03 phase and an orthorhombic perovskite YCrg s
Mn, 503 phase. Such ceramics, with 0.5 < a < 0.7, can be
used to fabricate small NTC thermistors with a resistance
value ranging from some hundreds KQ at room tempera-
ture to some Q at 1000 °C. However, it is necessary to
adjust the B value (B is the thermistor constant, which is
applied to characterize the sensitivity of the device over a
given temperature range) and resistance value of high
temperature for wide temperature range application. Con-
sidering the size of the ions (the radius of Y>*, Ca*" are
0.93 and 0.99 A respectively [6]) and the lattice sites of
perovskite structure(ABOs), the substitution of Ca’* for
Y3" (in the A-site) may lead to the formation of substitu-
tional solid solutions and the change of electrical proper-
ties. The previous researches have shown that the doping of
Ca increases the electrical conductivity in YCrO; matrix
due to the increase of the transport process [6, 7]. In this
work, we study the electrical properties of 0.6Y,03—
0.4YCry sMng sO3 doped by Ca’" to adjust the B value and
resistance value.
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2 Experimental procedures

The series of 0.6Y,05-0.4Y,_,Ca,CrysMng 505
(0 < x < 0.15) samples used in this investigation were syn-
thesized through the conventional solid-state reaction. Stoi-
chiometric amounts of powders of Y,O5 (Sinopharm, China,
analytical grade), MnO, (Hunan Huitong Science & Tech-
nology Co., Ltd, China, purity >99.4 %), Cr,O5 (Sinopharm,
China, purity >99.0 %), CaCOj3 (Sinopharm, China, analyti-
cal grade) were taken as the starting reagents. All powders
were mixed after weighing in appropriate proportions and
then ball-milled in ethanol, using agate ball as milling media,
for 8 h. After drying, the powder mixture was then calcined at
1200 °C for 2 h. The calcined powders were hand-milled in
mortar for 6 h. Subsequently, the powders were pressed into a
disk with 10 mm in diameter and 2 mm in thickness with a
uniaxial press at 20 MPa. Cold isostatic pressing at 350 MPa
was used to enhance the green densities. The pressed green
disks were sintered in a furnace (LHTO08/18, Nabertherm,
Germany) at 1600 °C for 5 h in ambient air atmosphere. The
two opposite sides of the sintered pellets were polished and
coated with silver-palladium paste, and then heated at 835 °C
for 20 min for metallization. To obtain resistivity at 25 °C,
resistances of the sintered pellets were measured in an oil bath
at25 °C with adigital multimeter (Hewlett Packard, 34401A).

X-ray diffraction (XRD; BRUKERDS8-ADVANCE)
using CukK, radiation was used to identify crystalline
phases in the calcined powders. The microstructures of the
sintered ceramics were observed by the Scanning Electron
Microscope (SEM; LEO1430VP, Germany).

To obtain the electrical properties, the calcined powders
with organic binder were repeatedly placed in the two
platinum lead wires until forming the microbeads with
diameter of about 1 mm. Then a series of microbeads were
sintered at 1600 °C for 5 h in ambient air atmosphere. The
resistance of each microbead was measured from 25 to
1000 °C, using digital multimeter (Hewlett Packard,
34401A).

3 Results and discussion
3.1 XRD

The XRD patterns of the 0.6Y,03;-0.4Y;_,Ca,CrysMng 5
O3 samples are shown in Fig. 1. For all compositions with
0 < x < 0.15, the analysis of these diffractograms has
revealed two phased composites. These two phases in the
samples have been identified as cubic Y,0O; (JCPDF41-
1105 card) phase and orthorhombic perovskite phase iso-
morphic to YCrOz; (JCPDF34-0365 card) without the
presence of a third phase. It can be seen that the diffraction
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Fig. 1 XRD patterns for the 0,6Y203—0,4Yl,xCaXCro_sMn0_503
samples

peaks of perovskite phase slightly shift towards higher
angles as gradual substitution of Ca®" for Y in the per-
ovskite crystal lattice, indicating that the cell volume of
perovskite phase decreases with increasing x according to
the Bragg’s Law:

2d sin 0 = nl, (1)

where d is the distance of crystal plane, 6 is the angle of
diffraction peak, n is the order of diffraction and A is the
wavelength of Cuk, radiation. This is due to many com-
peting factors such as the ionic radius of the dopant, the
mixed valence state of the chromium ion, and the oxygen
deficiency [8]. The results can be explained as follows: the
substitution of the larger Ca>* (0.99 A) for Y>* (0.93 A) at
lattice positions should cause an increase in the unit cell
volume. On the other hand, in order to maintain the elec-
trical charge neutrality, partial Cr>" and Mn>* change their
valences to Cr*" and Mn*", respectively. These results
lead to an increase in the number of Cr** and Mn*" ions in
the YCrysMnys0; crystal lattice, as discussed later in
more details. The smaller Cr** and Mn*" ions would
decrease the volume of the YCrgsMngsO5 unit cell. The
amount of the relative increment in the unit cell volume
due to the substitution of larger Ca®" is less than that of the
relative decrement caused by the formation of chrome and
manganese ions, which leads to the lattice contraction.
Analogous results have been found in previous research

[8].
3.2 Microstructure
Figure 2 shows the SEM micrographs obtained from the

surfaces of as-sintered samples. All the composite ceramics
show well-sintered and well grown grains with almost the
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Fig. 2 SEM images of
0.6Y,03—
O.4Y1_XC3XCI‘0_5MH()_5O3
ceramic samples: a x = 0,
bx=0.05 cx=0.1,
dx=0.125,e x = 0.15

same morphological appearance. A small amount of
residual porosity exists largely along grain boundaries in
polycrystalline ceramics. This result should be attributed to
the chromium vaporization, as well as other lanthanide
chromites, and thus resulting in a poor sinterability in air

[9].
3.3 NTC electrical properties

Figure 3 shows the relationship between InR and 1000/
T for the 0.6Y203—O.4Y1_xCaxCroAsMno.503 NTC ther-
mistors. It can be seen that the resistance decreased with
increasing temperature, indicative of NTC properties. It is
also noted that the resistance decreased with the increase of
Ca content. It is believed that the electrical conduction in
these ceramics may be due to the electron jumps between
Cr’** and Cr** on one hand, and between Mn>*and Mn**
ions on the other hand [4, 10]. The resistivity of these
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Fig. 3 Relationship between InR and 1000/7 for the 0.6Y,0;—
0.4Y,_,Ca,CrpsMng 503 NTC thermistors
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Table 1 The resistivity, B value and Ea for the 0.6Y,05;—0.4Y,_,Ca,CrysMnysO; NTC thermistors

X p2s (Q cm) Basniso (K) B100/1000 (K) Eass/150 (€V) Eaz0011000 (€V)
0 3.86 x 10° 3553 8391 0.306 0.723

0.05 3.68 x 10 2952 6477 0.254 0.558

0.1 3.35 x 10* 2995 6251 0.258 0.539

0.125 3.02 x 10* 2960 5971 0.255 0.515

0.15 273 x 10* 2970 5790 0.256 0.499
ceramics is mainly determined by the concentration of 10° 9000
Cr** and Mn*" ions [11, 12]. Therefore, this result may be * ™ Pas 4000
due to the enhancement in the concentration of Cr*" and ~Bas1504-Bronrnonn

Mn*" ions caused by the substitution of the larger Ca®" for 3x10°F 17000
Y3 at lattice positions, thus promoting the electron hop- e A\A\ =
ping and thereby decreasing the resistance [2, 10, 12]. The S 0} A—, 76000 §
defe.ct forma.tion mechanism can be expressed by the fol- =z 15000 §
lowing reactions: 1x10° L oo Q
CaCO5 + 0,(g) — Cay + h' + CO1(g) + 30}, (2) N Y . .

Crit i — o, (3) ° e

Mt + h — Mn*t.

(4)

From Fig. 3, it is also observed that the plot curves are not
linear over the wide temperature, changes around 600 °C.
Above and below this temperature, the nature of variation
obeys the Arrhenius law [4]:

p = poexp(Eq/kT), (5)

where pq is the resistivity of the material at infinite tem-
perature, T is the absolute temperature, E, is the activation
energy for conduction and k is Boltzmann’s constant. So
we have calculated two B values the one for temperature
ranging from 25 to 150 °C (B»s/150) and the second from
700 to 1000 °C (B790/1000)- The B value can be calculated
by the following equation [13, 14]:

B = [TTx/(Tx — T)] In(Rr/Rx) (6)

where Rt is the resistance at temperature 7, and Ry is the
resistance at temperature Ty. The E, values are calculated
from the following equation

E, = Bk (7)

[15]. The calculated B and E, values are listed in Table 1,
together with the resistivity at 25 °C. At low temperature
Eass;1so values are ranging from 0.254 to 0.306 eV,
whereas at high temperature, Ea;oo/1000 Values are in the
range of 0.499-0.723 eV. It is also noted that the Ea;yo/1000
decreased with increasing the Ca doping concentration. An
interpretation of these results is that the width for the
polaron band gap may decrease as the increase in Cr*" and
Mn*" ions, and thereby increasing the transport process
when calcium is introduced in the lattice; i.e., the charge

1 1
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Fig. 4 Evolution of p,5 and B values as a function of “x”

carriers require less energy so that they can be thermally
activated by hopping process as a transport mechanism [7,
16]. Figure 4 shows the p,s and B constant as a function of
“x”. As shown in Fig. 4 and Table 1, the values of pjs,
Bss_150 and B7op_1000 Of 0.6Y,03-0.4Y;_,Ca,Cry sMn 503
NTC thermistors are in the range of 2.73 x 10*-
3.86 x 10° Q cm, 2952-3553 K, 5790-8391 K, respec-
tively. For the Ca doping case, the Bs_;59 almost does not
change, whereas the Bpo_1000 decreases with increasing Ca
content. These results indicate that the electrical properties
of the NTC thermistors, especially high tempera-
ture properties, can be adjusted by changing Ca contents,
and these compounds could be used as potential candidates
for NTC thermistors in a wide temperature range from 25
to 1000 °C. Further works will be concentrated on high
temperature aging property to qualify as a high temperature
thermistor device.

4 Conclusion

The structure, microstructure and NTC electrical properties
of 0.6Y,05-0.4Y,_,Ca,CrgsMnys0; materials were
investigated. The major phases presented in composites
were Y,03; phase and orthorhombic perovskite phase iso-
morphic to YCrOs;. The cell volume of perovskite phase
decreased with increasing Ca content. All the composite
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ceramics showed well-sintered and well grown grains with
almost the same morphological appearance. The resistance
of NTC thermistors decreased with the increase of Ca
content as a result of the enhancement of Cr*" and Mn*"
concentration. The obtained p»5, Bas_150 and Brgo_1000
values of the NTC thermistors were in the range of 2.73 x
10*-3.86 x 10° Q cm, 2952-3553 K,  5790-8391 K,
respectively. These compounds, having good NTC char-
acteristics in a wide temperature range, could be used as
potential candidates for NTC thermistors applications.
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