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bstract

Cr1−xMnxO3 (0 ≤ x ≤ 0.8) negative temperature coefficient (NTC) compositions were synthesized by classical solid state reaction at 1200 ◦C, and
intered under nitrogen atmosphere at 1500 ◦C and 1600 ◦C. XRD patterns analysis has revealed that for x ≤ 0.6, the structure consists of a solid
olution of an orthorhombic perovskite YCrO3 phase with Mn substitute for Cr. For x ≥ 0.8, a second phase with a structure similar to the hexagonal
MnO3 phase appears. SEM images and calculated open porosity have shown that the substitution of Mn for Cr results in a decrease in porosity.
hatever the sintering temperature, the electrical characterizations (between 25 and 900 ◦C) have shown that the increase in the manganese content
nvolves the decrease in both resistivity and material constant B (parameter which characterizes the thermal sensitivity of material) when x ≤ 0.6.
he magnitude order of the resistivity at 25 ◦C is of 104–108 � cm and activation energies vary from 0.28 to 0.99 eV at low and high temperatures,

espectively.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Negative temperature coefficient (NTC) thermistors are the
lectronic components whose resistance exhibits a signifi-
ant decrease as temperature increases. Major applications are
elecommunications, circuit temperature compensation, temper-
ture measurement, etc.1 In the literature NTC materials are
ivided into two groups: low NTC materials, generally work
t temperature below 300 ◦C, consist of transition metal (Cu,
o, Ni, etc.) spinel manganites,2,3 whereas high NTC mate-

ials consist of rare earth (Sm, Tb, Y, . . .) perovskite oxides
ABO3) which can work from ambient to 1000 ◦C.4 For NTC
pplications, the high densification is generally required in order
o minimize the ageing phenomenon. YCrO3 perovskite has
een considered as a candidate for high temperature thermis-

ors. However, this material is difficult to densify. Tachiwaki
t al.5 have synthesized YCr1−xMgxO3 by sol–gel technique
sing hydrazine and have shown that a 94% relative density

∗ Corresponding author. Tel.: +33 233014233; fax: +33 2 33 01 41 35.
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s reached at 1800 ◦C sintering temperature from nano particle
ize. Even though this chemical method increases the reactivity
f the powder (due to its small particles size), it can point out
hat the raw materials are expensive. In order to study the fea-
ibility of NTC from this type of materials using conventional
olid state reaction, Houivet et al.6,7 have studied the composi-
ion aY2O3–bYCr0.5Mn0.5O3 (a + b < 1) and have shown that,
t 1600 ◦C under oxygen atmosphere, densification is improved
y increasing the amount of Y2O3. Weber et al.8 have studied
he effects of manganese substitution on electrical properties
f Y0.9Ca0.1Cr1−xMnxO3 (x = 0, 0.1, 0.2, 0.3), but the sintering
emperature and the densification have not been mentioned. The
ame authors have studied the composition of Y1−xCaxCrO3

9

ynthesized by glycine–nitrate process and shown that calcium
mproves relative density. It can underline that the substitu-
ion of Y3+ for Ca2+ influences the diffusion phenomenon and
lectrical conductivity. In fact, the replacement of a trivalent
on by a divalent ion is electrically compensated by the for-
ation of tetravalent chromium at high oxygen pressure.8,10

hus, the resistivity significantly drops after replacement and
heir application is only limited at low temperature. In general,
TC materials are sintered under air whereas the change of

dx.doi.org/10.1016/j.jeurceramsoc.2010.12.025
mailto:david.houivet@unicaen.fr
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Table 1
Cell parameters, cell volumes, and orthorhombicity parameters of different cal-
cined powders.

x a (Å) b (Å) c (Å) V (Å3) b/a

0 5.520 7.539 5.259 218.84 1.366
0.2 5.561 7.505 5.254 219.29 1.350
0.4 5.608 7.495 5.264 221.25 1.336
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tmosphere can improve densification. The present paper deals
ith the effect of the manganese substitution on densification

nd NTC properties of YCr1−xMnxO3 sintered under nitrogen
tmosphere. It is important to note that the substitution concerns
oth Mn and Cr which can take the same valency.

. Experiments

The compositions were prepared by weighing in appropriate
roportions of reagent grade oxides: Y2O3 (Jonhson Matthey,
9.99%), Cr2O3 (Riedel-dehäen, 99%), Mn2O3 (Aldrich, 99%).
he weighed raw materials were mixed and ground for 2 h using
.8–1 mm yttria stabilised zircon balls in a laboratory attrition
ill. The slurry solid load is 40 wt% and the dispersion liquid

s an aqueous ammoniac solution at pH = 11, in order to obtain
good repulsion between particles and a low slurry viscosity.
he powders were dried and then calcined at 1200 ◦C in a Pyrox

urnace under air. Calcined powders were mortar disagglom-
rated. Cylindrical pellets (5 mm diameter, 2.5–3.5 mm height)
ere obtained by uniaxial pressing at 2 T/cm2 for sintering. Pel-

ets were sintered at two different temperatures of 1500 ◦C and
600 ◦C under nitrogen flow for 5 h.

Specific surface area of powders was measured by BET
ethod using a Tristar II Micromeritics after drying at 300 ◦C

nder vacuum. Thermodilatometric measurements were per-
ormed up to 1600 ◦C with Setaram TMA 92 under nitrogen. The
ensity of sintered pellets was measured by a helium pycnometer
ccupyc 1330. Calcined powders at 1200 ◦C and sintered sam-
les were characterized by X-ray diffraction (Siemens D5005,
u K� radiation). The microstructure of sintered samples was
bserved by the Scanning Electron Microscope (SEM, Hitachi
3460) in combination with energy dispersive spectroscopy
EDS, ThermoNoran). For electrical characterization, the two
pposite faces of pellets were coated by platinum paste and
nnealed at 1200 ◦C. Electrical bulk resistances were measured
rom ambient to 900 ◦C, using Enertec 7150 digital multimeters.
he electrodes and wires are made in platinum in order to avoid

enerating a thermocouple. The first step consists in measur-
ng only the resistance of wire and electrode versus temperature
ithout sample. The second step consists in measuring the total

esistance (wire + electrode + sample) versus temperature. The
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Fig. 1. XRD patterns of different calcined.
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.6 5.680 7.455 5.261 222.79 1.313

.8 5.688 7.453 5.206 220.70 1.310

hird step consists in subtracting to the total resistance, the resis-
ance of wires and electrodes. The energetic material constant B,
roportional to the sensitivity of thermistor, is obtained using the
rrhenius-type equation ρ = ρoexp (B/T) where ρ, is the resis-

ivity of the sample at a given temperature, ρo the resistivity
f the sample at room temperature (25 ◦C) and T the absolute
emperature. From B constant, activation can be expressed by
he relation B = Ea/k, where Ea is the activation energy and k the
oltzmann constant.

. Results and discussions

.1. Calcined powders characterizations and sintering
ehaviour

The BET specific area values of different compositions after
alcination range from 1 to 1.6 m2/g. Fig. 1 shows the X-
ay diffraction patterns of YCr1−xMnxO3 (0 ≤ x ≤ 0.8) calcined
owders at 1200 ◦C. The analysis of these diffractograms has
evealed that, for x under 0.8, the presence of a single phase
somorphic to the orthorhombic perovskite YCrO3 ((JCPDF 00-
34-0365), space group Pnma (62)) with a shift of the position
f certain peaks function of the composition. The substitution
f manganese for chromium in YCrO3 affects the lattice param-
ters as can be seen in Table 1. The incorporation of Mn leads
o an increase in “a” and a decrease in “b” lattice parameters.
part from x = 0.8, “c” parameter remains almost unchanged.
his variation can be related to the ionic radii of Mn3+ and Cr3+

for octahedral coordination, RMn
3+ = 0. 65 Å, RCr

3+ = 0.62 Å).
herefore, the Mn substitution for Cr implies a small change of

he octahedral distortion and induces an increase in cell volume
hich is in agreement with the difference of ionic radii (Table 1

nd Fig. 2). A similar behaviour has been observed in differ-
nt compositions such as La(Cr1−yMny)O3,11 YFe1−xCrxO3,12

(Cr 1−xMgx)O3,13 Y(Co,Mn)O3.14 In Fig. 2, it can be see that,
or x ≤ 0.6, this increase in the cell volume with x (Mn substi-
ution) seems to follow a linear law. Kostikova and Kostikov15

hink that this law can be used as a valuable tool for validating
he presence of a limited solid solution. Thus, it may be sus-
ected that an orthorhombic perovskite YCrxMn1−xO3 would
e a limited solid solution for x ≤ 0.6.

For x equals to 0.8, the indexation of the structures clearly

ndicates two phases. The main phase is closed to the hexagonal
tructure YMnO3 (JCPDF 01-070-4962, space group P63cm)
ssociated with a second phase “YCrO3” type. The appearance
f “YMnO3” for x = 0.8 would indicate that there is a limit of
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ig. 2. Cell volume versus manganese content of the orthorhombic perovskite
hase for calcined powders.

olubility of Mn in the orthorhombic structure “YCrO3”. This
imit is between x = 0.6 and x = 0.8 of manganese content. For
hese compositions, Ismailzade et al.16 have reported the value
f 0.55 of manganese content as a limit of solubility when the
aterials are synthesized at 1400 ◦C in air. The difference could

e linked to the synthesis temperature and the nature of the
ixing process. At first sight, the decrease in the orthorhombic

YCrO3” cell volume for x = 0.8 can be surprising. In fact, it can
e related to the limit of solubility. Only a fraction of the x = 0.8
anganese content contributes to the orthorhombic structure.
rom Fig. 2, for the x = 0.8, the projection of the cell volume
n the straight line tends to show that the manganese content
n the perovskite phase is between 0.3 and 0.4. The remainder
anganese belongs to the hexagonal phase. So for x = 0.8 the

wo phases are an orthorhombic perovskite YCr1−yMnyO3 phase
ith 0.3 < y < 0.4 and a hexagonal YMn1−zCrzO3 phase.
Fig. 3 shows the thermodilatometric measurements up to

600 ◦C under nitrogen atmosphere for different compositions.
his experiment was performed in order to optimise the sintering

emperature. As can be seen on the graph, the starting shrinkage
emperature slightly decreases with increasing the Mn substi-
ution for Cr. For x = 0, it is clear that there is no shrinkage at
600 ◦C. This means that the first step of densification does not

ake place. This is the reason why, this composition (x = 0) was
ot sinter in the present work. For x higher than 0.2, the curves
end to show that the sintering is roughly completed. Although
nal shrinkage can also be related to the relative density degree,

Fig. 3. Dilatometric curves versus x – manganese fraction.
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n this case, the comparison has no sense because the green
ensities are not necessarily the same. It is due to the different
ompositions. Thus, in order to study the effect of manganese
ubstitution in the same temperature conditions, two sintering
emperatures were fixed at 1500 ◦C and 1600 ◦C. We are aware
hat densities can be different for compositions sintered at a same
emperature, but it is difficult to work at constant density with a
ppropriate temperature to each composition.

.2. Structure and microstructure characterizations of
intered samples at 1500 and 1600 ◦C

After sintering at 1500 ◦C and 1600 ◦C, XRD patterns of
intered pellets are very similar to calcined powders, so XRD
atterns are not shown here. The only difference is for the com-
osition x = 0.8 sintered at 1600 ◦C, a single hexagonal phase
tructure-type YMnO3 is observed. For x = 0.8, the disappear-
nce of the orthorhombic perovskite structure tends to confirm
hat the limit of solubility of Cr in the hexagonal structure
MnO3 increase with temperature.
The SEM micrographs of polished and sintered samples are

eported in Fig. 4. For x ranging from 0.2 to 0.6, the microstruc-
ure of sintered samples at 1500 ◦C is very porous whereas
or x = 0.8 it is well densified. This is in accordance with the
esults of open porosity (for instance, porosity ≥33% for x ≤ 0.4)
btained via pycnometer measurements and plotted in Fig. 5.
owever, the porosity significantly decreases when samples are

intered at 1600 ◦C. For the same composition, Fig. 5 has clearly
hown an improvement of densification as sintering temperature
ncreases. This is due to the fact that the diffusion mechanism
s promoted by temperature. Porosity and SEM images indi-
ate that the higher the substitution x is, the lower the porosity
s. In taking into account the cell volume and orthorhombicity
arameters obtained from XRD patterns, it can be said that the
istortion of octahedral coordination of Cr/Mn in YCr1−xMnxO3
ncreases as the manganese content increases. This distortion
ould improve the rate of diffusion and then the densification
henomenon. Open porosity highly depends on the nature of
hase. Whatever the sintering temperature, orthorhombic struc-
ure phases (x = 0.2, 0.4, 0.6), are more porous than the hexagonal
tructure (x = 0.8).

At 1500 ◦C, for x ≤ 0.6, SEM images exhibit homogeneous
icrostructures that could correspond to the single perovskite

tructure observed by the XRD patterns. Nevertheless, for
= 0.8, SEM images show a biphasic microstructure and a grain
rowth. EDS analysis revealed that the grey phase is Y-rich and
n-rich (about 55% Y, 42% Mn, 3% Cr) whereas the black

hase is Mn-rich (16% Y, 81%Mn, 3% Cr).
At 1600 ◦C, each composition has revealed a uniform

icrostructure which can be attributed to a single orthorhombic
erovskite phase for x ≤ 0.6 and hexagonal phase for x = 0.8. It is
oticeable that a rise in manganese fraction engenders an impor-
ant grain growth. For instance, the grain size is about 4–8 �m

or x = 0.4, 15–30 �m for x = 0.6 and can reach up to 50 �m for
= 0.8. One has to emphasize the sintering at 1600 ◦C involves

he disappearance of the Mn-rich phase observed for the sintered
amples at 1500 ◦C. It leads us to think that not only is this phase
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regions at different dwell times at 1500 and 1600 ◦C.
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Fig. 4. SEM micrographs of the sintered samples

hermally unstable, but the limit of solubility of manganese is
lso temperature-dependant.

.3. NTC electrical properties

Electrical properties were investigated from 25 to 900 ◦C.
he resistivity is calculated from the measured resistance. From

hese data, the energetic constant material (B) and the activation
nergy are calculated. As can be seen in Fig. 6a and b, which
epresent the ln of the resistivity ρ versus 1/T, the results clearly

eveal that the resistivity is manganese content-dependent and
he electrical behaviour is NTC (negative temperature coeffi-
ient, i.e. the resistivity decreases when T increases). Whatever
he sintering temperature, the bulk resistivity of YCr1−xMnxO3

0
0 0.2 0.4 0.6 0.8 1

x

Fig. 5. Porosity of YCr1−xMnxO3 sintered at 1500 and 1600 ◦C.
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ig. 6. Ln(resistivity ρ) as a function of 1/T YCr1−xMnxO3: sintered samples
t (a) 1500 ◦C and (b) 1600 ◦C.

ecreases when the manganese content increases from x = 0.2
o 0.6. However, for the composition x = 0.8, there is an unex-
ected trend. This abnormal evolution could be linked to the
ifference nature of phase structure. In fact, from x ≤ 0.6, the
tructure is perovskite-type whereas it is hexagonal-type for
= 0.8. The curve of the sintered sample (x = 0.8) at 1500 ◦C

s very irregular (Fig. 6a). Irregular NTC characteristics for this
omposition could be attributed to the Mn-rich second phase as

e have seen on SEM images for this sample. This assumption

s supported by the fact that, for the same composition sintered
t 1600 ◦C but with only a single hexagonal phase, the electri-
al resistivity behaviour versus reciprocal temperature is totally

i
v
6
l

able 2
lectrical properties of NTC sintered samples as function of manganese content at 15

ρ25 ◦C (� cm) B25–100 ◦C (K) B700–8

.2 1.7 × 108 5062 952

.4 3.1 × 105 3984 848

.6 2.3 × 105 3896 782

.8 1.1 × 108 5356 11,52

able 3
lectrical properties of NTC sintered samples as function of manganese content at 16

ρ25 ◦C (� cm) B25–100 ◦C (K) B700–8

.2 1.3 × 108 5000 11,32

.4 3.5 × 105 3774 11,00

.6 3.9 × 104 3266 10,71

.8 5.6 × 104 3318 11,10
eramic Society 31 (2011) 1457–1463 1461

ifferent. Apart from x = 0.8 sintered at 1500 ◦C, the resistiv-
ty of the other samples have revealed a change of slope at
bout 600 ◦C (1/T = 1.14 × 10−3 K−1). Above and below this
emperature, resistivity fits an Arrhenius law. Generally, the
traight line observed by plotting ln ρ or ln(σ/T) versus 1/T is
haracteristic of small polaron hopping transport phenomenon
hich is often in chromium based perovskites.17,18 Thus, we

ssume that the mechanism in the samples could be due to the
mall polaron mechanism. This mechanism can be described by
he relation: σ = 1/ρ = (C/T) exp(−Ea/kT),19–22 where σ is the
lectrical conductivity, ρ the electrical resistivity, C the charge
arrier concentration, T the absolute temperature, Ea the acti-
ation energy and k Boltzmann’s constant. As the resistivity
ecreases as manganese content increases, it may be assumed
hat manganese could promote the rise in charge carriers, C,
nd then the hopping mechanism. Verwey et al.23 have shown
hat, in the case of manganite oxides in which the octahe-
ral sites contain two ions of the same element, with different
xidation numbers, the electrical conduction taking place by
olarons jumps between neighbouring ions. Knowing that, the
-site of YCr1−xMnxO3 perovskite phase contains both man-
anese and chromium elements, which have different valency
tates, one can assume the possibility of electron jumps between
ifferent oxidation states of chromium ions on the one hand
nd different oxidation states of manganese on the other hand.
he study of grade of reduction of cations will be later per-

ormed in another paper. For the orthorhombic phase structure
x = 0.2, 0.4, 0.6), the increase in C with manganese content
ncreasing engenders the rise in electrical conductivity, that is
o say the decrease of electrical resistivity as plotted in Fig. 6a
nd b. For the hexagonal phase (x = 0.8 sintered at 1600 ◦C),
he resistivity is inferior to the one observed for orthorhombic
hase (x = 0.6). This could be due to the fact that, in hexagonal
hase, manganese does not have octahedral oxygen surround-
ngs like orthorhombic phase. In this case, the hopping distance

s also different. As mentioned above, the slope of the ln(ρ)
ersus (1/T), which represents the B constant, changes around
00 ◦C. That is the reason why B constants (Tables 2 and 3) at
ow (25–150 ◦C) and high temperatures (700–800 ◦C) are cal-

00 ◦C.

00 ◦C (K) Ea25–100 ◦C (eV) Ea700–800 ◦C (eV)

1 0.43 0.82
1 0.34 0.73
9 0.34 0.67
0 0.46 0.99

00 ◦C.

00 ◦C (K) Ea25–100 ◦C (eV) Ea700–800 ◦C (eV)

4 0.43 0.98
0 0.32 0.95
4 0.28 0.93
7 0.29 0.96
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ulated and plotted in Fig. 7a and b. For the same structure
nd for a given sintering temperature, B decreases with man-
anese content. At low temperature B-values are ranging from
062 K to 3266 K and correspond to 0.43 eV and 0.28 eV as
ctivation energy, respectively, whereas at high temperature, B-
alues are ranging from 7829 K to 11,520 K with 0.67 eV and
.99 eV, respectively. The sharp increase in Ea at high temper-
ture tends to show that there is either a new or an additional
echanism which controls the conduction mechanism at high

emperature.

. Conclusions

For NTC applications, different compositions of
Cr1−xMnxO3 were prepared by conventional solid state

eaction at 1200 ◦C and sintered under nitrogen atmosphere
t 1500 and 1600 ◦C. XRD patterns have revealed that the
hase of calcined powders and sintered pellets depends on
he content of manganese substitution. For x ≤ 0.6, which
orresponds to the limit of solubility, the structure consists
f an YCrO3 orthorhombic perovskite solid solution with Cr
ubstitute for Mn. Beyond x ≥ 0.8, the new phases appears.
EM micrographs and calculated open porosity have shown

hat, in general, the more the manganese content, the lower the

orosity is. The negative temperature coefficient parameters,
he resistivity (ρ) and material constant (B), highly depend
n the manganese content. In the studied compositions, the
agnitude order resistivity at 25 ◦C is ranging from 104 to
eramic Society 31 (2011) 1457–1463

08 � cm and activation energy from 0.28 to 0.99 eV. These
ompositions could be used as potential candidates for NTC
hermistors in a large range of temperature from ambient to
00 ◦C.
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