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Abstract

Ageing phenomena in NTC thermistors based on copper—nickel-cobalt manganite electroceramics under thermal exposure at 125
and 170 °C during 1000 h are studied. The observed relative resistance drift is compared with the results of XRD, ceramics micro-
structure characterization (optical microscopy, SEM), electron probe microanalysis, as well as thermogravimetry measurements. It
is shown, at the example of Cug NiggCog,Mn; 9Oy electroceramics, that the microstructure origin of ageing phenomena can be
adequately explained by thermally stimulated mass-transfer processes in the ceramic body.
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1. Introduction

Mixed transition-metal manganite electroceramics for
negative temperature coefficient (NTC) thermistors
must ensure a high stability of electrical properties
under long-term exposure at elevated temperatures, i.e.
at 125170 °C. That is why ageing phenomena (changes
in the electrical resistance with time, particularly under
thermal stress) is an important problem under broad
consideration. !>

This paper deals with ageing behavior of Cug Nigg.
Cop,Mn; 9O, electroceramics. It is spinel-structured
composition inside quaternary Cu—Ni—-Co-Mn oxide
system, restricted by spinel-structured CuMn,QOy,
NiMn,04 and MnCo,04 compounds taken in 0.1:0.8:0.1
ratio.

It is known, that NiMn,Oy spinel is thermodynamically
stable in narrow temperature region, which lies between
730 and 950-960 °C.>° However, the upper temperature
limit is 907 °C, according to other data.> NiMn,Oy4
compound decomposes above this temperature evolving
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oxygen with formation of NiO and Mn-enriched spinel
phases:>

NiMn,O; — aNiO+%Oz

3= 4B =3y S o, (1)

T3 3o 03,

Our previous studies show that the similar decom-
position reaction is initiated at higher sintering
temperatures in the spinel-structured cubic (space group
Fd3m) single phase CugNigsCop.Mn; o0, ceramics
sintered in air at T,=920 °C.” Thus, the investigated
ceramics sintered at 75=1170 °C contains two crystal-
line phases: the residual tetragonally distorted spinel
phase (space group [4;/amd) with modified chemical
composition and secondary phase - solid solution based
on NiO (the NaCl-type structure, space group fin3m).

This paper presents the results of X-ray diffraction
(XRD) measurements for the aged (held for 1000 h at
170 °C) ceramics of the above composition. To explain
ageing phenomena in NTC thermistors based on
Cug 1Nig gCog->Mn; 9O4 ceramics (75=1170 °C), the
obtained results will be compared with our previous
data on electrical measurements, optical microscopy
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and SEM, clectron probe microanalysis, as well as
thermogravimetric study.®°

2. Experimental

The CuCO3-Cu(OH),, NiCO3-mNi(OH),-nH,0,
CoCO5-mCo(OH),-nH,0 and MnCO;-mMn(OH),-nH,O
reagents were used to prepare the experimental ceramic
samples. The starting components were weighted, wet-
milled, dried and calcinated in air at 700 °C for 4 h. The
obtained powders were again wet-milled, dried, blended
with organic binder, sieved and pressed into disks under
~100 MPa pressure. The blanks were sintered in air for
1 hat Ty=1170 °C.

To measure electrical resistance, the flat surfaces of
ceramic disks were coated by silver paste. The Pt-leads
were placed into the silver paste. The mechanical prop-
erties of fitted wires were achieved owing to metalliza-
tion process at 850 °C.

Ageing tests were carried out during 1000 h at 125
and 170 °C, the HPS-222 (Tabaj, Japan) chambers
being used. Each experimental batch included three
non-encapsulated NTC thermistors. The stability of
studied ceramic samples was estimated by the relative
resistance drift (RRD) values (AR/Ry) after several
hours of storage at the above temperatures. The elec-
trical resistances were measured at 254+0.1 °C with a
precise digital multimeter.

The microstructure observations (“Nikon” optical
microscope) and electron probe microanalysis (Came-
bax device) were carried out on polished and etched
sections of as-sintered ceramic disks before (non-aged)
and after 1000 h storage at 170 °C (aged). The content
of transition metals was determined using Ko lines.
Preliminary optical and electron probe studies for as-
sintered and additionally treated at 850 °C ceramic
samples (the temperature conditions of metallization)
showed their microstructure similarity.

The scanning electron microscopy (SEM) investiga-
tions (LEO 982 field emission scanning electron micro-
scope) were done on freshly prepared chips of non-aged
and aged ceramic samples. The thermogravimetric ana-
lysis (TGA) was performed with Netzsch STA 409
thermal analyzer.

X-ray diffraction (XRD) powder patterns for aged
(sintered at 1170 °C (1 h), treated at 850 °C and held for
1000 h at 170 °C) ceramics were recorded at room tem-
perature using a powder HZG-4a diffractometer with Cu
Ko radiation. The measurements were carried out in a step
regime (A20= 0.02°; 15.00<26 <121.38). The profile
analysis was performed using the method of approxima-
tion of X-ray reflections by pseudo Voigt function. The
lattice parameters and crystal structure of the phases were
refined using Rietveld method with the FULLPROF.2k
program!® from the WinPLOTR software.!!

3. Results and discussion

The investigated CUQ.lNio_gCOOAQMn1A9O4 NTC sam-
ples show a typical RRD kinetics during ageing tests.®°
The greatest AR/Ry values are observed in the early
hours of ageing followed by complete saturation
achieved at ~500 h. The higher the temperature, the
greater the saturation RRD value. Thus, ageing at
170 °C leads to ~7.5% in AR/R, value, while ageing at
125 °C—only to ~6%.

The microstructure observations for non-aged and
aged ceramics by means of optical microscopy® show
heterogeneous two-phase materials—the main spinel-
based phase and additional phase. Visually, the amount
and grain sizes of additional phase are higher in aged
ceramics, compared with non-aged. The SEM image for
non-aged Cu NiggCog-oMn; 9O, ceramics presented
in,” the SEM image for aged ceramics is shown in Fig. 1.

According to the results of electron probe micro-
analysis (Table 1), the spinel phase for both ceramics
has modified composition (it is depleted in Ni and
enriched in Mn) in comparison with basic composi-
tion of ceramics. Moreover, after ageing the higher
degree of modification of the spinel phase is observed
(compositions of the spinel phase for aged and
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Fig. 1. SEM image for aged Cu NiygCog,Mn; 90,4 ceramics (the
grain of the additional phase among the grains of the spinel phase is
marked).

Table 1

Content of components in the spinel phase for basic (calculated due to
chemical formula), non-aged and aged Cug NijgCop,Mn; Oy
ceramics

Content, at.% Basic Non-aged Aged
Cu 1.43 1.3 1.3
Ni 11.43 9.2 8.2
Co 2.86 2.6 2.8
Mn 27.14 28.2 29.4
o? 57.14 58.7 58.3

2 The content of oxygen was determined as difference: 100, total
content of metals.
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non-aged ceramics are Cug g9Nig 50C0g-0Mn» 1,04 and
Cug.09Nig ¢7C0¢.19Mn5 o504, respectively). This addi-
tional phase for aged and non-aged ceramics contains,
besides a high amount of Ni, some amounts of Cu, Co
and Mn, the total content of metals and oxygen being

Table 2
Experimental and final refined crystallographic data for aged
CuO_lNi()_gCO()_zMIll_904 Ceramics

The spinel phase

Space group
Lattice parameters (A)

14, /amd (setting 2)

a 5.9478(7)

¢ 8.394(2)
c¢la=1.4113

Cell volume (A%) 296.96(8)

Radiation and wavelengths (A) Cu Ko
1.54056 1.54439

Angular range 26,,i,—20max (degrees) 15.00-121.38

26-step of scanning (degrees) 0.02

Number of measured reflections 77

Number of fitted parameters 27

Reliability factors

Rprage 0.0464

Ry 0.0461

X2 1.34

R,p (not corrected for background) 0.0153

Ryp 0.178

The NiO-based solid solution

Space group Fm3m

Lattice parameter a (A) 4.1876(4)

Rgrages RF 0.0412 0.0302

Fraction (%) 26.14(1)

~1:1. so it can be concluded that this additional phase
is a solid solution of Cu, Co and Mn in NiO.

The refinement of crystal structure of the investigated
ceramics after ageing was performed assuming the exis-
tence of two phases. The data of electron probe micro-
analysis for the spinel phase were used in starting
models for refinement. The final results of X-ray struc-
ture analysis are given in Tables 2 and 3. The proposed
distribution of transition metals is empirical in view of
the small difference of their scattering amplitudes. But,
really, the best results of refinement were obtained
exactly for these distributions. Comparison of the
observed and calculated XRD profiles is shown in Fig. 2.
For the investigated aged ceramics, as in the case of
non-aged ones,” the typical image of a two-phase
sample is observed. Reflections of NiO-based solid
solution besides reflections of spinel phase are observed.
The fraction of the additional phase is 26.14% (as

Table 3
Atomic parameters, displacements (Biso, Az) and occupations (G) for
the spinel phase in aged Cug NipgCog,Mn; 904 ceramics

Atom Site X y z Biso G

Mn 4b 0 1/4 3/8 0.4(1) 0.41(9)
Co 4b 0 1/4 3/8 0.4(1) 0.2

Ni 4b 0 1/4 3/8 0.4(1) 0.39(9)
Mn 8¢ 0 0 0 0.2(1) 0.84(9)
Cu 8¢ 0 0 0 0.2(1) 0.05
Ni 8¢ 0 0 0 0.2(1) 0.11(9)
(0] 16h 0 0.533(2) 0.248(2) 0.3(2) 1

Cu0.1N10.8C00.2Mn1.904 measured at I17G-4a Powder Diffractometer
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Fig. 2. Observed (circles), calculated (solid line) and differential (bottom) XRD profiles (Cu Kea-radiation) for Cug NiggCop,Mn; O, aged
ceramics. Upper bar: reflections of the spinel phase, lower bar: reflections of the solid solution based on NiO with the NaCl-type structure.
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determined by rietveld method), which is higher than in
non-aged ceramics (10.61%).”

The higher degree of modification of the spinel phase
and the higher fraction of additional phase, determined
for aged ceramics (in comparison with those for initial
ceramics), can be treated as a result of further proceed-
ing of the spinel decomposition reactions with oxygen
release under prolonged thermal exposure during ageing
tests. The TGA measurements in air prove the higher
mass gain for aged ceramics as compared with non-
aged.® Aged samples show the additional mass gain (as
against to non-aged samples), which begins from
~450 °C and proceeds up to ~900 °C, ended by a slight
0.4-0.5 mass.% saturation effect. This is additional evi-
dence that de-oxidation reactions in the studied cera-
mics take place during ageing.

Thus, at the basis of the obtained experimental
results, we can conclude that the de-oxidation reaction
like to (1), accompanied by the appearance of MO-type
solid solution with the NaCl-type structure and residual
M;0, spinel phase with modified chemical composition,
is activated at the high temperature sintering of cera-
mics. The de-oxidation reaction proceeds further during
prolonged ageing tests, resulting in the observed RRD
rise. The amount of MO-based solid solution with lower
conductivity (compared with the spinel phase)'? increases
finally in the overall phase balance, some MO-enriched
grains growing sufficiently in sizes and being separated
evidently in the ceramic microstructure.

4. Conclusions

The RRD observed in Cug NigsCop,Mn; 90, elec-
troceramics during prolonged ageing tests at 125 and
170 C is explained by thermally stimulated mass-trans-
fer processes, which proceed in the ceramic body. Owing
to decomposition (de-oxidation) reaction activated at
the high sintering temperature (75,=1170 C), the initial
(non-aged) NTC electroceramics contain two crystalline
phases: the tetragonal distorted spinel phase with mod-
ified composition and the additional NiO-based phase
with the NaCl-type structure. After exposure at elevated
temperatures, the higher fraction of the additional
phase in ceramics is determined by XRD. It confirms

that the de-oxidation reaction proceed further during
ageing tests, giving the observed RRD values.
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