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The mathematical models of thermally-induced degradation processes in solids with nano- and micro-
scale topological disordering – bulk and thick-film ceramic composites based on mixed transition-metal
manganites are considered. It was shown that degradation transformations in these materials are best
described by stretched or suppressed exponential relaxation function. The stretched exponential degra-
dation kinetics is proper to own degradation transformations in such one-type systems as bulk ceramics
and multilayered thick-film structures. The mechanism of degradation transformations in one-layered
thick films, including two or more different on their origin elementary are described by suppressed expo-
nential kinetics.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that NTC thermistor based on Cu–Ni–Co–Mn
oxyspinel systems exhibit a uniform exponential decrease of
resistance with increasing temperature up to �300 �C, which
makes this compound well suited for use as a thermistor material
in specific temperature sensors and attenuators [1]. Recent
applications of these materials in LTCC microelectronics make
thick-film production interesting [2–4]. The LTCC technology offers
the interesting possibility to exploit the 3rd dimension in circuit
printing ‘‘by sandwiching’’ several layers to produce a miniaturized
multi-functional component [5]. It permits the integration of any
kind of component, e.g. conductors, resistors, capacitors, inductors
or attenuators into the integrated circuit element. However, the co-
firing of multilayer systems is cost, time and size effective.

For commercial application where low-cost mass production is
required, the screen-printing is the most suitable technological
route for multilayer production. This technique has been well
developed and industrially exploited extensively for making
printed circuit boards, and more recently its use for the production
of various thick-film sensors has been reported [6–9].
Our preliminary studies aimed on the development of techno-
logical route for thick-film thermistors fabrication were carried
out indicating satisfactory NTC characteristics for fired films com-
posed of Cu0.1Ni0.1Co1.6Mn1.2O4 basic ceramics, Bi2O3 and glass
[10]. Nevertheless, despite the well-pronounced NTC thermistor
properties in the tested mixed transition-metal manganites in
thick-film performance, some thick-film elements, at least of
Co-enriched Cu0.1Ni0.1Mn1.2Co1.6O4 composition, were non-stable
against degradation, revealing a sharp relative resistance drift up
to 10–15% yet in the first hours of ageing tests at T < 200 �C. This
obstacle is absolutely inadmissible in the modern electronics and,
consequently, it should be excluded by purposeful choice of the
corresponding technological or post-technological modification
methods. One of the possible resolutions was indicated at once
by studying degradation kinetics of the observed ageing phenom-
ena in the prepared thick films. It was shown particularly that after
a certain ageing duration at the relatively low temperatures near
125–170 �C, the sharp initially-growing relative resistance drift
curve did not saturate (as it was character for bulk ceramics) but
only dropped down, tending slowly to 0.

As a rule, to eliminate parasitic influence of degradation effects
in NTC electroceramics and thick films, the methods of their
chemical modification by metallic additives at the initial stages
of technological preparation have been usually used [11,12]. These
metallic additives, being located near inter-granular regions in the
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Table 1
Differential equations and corresponding boundary conditions describing of decreas-
ing and increasing degradation kinetics.

Decreasing degradation kinetics Increasing degradation kinetics

dg
dt
¼ �kgatb dg

dt
¼ kð1� gÞatb

t ! 0) g! g0

t !1) g! 0

�
;

NgðtÞ ¼
gt � g1
g0 � g1

t ! 0) g! 0
t !1) g! g0

�
;

MgðtÞ ¼ 1� NgðtÞ
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vicinity of grain boundaries, diminish thermally activated ageing
phenomena by stabilizing intrinsic cationic distribution within
individual grains. As a result, the modification of ceramic materials
typically show a higher stability in comparison with non-modified
ones. So the present paper is concerned with subsequent studies of
a new ecological thick-film elements and structures (without Bi2O3

additives) based on modified Cu0.1Ni0.8Co0.2Mn1.9O4 and Cu0.1Ni0.8-

Co0.2Mn1.9O4 ceramics.
The high demands to functional reliability put forward an actual

problem on exact description for degradation kinetics of the main
exploitation parameters of NTC ceramics and thick-film structures,
such as electrical resistance R and thermal constant B. In spite of a
great number of experimental research fulfilled under different
kinds of ceramic materials with well pronounced TR effect, the pre-
cise functional expression corresponding to their ageing kinetics
has not been established up to now. This disadvantage is accepted
especially sharp in comparison with a number of analytical func-
tions available for time-dependent ageing phenomena in other
topologically disordered solids [13–16].

The aim of this work is mathematical description of degradation
processes in modified thick-film structures and spinel-based NTC
ceramic, taking into account main principles of the previously
developed general approach to similar phenomena in other topo-
logically disordered solids with using of relaxation functions [13].
2. Relaxation functions for description of degradation processes

In is known that degradation processes or time-dependent
‘‘drift’’ of control parameter g in topologically-disordered materials
(for example glass, ceramics and thick films) with tendency to
thermodynamically equilibrium state can be described by using
general differential equation dg

dt ¼ �kgatb (for monotonically
decreasing degradation kinetics) and dg

dt ¼ kð1� gÞatb (for mono-
tonically increasing degradation kinetics), where t is process dura-
tion, a and b are material-related constants. Differential equations
for monotonically decreasing and increasing degradation kinetics
and corresponding boundary conditions are shown in Table 1.
Analytical degradation kinetics are described by so-called relaxa-
tion function (RF), i.e. normalized mathematical function NgðtÞ or
MgðtÞ ¼ 1� NgðtÞ containing the exact solution of the above differ-
ential equations g(t).

As it is shown early [17,18], there are 5 typical solutions of the
above differential equation in dependence on a and b numerical
values. Each of them contains a basic t-dependent functional RF.
The RF is numerically equal to relative change in the control
parameter g in the moment t being presented typically in the
normalized form (i.e. within 0–1 domain).

At the case of a = 1 and b = 0, the simple exponential monomo-
lecular RF-1 ðNgðtÞ ¼ exp � t

s

� �
, where s ¼ 1

k, g0 = exp(c), c = con-
stant, k–0) is valid. This function is used for description of
activation processes determined by one prevailing value of activa-
tion energy into more equilibration state (the similar processes can
be observed, as a rule, in crystalline).

If ageing processes is caused by recombination of specific defect
pairs (electrons and holes, interstitials and vacancies, etc.), their
degradation is determined by bimolecular RF-2 at a = 2 and b = 0

(NgðtÞ ¼ exp ð1þ t
sÞ
�1
; where s ¼ 1

k, g0 = exp(c), c = constant, k–0).
The strict resolution of degradation equation at a – 0 and b = 0
can be presented in the form of partly-generalized RF-3.

(NgðtÞ ¼ exp ð1þ t
sÞ
�k
; where s ¼ c

kða�1Þ, g0 ¼ c1=ða�1Þ k ¼ 1
a�1 ; c = con-

stant, a–0, k–0). This function is often used for description of ther-
mally-induced effects in some oxide glasses. In the case at a = 1
and b – 0, the ageing kinetics is defined by stretched-exponential

RF-4 (NgðtÞ ¼ exp ½ð� t
sÞ�

k
; where s ¼ 1þb

k , k ¼ 1þ b, g0 = exp(c),
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c = constant, b–� 1 k–0), the most adequate mathematical
function for structural, mechanical and electrical relaxation in a
large number of topologically-disordered solids (mostly in glass
and ceramic-based materials). The exact solution of the general
degradation equation is given by fully-generalized RF-5 at a–0

and b–0 (NgðtÞ ¼ exp ½ð1þ t
sÞ
�k�

r
; where s ¼ ½ 1þb

kða�1Þ�
1

1þb, k ¼ 1þ b,

r ¼ 1
a�1, g0 ¼ c1=ð1�aÞ, c = constant, a–1 b–� 1 k–0).

But at a = 1 and arbitrary b value, all RFs are exponential ones,
since their t-dependences attain a character exponential form with
index (or functional) NgðtÞ � exp � t

s

� �� �k. Within this approach, the
s value in the above functional is numerically equal to the time
domain, which corresponds to e-times decrease in the control
parameter g, provided k tends to 1: s ¼ 1þb

k ¼ k
k. If b parameter

equals 0 (or, equivalently, if k = 1), the RF-2 transforms into ideal
exponential RF called sometimes the monomolecular or Debye RF
[13]: NgðtÞ � exp � t

s

� �� �
.

The relaxation constant s is introduced only for the above ideal
exponential ageing or degradation process. Despite numerical
coincidence, the s parameter in the functional is not relaxation
constant in a strong meaning of this term [19].

Monomolecular degradation kinetics is a characteristic of
activating processes in solids describing thermodynamics equili-
bration state through one certain parameter. These processes are
determined by one unique or one prevailing value of activating
energy, not disturbed by dispersive additional factors (first of all
structural). It is quite understandable, that these processes are
observed in crystallographically ordered solids (single- and
polycrystalline).

The exponential RF-4 is not applied for relaxation processes in
dispersive substances. Nevertheless, it unexpectedly gave a quite
good result for simulation of degradation kinetics of electro-
induced dichroism in vitreous arsenic trisulfide [19]. This result
testifies that in spite of dispersive character in atomic structure
of chalcogenide glasses caused by short- and medium-range order-
ing structural fluctuations (lengths and angles of covalent chemical
bonds, distances between directly non-bonding atoms and more
extended atomic blocks, etc.) [17], defect centres responsible for
this effect annihilate with one primary value of activation energy.
This energy seems to be close to the dissociation energy of covalent
chemical bonds forming the glassy-like network.

In some cases the degradation kinetics appears as a
consequence of simultaneous contribution of several individual
relaxation processes. In this case, the total degradation process,
naturally, is an exponential-like one being adequately described
by linear combination of individual functional with a set of
independent relaxation times s. The overall number of constituent
RFs can be a large enough in dependence on the type of the
investigated system. So, in particular, Kovacs A.J., Hutchinson J.M.
and Aklonis J.J. shown that the relaxation kinetics described by
RF-2 with power-like index k = 0.455 can be transferred into more
optimal function, containing as high as 33 simple exponential
components like to RF-4 [20].
spinel-type functional thick-film ceramic materials. Microelectron Reliab
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Table 2
Standard deviations (err) for different RFs, describing ageing processes in
Cu0.1Ni0.1Co1.6Mn1.2O4 bulk ceramics, p-conductive Cu0.1Ni0.8Co0.2Mn1.9O4 thick films
and p+–p thick-film structure.

Sample err

RF-1 RF-2 RF-3 RF-4 RF-5

Bulk ceramics [25] 0.402 0.129 0.047 0.017 0.023
p+–p Thick-film structure 0.274 0.090 0.023 0.021 0.021
p-Conductive thick films 0.437 0.990 0.025 0.037 0.038
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3. Stretched and suppressed exponential degradation kinetics

If 0 < k < 1, the RF-4 attains a so-called extended or stretched
exponential character describing the chosen ageing process assum-
ing a continuous spectrum of relaxation times. Many authors call
this RF ‘‘stretched-exponential’’ [21]. However, this term seems
be not quite ideal. Other alternative terms can be met in the spe-
cialized literature, using, in part, the names of authors firstly
applied this RF. Thus, this function is used as Williams-Watts
function after the names of authors, which applied it to describe
the dielectric relaxation kinetics in polymethylmethacrylate [16].
Another alternative term is the De Bast–Gilard RF after the names
of authors, used this function to describe the mechanical stress
relaxation in glasses [15]. As for us, the best term for this RF is
the Kohlrausch function, who was the first applied it for relaxation
processes in complex electronic and molecular systems [22]. The
combined term of this RF are also met (in the form of KWW or
Kohlrausch–Williams–Watts function) [23].

The mechanisms of degradation processes in topologically-
disordered systems describing of stretched exponential relaxation
kinetics are quite different. Two main groups can be distinguished
among them. The first group explores mechanisms in terms of dis-
persive transport in disordered structures [24]. The character
defects in these structures responsible for a deviation from ther-
modynamic equilibration state in multiple capture-elimination
acts of excited carriers before finally stabilized within degradation
test. The quantitative parameters of elementary capture and
elimination acts form a continuous spectrum in agreement with
structural disordering of solid system. The model of hierarchically
limited relaxation dynamics is in the ground of the second group of
mechanisms. Within this model, each individual relaxation trans-
formation in disordered solids is possible after previous relaxation
events, formed the favourable conditions for its realization (as free-
volume space).

It should be noted that all parameters in the stretched exponen-
tial RF carry their strongly-defined physical meanings. Thus, the k

index in functional NgðtÞ � exp � t
s

� �� �k determines the time width
of relaxation process. It is shown [25,26] that stretched exponen-
Table 3
Fitting parameters for different RFs, describing ageing processes in Cu0.1Ni0.1Co1.6Mn1.2O
structure.

Sample RF-1 RF-2

g0 s g0

Bulk ceramics 6.58 34.9 7.25
p+–p Thick-film structure 5.48 17.3 6.07
p-Conductive thick films 7.90 11.6 8.60

Sample RF-4

g0 s j

Bulk ceramics 10.9 359.5 0.29
p+–p Thick-film structure 7.42 56.4 0.38
p-Conductive thick films 9.14 16.9 0.40
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tial behavior corresponds to more smooth decaying of control
parameter g(t) in the region of short times t

s < 1
� �

and more late
decaying in the region of long times t

s > 1
� �

in comparison with
simple exponential RF obtained at k = 1. With other words, the
ideal exponential curve gðtÞ � exp � t

s

� �� �
by transforming into

stretched-exponential ones extends in time, tending asymptoti-
cally to straight line with k = 0.

Taking into account that stretched exponential RF corresponds
to relaxation kinetics in supposition on dispersive transport in dis-
ordered systems [24]. It should be expected that it will be the most
optimal one to describe the degradation kinetics in electrophysical
properties of variable-composition materials, provided these
phases are identical in their origin. It means that kinetic curves
of ageing processes for one-type topology-disordered systems
(for example, ceramic composites sintered at high temperatures,
covalent-bonded network glasses quenched from a melt, thick-film
structures with different conductivity of layers, etc.) will be attain
a character extended behavior proper to the stretched exponential
RF with 0 < k < 1.

The second resolution of general differential equation of
degradation dg

dt ¼ �kgatb can be obtained a so-called suppressed
exponential RF as a subject to the condition j > 1. This kind of
kinetics corresponds to smaller changes in control parameter g(t)
at t

s < 1
� �

and considerably greater changes at t
s > 1
� �

. The
observed degradation kinetics attains a specific threshold-like
shape, i.e. the changes of the controlled parameter g(t) are negligi-
ble in the beginning and in the end of degradation test.

Probably, such behavior is proper to complex physical processes
in topology-disordered solids, which include two and more ele-
mentary components of principally different origin. Diffusion,
evaporation, adsorption, burning-out of inner phase inclusions,
chemical interaction between main phase and impurities, etc.
can serve as typical examples of the above processes in ceramics.
These processes are needed a different energies for their realiza-
tion. In addition, they are time-interdependent, since each next
component occurs only after previous ones. In other words, the
main relaxation process in the region of t

s ¼ 1 begins only after a
certain preparation stage with essentially less activation energy.
4. Results and discussion

For study of thermally-induced ageing we selected samples of
Cu0.1Ni0.1Co1.6Mn1.2O4 bulk ceramics, p-conductive Cu0.1Ni0.8Co0.2

Mn1.9O4 thick films and p+–p thick-film structures based on p-conduc-
tive Cu0.1Ni0.8Co0.2Mn1.9O4 and p+-conductive Cu0.1Ni0.1Mn1.2Co1.6O4

ceramics. The investigated Cu0.1Ni0.1Co1.6Mn1.2O4 bulk ceramics were
sintered at maximum temperature of 1200 �C and contained three
phases – the base spinel-type phase of the above composition, the
Co-enriched rock-salt phase and slight remainders of non-identified
4 bulk ceramics, p-conductive Cu0.1Ni0.8Co0.2Mn1.9O4 thick films and p+–p thick-film

RF-3

s g0 s j

24.9 16.91 1.90 0.10
12.4 10.02 1.95 0.19

7.6 12.06 0.24 1.10

RF-5

g0 s j r

7.91 139.1 1.29 0.62
14.37 2.71 0.60 0.20
12.80 0.80 2.27 0.09

spinel-type functional thick-film ceramic materials. Microelectron Reliab
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Fig. 1. Thermally-induced (170 �C) relative resistance drift (DR/R0) in bulk
Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics described by RF-4.

Fig. 2. Thermally-induced (170 �C) relative resistance drift (DR/R0) in p+–p-
conductive thick film structures described by increasing degradation kinetics.
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phase (probably NiO) [10]. Temperature sensitive p-conductive
Cu0.1Ni0.8Co0.2Mn1.9O4 and p+-conductive Cu0.1Ni0.1Mn1.2Co1.6O4

pastes were prepared by mixing powders of basic ceramics (sintered
bulk ceramic discs were preliminary crushed, wet-milled in isopropyl
alcohol medium and dried) with ecological glass powder, Bi2O3

(inorganic binder) and an organic components (organic binder and
organic solvent) [29–31]. The p-conductive thick films and their
p+–p structures based on p-conductive Cu0.1Ni0.8Co0.2Mn1.9O4 and
p+-conductive Cu0.1Ni0.1Mn1.2Co1.6O4 ceramics have been printed on
alumina substrates (Rubalit 708S) with Ag electrodes and sintered
at 850 �C during 15 min with future decreasing of temperature. The
total duration of technological process was 45 min. This is not enough
time for obtaining of single-phase thick-film composition. Finally, the
studied thick-film samples were a complex solid-state system com-
prising of contact between the Ag electrodes and thick films with
crystalline grains of the main phase, small amount of glass additives
and non-evaporated remnants of carbon components, which nonex-
ceed 0.01% in total amount of the solid materials [10]. Multilayered
p+–p thick-film structures were obtained by printing of paste in two
layers on a substrate.

Long-term ageing test was carried out at 170 �C for study of
thermo-stability of spinel-type functional Cu0.1Ni0.8Co0.2Mn1.9O4

ceramics [27], p-conductive Cu0.1Ni0.8Co0.2Mn1.9O4 thick films and
p+–p thick-film structures [28–31]. The total duration of the degra-
dation transformation was 500 h for bulk ceramics and 250 h for
thick films and thick-film structures [32]. Measurements of electri-
cal resistance R were carried out at 25 �C after successive thermo-
treatment stages. The values of relative change (drift) of electrical
resistance g = DR/Ro (where Ro is initial value of electrical resis-
tance and DR – absolute change of electrical resistance caused by
the degradation test) were selected as controlled parameters [33].

For adequate mathematical description of the experimentally
observed degradation kinetics, as well as the establishment of pos-
sible microstructural mechanisms, we have developed a software
package for modeling of thermally-induced ageing processes in
ceramic materials using fitting parameters of RFs. The values of
fitting parameters are selected for minimization of mean-square
deviations (err) of experimental values of drift on theoretical curve
corresponding to RFs. Conclusion on the possible mechanism of
degradation processes is carried out based on sequence analysis
of RFs containing minimum number of fitting parameters.

The experimental curves and modeling results of degradation
processes for studied functional materials by using of five RFs are
shown in Tables 2 and 3, Figs. 1–3. Monomolecular RF-1 is evalu-
ated by simplest exponential dependence, but the err value (as in
RF-2 and at times in RF-3) is significantly higher than correspond-
ing value for RF-4 and RF-5 at fitting parameters g0, s, j and r (for
Please cite this article in press as: Klym H et al. Degradation transformation in
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RF-5). As to kinetics of these relaxation transformations, the
parameter g0 rate of the relaxation processes, j – dependent
strongly on grain-pore morphology of the ceramics and thick films
(also defined by amount of edition phases presenting into ceramic
materials) and the effective time constant s occurs to be inversely
related to relative drift of electrical resistance. So the quicker relax-
ation process causes more pronounced degradation in electrical
resistance. The parameter r is additional fitting parameter without
physical meaning.

The fitting of experimentally observed degradation kinetics by
RF-4 is shown to be most optimal in terms of mean-square
deviations (the smallest err values in comparison with other RFs).
It should be noted that fitting route with RF-5 gives also a quite
good correspondence, but this function is not optimal one in view
of large number of fitting parameters. The err value for RF-3 is not
spinel-type functional thick-film ceramic materials. Microelectron Reliab
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Fig. 3. Thermally-induced (170 �C) relative resistance drift (DR/R0) in p-conductive
Cu0.1Ni0.8Co0.2Mn1.9O4 thick films described by decreasing degradation kinetics.
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so much, but this relaxation function is used mainly for description
of thermally-induced processes in oxide glasses.

Taking into account, that the RF-4 corresponds to kinetics of
relaxation processes in disordered media [34], it is clear that it
was most appropriate to describe the kinetic dependence of degra-
dation electrical properties of disordered materials with topologi-
cally different phase composition, provided uniformity the origin
of these phases. Therefore, our future analysis we focus mainly
on the RF-4 in stretched and suppressed exponential forms.

The degradation kinetics of relative resistance drift (DR/R0) in
spinel-type Cu0.1Ni0.1Co1.6Mn1.2O4 bulk ceramics and p+–p thick-
film structures caused by long-term ageing test at 170 �C are
shown in Figs. 1 and 2. The investigated ceramics contained three
phases – the base spinel-type phase of the above composition, the
Co-enriched rock-salt phase and slight remainders of non-identi-
fied phase (probably NiO) [10]. Despite three phases in the final
chemical composition, they are fully identical in their origin
Please cite this article in press as: Klym H et al. Degradation transformation in
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because of high sintering temperature of ceramics (1200 �C).
So, the investigated samples can be considered as typical represen-
tative of uniform one-type topology-disordered system. The p+-
conductive Cu0.1Ni0.1Co1.6Mn1.2O4 and p-conductive Cu0.1Ni0.8Co0.2

Mn1.9O4 thick films contain crystalline spinel phase with some
glass additives and extremely small amount organic (carbon-
based) components (near 0.001%) non-evaporated during degrada-
tion test [27].

As it exemplified from Fig. 1, the observed thermally-induced
ageing curve for ceramics has a character sharp-growing shape in
the first 100–200 h of ageing test with following slow tending to
relative saturation at more prolonged storage (400–500 h). The
maximal value of relative resistance drift is as high as 6–7%. The
degradation curve for p+–p thick-film structures in the first
50–150 h increases with future stabilization during degradation
test (Fig. 2). The maximum value of electrical resistance drift is
near 6%, like for bulk ceramics.

The ageing kinetics in the investigated Cu0.1Ni0.1Co1.6Mn1.2O4

bulk ceramics and p+–p thick-film structures can be well described
by stretched-exponential kinetics RF-4. Indeed, in this case, the low
values of err (Table 2) are achieved at a relatively small number of
fitting parameters (g0, s, j). Parameters g0 and s decrease in thick-
film structures in comparison with bulk ceramics (Table 3). The
mechanism of thermally-induced transformation is assumed to
be identical in monolithic ceramics and thick-film structures are
caused by availability of additional phases and grain-pore
morphology (reflected by parameter j). The difference consists in
quantitative parameters of the change in electrical resistance
(parameter s). Low porosity of p+–p structures [29] exhibits
increasing of parameter j without regard to small amount of
additional phases in comparison with three-phase bulk ceramics.
The similar results were obtained for some other ceramic
samples within mixed transition-metal manganite system
CuxNi1�x�yCo2yMn2�yO4 [32]. It should be note that this result is
valid, while the microstructural mechanism associated with ageing
carries a complicated character, including not only cation redistri-
bution, but also interphase mass-exchanging processes [27].

In addition, proposed in this work stretched-exponential
relaxation kinetics model can be used for describing of long-term
degradation transformation in other temperature-sensitive materi-
als (such as NTC planar thermistor (based on Mn1.6Co0.8Ni0.35

Ru0.25O4 system made on alumina or LTCC substrates using thick-
film procedure) fabricated and studied by Dziedzic and Prociow
in [5]). Long term stability was characterized by measurements
the relative resistance changes of thermistors up to 500 h at 150
�C. The results were also controlled by relative resistance drift val-
ues DR/R0. The value of this parameter drift is from 1.2% to 22% in
dependence of substrate, position of thermistor and its area.

The ageing kinetics in such NTC thermistors can be described by
increasing degradation kinetics using examined FRs. The approxi-
mate analyses of experimental results of degradation kinetics pre-
sented in [5] by five RFs is shown, that the most optimal in terms
of mean-square deviations is FR-4. This suggests that mechanism
of thermally-induced transformation in such NTC thermistors is a
similar to monolithic spinel ceramics and multilayered thick-film
structures caused by their composition and grain-pore morphology.

So, the stretched-exponential relaxation kinetics dominates in
thermistor materials in bulk and thick-film performance in spite
of their chemical composition, provided all phases formed during
their sintering have one-type origin.

The character of degradation transformation in p-conductive
thick films is other (Fig. 3). Proper thermo-induced structure
changes of these samples are extremely small and offset against
the more important processes. In result, instead of a positive
change of DR/R0 (like in bulk ceramics and multilayered thick-film
structures), the ‘‘negative’’ effect of decreasing of electrical
spinel-type functional thick-film ceramic materials. Microelectron Reliab

http://dx.doi.org/10.1016/j.microrel.2014.07.137


6 H. Klym et al. / Microelectronics Reliability xxx (2014) xxx–xxx
resistance is shown for studied Cu0.1Ni0.8Co0.2Mn1.9O4 thick films.
Using the procedure of finding the optimal analytical solutions of
differential equations of general degradation, it was found that
the kinetics of this effect is uniquely described by the suppressed
exponential RF-4 [25].

Electron microscopy study of thick films before and after
degradation transformation shown penetration depth of metallic
Ag into thick films localized mainly near grain boundaries as well
as additional glass phase [10,29,31]. Consequently, two intercon-
nected foreign processes are activated in these materials during
ageing: burning of organic binder from grain boundaries and
penetration of metallic Ag into vacant space. As a result, the resis-
tance of the thick films is decreased not only by improving the
grain contacts (i.e. compacting of the films), but also due to appear-
ance of intergranular space in the conductor. Such behavior of
kinetics correspond to smaller changes in controlled parameter.
The time interval of the relaxation process is reduced. Parameter
j is higher in comparison with bulk ceramics and p+–p thick-film
structures due to addition diffusion processes in one-layered thick
films.
5. Conclusion

Thermally-induced degradation processes in functional bulk
ceramics, thick films and multilayered thick-film structures can
be described by using of exponential relaxation functions. It is
shown that these processes are most adequately described by
RF-4. Stretched exponential kinetic characterizes own degradation
transformation in systems similar in nature (peculiar to bulk
ceramics and multilayered thick-film structures). Ageing perfor-
mance including two or more elementary and fundamentally
different in origin processes are described by suppressed exponen-
tial RF-4 (peculiar to one-layered thick films).
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