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Abstract:

In this paper, we develop the new physical-mathematical time scale approach-model
applied to BaTiOs-ceramics. At the beginning, a time scale is defined to be an arbitrary
closed subset of the real numbers R, with the standard inherited topology. The time scale
mathematical examples include real numbers R, natural numbers N, integers Z, the Cantor set
(i.e. fractals), and any finite union of closed intervals of R. Calculus on time scales (TSC) was
established in 1988 by Stefan Hilger. TSC, by construction, is used to describe the complex
process. This method may be utilized for a description of physical, material (crystal growth
kinetics, physical chemistry kinetics - for example, kinetics of barium-titanate synthesis), bio-
chemical or similar systems and represents a major challenge for nowadays contemporary
scientists. Generally speaking, such processes may be described by a discrete time scale.
Reasonably it could be assumed that such a “scenario” is possible for discrete temperature
values as a consolidation parameter which is the basic ceramics description properties. In
this work, BaTiOs-ceramics discrete temperature as thermodynamics parameter with
temperature step h and the basic temperature point a is investigated. Instead of derivations, it
is used backward differences with respect to temperature. The main conclusion is made
towards ceramics materials temperature as description parameter.
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1. Introduction

Timescale calculus (TSC), as a relatively new physical-mathematical method, is
shown in [1-3]. Therefore, in scientific records, we have analyzed that is evident a relatively
small number appropriate applications or numerical methods for solving such nonlinear
problems. A good choice for solving numerical or practical problems described by the system
of nonlinear differential equations is the multi-step differential transformation method -
MSDTM [4], [5]. The advantage of the method is that it does not require perturbation or
linearization and works as a semi analytical-numerical method that provides a solution in
terms of easily compuTab. convergent series.

As it is well known, in Nature exist several examples of kinetics: classical mechanics
(as a synonym of dynamics), fluid equations, plasma and chemical kinetics, particularly in
chemical physics and physical chemistry and biology kinetics [6-13]. Up to now, we
performed, with this method, investigations within the organic bio-material processes. From
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the other side, in the area of non-organic materials, we investigate BaTiO;-ceramics [14-21]
as a complex material example that is often in different applications.

BaTiOs-based ceramics is one of the most popular and the most extensively
investigated ferroelectric material, widely used for multilayer capacitors (MLCCs), PTC
thermistors, varistors and dynamic random access memories (DRAM) in integrated circuits
due to their ferroelectric and/or semiconducting properties which can be tailored to meet the
particular requirements of devices; almost more than 300 applications.

Barium-titanate, is a typical representative of the crystallographic perovskites family,
named after the mineral perovskite, CaTiO; each member having the same basic, cubic
structure.

Below its Curie temperature, 7, ~ 120°C barium-titanate exhibits properties typical of
ferroelectrics, i.e. hysteresis between polarization and electric field, the pyroelectric and
piezoelectric effect. Also, it is a semiconductor with positive temperature coefficient of
resistivity.

BaTiO; has become one of the most important electroceramic materials among all the
ferroelectric materials. It differs from other ferroelectric materials: it exhibits three phase
changes, two below 7. and one above 7. the cubic perovskite phase, which is
centrosymmetric, sTab. and non-polar.

The single crystals growth time kinetics process is usually time-consuming, while the
ceramic microstructures complexities properties prediction from those of the corresponding
single crystal are very uncertain. Consequently, empirical observations usually lead to the
new devices based on ceramics, even before getting some partial understanding of the
underlying physical mechanisms. Barium-titanate ceramics synthesis methods were
mentioned in a lot of papers. Here, just a part is used: conventional solid-state reaction, sol-
gel, hydrothermal, co-precipitation, polymeric precursor and other consolidation methods as
well as a mechanic - activated synthesis. All of these, sintering time and other parameters, are
the future research and analysis subject, which are planned for further works.

In the literature, there are two known approaches to the concept of nature systems
discrete time [22, 23]. The first approach is a primary physical, and it is assumed the
existence of time particles - chronons. The second approach is biological - the discrete time is
understood as a crystal time. In the literature, it is also the well known concept of temperature
over the imaginary time [24]. Therefore, the assumption that the temperature of the system
has its own scale and positive discrete value is accepTab.. This is basic idea for investigation
in this paper.

As it is mentioned above, the multi-step difference transformation method
(MSDETM), a generalization of MSDTM in the sense that it supplies solution even if /—0+,
is formulated. It is based on the transformation of functions to the corresponding Taylor
series. Also, for the fitting data of the Taylor series, an equation model assuming
thermomechanical condition is formed: the density of the used BaTiOs-ceramics by pressing
pressure influence and sintering temperature which exists as a ceramics material natural
temperature scale. Here, the temperature is considered as the basic consolidation parameter,
like the time, which is also a fundamental consolidation parameter.

2. Analysis of methods and experimental data
2.1. Standard experimental procedures and BaTiOs-ceramics natural variables
relations

The samples were prepared from commercial, pure BaTiO; powder (MURATA)
with the CeO; additive.

The presented powders process preparing is fully applied to CeO, doped BaTiO;
powder consolidation. It was done by MURATA technology but PENTRONIX — PTX —
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GASBARRE consolidation is also available.

Sintering was performed in an electric tunnel furnace (CT-10 Murata) at temperatures
from 1190°C to 1370°C samples have been located in special containers (saggers), and where
set for two hours sintering over different pressures, as it will be shown in Tab. L. It is evident
that samples BaTiO; doped by 0.3 wt% CeO, were prepared by using conventional solid-state
procedure, the usual technical detail important for referent comparison.

In the next subsection displays the necessary mathematical basis for a new type of
fitting experimental results in Section 3. In the following chapter will discuss some types
discrete or continuous depending on the function p (density of ceramics) from T sintering
temperature and p is pressing pressure. The applied multistep model can operate with
sintering temperature 7 as both discrete or continuous variable.

2.2. On a class of multi-step methods

Differential transform methods can be efficiently and economically applied to high
non-linear problems since it reduces the size of computational work. The multistep
differential transform method (MSDETM) yields a continuous representation of the
approximate solution, which allows better information of the solution over the time interval.
So, such method is suiTab. for describing the dynamics of sintering processes. Here, it is
applied on BaTiO3-ceramics sintering.

The multistep differential transform method (MSDTM) is based on backward
difference calculus. The first backward difference of a discrete real function, for 4 > 0, fp(?).
hZ—R is defined by

(V) (0) = 220 l=h) n

h

Then there exists analog of Taylor’s series and appropriate transformations, for fp(¢). k-th
backward difference at the point ) element of 4Z is:

vk D t()
Fy (k)= (hfk—'()) @)
provided
F(t_to +1j
(1—1,) = pr 3)

ho _
r(f o +1—kj
h

the A-factorial function Taylor’s series is (K e N, ):

L) = Fo (k) (-1, )

For ~—0,, Egs. (2) and (4), respectively tends to
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F(k)=———, (5)

and

F()=X" F(k)(t-1,)". (6)

Also, the (continuum limit) (7 -, )E,k) - (1-1, )k is valid.

Consider following nonlinear initial value problem of first-order difference equation:
VoS0 (1)=G, (1. 1)) (7)

subject to the initial condition f p (¢y=0) = cy; with real functions Gp(¢, f) and fp(f), MSDETM
is formulated as follows. Let {0, At,..., T} m=1,2,....M, At = T/M= [-h (I € N ), be the discrete
set over which we want to find the solution of the initial value problem (7). Set of nodes {0,
At,..., T} define M equal size sub-intervals [t,-; t,], m=1,2,...M, t,=0. A sequence of
approximate solutions fp,,(¢), m = I, 2, ..., M are given by:

for () 1112 €[0,1,],

10 (0)= foa (1) E et.t,], ®

Sou (0) LI €[ty 1010, ],

in the sense:

K

Fo(6)=X5 Fy (k)(t-1,)", ©)

with initial conditions:
o (t)=F,(0,k), k=2,3,....M (10)

The main steps of the MSDETM, are: (1) We apply the difference transformation to
the problem (7), the result is a recurrence relation for F(k, m); (2) Solving this relation over
each time sub-interval [¢,-1, t,], m = 1, 2, ..., M, bearing in the mind initial conditions, and
using the difference inverse transformation one can obtain the solution of the problem. With
At = T, MSDETM reduces to the DETM. With small values of 4, i.e. ~—0. in (1), and
At=const, in (8), MSDETM reduces to the MSDTM in the spirit of TSC. The sintering time is
set to be fixed (#5 = 2h). Obtaining Taylor series of given function is the essence of the
considered method.

3. Results and Discussion

In this paper, we considered that the ceramics, in this case, electronic ceramics
materials have its own consolidation temperature and pressing pressure over the discrete
scale. These are material properties, which are optimal for the concrete material consolidation
processes. The temperature in the literature is formally known as an inverse imaginary time
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[24]. This idea is more accurately expressed in the paper [26] and is the basis for this work.
For BaTiO;-ceramics the following equation of thermomechanics state will be considered

p= p( T, p, t), were ¢ as sintering time keeps constant, ¢ = t, so that:

p:p(T’patS)a (11)

p is the density of ceramics, T sintering temperature, and p is pressing pressure. Experimental
data are given in Tab. . In our experiment, fs is set to 2 hours.

Let us assume that ceramics, as a material property, has its own temperature and
pressing pressure over the discrete scale. In addition to discrete polynomial, the discrete
exponential function [27]:

X=Xy

e (X, x))=(1+a-h) n . (12)
will be used. Let ~—0+, then:

€ (X,x,) > e )
Also, there exists corresponding discrete logarithm function:

log,,, (x, x,)=h-log,,, (x/x,). (13)

In the process of fitting considered as discrete and continuous exponential,
polynomial, logarithm, power functions and their combinations, bearing in mind the that the
maximum number of parameters is 15. The fitting was done in the MATLAB environment.

Tab. I Experimental data for technological parameters: sintering temperature 7,

pressing pressure p (for g = 2h) and BaTiOs-ceramics density p [25]:
T[°C] p [MPa] p [10° kg/m’|
1190 86 54
1190 105 53
1190 130 5.4
1190 150 5.5
1240 86 5.5
1240 105 5.6
1240 130 5.6
1240 150 5.6
1290 86 5.5
1290 105 5.4
1290 130 52
1290 150 5.5
1370 86 52
1370 105 5.6
1370 130 54
1370 150 53

Other experimental conditions in Tab. I are: the used samples sintered for 2/, doped
with additives of 0.3 wt% CeQO,. Two basic types of functions of 7 and p have the best fitting
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characteristics: ordinary polynomial and mixed polynomial. In the second, better case it is
shown that the temperature of sintering has a discrete physical size, i.e., that ceramics has its
own characteristic temperature scale. Concrete the best fitted two-dimensional functional
dependency - mixed polynomial (x =7,y =p, z=p) is:

f(xay):poo +p10(x_a)+po1y+pzo(x_a)(x_a_h)"'
pn(X—a)y+p02y2 +pyp(x—a)x—a—h)(x—a—-2h)+ (14)
p21(x—a)(x—a—h)y+p12(x—a)y2 +p03y3,

where p;, i, j = 0, 1, 2, 3, h and a are fitting parameters. With =0 and #=0 we get pure
polynomial appearance. In equation (14) instead of variable y (p) are used the logarithmic and
exponential functions (In (p/py), exp(p/po)). The variable x(7), which is examining whether
discrete or continuous, For variable x(7) being tested whether discrete or continuous, are

possible following substitutes: (x—a)—ena(x, a), (x—a—h)—en(x, ath), (x—a—2h)—ena(x,

a+2h), (x—a)—loga(x, a), (x—a—h)—lognd(x, ath), (x—a—2h)—log(x, a+2h).

Tab. II Values of fitting parameters for experimental data
gives in Tab. I- mixed polynomial.
Parameters Values Units
a 1278 °C
h 97.48 °C
Poo -2.041 MPa
poi 0.1988 kg/(m’MPa)
Doz —0.001715 kg/(m*(MPa)*)
Po3 4.818-10°° kg/(m*(MPa)®)
Plo ~0.02441 kg/(m*C)
i 0.0004211 kg/(m°CMPa)
P12 ~1.766:10°° kg/(m*°C(MPa)*)
P20 0.0001233 kg/(m*°C?)
Pt 1.711-107 kg/(m’°C*MPa)
P 5.246:107 kg/(m*°C)

density

11
100

1240

. 20 L
ressing pressurc sintering temperature
P EP B

Fig. 1. Two-dimensional fitted surface, whose is given by the equation (14) and parameter
values from the Tab. II.
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Goodness of fit in the second case are: SSE= 0.1024, Ryquare =0.7903, Adj Ryquare =
0.0773 and RMSE=0.1204 (SSE - sum squared error, RMSE - root mean square error, Ryquare -
coefficient of determination, Adj Ryquare - adjusted Ryquare ). Results of fit shown in Tab. II and
Fig. 1.

For pure polynomial appearance, goodness of fit given by values SSE= 0.1135, Ryquare
=0.6309, Adj Ryquare = —0.1094 and RMSE=0.1433.

The main conclusions of these results that there are two material properties of doped
BaTiO;-ceramics - basic point temperature a = 1278°C and the temperature step 7 = 97.48°C,
in the terms of backward difference calculus. Thus, the temperature 1278°C with the
temperature step 97.48 produces ceramics of optimal density.

4. Conclusions

BaTiOs-ceramics discrete temperature properties, with two material constants - basic
temperature point ¢ and temperature step 4, are investigated. It is a new contribution, although
empirically, in the ceramics sciences. In this sense, TSC, the differential-difference calculus,
and MSDETM represent a good basis for the use of a new mathematical apparatus for
studying materials science, concretely in this paper electronics ceramics materials.

The result of the application of MSDETM method is founding an optimal point in the
(temperature, temperature step) space which traces a way of employing this method in the
optimization of the technological process of barium-titanate and other ceramics sintering.
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Cadpacaj: Y osom pady ce npumersyje nosu uszuuxo mamemamuyxu npucmyn na BaTiOs-
Kepamuxy 3acrnosan Ha pauyny epemenckux cxaia (TSC). Bpemencka cxana ce degunuue kao
HeKU 3ameopeHu NOOCKYn pedlHux Opojesa R, xoju nocedyje cmanOapOHy YHYMpauirby
mononoaujy. Tunuunu mamemamuyxky npumMepu 8PeMeHCKUX CKAla Cy CKVI peaiHux Opojesa
R, cxkyn mpupoonux 6pojesa N, yenux 6pojeéa Z, Kamwmopoe cxyn (ppaxmanu) u ceaxa
KoHauHa yruja 3ameopenux unmepeana ckyna R. TSC je 1988 cpopmynucao Cmegpan Xuneep.
Ilo xoncmpyxyuju, TSC onucyje cnooicene npoyece. Ou ce Modxce KOpucmumu 3a 3d
MoOenogarve  uUUKUX Mamepujaia (KuHemuke pacma KpUcmaida, @Qusuko-xemujcke
KuHemuxke, Ha npumep, cunmese 6apujym mumanama), OUOXeMujcKux uiu CIUMHUX CUCmema u
npeocmasbd, Kao makas, 8eiuxku usazos 3a caspemeny Hayky. I enepanno 2ogopehiu, mHo2u
npoyecu mMo2y oumu onucanu OUCKpemHoM BPeMeHCKOM CKAIOM. Jeoan 00 maxeux mozyhux
“cyenapuja’ jecme OuckpemHa memnepamypHa CKAid ca KapaxmepucmuuHom OpojHom
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epeonouhy memnepamypHoz KOpaxka Kao KOHCOTUOAYUOHUM NAPAMEMPOM KOju NPedcmasba
ocoouny wmamepujana. Y oeom paody, BaTiOs;-xepamuxa je onucana OucCKpemHoMm
MeMnepamypHoOM CKAJIOM 20e Cy MeMNepamypHu KOpax h u 0CHO6HA NONA3HA MAYKA d, FeHU
MEePMOOUHAMUNKY napamempu. Ymecmo uzgooa no memnepamypu, KOpucme ce 3a0ie
paznuxe. OCHOBHU 3AKBYYAK padd je 0a KepamuyKku MAmepujairud Mocy noceoogamu Hoge
memnepamypHe napamempe Koju cy Kapakmepucmuxe KOHKpemHoz mamepujana.

Kuwyune peuu: BaTiOs-xkepamuxa, ouckpemna memnepamypua ckana, TSC.
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