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a  b  s  t  r  a  c  t

Ceramic  compositions  based  on  (aY2O3 +  bCeO2)–0.4YCr0.5Mn0.5O3 (a +  b  =  0.6)  were  prepared  by  con-
ventional  solid  state  reaction  at  1200 ◦C,  and  sintered  under  air atmosphere  at  1600 ◦C.  For  0  ≤ a < 0.6,
XRD  patterns  have  shown  that  the  major  phases  presented  in  the  calcined  powders  are  Y2O3,  CeO2 and
orthorhombic  perovskite  YCr0.5Mn0.5O3 phase,  respectively.  SEM  and  EDAX  observations  confirm  the
vailable online 21 September 2011

eywords:
mpedance analysis
TC thermistors
rain boundary

YCr0.5Mn0.5O3 phases  mostly  exist  at the  grain,  whereas  the  Y2O3 and  CeO2 phases  mainly  exist  at  the
grain  boundaries.  Complex  impedance  analysis  shows  that,  for 0 <  a ≤  0.6,  single  semicircular  arc  whose
shape  does  not  show  any  change  with  temperature.  Nevertheless,  for a = 0,  two  overlapping  semicircular
arcs  are  observed  at and  above  300 ◦C.  The  grain  boundary  properties  exhibit  thermistor  parameters  with
a negative  temperature  coefficient  characteristic.  The  relaxation  behavior  and  conduction  for  the  grain
boundary  could  be due  to a  space-charge  relaxation  mechanism  and  oxygen  vacancies,  respectively.
. Introduction

There is an increasing need for sensors for high temperature
pplications, such as exhaust gas and catalytic converter tempera-
ure sensing [1,2]. Such components may  be negative temperature
oefficient (NTC) ceramic resistors. NTC thermistors are thermally
ensitive resistors whose resistance decreases with increasing tem-
erature. They are widely used in various industrial and domestic
pplications, e.g., elements for the suppression of in-rush current,
or temperature measurements and controls, and for compensation
or other circuit elements [3].

Classical NTC thermistor ceramics composed of spinel structure
MMn2O4, where M = Ni, Co, Fe, Cu, Zn) show aging of the electrical
roperties and their application is commonly limited to tempera-
ures below 300 ◦C. Rare earth (Sm, Tb, Y, etc.) perovskite oxides
ABO3) can be used for measures at high temperature. The con-
uction of such oxides is dependent on the atmosphere (pO2) and
ensification [4].  Ismailzade et al. [5] have reported the relationship

etween structure and electrical property for Y(Cr1−xMnx)O3. This
omposite system has the Y(Cr1−xMnx)O3 phase as a semiconduct-
ng low resistive phase, and Y2O3 is an insulator phase. Houivet et al.
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[6] have studied the composition aY2O3 − bYCr0.5Mn0.5O3 (a + b = 1)
and have shown that, the microstructure is two-phased, compound
of a Y2O3 phase and an orthorhombic perovskite YCr0.5Mn0.5O3
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 K� at room temperature to some � at 1000 ◦C. In poly-
crystalline materials the resistive and dielectric properties usually
consist of several components, such as electrode–sample inter-
face, grain boundary and intrinsic bulk contributions, which can
be separated and quantitatively determined in terms of their
resistivity and capacity by alternating current (AC) impedance
spectroscopy (IS) measurements [7].  The complex impedance anal-
ysis is extremely useful, particularly in differentiating the transport
characteristics in grain boundaries [8].  Fujiwara et al. [2] have
investigated the high temperature pO2 stability of the compos-
ite NTC Y2O3–Y(Cr1-xMnx)O3. Through an impedance analysis it is
determined that the increase in resistance is associated primarily
with a grain boundary resistance increase.

In the present work, in order to understand the contri-
bution of grain and grain boundaries observed in structural
characterisation, the effects of temperature and frequency on
(Y2O3 + CeO2)–YCr0.5Mn0.5O3 are investigated.
2. Experimental procedures

Ceramic compositions based on (aY2O3 + bCeO2)–0.4YCr0.5Mn0.5O3 were pre-
pared via a conventional solid-state reaction method, with a = 0, 0.3, 0.4, 0.45, 0.5,

dx.doi.org/10.1016/j.jallcom.2011.09.048
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:changam@ms.xjb.ac.cn
dx.doi.org/10.1016/j.jallcom.2011.09.048


B. Zhang et al. / Journal of Alloys and C

F
1

0
C
p
h
1
t
s
C
p

u
p
m
s
w
l
a
o
w
(
s
i
t
m
T
l
1
d

3

3

(
a
t
p
a
i

3
s

a
f
o

ig. 1. XRD patterns of compositions (aY2O3 + bCeO2)–0.4 YCr0.5Mn0.5O3 calcined at
200 ◦C.

.55, 0.6 (a + b = 0.6). Powders of Y2O3 (analytical grade), MnO2 (purity > 99.3%),
r2O3 (purity > 99.00%), CeO2 (analytical grade) were weighed in appropriate pro-
ortions. The weighed powders were milled in an agate mortar for 8 h to have a
omogenized powder mixture. The mixture was  calcined in an alumina crucible at
200 ◦C for 2 h. The calcined powders were remilled in mortar for 6 h and passed
hrough a 250-mesh sieve. Subsequently, the powders were pressed into a disk
hape of 15 mm in diameter and 3 mm in thickness with a uniaxial press at 20 MPa.
old isostatic pressing at 350 MPa  was used to enhance the green densities. The
ressed green disks were sintered at 1600 ◦C for 5 h in ambient air atmosphere.

X-ray diffractometer (XRD; BRUKERD8-ADVANCE) using CuK� radiation was
sed to identify crystalline phases in calcined powders. The microstructure and
hases compositions of sintered samples were observed by the scanning electron
icroscope (SEM; LEO1430VP, Germany) in combination with energy dispersive

pectroscopy (EDS). To obtain the electrical properties, disk-shaped thermistors
ere designed using the in situ lead-wire attachment method (ISAM) [9,10].  A cellu-

oid  board with a height of 1.0 mm was drilled with a row of holes with diameters of
bout 3.0 mm,  and the distance between the two holes is 1 mm.  Then it was  grooved
n  both sides of the centers of holes, and the distance between the two  grooves
ith depths of 0.5 mm and widths of 0.1 mm is 1 mm.  Two platinum lead wires

0.1 mm diameter) were placed into the two  grooves. The calcined powders with
tarch organic binder were placed in the holes and cold-pressed to form green bod-
es.  The celluloid board with the green bodies was  heated in air to 400 ◦C and at that
emperature for 2 h for adequate binder burnout. After the binder burnout heat treat-

ent, the green bodies were sintered at 1600 ◦C for 5 h in ambient air atmosphere.
he  sintered samples were cut and were measured using a impedance ana-
yzer (HP41494A) controlled by a personal computer over frequencies range from
00  Hz to 40 MHz, in a temperature range of 200–500 ◦C to obtain the impedance
ata.

. Results and discussion

.1. XRD and structure

Fig. 1 shows the XRD patterns of compositions
aY2O3 + bCeO2)–0.4YCr0.5Mn0.5O3 calcined at 1200 ◦C. The
nalysis of these diffractograms has revealed that, for 0 ≤ a < 0.6,
hree phased ceramics. These three phases are present in different
roportions in function of “a” value. They have been identified
s Y2O3 phase, CeO2 phase and orthorhombic perovskite phase
somorphic to YCrO3 [5],  respectively.

.2. Structure and microstructure characterizations of sintered
amples at 1600 ◦C
SEM and EDAX were employed to investigate the microstructure
nd compositional distributions of samples. The SEM micrographs
rom the surfaces of sintered samples are shown in Fig. 2. All the
xide ceramics show well grown grains in the 1–3 �m size range
ompounds 512 (2012) 132– 139 133

with almost the same morphological appearance. For a ranging
from 0 to 0.55, the density of the samples becomes greater with
an increase in Y2O3 content. A dense microstructure is necessary to
consistently reproduce the electrical characteristics of the ceramics
[11]. Whereas for a = 0.6, the microstructure of sintered samples is
very porous and lowly dense. These results indicate that the CeO2
addition increases the density. This is consistent with the previous
research [12]. For a = 0, SEM images show a larger grain size and
higher porosity than other samples. The results may be explained
as follows: (1) due to a high concentration of CeO2 phase in this
composition (a = 0), CeO2 acts as a sintering additive and the CeO2
addition increases the activity of the samples by means of distortion
of the lattice, resulting in an increase in the grain boundary mobil-
ity and energy, which is beneficial to grain growth in the samples;
(2) the Y2O3 phase acting as a sintering aid can enable the produc-
tion of dense ceramics [2],  a low concentration of Y2O3 phase may
lead to a decrease in density. From the above discussion, one may
conclude that dense ceramics can be obtained by adjusting relative
content of Y2O3 and CeO2.

Microstructural observations confirm the obtaining of
three-phased ceramics. The SEM image of the sample
(0.55Y2O3 + 0.05CeO2)–0.4YCr0.5Mn0.5O3 is shown in Fig. 3(a).
The compositional distributions in the grains and grain bound-
aries were measured using EDAX and the results are shown in
Fig. 3(b) and (c). The YCr0.5Mn0.5O3 phases mostly exist at the
grain, whereas the Y2O3 and CeO2 phases mainly exist at the grain
boundaries.

3.3. Impedance spectrum analysis

Impedance spectrum (IS) is becoming an important analytical
tool in materials research and development because it involves
a relatively simple electrical measurement that can readily be
automated and whose results may  often be correlated with many
complex materials variables: from mass transport, rates of chem-
ical reactions, corrosion, and dielectric properties, to defects,
microstructure, and compositional influences on the conductance
of solids [13]. The simplified equivalent circuit configuration [14]
and its impedance plane plot for polycrystalline electronic ceramic
is shown in Fig. 4. The real (Z ′) and imaginary (Z ′′) parts of the
impedance related to the equivalent circuit can be expressed as
[8]:

Z ′ = Rg +
(

Rgb

1 + R2
gbC2

gbω

)
, Z ′′ =

R2
gbCgbω

1 + R2
gbC2

gbω2
.

The grain resistance (Rg) and the sum of grain and grain bound-
aries resistance (Rg + Rgb) can be obtained from the minima of Z ′′

against Z′. The intersect with real axis of the semicircle at low fre-
quencies is ascribed to the total resistance, Rg + Rgb. On the other
hand, the resistance of grain (Rg) can be deduced from the left
intersect of the semicircle with real axis. Fig. 5 shows the complex
impedance spectrum of composite ceramics measured at vari-
ous temperatures. It is observed that the area of the semicircle
decreases with rise in temperature. Additionally, left intercept (Rg)
shows a little change, at the same time the right intercept (Rg + Rgb)
rapidly decreases with increasing temperature. These results mean
that grain boundaries resistance (Rgb) sharply decreases with
increasing temperature. The decrease in grain boundaries resis-
tance may  be caused by the increase of the thermal movement
of the defects, especially the oxygen vacancies [15]. Fig. 6 shows
the complex impedance spectrum of 0.6Y2O3–0.4YCr0.5Mn0.5O3

for some representative temperatures. For a = 0.6, the impedance
spectrum (Fig. 6) has a semicircle shape, which is in good
agreement with the previous research [2].  For 0 < a ≤ 0.6, the
impedance spectrum is characterised by the appearance of single
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Fig. 2. SEM micrographs of sinter

emicircular arc whose radii decreases with increasing tempera-
ure. At each temperature the spectrum appears as a semi-circle
iagram, the shape of which does not show any change with tem-
erature. Nevertheless, for a = 0, two overlapping semicircular arcs
ere observed at and above 300 ◦C. The appearance of single semi-

ircle in the impedance pattern at all temperatures suggests that
he electrical process occurring in the material has a single relax-
tion process possibly due to the contribution for bulk material only
16]. The assignment of the two semicircular arcs to the electrical
esponse due to grain interior and grain boundary is consistent
ith the “brick-layer model” for a polycrystalline material [17].

he complex impedance spectrum with different Y2O3 contents
s presented in Fig. 7. At 500 ◦C, left intercept (Rg) shows little
hange, but the right intercept (Rg + Rgb) changes greatly with Y2O3
ontent. These results indicate that the magnitude of grain bound-
ries resistance depends on the relative content of Y2O3 and CeO2.

rom the above discussion, the conclusion can be reached that the
2O3 and CeO2 phases mainly exist at the grain boundaries. These
esults have been confirmed by SEM and EDX analyses of sintered
amples.
ples for different compositions.

Fig. 8 shows the variation of real part of the impedance (Z ′)
with frequency at different temperatures. The value of Z ′ is typ-
ically higher at lower temperatures in the low-frequency region
and decreases gradually with increasing frequency. For a ranging
from 0 to 0.6, the decrease in the magnitude of Z ′ with increasing
temperature indicates an increase of ac conductivity. The Z ′ values
merge in the high-frequency region irrespective of temperature.
This result may  be due to the release of space charges with rise
in temperature at high frequencies. Fig. 9 shows the variation of
imaginary part of the impedance (Z ′′) with frequency for some rep-
resentative temperatures. It can be seen that Z ′′ reaches a maxima
value at a particular frequency (relaxation frequency), which is dif-
ferent at different temperatures. This indicates the single relaxation
process in the system [18]. The value of Z ′′

max decreases and shifts
to higher frequencies with rise in temperature. These results are
possibly due to the presence of space charge in the material, which

is in good agreement with the observation of complex impedance
data [16,19].

Fig. 10 shows the complex impedance spectrum and a fit-
ted curve for (0.5Y2O3 + 0.1CeO2)–0.4YCr0.5Mn0.5O3 at different
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Fig. 3. SEM micrograph of the sample (a) (0.55Y2O3 + 0.05CeO2)–0.4YCr0.5Mn0.5O3

sintered at 1600 ◦C and EDS spectra; (b) grains (1) and (c) grain boundaries (2).

Table 1
Electrical parameters of equivalent circuit deduced from complex impedance spectrum of

a T (◦C) f (KHz) Rg (�) 

0.00 200 57.594 381 

300 400.099 46 

400 2300.094 18 

500 2800.093 16 

0.30 200  200.100 71 

300 1200.097 40 

400 4500.089 50 

500 9600.076 43 

0.40 200  100.100 286 

300 400.099 101 

400 1100.097 36 

500 4500.089 51 

0.45 200  200.100 89 

300 800.098 29 

400 4000.090 45 

500 6500.084 78 

0.50 200  300.099 126 

300 1500.096 36 

400 5800.086 54 

500 11,000.100 47 

0.55 200  100.100 143 

300 600.099 72
400 2300.094 44 

500 5300.087 59 

0.60 200  117.588 203 

400 900.098 39 

500 2200.095 50 
Fig. 4. Simplified equivalent circuit and impedance plane plot for polycrystalline
electronic ceramic.

temperatures. The plots show a good agreement between theoret-
ical and experimental data. The value of grain resistance (Rg) and
grain boundary resistance (Rgb) can been obtained from the inter-
cept of the semicircular arc on real axis (Z ′). The value of relaxation
frequency fr for each temperature can be deduced from the position
of the peaks in the Z ′′

max versus frequency plots (Fig. 9). And we  then
calculated grain boundary capacitance (Cgb) and relaxation time
(�) according to the relation 2�frRgbCgb = 1 and � = 1/ω  = 1/2�fr,
respectively. Deduced values of Rg, Rgb, Cgb and � for different tem-
peratures are given in Table 1. The magnitude of values of the
relaxation time (�) shows that one displays a long time. This sug-
gests that the conduction process is of the hopping type [20]. The
plot of ln(Rgb) versus 1000/T  is presented in Fig. 11,  which is well fit-
ted by a straight line. As shown in Table 1 and Fig. 11,  grain boundary
resistance decreases with rise in temperature, which may  be related

to the negative temperature coefficient of resistance (NTCR), indi-
cating a typical semiconducting behavior of the materials. It seems
to be due to the fact that the grain boundary effect has assisted
in lowering the barrier to the motion of charge carriers paving

 composite ceramics (aY2O3 + bCeO2)–0.4YCr0.5Mn0.5O3 for different temperatures.

Rgb (�) Cgb (nF) � (s)

156,660 0.0176 2.76E−06
21,894 0.0182 3.98E−07
5362 0.0129 6.92E−08
1715 0.0331 5.68E−08
55,650 0.0143 7.95E−07
9791 0.0135 1.33E−07
2555 0.0138 3.54E−08
813 0.0204 1.66E−08
139,760 0.0114 1.59E−06
36,048 0.0110 3.98E−07
8911 0.0162 1.45E−07
2853 0.0124 3.54E−08
56,084 0.0142 7.95E−07
10,267 0.0194 1.99E−07
2810 0.0142 3.98E−08
975 0.0251 2.45E−08
48,474 0.0109 5.30E−07
8419 0.0126 1.06E−07
2219 0.0124 2.74E−08
711 0.0203 1.45E−08
75,398 0.0211 1.59E−06
17,236 0.0154 2.65E−07
5372 0.0129 6.92E−08
2116 0.0142 3.00E−08
78,949 0.0171 1.35E−06
11,917 0.0148 1.77E−07
5003 0.0145 7.23E−08



136 B. Zhang et al. / Journal of Alloys and Compounds 512 (2012) 132– 139

 bCeO

t
t
l
f
B
[
a
d
[
o
t

Fig. 5. The complex impedance spectrum of composite ceramics (aY2O3 +

he way for increased electrical transport with rise in tempera-
ure [8].  The resistance of the grain boundary follows an Arrhenius
aw: Rgb = R0 exp(Ea/kT), where R0 represents a pre-exponential
actor and Ea, k and T are the activation energy for conduction,
oltzmann’s constant and the absolute temperature, respectively
21]. The natural logarithm of grain boundary relaxation time �gb, as

 function of reciprocal temperature 1000/T,  is shown in Fig. 12.  The

erived data are well described by the Arrhenius type expression
22]: �gb = �0 exp(Ea� /kT), where �0 is the pre-exponential factor
r characteristic relaxation time constant and Ea� is the activa-
ion energy for the conduction relaxation. The values of Ea and Ea�
2)–0.4YCr0.5Mn0.5O3 at various temperatures ranging from 200 to 400 ◦C.

obtained from the slope of curves are given in Figs. 11 and 12,
respectively. It is worth noticing that the inferred energy Ea� is
not equal to the activation energy Ea for the same composition.
The activation energy (Ea�) for grain boundary relaxation is around
0.3008–0.4328 eV, and the activation energy (Ea) of grain boundary
conduction is in the range of 0.2825–0.4725 eV. This phenomenon
was  also observed in PbTiO3 doped with La [23]. The results may

be attributed to a space-charge polarization in which the free carri-
ers are stored at the two dielectric electrode interfaces [24]. As we
all know, lattice-related relaxation depends on the defect lattice
vibration frequency, the relaxation process observed for the grain
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Fig. 6. The complex impedance spectrum of 0.6Y2O3–0.4YCr0.5Mn0.5O3 at different
temperatures ranging from 200 to 500 ◦C. Fig. 7. The complex impedance spectrum with different Y2O3 contents measured

at  500 ◦C.

Fig. 8. Variation of real part of the impedance (Z ′) with frequency at different temperatures.



138 B. Zhang et al. / Journal of Alloys and Compounds 512 (2012) 132– 139

Fig. 9. Variation of imaginary part of the impedance (Z ′′) with frequency for some representative temperatures.

Fig. 10. Complex impedance spectrum and a fitted curve for
(0.5Y2O3 + 0.1CeO2)–0.4YCr0.5Mn0.5O3 at different temperatures. Fig. 11. Variation of ln(Rgb) versus (1000/T) of samples with different Y2O3 contents.
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oundary region derives from a lattice defect structure. It seems
hat the relaxation behavior observed for the grain boundary could
e ascribed to a space-charge mechanism being an intrinsic feature
f grain boundary [21]. The grain boundary conduction may  be due
o oxygen vacancies, which may  lead to the generation of hopping
lectrons [25].

. Conclusion

Different compositions of (aY2O3 + bCeO2)–0.4YCr0.5Mn0.5O3
a + b = 0.6) were prepared by conventional solid state reaction
t 1200 ◦C, and sintered under air atmosphere at 1600 ◦C. For

 ≤ a < 0.6, the major phases presented in the calcined pow-
ers are Y2O3, CeO2 and orthorhombic perovskite YCr0.5Mn0.5O3
hase, respectively. Microstructural observations confirm the
Cr0.5Mn0.5O3 phases mostly exist at the grain, whereas the Y2O3
nd CeO2 phases mainly exist at the grain boundaries. The dense
eramics can be obtained by adjusting relative content of Y2O3

nd CeO2. Complex impedance analysis shows that, for 0 < a ≤ 0.6,
ingle semicircular arc whose shape does not show any change
ith temperature. Nevertheless, for a = 0, two overlapping semi-

ircular arcs are observed at and above 300 ◦C. The grain boundary

[

[
[

ompounds 512 (2012) 132– 139 139

properties exhibit thermistor parameters with a negative tempera-
ture coefficient characteristic. The activation energy (Ea�) for grain
boundary relaxation is around 0.3008–0.4328 eV, and the activa-
tion energy (Ea) of grain boundary conduction is in the range of
0.2825–0.4725 eV. The relaxation behavior and conduction for the
grain boundary could be due to a space-charge relaxation mecha-
nism and oxygen vacancies, respectively.
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