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Abstract Effect of thermal history and chemical composi-
tion on aging of Ni,Mn;_,04+5 (0.56<x<1.0) ceramics was
investigated. It was found that all the NiMn;_,O4.5
ceramic samples metallized by co-firing at 1050°C showed
significant electrical stability with an aging coefficient less
than 1.0%, while aging of those metallized by annealing at
850°C was increasingly serious with a rise in Ni content x,
the aging coefficient ranging from 0.2% to 3.8%. However,
the ceramic samples with Ni content x<0.70, whether
metallized by co-firing or by annealing, exhibited extraor-
dinarily high electrical stability with an aging coefficient
less than 0.5%. The composition dependence of aging of
the ceramic samples was explained qualitatively, based on the
electrical conduction mechanism of small polaron hopping
and on the aging mechanism of the cationic vacancy-assisted
migration of cations to their thermodynamically preferable
sites under thermal stress.
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1 Introduction

As a kind of the technologically important semiconducting
materials for negative temperature coefficient (NTC) thermis-
tors, spinel nickel manganite ceramics have been extensively
investigated, involving their preparation, microstructure,
cation distribution and electrical properties [1-4]. It is widely
accepted that cation distribution of Ni,Mn;_,0y is expressed

as (Nii(ﬁ_&)Mnffx(l_a)) [NiZfMn3", Mn ax**]0y4, in
which the parentheses denote the tetrahedral sites, the square
brackets the octahedral sites, o the inversion parameter of
Ni? " cations [2, 4]. The electrical conduction mechanism of
the spinel manganites is elaborated to be the small polaron
hopping model, namely, a phonon-assisted hopping of charge
carriers between Mn®" and Mn*" cations in the octahedral
sites of spinel [5].

However, there exists much controversy on aging of the
nickel manganite ceramics. Fritsch et al. [2] found that
almost no aging was observed in Nij73Mn, »704 ceramic
thermistors metallized in nitrogen, while aging of those
metallized in air was considerably serious, suggesting that
the oxidation of the ceramics occurring during metallization
was responsible for the aging phenomena. But Groen et al.
[6] reported that Nig 54Mn5 4604 ceramic thermistors met-
allized in air exhibited significant electrical stability with an
aging coefficient less than 0.5%. Furthermore, Metz et al.
[7] claimed that aging of tetragonally distorted Ni,Mn3_,O4
ceramics with lower Ni content was more serious on the
basis of his proposed aging mechanism that aging originat-
ed from formation of Mn®" clustering in the octahedral
sites. In a word, it is not quite clear that how thermal
history and composition affect aging of the nickel manga-
nite ceramic thermistors.

The partial oxidation of Ni;Mn;_,04. s ceramic samples,
usually occurring during preparation and subsequent
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annealing for electrode curing, can be characterized by
the oxygen non-stoichiometry ¢ formed. However, due to
the minuteness of the oxygen non-stoichiometry § of
Ni,Mnj_ 04,5 ceramics, there still exists a great difficulty
in determining the accurate value of § by thermogravim-
etry. In this paper, chemical analysis was attempted to
determine the accurate value of 9, and effect of thermal
history and composition on aging of the Ni,Mn;_,0O454
(0.56<x<1.0) was investigated. The possible aging mech-
anisms operating were proposed to explain the aging
phenomena in the ceramic samples.

2 Experimental procedure
2.1 Preparation of the ceramic samples

The mixed nickel manganese oxalate precursors for Ni,Mn;_,
O4+s (x=0.56, 0.66, 0.76, 0.82, 1.0) oxide powders were
prepared by the route of solid-state coordination reaction,
which was described in detail in our previous work [1]. The
mixed oxide powders were obtained by calcining the mixed
oxalate precursors at 850°C for 2 h. The oxide powders were
uniaxially pressed at 60 MPa to form disk-shaped samples
with a diameter of ~6 mm and a thickness of ~3 mm, and
then isostatically pressed at 300 MPa. The powder compacts
were sintered at 1050°C for 5 h in air, subsequently cooled
in furnace.

For electrical measurement, the electrodes have to be
placed on the two opposite surfaces of the obtained ceramic
disks, using two different methods of metallization. The
classic method, usually used in industry, called ‘serigra-
phy’, includes brushing the platinum paste on the two
surfaces of the disks, and annealing the disks at 850°C for
20 min, followed by rapid cooling to room temperature.
The other method is called co-firing, including brushing
platinum paste on the two opposite surfaces of the powder
compacts, sintering in air the pasted compacts at 1050°C
for 5 h, followed by rapid cooling to room temperature. The
thermistor samples can be obtained by attaching Ag wires
to these metallized ceramic samples.

2.2 Determination of chemical compositions and oxygen
non-stoichiometry o

The accurate contents of Ni and Mn ions in the resulting
ceramics were determined by chemical analysis, which was
described in our previous work [1]. The method for
determination of the oxygen non-stoichiometry § of
Ni,Mn;_,04:5 ceramic samples is elucidated in brief as
follows:

The powdered ceramic samples are dissolved in an
(NH,4),Fe(SO,), solution of known Fe*" content in hydro-
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chloric acid, using a closed vessel with an inert atmosphere
of nitrogen. As a powerful oxidant, Mn*" and Mn*" ions in
solution oxidize Fe*" ions into Fe** ions. According to the
formula Ni§+Mn§_xO4+5, the oxidation equivalents k =
z—2= % (z is the average oxidation number of Mn) will
be transferred to Fe” * ions yielding Fe*" ions, and can be
determined by titrating the residual Fe*" ion concentration
using a K,Cr,O; solution of known Ccrt molarity as the
standard solution, sodium diphenylamine sulfonate as
indicator. Thus § value can be calculated on the basis of
the principle of electroneutrality. The standard deviation of
¢ is estimated to be +0.004.

2.3 Analysis of phase compositions and electrical
measurement

A Philips X’pert Pro X-ray diffractometer with Cugy
radiation (1=1.5418 A) was used to analyze the phase
compositions of the sintered ceramics. The bulk density
pourk Of the ceramic samples was determined by Archi-
medes method in mercury, and their relative density ppe
was calculated from the formula pre1=ppun/pm, Where pg,
was the theoretical density as obtained from XRD data of
ceramic samples.

The thermistor samples’ resistance at 25°C was mea-
sured with an Agilent 34401A digital multimeter, during
which the thermistor samples were immersed in silicon oil
whose temperature fluctuation around the designating value
was less than +0.05°C. The aging coefficient is character-
ized by the relative variation [(R; 000 h—R0)/Ro]*100%, in
which R, is the resistance value measured at 25°C before
annealing, R, ooo n i the resistance value measured at 25°C
after annealing at 150°C for 1,000 h.

3 Results and discussion

3.1 Chemical and phase compositions of the 1050°C-
sintered ceramics

The actual chemical compositions of the 1050°C-sintered
ceramics, prepared by the solid-state coordination reaction
route, are determined by chemical analysis, as given in
Table 1. The results show the ceramic samples are very
close to the desired nominal Ni,Mn;_,04-5 (x=0.56, 0.66,
0.76, 0.82, 1.0). The relative density of all the ceramic
samples is measured to be ~97%. The accurate composition
and high density of the resulting ceramics are beneficial to
improvement of the reproducibility and reliability of the
samples’ electrical parameters measured.

Figure 1 is X-ray diffraction patterns of the 1050°C-
sintered Ni\Mn;_,O4+5 (x=0.56, 0.66, 0.76, 0.82, 1.0)
ceramic samples. As shown in Fig. 1(a, b, c, d), the samples
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Table 1 Oxygen non-stoichiometry § in 2 batches of Ni,Mn;_, 044 (x=0.56, 0.66, 0.76, 0.82, 1.0) ceramic samples metallized by co-firing and

850°C-annealing.

Chemical compositions Co-sintered samples § (£0.004)

Annealed samples ¢ (+0.004) NiO content (wt.%)

Nig.562Mn2.43804.004
Nig.657Mn2.34303.999
Nig.762Mn3 23804.001
Nig.823Mn5.17703 988
Nig.99sMn3 00503 934
(0.198NiO + 0.934Nig g50Mn5 14104.000)

Nig.562Mn3.43804+5
Nig.657Mn2.34304+5
Nig.762Mn3 23804+ 5
Nig g23Mn3 17704+
Nig.99sMn3 00504-+5

Nig.562Mn5 43804045
Nig.657Mn2.34304.026
Nig.762Mn3 23804023
Nig 823Mn5.17704 028
Nig.99sMn3,00504.000
(0.198NiO + 0.934Nij g5oMny 14104.071)

o oo oo

of intermediate Ni content x=0.66, 0.76, 0.82 retain single
cubic spinel, while the sample with lower Ni content x=
0.56 is transformed to tetragonal spinel due to the high
concentration of the B-site Mn®* ions, which arouse a strong
Jahn—Teller effect, consequently the tetragonal distortion
in the octahedral sublattices. However, as indicated
in Fig. 1(e), the (222), (400) and (440) peaks of the
NiMn;_,04+4 (x=1.0) sample broaden evidently, implying
a slight amount of rocksalt NiO is formed due to the
decomposition of the spinel at 1050°C, in accordance with
Wickham’s report that NiMn,O,. 5 starts to decompose at a
temperature above 950°C [8].

3.2 Oxygen non-stoichiometry ¢ of Ni,Mn;_,0,; ceramic
samples

The oxygen non-stoichiometry ¢ of two batches of Ni,Mn;_,
O4+5 (x=0.56, 0.66, 0.76, 0.82, 1.0) ceramic samples,
metallized by co-firing at 1050°C and by annealing at 850°C,
respectively, is given in Table 1.

As for the Ni,Mn;_,04. s samples metallized by co-firing,
the samples with lower Ni content x=0.56, 0.66, 0.76 almost
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Fig. 1 X-ray diffraction patterns of the Ni,Mnj3_,O4.s ceramic
samples subjected to co-firing at 1050°C. (a) x=0.56; (b) x=0.66;
(¢) x=0.76; (d) x=0.82; (¢) x=1.0

retain the correct oxygen stoichiometry with §=0, but those
with higher Ni content x=0.82, 1.0 deviate evidently from
the correct oxygen stoichiometry with §<0. However, the
evident loss of oxygen (6<0) of the sample with a nominal
chemical formula of NiMn,Oy. s is attributed to the release
of oxygen during its decomposition at a temperature higher
than 950°C:

. o 3—
NiMn,O4 — aNiO + T"Nis%Mn%m + %02 (1)

Due to the release of oxygen during the phase decomposition,
it is almost impossible that an oxygen non-stoichiometry 6<0
exists in the residual spinel-structured Niz-:.Mn_s Og4,s.
Nevertheless, the residual spinel nickel mangamteﬂ{s less
likely to become the one with an oxygen non-stoichiometry
6>0 under a sintering temperature as high as 1050°C [9].
Thus it is reasonable that the residual spinel nickel man-
ganite is treated as the one with the correct oxygen stoi-
chiometry 6=0. On the basis of the the Eq. 1 and the above
argument, the Ni,Mn3_,O4.s (x=1) ceramic sample, which
has been determined to have a nominal chemical formula of
Nig. 995Mn2 00503034, 1s calculated to be composed of
aNiO + 324 le(ows —a) Mn3x200504 Therefore, the ‘a’ value,

charactermg the formed N1O content, can be calculated to be
0.198 by considering the invariance of the total number of
oxygen anions. From the obtained ‘@’ value, the content of
the formed rocksalt NiO is calculated to account for 6.39 wt.
% of the two-phase ceramics. Due to the formed NiO
content just above the detectable threshold of X-ray, its
diffraction peaks are less pronounced, as shown in Fig. 1(e).

The Ni,Mn;_,04.s samples metallized by annealing at
850°C have a larger oxygen non-stoichiometry ¢ than those
of the samples metallized by co-firing. The larger § of the
annealed Nigs¢Mnj 440445 sample can be ascribed to a
higher concentration of the octahedral-sitt Mn>* ions,
which are prone to oxidation [10]. The extraordinarily
larger § of the annealed NiMn,O4,5; sample may be
associated with the reverse reaction of the Eq. 1, e.g. the
re-adsorption of NiO and oxygen into the residual nickel-
poor spinel during the 850°C-annealing for the electrode
curing. As indicated in Fig. 2(b), the diffraction peaks of
NiO phase in the 850°C-annealed Ni,Mn;_,O4.5 (x=1.0)
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Fig. 2 X-ray diffraction patterns of two kinds of Ni,Mn3_,O4.s (x=

1.0) ceramic samples subjected to (a) co-firing at 1050°C; (b)
annealing at 850°C

sample become sharper than those of the co-fired sample,
implying that the 850°C-annealing results in the growth of
the poorly crystallized NiO crystallites formed during sinter-
ing at 1050°C. Though the NiO crystallites fails to merge into
the nickel-poor spinel in the short duration of 850°C-an-
nealing, it is thermodynamically favored that the oxygen is re-
adsorbed into the nickel-poor spinel to form a cation-deficient
spinel. Therefore, according to the Eq. 1, it is rational that the
nominal spinel-structured Nij 995Mny 09504099 1S considered
to be actually composed of rocksalt NiO and spinel
Nig g5oMn; 14104071

Larson et al. [3] studied the effect of temperature,
oxygen partial pressure and Ni content x on the redox in
Ni;—Mn,.,Oy45 ceramics. It was revealed that under the
fixed oxygen partial pressure, a decrease in temperature
favors the oxidation of Ni; _,Mnj;, 045 ceramics, resulting
in formation of cationic vacancies, while a rise in Ni
content facilitates the reduction of the ceramics due to the
strong B-site preference of Ni*" cations, leading to
formation of oxygen vacancies. As given in Table 1, the
oxygen non-stoichiometry § of the Ni,Mn3_, 045 (x=0.56,
0.66, 0.76, 0.82, 1.0) ceramic samples, undergoing different
thermal history, is well in agreement with Larson’s study.

3.3 Aging of the Ni,Mn;3_,04,s ceramic samples

3.3.1 Effect of thermal history on the aging

As indicated in Fig. 3, thermal history notably affects aging
of the NiMn;_,O4,5 ceramic samples, especially those
with Ni content x higher than 0.70. Aging of all the samples

metallized by co-firing is slight with an aging coefficient
less than 1.0%, whereas aging of those metallized by an-
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nealing at 850°C is considerably serious with the maximum
an aging coefficient as high as 3.8%.

In spite of much controversy on aging mechanisms, it is
generally accepted that aging of the ceramic samples ori-
ginates from the migration of cations and cationic vacancies
to their thermodynamically preferable sites at an elevated
temperature [2, 6, 9, 11]. In general, the migration of
cations between the tetrahedral and octahedral sublattices of
spinel nickel manganites almost stops at below 350°C due
to the high activation energy required [12]. However, in the
case of the transition-metal manganite with point defect of
cationic vacancies, the situation may be changed, in which
the presence of cationic vacancies lowers the activation
energy of cation migration, consequently the cation re-
distribution between spinel sublattices may occur at a lower
temperature of ~150°C. In our case, the more serious aging
of the 850°C-metallized Ni,Mn3_,0,4.s samples may be
related to the presence of cationic vacancies, which assist
the migration of cations to their thermodynamically
preferable sublattices at low temperatures, resulting in the
pronounced change of the resistivity. Concerning the co-
fired NiMn;3_,0O4,5 samples, due to almost no cationic
vacancies formed during preparation and metallization, it is
less possible that the migration of cations occurs at a lower
temperature of ~150°C, consequently aging of the samples
is very slight. Our results are well in accordance with those
of Fritsch et al. [2], who found that almost no aging is
observed in Nig73Mnj, 57,04 sample metallized in nitrogen,
while aging of that metallized in air is much larger.

Nevertheless, thermal history hardly affects aging of the
samples with Ni content x less than 0.70, as demonstrated
in Fig. 3. The possible reasons will be discussed in the
following section.
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Fig. 3 Variation of aging coefficient of the Ni\Mn;_,04.s ceramic
samples with Ni content x and thermal history (@) co-firing at 1050°C;
(b) annealing at 850°C
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Fig. 4 X-ray diffraction patterns of NiMn,O,4. s samples sintered at

(@) 1000°C; (b) 1050°C; (c) 1100°C; (d) 1200°C; (e) 1250°C

3.3.2 Composition dependence of aging

Aging of the 850°C-annealed Ni,Mn;_,04.s5 samples
strongly depends on their compositions, as shown in
Fig. 3(a). Aging coefficient of the samples with Ni content
x less than 0.70 is as small as ~0.2%, while that of the
samples with Ni content x>0.70 is considerably larger,
increasing from 1.5% to 3.8% with a rise in Ni content x.

Boucher [13] has reported that the cation distribution of
Ni,Mn;_,O4 5, generally expressed as Nii(tfa)Mn%tx(lfa)
[NiZiMn3", Mn |0y, is strongly dependent on the sinter-
ing or annealing temperatures and on the subsequent cooling
rate, with the inversion parameter «v varying from 0.74 for the
950°C-quenched sample to 0.93 for the slowly-cooled sample.
In our case, the Ni,Mn;_,Oy4,s samples subjected to rapid
cooling from 1050°C or 850°C partially retain the random
cation distribution, which is thermodynamically preferable at
high temperatures, therefore the inversion parameter o is
reasonably believed to be a little larger than that of a quenched
sample, 0.74. Consequently, the random cation distribution,
energetically unfavorable at the room temperature, has a
tendency of transformation to the more ordered cation
distribution in order to lower the internal energy in spinel
lattice. As discussed in the above section, under the assistance
of cationic vacancies, the random distributed cations in spinel
will migrate to their thermodynamically preferable sublattices
at a lower temperature of ~150°C, resulting in an increase
in the inversion parameter « and the consequent drift of
resistivity, e.g. the occurrence of the aging. On the basis
of this aging mechanism, effect of compositions on aging
of the 850°C-metallized Ni,Mn3_,0,4. s samples is discussed
qualitatively.

The electrical conduction mechanism of NiyMn;_,O4. 5
manganites is described as a small polaron theory, and the
conductivity is given by the equation [3, 5]:

16€%d>
vkT

g = CMn” CMn‘” I/OeiEa/kT (2)

where Cy;,3+ and Cyq are the respective fraction of Mn*"
and Mn*" in B sites (2. Cu, = 1, Cy, is the fraction of B-
site cation M), E, (ther’mal constant B=FE,/k) the activation
energy of carriers hopping, v the volume of the unit cell, v
the optical phonon frequency, d the hopping distance
between the nearest neighbor B-site cations, e, k, T have
their usual meanings. According to the cation distribution
of (Niiafa)Mnffx“ia)) [NiZfMn3",, Mn} ] Oy, the con-
ductivity can be expressed as:

oc=(2-2ax)-ax-M (3)

where M is a parameter associated with the mobility of
charge carriers, a the inversion parameter of Ni** cations.
Provided that the mobility does not change with the slight
increase of the inversion parameter «, the resulting drift of
the conductivity can be denoted as:

do_
d(ax)

From the above Eq. 4 the trend of the drift of o is derived:
(a) when x=1/2c, Ac=0, implying resistivity of the sample
with Ni content x around 1/2« is almost unchanged with the
cation re-distribution, e.g. no aging occurs; (b) when x>
12, Ac<0, implying that resistivity of the samples with
Ni content x>1/2« increases with the cation re-distribution,

Ao = Alax) = 2M (1 — 2ax) A(ax) (4)

4.0
3.5
3.0

2.5+

AR/R (%)

0.5

T T T T T T
1000 1050 1100 1150 1200 1250

Sintering temperature (°C)

Fig. 5 Sintering temperature dependence of aging of the NiMn,Oy4. 5
samples
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e.g. the aging occurs; (¢) when x<1/2a, Ac>0, implying
that resistivity of the samples with Ni content x<1/2a
decreases with the cation re-distribution, e.g. aging coeffi-
cient is negative. Due to the prepared samples cooled at an
intermediate rate between the quenching and the slowly
cooling, it is reasonable that the inversion parameter « is set
to be an intermediate value of 0.85. Therefore, as for the
Ni,Mn;_,0445 samples with x around 0.59, their resistivity
changes very slightly with cation re-distribution, but
concerning the samples with Ni content x higher than
0.59, the drift of their resistivity becomes increasingly
pronounced with a rise in Ni content x.

For the samples metallized by 850°C-annealing, Ni
content dependence of aging, as given in Fig. 3(a), is well
in accordance with the theoretical results elaborated above,
indicating that cation re-distribution over spinel sublattices
at an elevated temperature may be a dominant factor re-
sponsible for the aging phenomena.

However, the negative aging coefficient predicted has
not been observed for the Ni,Mn;_,O4 5 (x<0.59) samples.
Aging coefficient of the NigsgMn, 4404.5 sample we
prepared is as small as 0.2%, which is very consistent with
Groen’s report that almost no aging is observed for the
Nig 54Mn, 4604+ sample [6]. This implies that there may
exist the other secondary aging mechanism working
simultaneously. Vandenberghe et al. [11], who studied the
oxidation mechanism of spinel copper manganites, found
that Mn>" cations in octahedral sites tend to cluster together
and orient themselves in order to release the lattice elastic
energy in spinel structure. As a result, the probability that
a Mn>" cation has a Mn*" cation as its nearest neighbor
decreases, resulting in a decrease in the effective concen-
tration of charge carriers, Cyy,3+ Cype+, and a consequent
increase in resistivity. Metz [7] claimed that formation of
Mn?" clustering is a main factor responsible for aging of the
transition-metal manganite ceramics. However, in our case,
the aging mechanism of formation of Mn®" clustering may
play a minor role in the aging phenomena. Slight aging of
the Ni,Mn;_,04. 5 samples with x=0.59 may be attributed
to formation of Mn®" clustering.

3.3.3 Effect of sintering temperatures on aging of NiMn;O4 s

The NiMn,O4+s5 powder compact samples are sintered
at temperatures ranging from 1000°C to 1250°C, and the
obtained dense ceramic samples are metallized by anneal-
ing at 850°C in air, followed by rapid cooling.

X-ray diffraction patterns (Fig. 4) reveal that at a
sintering temperature above 1100°C the NiMn,Oy4. 5 sample
decomposes notably, forming rocksalt NiO and nickel-poor
cubic or tetragonal spinel, in accordance with Wickham’s
results [8]. Because of its high resistivity, the rocksalt NiO
does not contribute to the electrical conductivity, thus
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hardly affects aging of the samples. It is the nickel-poor
cubic or tetragonal spinel that contributes to the electrical
conductivity, therefore aging of the NiMn,O,4. s ceramic
samples is closely related to the electrical properties of the
nickel-poor spinel. On the basis of the aging mechanism
proposed above, it can be predicted that aging of the
NiMn,0O4.5 ceramic samples sintered at a temperature
higher than 1100°C is remarkably alleviated.

As shown in Fig. 5, aging coefficient of the nominal
NiMn,Oy4. 5 ceramic samples strongly depends on sinter-
ing temperatures, decreasing sharply from 3.8% to 1.2%
with an elevation of sintering temperature from 1050°C to
1100°C, and holding about 1.0% with a further elevation of
sintering temperature. The sintering temperature dependence
of'aging of the NiMn, 04 5 samples is well in agreement with
the one predicted above, suggesting the proposed aging
mechanism of cation re-distribution over spinel sublattices is
reasonable.

4 Conclusion

Aging of NiuMn;_,04:5 (0.56<x<1.0) ceramic samples
strongly depends on their thermal history and compositions.
For the samples metallized by co-firing at 1050°C, the
correct oxygen stoichiometry is almost retained, and their
aging is slight with an aging coefficient less than 1.0%. For
the samples metallized by annealing at 850°C, the oxygen
non-stoichiometry § is considerably larger, varying from
0.023 to 0.071, and their aging is increasingly serious with
a rise in Ni content x, the aging coefficient increasing from
0.2% to 3.8%. However, the ceramic samples with Ni
content x<0.70, whether metallized by co-firing or by 850°
C-annealing, exhibit significant electrical stability with an
aging coefficient less than 0.5%. Thermal history and
composition dependence of aging of the Ni,Mn3_,O4 5
(0.56<x<1.0) ceramic samples is explained very well, on
the basis of the electrical conduction mechanism of small
polaron theory and of the aging mechanism of the cationic
vacancy-assisted migration of cations to their thermody-
namically preferable sites under thermal stress.
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