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bstract

e have prepared polycrystalline Mn1.4Ni1.2Co0.4−xMgxO4 (0 ≤ x ≤ 0.25) samples using a solid-state reaction process and investigated the MgO
oping effect on the microstructure and the electrical properties. It was found that, as the amount of Mg content in the Mn1.4Ni1.2Co0.4−xMgxO4

amples increased, both the grain size and density decreased. The as-sintered Mn1.4Ni1.2Co0.4−xMgxO4 samples contained Mn- and Ni-rich phases
ith cubic spinel structure. The MgO-doped Mn Ni Co Mg O negative temperature coefficient (NTC) thermistors provided various electrical
1.4 1.2 0.4−x x 4

roperties, depending on Mg content. The electrical resistivity, B25/85 constant, and activation energy of the Mn1.4Ni1.2Co0.4−xMgxO4 NTC thermistors
ncreased with increasing Mg content. The values of ρ25, B25/85 constant, and activation energy of the NTC thermistors were 11,185–20,016 � cm,
635–4032 K, and 0.313–0.348 eV, respectively.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Transition metal manganites Mn3−xMxO4 (M = Ni, Cu, Fe,
o, etc.) are technologically important materials used as nega-

ive temperature coefficient (NTC) thermistor materials owing to
heir interesting electrical properties.1 Their electrical resistiv-
ty ρ varies exponentially with temperature T by the well known
rrhenius equation ρ = ρo exp(B/T),1 where ρo is the resistivity
f the material at infinite temperature and B is the B constant
hich is a measure of the sensitivity of the device over a given

emperature. Here, the B constant has the dimensions of the abso-
ute temperature and is given by the equation B = Ea/kB, where
a is the activation energy for electrical conduction and kB is

he Boltzmann constant. The activation energy is primarily the
nergy for the hopping process from a cation Mn+ to M(n+1)+ on

he octahedral sites and, hence, for the mobility of the cations.2–6

∗ Corresponding author. Tel.: +82 2 34083777; fax: +82 2 34083664.
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he B constant can be calculated by Eq. (1):1

= ln ρ1 − ln ρ2

1/T1 − 1/T2
(1)

here ρ1 and ρ2 are the resistivities measured at temperatures
1 and T2, respectively.

The oxides typically exhibit the spinel-type crystal structure
ith the general formula A[B2]O4.6–9 In this structure, a cubic

lose packed array of oxygen ions allows two types of lattice
ites available for the cations with tetrahedral site, the A-site,
nd the octahedral site, the B-site. In general, the lattice site
ccupation can change, i.e., between the extremes of a so-called
ormal spinel, A[B2]O4 and an inverse one, B[AB]O4. NTC
hermistors are widely used in a variety of industrial areas such as
utomotive, cellular phone, telecommunication, and aerospace,
.g., elements for the suppression of in-rush current, for tem-
erature measurements and control, and for compensation for

ther circuit elements.10–12 The selection of a given metal oxide
aterial for the applications of NTC thermistors is mainly deter-
ined by the required resistivity and the B25/85 constant, i.e., the

hermal sensitivity.

mailto:kspark@sejong.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2006.07.002
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In general, the electrical properties depend on the composi-
ion, which influences the distribution of cations in the spinel
tructure.13–17 In the present study, we studied the microstruc-
ure and electrical properties of the Mn1.4Ni1.2Co0.4−xMgxO4
TC thermistors fabricated by the solid-state reaction method,

specially with regard to the partial substitution of Mg for Co in
n1.4Ni1.2Co0.4O4.

. Experimental

High-purity Mn3O4, NiO, Co3O4, and MgO pow-
ers were weighed in appropriate proportions to fabricate
n1.4Ni1.2Co0.4−xMgxO4 (x = 0, 0.05, 0.10, 0.15, 0.20, and

.25). The mixture of weighed powders and distilled water was
illed for 6 h using a planetary mill (FRITSCH pulverisette

) and a ZrO2 ball as grinding media. The resulting slurries
ere dried at 80 ◦C in an oven for 24 h. The dried powders
ere then ground carefully in mortar and passed through a
50-mesh sieve. Thermal analysis of the oxide mixtures was
arried out using a differential thermal/thermogravimetric anal-
sis (DT/TGA) (SCINCO Co. STA S-1500) in the temperature
ange of 0–1200 ◦C at a heating rate of 10 ◦C min−1 in air. The

ranulated powders were calcined in a mullite crucible at 950 ◦C
or 2 h. Distilled water and polyvinyl alcohol (PVA) were then
dded into the calcined powders, and the mixtures were further
illed for 3 h using a planetary mill (FRITSCH pulverisette 6)

ig. 1. Results of the DTA and TGA measurements for a mixture of the oxide
owders of: (a) Mn1.4Ni1.2Co0.4O4 and (b) Mn1.4Ni1.2Co0.15Mg0.25O4 samples.
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ig. 2. SEM images obtained from the surface of: (a) Mn1.4Ni1.2Co0.4O4 and
b) Mn1.4Ni1.2Co0.2Mg0.2O4 samples sintered at 1260 ◦C.

nd ZrO2 as grinding media. The resulting slurries were dried at
0 ◦C in an oven for 24 h. The dried powders were then ground
arefully in mortar and passed through a 250-mesh sieve. Subse-
uently, the mixture of powders was pressed using a hand press at
pressure of 49 MPa to prepare pellets of 1 mm-thick and 8-mm

n diameter. The green compacts were heated at 950–1260 ◦C
or 3 h in air, and then furnace cooled.

The crystalline structure of the as-sintered Mn1.4Ni1.2
o0.4−xMgxO4 samples was analyzed with X-ray diffraction

XRD) (Rigaku DMAX 2500) using Cu K� radiation at 40 kV
nd 25 mA. The microstructure of the samples was investigated
y a scanning electron microscope (SEM) (Hitachi S4200).
n order to identify the distribution of constituent elements in
he as-sintered ceramics, secondary electron images (SEI) and
lemental maps were investigated using an electron probe micro-
nalysis (EPMA). The Ag paste with thicknesses of ∼15 �m was
pread on opposite-side surfaces of the sintered samples using
screen printer. After the paste was dried at room temperature,

◦
he samples were heated at 850 C for 10 min. Ten samples of
ach composition for measuring electrical resistance were pre-
ared. The samples were held with a holder in a bath of silicone
il, and their temperatures were measured with a digital ther-
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Table 1
Lattice parameters of the Mn1.4Ni1.2Co0.4−xMgxO4 samples sintered at 1260 ◦C

Sample Lattice parameter (Å)

Mn1.4Ni1.2Co0.4O4 Mn-rich region 8.339
Ni-rich region 8.269

Mn1.4Ni1.2Co0.35Mg0.05O4 Mn-rich region 8.328
Ni-rich region 8.263

Mn1.4Ni1.2Co0.3Mg0.1O4 Mn-rich region 8.321
Ni-rich region 8.258

Mn1.4Ni1.2Co0.25Mg0.15O4 Mn-rich region 8.314
Ni-rich region 8.255

Mn1.4Ni1.2Co0.2Mg0.2O4 Mn-rich region 8.303
Ni-rich region 8.219

M

r
M

K. Park et al. / Journal of the Europe

ometer. The electrical resistance was measured with a digital
ultimeter (Fluke 45) from 25 up to 115 ◦C in steps of 10 ◦C.

. Results and discussion

Fig. 1(a and b) shows the results of the DTA and
GA measurements for a mixture of the oxide powders of
n1.4Ni1.2Co0.4O4 and Mn1.4Ni1.2Co0.15Mg0.25O4 samples,

espectively. In low temperature region, region I, it is seen
hat there are exothermic peaks at 211 and 229 ◦C for the

n1.4Ni1.2Co0.4O4 and Mn1.4Ni1.2Co0.15Mg0.25O4 samples,
espectively, accompanied with the weight loss. This is due to the
emoval of absorbed water and organic volatiles present in the
amples.18 In addition, we can find the weight change for the two
amples due to several oxido-reduction phenomena.19,20 A slight
eight gain in region II is closely associated with the oxidation
f Mn3+ cations on octahedral sites.20 When the temperature is
urther increased (region III), a drastic weight increase occurred
ecause of the oxidation of the tetrahedral Mn2+. This obser-

ation is supported by DTA studies, i.e., the presence of the
xothermic peaks in the DTA curves located at around 507 and
25 ◦C for Mn1.4Ni1.2Co0.4O4 and Mn1.4Ni1.2Co0.15Mg0.25O4
amples, respectively. For higher temperatures than region III,

ig. 3. XRD patterns of: (a) Mn1.4Ni1.2Co0.4O4 and (b) Mn1.4Ni1.2

o0.2Mg0.2O4 samples sintered at 1260 ◦C.
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n1.4Ni1.2Co0.15Mg0.25O4 Mn-rich region 8.298
Ni-rich region 8.198

egion IV, a gradual weight loss originates from the reduction of
n4+ to Mn3+ ions. Finally, for the highest temperature region,
egion V, we can find a significant weight loss of the powders,
hich is attributed to the reduction of Mn3+ ions and the loss of

xcess oxygen, and the stoichiometry of the sample is progres-
ively restored.20

ig. 4. XRD patterns of: (a) Mn1.4Ni1.2Co0.4O4 and (b)
n1.4Ni1.2Co0.2Mg0.2O4 samples sintered at 950 ◦C.
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The SEM images obtained from the surface of the
n1.4Ni1.2Co0.4O4 and Mn1.4Ni1.2Co0.2Mg0.2O4 samples sin-

ered at 1260 ◦C are shown in Fig. 2(a and b), respectively.
he mean grain sizes of the as-sintered Mn1.4Ni1.2Co0.4O4
nd Mn1.4Ni1.2Co0.2Mg0.2O4 samples were 4.9 and 3.7 �m,
espectively. This represents that the substituted Mg retarded
he grain growth during sintering. This is mainly attributed to
he fact that the interaction forces between the added MgO and
rain boundaries exert a dragging effect on the migration of
he boundaries, retarding the grain growth. A similar behavior
as reported for MgO-doped Al2O3.21 The grain growth rate
f MgO-doped Al2O3 was much lower than that of undoped

l2O3. It was also observed that the Mn1.4Ni1.2Co0.4−xMgxO4

0 ≤ x ≤ 0.25) samples were highly dense. For example, the
ensities of Mn1.4Ni1.2Co0.4O4 and Mn1.4Ni1.2Co0.2Mg0.2O4
amples were 99 and 96% of the theoretical density, respec-

b
o
a
d

Fig. 5. SEI and maps of elements Mn, Ni, Co, Mg, and O for
ramic Society 27 (2007) 2009–2016

ively. A dense microstructure is necessary to obtain a
ood reproducibility of the electrical characteristics of the
eramics.

The XRD patterns of the Mn1.4Ni1.2Co0.4O4 and
n1.4Ni1.2Co0.2Mg0.2O4 samples sintered at 1260 ◦C are

hown in Fig. 3(a and b), respectively. The sintered samples
ere composed of the Mn- and Ni-rich phases with the cubic

pinel structure. The two separated phases originate from the
ecomposition of the cubic spinel Mn1.4Ni1.2Co0.4−xMgxO4
hase.22 The phase decomposition is closely associated with the
oss of oxygen in the ceramics during sintering. Our results for
he decomposition are in good agreement with those reported

y previous workers.2,23,24 They investigated the dependence
f oxygen release on the temperature of the decomposition. As
n example, Csete de Györgyfalva and Reaney24 reported the
ecomposition in NiMn2O4 above 907 ◦C.

Mn1.4Ni1.2Co0.2Mg0.2O4 sample sintered at 1260 ◦C.
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In addition, the substituted Mg did not affect the crystalline
tructure and formed a solid solution with the two separated
hases. The peaks corresponding to the Mn- and Ni-rich phases
n the Mn1.4Ni1.2Co0.2Mg0.2O4 sample slightly shifted towards
igher angles with respect to the Mn1.4Ni1.2Co0.4O4 sample,
ndicating that the lattice parameter slightly decreases with an
ncrease in Mg content. It is believed that the substituted Mg is
resent on substitutional sites in the cubic spinel lattice to form
ubstitutional solid solutions. The ionic crystal radii of Co2+ and
g2+ are 0.74 and 0.72 Å, respectively.25 The lattice parameters

f the Mn- and Ni-rich phases in the Mn1.4Ni1.2Co0.4−xMgxO4
amples are given in Table 1. It was also found that the inten-

ity of the Ni-rich phase present in Mn1.4Ni1.2Co0.2Mg0.2O4
ample is much lower than that in Mg-free Mn1.4Ni1.2Co0.4O4
ample, indicating that the substituted Mg suppressed the
ecomposition.

1
S
t
s

Fig. 6. SEI and maps of elements Mn, Ni, Co, Mg, and O fo
ramic Society 27 (2007) 2009–2016 2013

In order to conduct more detailed study of the decompo-
ition of cubic spinel phase, green compacts were heated at
ower temperatures (<1260 ◦C) for 3 h in air. It was found that
he degree of the decomposition decreased with a decrease in
he firing temperature. For example, the XRD patterns of the

n1.4Ni1.2Co0.4O4 and Mn1.4Ni1.2Co0.2Mg0.2O4 samples sin-
ered at 950 ◦C are shown in Fig. 4(a and b), respectively. A very
mall amount of Ni-rich phase was observed, indicating that the
ow sintering temperature and the substituted Mg suppressed the
ecomposition.

We obtained SEI and several elemental maps from the
n1.4Ni1.2Co0.4−xMgxO4 (0 ≤ x ≤ 0.25) samples sintered at
260 and 950 ◦C in order to confirm the phase decomposition.
EI and maps of elements Mn, Ni, Co, Mg, and O for one of

he samples, Mn1.4Ni1.2Co0.2Mg0.2O4, sintered at 1260 ◦C are
hown in Fig. 5. In the sample, Mg and Co distributions were

r Mn1.4Ni1.2Co0.2Mg0.2O4 sample sintered at 950 ◦C.
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elatively homogeneous, while Ni, Mn, and O distributions were
eterogeneous, regardless of innergrain and grain boundary. It
s seen that the two decomposed Mn- and Ni-rich phases in the
eramics are present and some of the grains are oxygen defi-
ient. These results strongly support the fact that the Ni-rich
hase is decomposed in Mn1.4Ni1.2Co0.4−xMgxO4 solid solu-
ions and the decomposition is closely associated with the loss
f oxygen in the ceramics. In addition, we confirmed that the
egree of the decomposition for the Mn1.4Ni1.2Co0.4−xMgxO4
0 ≤ x ≤ 0.25) samples sintered at 950 ◦C was much lower than
hat at 1260 ◦C. As an example, SEI and elemental maps of the

n1.4Ni1.2Co0.2Mg0.2O4 sample sintered at 950 ◦C are shown
n Fig. 6. The sintering temperature was insufficient to cause
ignificant atomic diffusion for solid-state sintering (Fig. 7).

A plot of log ρ against the reciprocal of the absolute tem-
erature (1/T) for the Mn1.4Ni1.2Co0.4−xMgxO4 (0 ≤ x ≤ 0.25)
TC thermistors is shown in Fig. 8. This figure reveals a nearly

inear dependence of log ρ versus 1/T in the range of tem-
erature measured, indicating semiconducting NTC thermistor

haracteristics. The slope of the log ρ versus 1/T curve is taken
enerally as a measure of the activation energy of conductiv-
ty. Also, the sensitivity index, the B25/85 constant, is calculated

ig. 7. SEM images obtained from the surface of: (a) Mn1.4Ni1.2Co0.4O4 and
b) Mn1.4Ni1.2Co0.2Mg0.2O4 samples sintered at 950 ◦C.
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ig. 8. A plot of log ρ against the reciprocal of the absolute temperature (1/T)
or the Mn1.4Ni1.2Co0.4−xMgxO4 (0 ≤ x ≤ 0.25) NTC thermistors.

rom this figure. The B25/85 constant is one of the most important
haracteristics of technical interest for NTC thermistors.

The calculated activation energy and B25/85 constant of
he Mn1.4Ni1.2Co0.4−xMgxO4 (0 ≤ x ≤ 0.25) NTC thermistors
re listed in Table 2, together with the resistivity at 25 and
5 ◦C. The values of ρ25, B25/85 constant, and activation
nergy of the NTC thermistors with different compositions
re 11,185–20,016 � cm, 3635–4032 K, and 0.313–0.348 eV,
espectively. This indicates that the electrical properties of the
TC thermistors can be controlled by changing the composi-

ion. We found that, as the amount of MgO dopants increased,
he resistivity increased. This can be explained as follows: (1) as
iscussed previously, both the grain size and density decreased
ith an increase in Mg content, resulting a decrease in the time
etween electron scattering events of charge carriers and thus
ncreasing the resistivity. (2) As the amount of MgO in the ther-

istors increases, that of Co3O4 decreases, leading to a decrease
n Co2+/Co3+ ions on octahedral sites. In order to preserve the
verall electrical neutrality of the material, some of the Mn4+

n octahedral sites change its valency to Mn3+. This gives rise
o a decrease in the amount of Mn3+/Mn4+ ions on octahedral
ites, which are responsible for hopping and conductivity,26–30

esulting in an increase in the resistivity. It is also clear that the
25/85 constant progressively increased with increasing Mg con-

ent, indicating an improvement in the thermistor sensitivity. For
ractical applications, a more higher value of the B25/85 constant
s desirable because its resistivity is more sensitive to variation
f temperature, providing more accurate and smaller variation in
emperature measurement. In addition, the activation energy of
he thermistors increased with increasing Mg content. The acti-
ation energy is the energy for the hopping of electrons between
he Mn3+ and Mn4+ ions on octahedral sites.2–6,26–30

On the basis of the above results, the values of measured elec-
rical properties satisfy the requirements for being used as indus-

rial NTC thermistors. Generally, the values of the B25/85 con-
tant and activation energy of the thermistors are 2000–7000 K
nd 0.1–1.5 eV, respectively.31 The values of the resistivity and
he B25/85 constant are adjustable to desired values, dependent
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Table 2
Resistivity at 25 and 85 ◦C, B25/85 constant, and activation energy of the prepared Mn1.4Ni1.2Co0.4−xMgxO4 (0 ≤ x ≤ 0.25) NTC thermistors

Sample Resistivity at 25 ◦C (� cm) Resistivity at 85 ◦C (� cm) B25/85 constant (K) Activation energy (eV)

Mn1.4Ni1.2Co0.4O4 11185 1450 3635 0.313
Mn1.4Ni1.2Co0.35Mg0.05O4 14523 1817 3697 0.318
Mn1.4Ni1.2Co0.3Mg0.1O4 15545 1935 3707 0.319
Mn1.4Ni1.2Co0.25Mg0.15O4 16229 1967 3754 0.324
Mn1.4Ni1.2Co0.2Mg0.2O4 18701 1991 3986 0.343
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n1.4Ni1.2Co0.15Mg0.25O4 20016 2077

n the composition. It is thus concluded that the partial substitu-
ion of Mg for Co in Mn1.4Ni1.2Co0.4O4 is desirable for a wide
ange of practical applications of the NTC thermistors.

. Conclusions

The sintered Mn1.4Ni1.2Co0.4−xMgxO4 (0 ≤ x ≤ 0.25) bod-
es were composed of the Mn- and Ni-rich phases with the
ubic spinel structure, indicating a separation of Ni-rich phase
n a Mn1.4Ni1.2Co0.4−xMgxO4 solid solution. The phase decom-
osition was likely to occur due to the loss of oxygen in the
eramics during sintering. The substituted Mg did not affect
he crystalline structure and formed a Mn1.4Ni1.2Co0.4−xMgxO4
olid solution with the two decomposed phases. The grain size
nd density decreased with an increase in Mg content. The
alues of ρ25, B25/85 constant, and activation energy of the
TC thermistors were 11,185–20,016 � cm, 3635–4032 K, and
.313–0.348 eV, respectively. In particular, the substituted Mg
ed to an increase in both the resistivity and the sensitivity
ndex, the B25/85 constant. It is concluded that the Mg substi-
uted Mn1.4Ni1.2Co0.4−xMgxO4 ceramics are useful for indus-
rial applications as NTC thermistors over a wide temperature
ange.
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