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Thermally-induced (170 �C) degradation-relaxation kinetics is examined in screen-printed structures
composed of spinel Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics with conductive Ag or Ag-Pd layered electrodes.
Structural inhomogeneities due to Ag and Ag-Pd diffusants in spinel phase environment play a decisive
role in non-exponential kinetics of negative relative resistance drift. If Ag migration in spinel is inhibited
by Pd addition due to Ag-Pd alloy, the kinetics attains stretched exponential behavior with �0.58 expo-
nent, typical for one-stage diffusion in structurally-dispersive media. Under deep Ag penetration into spi-
nel ceramics, as for thick films with Ag-layered electrodes, the degradation kinetics drastically changes,
attaining features of two-step diffusing process governed by compressed-exponential dependence with
power index of �1.68. Crossover from stretched- to compressed-exponential kinetics in spinel-metallic
structures is mapped on free energy landscape of non-barrier multi-well system under strong perturba-
tion from equilibrium, showing transition with a character downhill scenario resulting in faster than
exponential decaying.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

The stretched-exponential relaxation (SER) function (alterna-
tively, nominated as sub-exponential) is most commonly used mod-
elling curve to describe phenomenological response in
degradation-relaxation (DR) kinetics in different substances pre-
pared by freezing from a high-temperature out-of-equilibrium
state [1–5]. In structurally-dispersive disordered solids, the tend-
ing towards equilibrium in the controlled parameter g(t) occurs
with increasingly slower DR rate, this process being known as
physical aging (PhA) [6]. Deviation from simple single-exponential
dependence (i.e. non-exponentionality) is defined by the Kohl-
rausch-Williams-Watts (KWW) functional [1,2]

gðtÞ � exp � t
s

� �b
" #

; ð1Þ
where the time constant s denotes the relaxation time, i.e. the char-
acteristic time for the testing system to rearrange its structure
towards an equilibrium, and the dimensionless shape parameter b
(non-exponentionality index or stretching exponent) as an indicative
of wide distribution of diffusive relaxation times attains positive
less-unity values (0 < b < 1).

The KWW function (1) is not alone expression describing DR
kinetics in different out-of-equilibrium substances. In a wide range
of so-called jammed systems (including soft colloidal fractal gels,
concentrated emulsions, surfactant phases, micellar polycrystals,
lamellar gels, polymer nanocomposites [7–13], and even hard
far-from-equilibrium metallic glasses [14,15]), where the initial
relaxation concerns arrested diffusive motion typical for struc-
turally dispersive solids, the final decay attains an unusual com-
pressed exponential relaxation (CER) form, that can be explained
by ultraslow ballistic motion of scatters under the action of inter-
nal stresses. Within this unusual CER kinetics (termed also as
squeezed-exponential or super-exponential), the compressing
exponent b smaller than 2 but greater than 1 in Eq. (1), often aver-
aged for different jammed systems around b � 3/2 [1], is a direct
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indicative of a wide distribution of ballistic relaxation times [1,4].
Thus, in equilibrium high-temperature over-Tg state, such systems
obey slower-than-exponential SER kinetics with b � 0.9 < 1, while in
low-temperature under-Tg state, they fall out of equilibrium
demonstrating faster-than-exponential CER kinetics with shape
parameter b � 1.3 > 1 [4].

This equilibrium versus out-of-equilibrium dynamical crossover in
some metallic glasses like Mg65Cu25Y10 [4] or Zr67Ni23 [5] in a
vicinity of their glass transition temperature Tg can be well fitted
exploring Eq. (1) as unified master SER-to-CER equationwith univer-
sal shape parameters b attaining discrete values above and below
unity in dependence on temperature (meaning temperature-gov-
erned SER-to-CER crossover). Noteworthy, in dependence on struc-
tural dispersivity, many of jammed systems such as polymer
nanocomposites [10,11] or nanoparticles suspended in super-
cooled glass-forming liquids [12,13] obey dynamical behavior in
more equilibrium state in respect to single exponential function
(b = 1.0) rather than SER.

Detailed dynamics study of some diffusion-prone problems
such as protein folding (exemplified by photo-switchable a-helix
[16,17] or Go-like protein models [18,19]) allows to identify exper-
imental measuring conditions, under which the tested diffusion
kinetics is transformed from SER with 0 < b < 1 to CER with b > 1.
Such SER-to-CER crossover was shown to be character for strong
perturbation in a system from equilibrium due to experiments per-
formed in a so-called folding direction, when system occurs under
the action of strong driving force allowing downhill scenario
between rugged energy surface of initial (unfolded) and deeper
(folded) state [17,18].

Other examples of hard jammed systems, which demonstrate
reach diversity in their equilibrium and non-equilibrium DR kinet-
ics are screen-printed structures formed of nanoinhomogeneous
spinel (Cu,Ni,Co,Mn)3O4 ceramics and conductive Ag- or Ag-Pd-
alloyed layers with metallic component (typically Ag) of different
migration ability [20–22]. This work is aimed to specify the
SER-to-CER crossover observed in thermally-induced electrical
DR processes in one of such substances based on spinel
Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics.
2. Materials and methods

2.1. Materials preparation

Analytical description of thermally-induced electrical DR
kinetics will be developed for bilayer heterostructures of spinel
Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics and different conductors prepared
by conventional screen-printing route.

The Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics were synthesized by sin-
tering, using reagent grade Cu carbonate hydroxide and Ni, Co,
Mn carbonate hydroxide hydrates as was described in more details
elsewhere [21–24]. Because of high sintering temperature (1200
�C), the ceramics composed preferentially of spinel phase can be
considered as representative of chemical system possessing pro-
nounced nanostructural inhomogeneities due to a wide range of
crystalline grains, intergranual boundaries and inner pores [21].
For degradation testing, the samples of bulk-sintered ceramics
Cu0.1Ni0.1Co1.6Mn1.2O4 were prepared with flat electrodes fired
from Ag paste at 850 �C.

The thick-film samples for this research were made by
subsequent stages of paste preparation, screen printing and firing.
The paste was prepared by mixing powders of basic spinel
Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics with special M<-60 glass, Bi2O3

(used as inorganic binder), organic vehicle and pine oil, taken in
a ratio of 72.8:2.9:2.9:17.7:3.7 [21]. The paste was printed on
alumina substrates (Rubalit 708S) with conductive layer of Ag or
Ag-Pd alloy (fritted as 4:1 Ag/Pd) printed from C1216 paste (Her-
aeus Precious Metals, GmbH & Co. KG, Hanau, Germany) using a
manual device equipped with a steel screen. In final, the thick-film
structures were fired at 850 �C.

The prepared bulk-ceramics and thick-film spinel-metallic sys-
tems were subjected to degradation testing under prolonged stor-
age at the elevated temperature of 170 �C within a sequence of
several time steps lasting 4–500 h. To determine the finalized DR
kinetics for each thick-film sample, the cycles of more than 10 sep-
arate measurements at different degradation durations were per-
formed. The results of aging tests were controlled by relative
resistance drift (RRD), i.e. changes in electrical resistance of spi-
nel-metallic system y = DR/R0 detected under normal conditions
(25 �C), the confidence interval in the RRD measuring error-bar
being ±0.2%. Additional deviations in some points were allowed
due to faults in an exact reproduction of DR cycles in multiple sam-
ple-to-sample measurements (cooling regime from aging temper-
ature, influence of environment, humidity, etc.). Statistical
analysis testified these factors introduced an additional error of
about ±0.2% in the measured y = DR/R0 values. So the overall uncer-
tainties in the electrical measurements within this ageing protocol
did not exceed ±(0.4–0.5)%.
2.2. Mathematical modelling procedure

The first step in an adequate analytical description of DR kinet-
ics is grounded on preliminary approach, separating mathematical
solutions for RRD (g = DR/R0) in general differential equation taken
as [20]:

dg
dt

¼ �kgatc; ð2Þ

where the power indexes a and c, as well as k coefficient (k– 0) are
material-related constants.

The fitting parameters for typical relaxation functions (RFs)
derived as solutions of this Eq. (2) were calculated so to minimize
mean-square deviation err between experimental points and this
RF. As was pointed out in [21,22], there are five RFs, representing
different partial solutions of Eq. (2) in dependence on a and c vari-
ables, these solutions being gathered in Table 1.

In case of a = 1 and c = 0,we have a well known monomolecular
DR kinetics with RF-1, expressed by simple exponential depen-
dence on time t. This case is typical for multi-well systems possess-
ing high inter-well barrier [16,17].

If the degradation is caused by recombination of specific defect
pairs, the governing kinetics is defined by bimolecular RF-2 corre-
sponding to a = 2 and c = 0. Such RD processes are often occurs in
irradiated substances due to post-irradiation recombination of
defects of opposite nature, such as vacancies and interstitials, elec-
trons and holes, over- and under- coordinated atoms, etc. [25].
Sometimes, when overall relaxation process can be decomposed
on separate contributions from different defects, the observed
power-law decay behavior can be also well explained in term of
bimolecular kinetics [25].

The exact solution of Eq. (2) at c = 0 gives the partially-general-
ized RF-3, which exhibits character ‘‘stretched” behavior owing to
the a-th-order kinetics of degradation. This RF is often used to
describe post-irradiation thermal effects in oxide glasses [25].

In case of a = 1 and c – 0, the relaxation process is described by
unified non-exponential RF-4, typical for non-barrier multi-well
systems, which can be presented in dependence on b values by
SER (0 < b < 1) or CER (b > 1) functional. The former (the KWW
functional) represents the equilibrium case without downhill driv-
ing force, which is most adequate to describe structural, mechani-
cal and electrical relaxation in a large number of disordered solids



Table 1
Numerical solutions of general differential Eq. (2) and their physical relevance for decaying kinetics (t ? 0 ) g ? 0; t ? 1 ) g ? �g0).

DR equation The RFs as direct solutions of general DR differential Eq. (2)

Type Parameterization Characterization

dg
dt ¼ �kgatc (a – 0, c– 0) g(t)� 1þ t

s
� �b� ��c

s ¼ 1þc
k�ða�1Þ

� � 1
1þc

a–1,c–� 1
b ¼ 1þ c
r ¼ 1

a�1

Fully-generalized RF-5: general description of DR kinetics irrespectively to
the microstructure specificity of the system

dg
dt ¼ �kg (a = 1, c = 0) g(t)�exp � t

s
� �

s ¼ 1
k

Monomolecular RF-1: single exponential DR kinetics in multi-well systems
possessing high barrier

dg
dt ¼ �kg2 (a = 2, c = 0) g(t) � 1þ t

s
� ��1 s ¼ 1

k
Bimolecular RF-2: DR kinetics caused by recombination of pairs of
opposite-type centers

dg
dt ¼ �kga (a – 0, c = 0) g(t)� 1þ t

s
� ��b s ¼ 1

k� ða� 1Þ, a–1, b ¼ 1
a�1

Partly-generalized RF-3: ‘‘glass”-type kinetics exhibited stretched behavior
owing to standard a-th order DR rate dependence

dg
dt ¼ �kgtc (a = 1, c – 0) g(t)�exp � t

s
� �bh i

s ¼ 1þc
k , c–� 1, b ¼ 1þ c Unified non-exponential RF-4 for non-barrier multi-well systems without

downhill driving force in an equilibrium (the SER kinetics with 0 < b < 1) or
with strong downhill driving force under substantial perturbation from an
equilibrium (the CER kinetics with b > 1)
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[26]. The latter is proper to non-equilibrium systems under strong
downhill driving force such as photo-switchable a-helix [16,17].

Finally, the exact solution of Eq. (2) with arbitrary non-zero a
and c parameters can be presented by fully-generalized RF-5,
which is most trivial one for DR kinetics description from a point
of maximal number of fitting parameters.

The formalism of RF-1 – RF-2 – RF-3 – RF-4 – RF-5 consideration
(the RFs are listed in Table 1) can be applied to select the best func-
tional describing the probed DR kinetics in terms of minimal
mean-square deviation between experimentally measured points
(control parameter g) and chosen modelling curve.
Fig. 1. Thermally-induced (170 �C) relative resistance drift (DR/R0) in bulk-sintered
Cu0.1Ni0.1Co1.6Mn1.2O4 spinel ceramics with Ag conductive layer.
3. Results and discussion

3.1. Thermally-induced DR kinetics in bulk-sintered spinel-metallic
system

The bulk-sintered Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics with flat
electrodes fired from Ag paste show positive response on ther-
mally-induced DR testing, reaching RRD y = DR/R0 = 6–7% in
near-saturation regime after 400–500 h exposure under 170 �C
(Fig. 1). This type of DR dependence is also character for other
bulk-ceramics (Cu,Ni,Co,Mn)3O4 spinels as originated from compli-
cated intrinsic (non-diffusing) processes, evolving thermally-
induced cation redistribution and interphase mass-exchange in
ceramics grains [27]. This DR kinetics was examined through RFs
(Table 1), the results of such parameterization being gathered in
Table 2.

It is obvious most adequate description of the observed DR
kinetics (Fig. 1) is achieved with a help of SER function (RF-4 in
Table 1) due to lowest err and only three fitting parameters used
in Eq. (2), which is comparable to the results of full-generalized
RF-5 with four fitting parameters. The relatively low value of
stretching fractional exponent b close to 0.29 testifies in a favor
of strong non-exponentionality in the studied system, which is
characteristic attribute of structurally-dispersive media [28]. This
conclusion is also concomitant with results of other RFs testing
(see Table 2), where monomolecular RF-1 proper to barrier-type
multi-well systems and bimolecular RF-2 have only worse fitting
goodness, but partly-generalized RF-3 describing character ‘‘glass”
power-type stretched kinetics is in a more close relevance.

Thus, the SER kinetics with positive RRD response on
thermally-induced DR testing dominates in bulk-ceramics
Cu0.1Ni0.1Co1.6Mn1.2O4 samples with Ag conductive layer, provided
all phases of the basics ceramics formed during sintering are
equivalent in their origin.
3.2. Thermally-induced DR kinetics in spinel-Ag-Pd screen-printed
structures

The intrinsic thermally-induced structure-modification pro-
cesses in Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics becomes inessential in
spinel-metallic screen-printed structures. Thus, in
Cu0.1Ni0.1Co1.6Mn1.2O4 spinel-Ag-Pd system, the under-barrier dif-
fusion prefers due to metallic conductor penetration in glass-filled
intergranual space of ceramics, as it was convincingly revealed
from scanning electron microscopy (SEM) with energy-dispersive
X-ray (EDX) microanalysis [20,22]. This process results in negative
RRD response, showing monotonically decaying tendency in
respect to SER function (RF-4 in Table 1) given by master Eq. (1)
with stretching exponent b�0.58 and effective time constant
s � 32 h (see Table 3), that is reflected by curve 1 (square-black
points) in Fig. 2a. This type of non-exponential kinetics can be also
well depicted by line 1 crossing IV-VIII octants in the linearized
coordination plane of ln(1/y) = f(t/s) variables shown on Fig. 2b.
This linearized form of kinetics presentation is very useful in accu-
rate determination of the shape parameter b, which is numerically
equal to the line slope [29–31].

The parameterization of this diffusive-governed kinetics with
other RFs listed in Table 1 is ineffective, especially for single-expo-
nential RF-1 in view of obviously worse fitting goodness (compare



Fig. 2. Kinetics presentation of negative RRD (y = DR/R0) under storage at 170 �C in
screen-printed Cu0.1Ni0.1Co1.6Mn1.2O4 spinel with Ag-Pd (1) and Ag (2) conductive
layers in the form of y = f(t) dependence (a) and linearized ln(1/y) = f(t/s) presen-
tation (b).

Table 2
Parameterization of thermally-induced (T = 170 �C) RRD (y = DR/R0) kinetics in bulk Cu0.1Ni0.1Co1.6Mn1.2O4 spinel ceramics (effects of metallic contacts are excluded).

RFs err a,%. s, h b r

RF-1 0.40 6.6 35 – –
RF-2 0.13 7.3 25 – –
RF-3 0.05 10.0 5 0.27 –
RF-4 0.02 10.9 360 0.29 –
RF-5 0.03 10.0 150 0.90 0.30

Table 3
Parameterization of thermally-induced (T = 170 �C) RRD (y = DR/R0) kinetics in screen-printed Cu0.1Ni0.1Co1.6Mn1.2O4 spinel with conductive Ag-Pd layers.

RFs err a, % s, h b r

RF-1 0.22 6.9 22.5 – –
RF-2 0.06 7.8 17.4 – –
RF-3 0.04 10.6 5.2 0.32 –
RF-4 0.05 7.8 32.3 0.58 –
RF-5 0.05 9.3 12.5 0.81 0.66
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err values in Table 3). Good fitting with ‘‘glass”-type RF-3 testifies
in a favor of essential power dependence in the DR rate for this
kinetics (like in the previous case of intrinsic structure-modifica-
tion processes in this Cu0.1Ni0.1Co1.6Mn1.2O4 spinel ceramics).

As it follows from Fig. 2, the negative RRD quickly
saturates with conductive material penetrating into
Cu0.1Ni0.1Co1.6Mn1.2O4 spinel ceramics (y = DR/R0 = �7.5%). Under
these conditions, the Ag-Pd alloy behaves as ‘‘cumulative” diffusing
agent with a depressed ability of Ag migration. As a result, the DR
diffusive process attains strong tendency to yield the SER kinetics.
3.3. Thermally-induced DR kinetics in spinel-Ag screen-printed
structures

In contrast, with changing in the conductive material of electri-
cal contacts (i.e. under transition to Cu0.1Ni0.1Co1.6Mn1.2O4 spinel-
Ag screen-printed system), the DR kinetics drastically changed
attaining an obvious faster than exponential (super-exponential)
CER character with over-unity compressibility index b = 1.68 and
time constant sreaching �154 h (Table 4), depicted by curve 2 (cir-
cle-red points) in Fig. 2a. In the coordination plane of ln(1/y) = f(t/s)
variables, this kinetics can be simply linearized as it shown by
straight line 2 crossing III-VII octants with slope numerically
equals to b�1.68. Noteworthy, in respect to estimated least-square
fit goodness (err values in Table 4), the tested CER kinetics
is far from single-exponential one (RF-1 in Table 1), as well as
‘‘glass”-type and bimolecular kinetics (RF-3 and RF-2 in Table 1,
respectively).

The SEM-EDX study of Ag distribution profiles in fresh cut-sec-
tions between contacting spinel and Ag layers performed before
and after degradation testing [20–22] show essential Ag penetra-
tion deeply into Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics. The metallic Ag
appears in the regions of ceramics adjusted just to conductor con-
tact, as well as in more extended deep region of ceramics grains
(over near-micron sizes). In this case, we deal with both under-bar-
rier Ag diffusion in inter-granular glass-filled space, and over-bar-
rier Ag diffusion in grains interior, resulting in diffusive-governed
CER kinetics of negative RRD due to master Eq. (1) with fractional
exponent b > 1. So we conclude that if Ag penetration is not inhib-
ited in ceramics by Pd addition, as for Cu0.1Ni0.1Co1.6Mn1.2O4 thick
films with contacts made of pure screen-printed Ag layers, the
kinetics of the resulting diffusive process is principally changed
to CER. The overall diffusion-limited relaxation in the studied



Fig. 3. Fragment of free energy landscape of non-barrier multi-well system
exemplified by spinel-conductor screen-printed structure illustrating strong down-
hill scenarios for DR kinetics due to essential Ag migration inside ceramics (the CER
kinetics is observed under substantial perturbation from an equilibrium resulting
from disappearing of inter-well barrier denoted by dotted line between two
intermediate states composed by A and B metabasins).

Table 4
Parameterization of thermally-induced (T = 170 �C) RRD (y = DR/R0) kinetics in screen-printed Cu0.1Ni0.1Co1.6Mn1.2O4 spinel with conductive Ag layers.

RFs err a,% s, h b r

RF-1 0.06 6.9 279 – –
RF-2 0.07 11.3 444 – –
RF-3 0.08 8.3 1014 3.07 –
RF-4 0.001 4.8 154 1.68 –
RF-5 0.002 5.1 251 1.82 2.73
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system occurs as two-step penetration of conductive agent (Ag)
into a spinel ceramics body.

As to driving mechanisms responsible for CER kinetics parame-
terized in Table 3, it is worth mentioning very close similarity in
compressing exponent b approaching �3/2, like in many other
out-of-equilibrium systems. Thus, in fractal colloidal gels with b
� 1.5, the CER-driving mechanism is ascribed to deformations of
elastic network due to the syneresis of the gels [7,8]. In concen-
trated emulsions and lamellar gels (where b also approaches
�1.5), they are related to collapse of very heterogeneous initial dis-
tribution of stresses due to soft contacts between near-spherical
particles or local topological rearrangements [7]. In micellar poly-
crystals with b ffi 1.3–1.7 [7], the CER behavior of dynamic struc-
ture factor is supposed to be attributed to the rearrangement of
polycrystal texture, i.e. elastic relaxation of topological defects like
dislocations and/or grain boundaries. In polymer nanocomposites
such as alumina Al2O3 [10] or gold Au nanoparticles [11] embed-
ded in PMMA (polymethylmethacrylate), a faster over-exponential
kinetics with b > 1 (but less than 2) was caused by relaxation of
internal stress fields locally developed in these soft glassy systems
due to poor wetting of nanoparticle-PMMA interface possibly with
holes around these nanoparticles. This CER kinetics was also
detected in hard out-of-equilibrium systems such as metallic
glasses [14,15], where it was ascribed to ballistic-like hopping
motion due to internal stress relaxation. Undoubtedly, these exam-
ples testify in a favor of close similarity in their CER-driving mech-
anisms where out-of-equilibrium stress relaxation plays a
governing role.

3.4. SER-to-CER crossover in thermally-induced DR kinetics in spinel-
metallic structures

Thus, the thermally-induced DR kinetics probed by RRD
(y = DR/R0) in different structurally-dispersive systems composed
of bulk-ceramics or screen-printed Cu0.1Ni0.1Co1.6Mn1.2O4 spinel
compound with conductive Ag or Ag-Pd layered electrodes obey
an obvious non-exponential form, which can be parameterized in
respect to master Eq. (1).

Within free energy landscape model like that, explaining the
protein folding dynamics [16–19], this situation can be imagined
as time evolution of multi-well system between two largely flat
metabasins A (an analog of unfolded state) and B (an analog of
folded state) without a dominant barrier (Fig. 3). The both
metabasins are rugged in respect to a large amount of local states
(separate basins) reflecting the nanoinhomogeneity of basics
structurally-dispersive ceramics.

In general, this nanoscale inhomogeneity is responsible for
non-exponential thermally-induced DR kinetics in bulk-sintered
spinel-metallic systems, where diffusion-limited processes are
inessential in view of short penetration depth of Ag into
Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics body. Under such conditions, the
intrinsic thermally-induced structure-modification processes, such
as cation redistribution and/or interphase mass-exchanging [27],
attain a high significance leading to positive RRD governed by
slower-than-exponential SER kinetics with b�0.29. As it
follows from a great number of models for DR kinetics in
(Cu,Ni,Co,Mn)3O4 ceramics [28], the stretching exponent b reflects
difference in their dispersivity, defined by constitution of crys-
talline grains and intrinsic phase decomposition, the factors which
are highly sintering-dependent [23,24].

In screen-printed spinel-metallic systems, the DR behavior is prin-
cipally changed, being governed by external diffusion-type pro-
cesses related to diffusant penetration into ceramics. In this case,
the system evolves between A and B metabasins without free-
energy barrier (Fig. 3). So the non-exponentionality in respect to
master Eq. (1) will further dominate in the RRD kinetics, but its
occurrence is strongly defined by extrinsic nanoinhomogeneities
introduced in a system due to diffusant. The governing kinetics
attains an obvious sub-exponential form (SER kinetics) with
below-unity stretching exponent 0 < b < 1, provided the system
behaves as in equilibrium. This situation corresponds to one-stage
diffusion process in structurally dispersive media like screen-
printed spinel Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics, where Ag migration
is significantly inhibited by Pd addition due to conductive Ag-Pd
alloy. In such systems, there are no any driving forces able to accel-
erate diffusion-limiting DR kinetics.

Under Ag penetration deeply into spinel ceramics, as for thick-
film systems with Ag-layered electrodes, the resulting DR kinetics
drastically changes, attaining features of two-step diffusing pro-
cess governed by CER function with over-unity b � 1.68 compress-
ibility index. The Ag atoms can migrate in spaces between
crystalline grains filled with glass binder, this first-stage of diffu-
sion-related process being quickly saturated via SER kinetics.
Microscopically, this process can be ascribed to continuous gener-
ation and accumulation of Ag ions, their further recharging into
metallic silver followed by formation of cloud-like layers or
dendritic migration outgrowths [31–33]. Whichever the case, by
penetrating intergranual spaces in thick-film spinel body, the Ag
ions attain a possibility for further migration into bulk grains
composed of Cu0.1Ni0.1Co1.6Mn1.2O4 spinel, thus leading to
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second-stage diffusion. In such a way, the ceramics material evolv-
ing crystalline Cu0.1Ni0.1Co1.6Mn1.2O4 grains, intergranual barriers
and structurally-intrinsic pores forms a specific hard jammed sys-
tem, where strong downhill scenarios appear as an input from
additional Ag penetration into ceramics. Therefore, the overall dif-
fusion-limited DR process in the studied thick-film system occurs
as two-step diffusant (Ag) penetration into ceramics. Within free-
energy landscape shown in Fig. 3, this process can be conditionally
depicted as decreasing tendency in a path between A and B meta-
basins (downhill driving force).

In terms of heterogeneity [34], the non-exponential (SER or
CER) DR kinetics can be described by heterogeneity factor h (which
is inverse stretching factor 1/b), giving the degree of system
deviation from homogeneous single-exponential RF-1. This param-
eter for SER kinetics (Fig. 2a, curve 1) is significantly greater unity
(h = 1.72), reflecting complex ‘‘glassy”-type processes dominated
by multiple local minima. For CER kinetics (Fig. 2a, curve 2), the
heterogeneity factor h = 0.61 corresponds to ‘‘non-glassy”-type
kinetics (which is strongly non-exponential) in Ag penetrating into
ceramics.

Hence, in fact, the SER-to-CER kinetics crossover appears in
screen-printed ceramics-conductor systems due to strong struc-
tural perturbation from equilibrium caused by diffusing agent
(Ag). In many substances prepared in out-of-equilibrium state by
quenching from a liquid, the internal stresses are inevitably built
in at the jamming transition [7,8]. These stresses relaxing at further
experimental conditions serve as a source for unusual CER behav-
ior. In case of our thick films, this type of relaxation dominates
under a condition of dynamic nanoinhomogeneities caused by Ag
penetration deep into ceramics bulk. This diffusive process is only
the initiating stage of the overall relaxation tending a system
towards equilibrium, while the final ultraslow stage attains faster
than exponential CER form. The relaxation of internal stresses
has no direct relation to this first-stage diffusive motion, being
principally different in its origin. Thus, the driving microstructure
mechanisms responsible for CER are known to be related to stres-
ses collapse due to soft contacts between spheres (as in case of
concentrated emulsions and lamellar gels), local topological rear-
rangements (as in foams), elastic relaxation of topological defects
like dislocations or grain boundaries (as for micellar crystals),
etc. [7]. Typically, such structural rearrangements occur on length
scales of over-microns distances [7]. Thus, it should be admitted
reasonably that Ag atoms penetrating Cu0.1Ni0.1Co1.6Mn1.2O4

ceramics, mainly in a vicinity of intergranual boundaries, create
specific micron-sized bridges between grains, increasing electrical
conductivity of a whole system.
4. Conclusions

Thermally-induced DR kinetics probed by relative electrical
resistance drift in structurally-dispersive systems composed of
bulk-ceramics or screen-printed Cu0.1Ni0.1Co1.6Mn1.2O4 spinel
compound with conductive Ag or Ag-Pd layered electrodes is
shown to obey an obvious non-exponential form. Two different
types of kinetics are detected for the same thick-film ceramics in
dependence on supplied metallic contacts. If Ag migration is inhib-
ited by Pd addition due to conductive Ag-Pd alloy, the governing
kinetics attains a stretched exponential form with stretching expo-
nent b = �0.58 typical for one-stage diffusion in structurally dis-
persive media. Under Ag penetration into thick-film body, as for
thick-films supplied by Ag contacts, the kinetics drastically
changes, attaining compressed-exponential form with shape index
b = 1.68. The resulting kinetics in this case is though to be attribu-
ted to two-step diffusing process originated from Ag penetration
deep into spinel Cu0.1Ni0.1Co1.6Mn1.2O4 ceramics.
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