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Mixed Ni-Co-Cu oxymanganospinels of CugNipsCop2Mn; 904 composition with improved functional
reliability are first developed for possible application as high-precise NTC thermistors. It is established
the amount of additional rock-salt NiO phase in these ceramics, which was not externally introduced at
the initial stages of ceramics processing, but extracted during sintering route occurs a decisive role to
inhibit the parasitic degradation caused by thermal storage at the elevated temperatures. This effect is
well revealed only in ceramics having a character fine-grain microstructure obtained due to injection of
small amount of thermally transferred energy, while structural monolithization caused by great value of
thermally transferred energy into ceramics bulk reveals an opposite influence. The fact, the ceramics with
fine-grain microstructure and large content of rock-salt NiO extractions demonstrate the best suitabil-
ity for stretched-exponential relaxation kinetics (the most appropriate one for describing degradation
kinetics in structurally dispersive solids like ceramics) serves as additional confirmation to the above

conclusion.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Oxymanganospinel Cug 1 NiggCog>Mn; 904 ceramics are one of
the most perspective materials for device application as negative
temperature coefficient (NTC) thermistors, precise temperature
measuring systems and sensors, in-rush current limiters [1,2]. That
is why the problem of their functional stability and reliability is of
high importance.

As arule, to eliminate parasitic influence of degradation effects
in NTC electroceramics, the methods of their chemical modifi-
cation by metallic additives at the initial stages of technological
preparation have been usually used [3,4]. These metallic additives,
being located near inter-granular regions in the vicinity of grain
boundaries, diminish thermally activated ageing phenomena by
stabilizing intrinsic cationic distribution within individual ceram-
ics grains. As a result, the chemically modified ceramics typically
show a higher stability in comparison with non-modified ones.

A principally different approach alternative to the above one
is developed in this work. In part, the additional rock-salt phase,
which was not externally introduced at the initial stages of ceramics
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processing, but only segregated during high-temperature sinter-
ing serves as an effective barrier to inhibit further degradation in
spinel-type Cug 1NiggCog2Mn; 904 ceramics.

2. Materials and methods

Precise amounts of high-purity and previously tested carbonate salts corre-
sponding to the final Cug1NiggCop2Mn;904 composition were weighted and wet
mixed. The mixture was thermally decomposed in the air at 700 &+ 5 °C for 4 h. Then,
the obtained powders were milled, blended with organic binder and pressed into
disks of approximately 10 mm in diameter and 1 mm in thickness.

The prepared blanks were sintered in the air at different temperatures of T
being 1040, 1200 and 1300 °C. The sintering route was arranged in such a way to
ensure the necessary conditions for inhibition effect in degradation [5], the con-
tent of additionally extracted NiO phase with rock-salt NaCl-type structure having
a decisive role. In fact, we deal with Ni-deficient ceramics in respect to stoichiomet-
ric Cug 1 NiggCop2Mn; 904 composition taken as a starting one in disproportionality
calculations.

Four batches of ceramics with 1-12% of NiO extractions were prepared accord-
ing to the regimes presented in Table 1. These regimes correspond to different
portions of thermal energy transferred into ceramics during sintering. The latter
was numerically determined as a square restricted by temperature-time curves
above horizontal line corresponding to 920°C, the temperature of monophase
Cug1NiggCop2Mn; 904 ceramics formation [6] (Fig. 1).

To study the microstructure of ceramics, the X-ray diffraction (XRD) patterns
were recorded at room temperature using HZG-4a powder diffractometer with
CuKa and/or FeKa radiation. The measurements were carried out in 26 = 0.02-0.05°
diffraction angle steps with a variable scanning rate depending on the sample qual-
ity. The profile analysis of XRD patterns was performed using pseudo-Voigh profile
function. The lattice parameters and crystal structure of all phases presented in
the samples under consideration were determined using the Rietvelt methods with
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Table 1
Technological regimes of Cug ;1 NipgCop2Mn; 904 ceramics preparation.
Batch No. 1 Batch No. 2 Batch No. 3 Batch No. 4
t(min) T(°C) t(min) T(°C) t(min) T(°C) t(min) T(°C)
350 600 350 600 350 600 350 600
493 1040 545 1200 545 1200 578 1300
673 1040 605 1200 605 1200 638 1300
1015 850 1235 850 815 850 908 850
1115 25 1295 100 875 100 1015 25
1350 100 925 25
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Fig. 1. Temperature-time curves corresponding to different technological regimes
of Cug 1 NipgCop2Mn; 904 ceramics preparation.

Wingsp [7] and pyripror. 2k from Winp orr programs software [8]. The values of ther-
mally transferred energy and amount of NiO phase in the studied ceramics estimated
with XRD are presented in Table 2.

The morphological structure of ceramics was probed using electron microscope
JSM-6700F (Japan), cross-sections morphology being tested near surface (0-70 wm
depth) and chip centres.

Electrical resistance measurements were performed with digital multimeter.
The results of ageing tests were controlled by relative resistance drift (RRD) AR/Rg
caused by ceramics storage at the temperature of 170 °C. These measurements were
carried out in the normal conditions at 25 °C after certain hours of thermal exposure
(24,72,144,288 and 500 h). The confidence interval in RRD measuring bar restricted
by equipment accuracy was no more than 0.2%. Possible deviations in some experi-
mental points were caused by additional faults in exact reproduction of degradation
cycles conditions (cooling regime from the temperature of ageing tests down to the
temperature of electrical measurements, influence of environment atmosphere and
humidity, etc.). The performed statistical analysis testified that the above factors
introduced only additional fault about +0.2% in the measured AR/Ry values. So, the
maximal overall error of electrical measurements did not exceed approximately
+0.5%.

With a purpose of adequate mathematical description of the observed degra-
dation kinetics, the numerical values of different fitting parameters in the typical
relaxation functions (RF) were calculated in such a way to minimize the mean-
square deviation err of experimentally measured points from chosen RF possible as
adequate solution of general degradation Eq. (1) [9]:
dn

dt

where power indexes « and § as well as A coefficient are some material-related
constants.

—An2th, (1)

Table 2

Thermal energies transferred during sintering into Cug 1 NiggC0g2Mnj 904 ceramics.
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As it was first pointed out in [9,10], there are 5 typical RF as possible solutions
of the above differential Eq. (1) in dependence on « and S values.

Ife=1and =0, the simple exponential monomolecular RF 1 proper for activa-
tion processes determined by one prevailing value of activation energy into more
equilibration state (the similar processes can be observed, as a rule, in crystalline
solids) is a solution of Eq. (2):

1(t) = exp (%t) ,

where t=1/A, 1 # 0.

If degradation is caused by recombination of specific structural defects of oppo-
site nature, such as electrons and holes, interstitials and vacancies, their degradation
is determined by bimolecular RF 2, which corresponds to «=2 and =0 in Eq. (3):

-1
t
n(t) = (1 + ;) :

where t=1/A, 1 # 0.

The strict solution of Eq. (1) at @ # 0 and =0 can be presented in the form of
a so-called partly generalized RF 3, this function being often used for description of
thermally induced effects in some oxide glasses:

-k
t
n(t) = (1 + ;) )

where 7=1/[A(a—1)], k=1/(x— 1), ¢ # 1,1 # 0.

In the case of =1and B + 0, the degradation kinetics is defined by stretched-
exponential RF 4, the most adequate mathematical function for relaxation in a large
number of disordered solids:

n(e) = exp {(iﬂ :

where t=(1+8)/A, k=1+8,8+ —1,A # 0.
The exact general solution of Eq. (1) is given by fully generalized RF 5 (« # 0,
B # 0):

¢ i
n(t) = |:<1+T) s

where T=[(1+B)/A(a—1]VA =1+, r=1/(c—1),a # 1,8 # —1,1 # 0.

The most suitable RF for the observed degradation kinetics was chosen at the
basis of comparison of the calculated err values, taking into account also the overall
number of fitting parameters.

(2)

(3)

(4)

(5)

(6)

3. Results and discussion

The degradation of (Cu,Ni,Co,Mn)304 mixed transition-metal
manganite ceramics is known to be mainly governed by thermally
stimulated exchange in the occupation of tetra- and octahedral
sites within spinel-structured grains by transition-metal cations
preferentially such as Mn3* and Mn** [5,6]. These cation redistri-
bution processes can be effectively blocked by additional rock-salt
phase extracted at the intergranual boundaries between ceram-
ics grains [5]. So it is expected the more content of this extracted
phase, the high stability of the prepared ceramics will be achieved.
Being within above assumption, we tried to choose the spinel-
type Cug1NiggCogoMn;g0,4 ceramics with optimal amount of
additional NiO rock-salt phase served as a barrier to inhibit
cation-redistribution degradation. The sintering route (the maxi-
mal temperature of sintering and cooling rate) was arranged in such
a way to prepare ceramics of principally different microstructural
morphology. This allows to clear conditions necessary to inhibit
degradation processes in the Cug 1 NiggCog,Mnq 904 ceramics.

Ceramics batch No. Thermally transferred energy Maximal T NiO content
°Cmin a.u. °C %

1 175 1.0 1040 1

2 465 2.7 1200 10

3 190 1.1 1200 12

4 465 2.7 1300 12
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LEI 5.0kV X1,000 10um

a — batch No 1

WD 8.0mm

5.0kV X1,000 10um

b — batch No 2

WD 8.0mm

As can be seen from Table 1, the first No. 1 batch of ceramics was
prepared at relatively low temperature (1040 °C) and cooling rate
(33.3°C/h).The amount of thermal energy transferred into ceramics
and additional NiO phase extracted within this process were, corre-
spondingly, 175 °Cmin and 1%. The second No. 2 batch of ceramics
was sintered with the same rate of cooling, but at a more high sin-
tering temperature (1200 °C). Therefore, the thermally transferred
energy was high too (at the level of 465 °C min) and content of addi-
tional NiO phase reached 10%. The third No. 3 batch of ceramics
was sintered at the same temperature (1200 °C), but cooling rate
was increased to 100 °C/h. Correspondingly, the amount of thermal
energy transferred into ceramics was decreased to about 90 °C min,
while the content of additional NiO phase reached 12%. Finally, the
last No. 4 batch of ceramics was sintered at the highest tempera-
ture (1300°C), but at the same cooling rate (100°C/h). The amount
of thermally transferred energy was as high as in the second case
(465 °Cmin), while the content of NiO phase was 12%.

The results of our electrical measurements testify that extrac-
tions of additional NiO phase in Cug 1NiggCog2Mn; 904 ceramics
alone are not necessary to effectively block the degradation pro-
cesses. Indeed, despite activation energies of electrical conductivity
for all ceramics batches do not change significantly, being at the
level of 0.29-0.30eV, the values of their electrical conductivity
at 25°C increases non-monotonically from 0.17 to 0.36 2~ ! m™!
for samples of No. 1, No. 3 and No. 2 batches, but drops down
to 0.21 21 m~! for No. 4 batch samples (see Table 3). The above
anomalous behavior is a character also for RRD caused by 170°C
storage. The extremely small value of RRD near 2.5% is character

X1,000 10pm

LEI 5.0kV

d — batch No 4

Fig. 2. Morphological structure of Cug;NipgCop2Mn; 904 ceramics.

WD 8.0mm

for samples of No. 3 batch (sintered at 1200 °C) having 12% of addi-
tional NiO phase, while ceramics samples of batch No. 4 having
the same amount of NiO phase but sintered at higher temperature
(1300°C) demonstrate sharp increase in RRD up to 18%.

To explain this anomaly, the morphological structure of the pre-
pared ceramics was carefully checked. As it follows from Fig. 2,
the prepared ceramics differ significantly by evolution of their
grain-pore microstructure. The batch No. 1 samples (Fig. 2a) are
characterized by fine 1-3 wm grains. The numerous intergran-
ual pores are small enough, their sizes not exceeding 1-2 pm.
White film, which can be attributed to additional rock-salt NiO
phase extractions, weakly appears in these ceramics mainly near
intergranual boundaries, sometimes it partially fills of pores. The
samples of batch No. 2 (Fig. 2a) are characterized by larger grains
with character sizes near 5-7 m, some of them achieving 10 pm.
White NiO film appears in these ceramics only in the regions of
intergranual boundaries. The grain structure of the samples of
batch No. 3 (Fig. 2c) is gradually different. The corresponding chip

Table 3
Electrical properties of Cug 1 NiggC0g2Mnj 904 ceramics.
Ceramics batch Conductivity o (at Activation energy AR/[Ro (%)
No. 25°C)(Qm1) E, (eV)
1 0.17 0.30 30.0
2 0.36 0.29 3.5
3 0.27 0.29 2.5
4 0.21 0.30 18
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Table 4

Fitting parameters of different RF describing degradation kinetics in Cug 1 NipgC0p2Mn; 904 ceramics.

Sample batch No. Fitting parameters of RFs

RF 1, Eq. (2) RF 2, Eq.(3) RF 3, Eq. (4) RF 4, Eq. (5) RF 5, Eq. (6)
err T err T err T K err T K err T K r
1 148 958 0.75 33 0.35 0.02 0.20 0.34 5.1 0.10 0.50 0.1 0.24 0.49
2 0.03 90.8 0.01 81.1 0.01 19.3 0.14 0.01 139.8 0.66 0.02 7447 0.70 3.35
3 0.04 63.5 0.02 482 0.01 44 0.02 0.01 189.2 0.46 0.02 53.0 0.5 027
4 1.87 405 0.47 28.5 021 43 0.19 023 65.5 0.45 0.33 30.8 0.61 0.50

structure of these ceramics is more monolithic, it being character-
ized only by separate pores with 1-3 pm in sizes. White NiO film
appears as bright layer of approximately 10 wm in thickness on
the grain surface of these samples. In contrast, the grain structure
of the samples of batch No. 4 (Fig. 2d) attains a fully monolithic
shape. Only some individual pores of relatively large sizes (near
3-5 wm) are observed in these ceramics, the NiO phase extractions
appearing as uniform layer on the whole ceramics surface.

Thus, the results of morphological study show that ceramics
microstructure changes from fine-grained to monolithic one with
corresponding increase in thermal energy transferred into ceramics
bulk during sintering. This monolithization occurs as an inhibition
influence on the degradation owing to NiO phase extractions. As
a result, the samples of No. 4 batch having as high as 12% of NiO
phase reveal a relatively sharp increase in RRD achieving as high as
18% (see Table 2).

The results of degradation kinetics modeling for
Cug.1NiggCogMn; 904 ceramics, presented in Table 4, give
an additional confirmation for the above conclusion. The fitting
of experimentally observed degradation kinetics by stretched-
exponential RF 4 is shown to be most optimal in terms of
mean-square deviations (the smallest err values in comparison
with other RF whichever ceramics batch). The more dispersive
ceramics (owing to extracted NiO inclusions and ceramics fine-
grained structure), the better correspondence between RF 4 and
experimental degradation kinetics (the cases of batches No. 2 and
3 ceramics samples). It should be noted that fitting route with
partially generalized RF 3 gives also a quite good correspondence,
but this function is not optimal one in view of large number of
fitting parameters (3 versus 2 in RF 4).

It is quite understandable that extraction of additional NiO
phase from spinel-structured CugqNiggCogoMny 904 ceramics
enlarges the dispersivity of the system, while the monolithization
of ceramics structure causes an opposite effect. As a result, the
ceramics samples of batch No. 3 demonstrate the best suitability
for stretched-exponential RF 4 relaxation kinetics. That is why the
non-exponentionality index L grows from 0.10 (batch No. 1) to 0.66
for batch No. 2 ceramics having a large amount of NiO, the similar
increase being character for time constant t too. However, the fur-
ther increase in NiO content from 10 (batch No. 2) to 12% (batches
No. 3 and 4) is associated with principally different processes of

microstructural evolution. As can be seen from Fig. 2, the batch
No. 3 ceramics has a more fine-grained structure, while those, the
batch No. 4, is more monolithized one. Therefore, despite nearly
the same value of non-exponentionality index L~ 0.45-0.46, the
time-constant t increase from 139.8 to 189.2 h for ceramics batch
No. 3 and to 65.5 h for ceramics batch No. 4 samples.

4. Conclusions

The spinel-structured mixed transition-metal manganite
Cug1NiggCogsMny 904 ceramics with improved functional
stability and reliability can be prepared within modified sin-
tering technological route owing to optimal combination in the
amount of additionally extracted rock-salt NiO phase and inner
monolithization of the ceramics structure.
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