
 

  

Abstract — This paper are new exciting results and an 

overview in graph theory applications on various problems in 

electronic materials. This opens new frontiers in this field. There 

are a lot of scientific efforts, especially during last few years. Our 

research team made very significant contribution, particulary 

related to calculation of parameters of BaTiO3 ceramics, 

calculation of syntetized diamonds electrophysical parameters, 

modelling of microeletronic intergranular relations and use of 

materials in medicine, based on biomimetic. We also discuss 

interesting possibilities for further research. 

 
Index Terms — graph theory; nanostructures; ceramics.  

I. INTRODUCTION 

Graph theory application in synthesis of ceramic materials 

with control on phenomena between the grains is very 

challenging (see [1-5]), especially combined or compared 

with fractals and neural networks applications. It could enable 

design of the material with specific functionalities and widen 

the field and conditions for their application. Properties on the 

grain boundary can be calculated and analyzed based on the 

values measured on bulk materials samples (for methods of 

measurement see [1,3,4,5,8]). Possibility of using graph 

theory for determination of dielectric properties at the grain 

boundary of modified BaTiO3 ceramics, based on the 

properties measured on the bulk samples is shown. This opens 

completely new perspectives in the area of miniaturization 

and micropackaging, because electrical-electronic-dielectric 

parameters values are calculated on a micro level (see [3, 6-

9]).  
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II. GRAPH THEORY IN INTERGRANULAR RELATIONS 

We have 3D structure of synthesized electronic material that 

should be presented or modelled using graph theory for 

calculation of parameters at grain boundary ([2]), shown on 

Fig.1. Let us consider 1D and 2D case, because this 2D case 

could be, later, easily generalized and mapped onto some 3D 

case. 
 

A. Modelling with 1D and 2D graphs 

In order to establish appropriate theoretical experiment, 

through which we will model this sintered plate with graph 

[2], lets simplify, and instead of 2D case (Fig.2), we will take 

one of 1D cases (Fig.3): 

 
Fig. 1. Structure of grains (3D case) 

 
Fig. 2. Structure of grains according to 2D case 

 
Fig. 3. Structure of grains according to 1D case 

 

Now, let us make graph from one of those cases, for example 

the last one (vertical arrangement) with n=5 grains. Our goal 

is to get overall results in change of capacitance, in relation 

with those (measured) overall results. So, we have graphs, 

shown on Fig.4 (see [5]). 

 

If we use experimental results from [5] and divide overall 

capacitance change to a local measure, between two grains, 

for example, for n=5 and for DC bias 25V, we have overall 
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capacity change 69.45. This means that between neighboring 

vertices in graph we have capacity change  of 

 

69.45 / (n-1) = 69.45 / 4 = 17.3625 

 

  
Fig. 4. Modelling with 1D graphs 

 

Appropriate matrix of this graph (for n=5) is 

 
 

In that case, we have parallel connection of capacity changes, 

and overall capacity change is equal to 68.73 (see [10]). 

 

For results in same experiment (see [5]), for n=5 and for DC 

bias 95V, we have overall capacity change 100.97. This 

means that between neighboring vertices in graph we have 

capacity change  of 

 

100.97/(n-1) = 100.97/4 = 25.2425 

 

Appropriate neighboring matrix of this graph (for n=5) is 

 

 
 

In that case, we have parallel connection of capacity changes, 

and overall capacity change is equal to 100.97 (see [5]). 

 

Let us make graph from one of 2D cases, for example with 

n=8 graines (see [5], see Fig.5). So, we have graph with same 

number of vertices (n=8),  

 

 
 

Fig. 5. Modelling with 2D graphs 

 

If we use experimental results from [5] and if we divide 

overall capacitance change to local measure that characterizes 

relation between two grains (two vertices in graph). For 

example, for DC bias of 25V, we have overall capacity 

change of 69.45. This means that for n=8, m=13 and for 

between neighboring vertices in graph we have capacity 

change  of 

 

69.45/(n-1) = 69.45/12 = 5.7875 

 

Appropriate neighboring matrix of this graph (see [10]) is 

 

 
 

This results to overall capacitance change equal to 68.73. 

 

B. Modelling with 3D graphs 

We will now apply 3D graphs on calculation of breakdown 

voltage on BaTiO3 sample (see [1]) with some predefined 

constraints. Relation between grains in sample is established 

and described and now we have mathematical approach for 

calculation of breakdown voltage using experimental results. 

As a result, we introduced mapping between property of 

sample and grain structure, then between grain structure and 

mathematical graph, using various crystal structures. The 

main idea was to apply 3D-graph theory for distribution of 

electronic parameters between the neighboring grains.  We 

will use simple BaTiO3 sample, shown on Fig.6. 

 
Fig. 6. BaTiO3 sample with 4 grains. 
 

Breakdown voltage  is obtained by measuring on whole 

sample, i.e.it is measured on two opposite sides of this 

sample. It is same in both directions, along -axis and along 

-axis (Fig. 2). Third dimension will be denoted with , and 

that is vertical size of this sample, distance between top and 

bottom of the sample (tom and bottom of the grain). 

 

If we do mapping of this grain sample (see [1]), onto 3D 

graph with eight vertices, shown on Fig.7. We put vertices on 

the top of each grain and at the bottom of each grain, 

assuming that there is also some value of   between grain 

ends. Breakdown voltage is very small and it can be 

neglected, leaving , ( ). Assume that 

“dimensions” of this problem are now ,  and 

. 
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Fig. 7. 3D graph model of 2x2 grain sample, with 8 vertices. 

 

Graph , has 8 vertices and 12 edges. 

Corresponding weight matrix of this graph is: 

 

2

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

p p

p p

p p

p p

p p

p p

p p

p p

U U

U U

U U

U U
W

U U

U U

U U

U U

















 
 
 
 
 
 =
 
 
 
 
 
  

 

 

Each “horizontal” (along x-axis and along y-axis) edge of this 

graph has the same weight , and each “vertical” edge 

(between top and bottom of the grain) has the same weight . 

In the case obtained from the experiment in [1], case I-16 

BaTiO3 ceramics without additives, we have: 

 

2

0 12.54 0 12.54 0 0 0

12.54 0 12.54 0 0 0 0

0 12.54 0 12.54 0 0 0

12.54 0 12.54 0 0 0 0
, (

0 0 0 0 12.54 0 12.54

0 0 0 12.54 0 12.54 0

0 0 0 0 12.54 0 12.54

0 0 0 12.

0).

54 0 12.54 0

W


















 
 
 
 
 
 =
 
 
 
 
 




 

 

 

After that, we do the mapping of the same grain sample onto 

3D graph with nine vertices, shown on next Fig.8. We put 

vertices on “top” of each grain and also on “bottom” of each 

grain (see [1]), like in previous case, breakdown voltage 

between those ends is very small, so we will assume that it is 

. New, ninth vertex is, by BCC principle (body-centered 

cubic crystal system imaginary point in the middle of this 

sample, and its appearance rises gives dimension of this 

problem from 2 to 3. Assume that “dimensions” of problem 

are  ,  and . 

 

 
Fig. 8. 3D graph model (Body-centered in crystal system) with 9 vertices.  

 

Graph , has a set of 9 vertices and a set of 20 

edges (see [1]). Corresponding weight matrix of this graph is: 
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Each “horizontal” edge of this graph has the same weight , 

and each “vertical” edge, that goes “through” the grain have 

same weight . In case obtained from the experiment (see [1]), 

we have: 
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Now, we can discuss same grain sample, mapped onto 3D 

graph, but now with twelve vertices, shown on Fig.9. New 

imaginary vertices are pointed in the middle of each surface of 

this sample, except upper surface and bottom surface. 

“Dimensions” of problem are ,  and . 
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Fig. 9. 3D graph model (Face-centered in crystal system) with 12 vertices.  

 

Corresponding weight matrix (see [1]) of this graph is 
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Each “horizontal” edge of this graph has same weight , and 

each “vertical” edge, that goes “through” the grain have same 

weight . For BaTiO3 ceramics (see [1]) without additives, we 

have: 
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, 

where . 

III. SINTETIZED DIAMONDS AS BIOMIMETIC MATERIALS 

Materials science is spreading into all fields of basic and 

applied science. One of the biggest influence on everydays 

life in bioceramics materials is the application of these 

substrates for medical engineering (see [4]). The most 

prominent bio-relevant properties of a biomaterial are 

chemical inertness and bio-durability, so submicro diamond is 

coming into the center of our research interest. This diamond 

structure is an unique biomaterial with specific compatible 

characteristics, which are not exactly only one based on its 

bio-chemical properties. Physical-chemical biocompatibility 

directions, including data from nano interface water layers 

could be defined on nanodiamond substrates (see [4]). If we, 

theoretical, split diamond surface into small particles, we can 

implement similar approach like with grains in [5]. If we take 

a small part of diamond surface, of “dimension” 2x2x1 

(Fig.6), we can detect and assign graph vertices in upper 

surface of diamond, shown on Fig.10.  

 
Fig. 10. Syntetized diamond internal structure. 
 

Appropriate graph is shown on Fig.11. We can assume some 

property (any electrical, dielectrical or magnetic property), 

noted with , and we can assign values on those graph edges, 

we can represent this graph (see [4]) with weight matrix . 

 
Fig. 11. 3D graph model of syntetized diamond 

 

Weight matrix of this graph (see [4]) is: 
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Each “horizontal” edge of this graph has weight , direct 

“vertical” edge also has weight , and “skew” edges, through 

structure has weight . Why divided with 4? Because in 

this model every algebraic path through this graph, starting 

from upper surface down to lower surface, consist of 4 edges, 

length of algebraic path is 4 (see [4]). 

 

The ultra-nanocrystalline synthetized diamonds are very 

advanced materials for biomedical and other applications. We 

pointed out to a complex relation between graph theory and 

electrophysical parameters of the consolidated nano-diamonds 

is presented. We performed and explained related 

experimental procedure with results data (see [4]). By this 

method we provided way for defining the electrophysical 

parameters on micro and nano level of grains and pores, what 

is important for further designing microelectronic structures 

and advance miniaturization. 

IV. OUTLOOK 

In the future research, it is possible to correlate graph theory 

application on some other ceramic materials characteristics 

and to use it for some other values calculation on microlevel, 

for example electrical conductivity, thermal conductivity, etc. 

Also, it could be very important to compare the results based 

on neural networks and graph application, simultaneously. 

The nanocrystalline synthetized diamonds are very advanced 

materials for high-tech applications especially in medicine, 

electronic and space research. Further application of the graph 

theory decelopment could make some new and unexpected 

contributions in this field.  

V. CONCLUSION 

In this research paper we intended to make an overview on a 

complex relation between graph theory, BaTiO3-ceramics and 

synthetized diamonds electrophysical parameters calculations, 

and also designed microeletronic intergranular relations. 

Before the graph and neural network theories (see [10-14]), 

we have used different experimental methods for global 

measurements and collecting the physical parameters from the 

sample surfaces, based mostly on the statistic distribution. 

 

Now we can define values directly at the level of the grains 

and pores, and, also, between them.  Based on this approacch 

we provided a way for defining other parameters on micro and 

nano grains and pores constituents, what is important for 

advance predicting microelectronic structures and related 

parameters, in electronic material sciences in general. 

REFERENCES 

[1] V.V.Mitic, B.Randjelovic, I.Ilic, S.Ribar, C.An-Lu, A.Stajcic, 
B.Vlahovic.“The 3D graph approach for breakdown voltage calculation 

in BaTiO3 ceramics”, IJMPB, Vol 35 (7) (2021) pp. 2150103. 

[2] V.V.Mitic, G.Lazovic, B.Randjelovic, V.Paunovic, I.Radovic, 
A.Stajcic, B.Vlahovic: “Graph Theory Applied to Microelectronic 

Intergranular Relations”, Ferroelectrics, 570 (2021) p. 145-152. 

[3] V. Mitić, C.A.Lu, B.Randjelović, V. Paunović, I.Radovic, A. Stajcic, 
J.Kotnik, H.Fecht, B. Vlahovic, “3D graph theory application on 

modified nano BaTiO3 electronic ceramics”, Int.Conf. Electronic 

Materials and Applications EMA-2021, Virtual, January 19-21, 2021. 
[4] B.Ranđelović, V.V.Mitic, S.Ribar, M.Cebela, M.Mohr, H.Fecht, 

B.Vlahovic: “Graph Theory Approach in Synthetized Diamond 

Electrophysical Parameters Defining”, in: Bioceramics, Biomimetic and 
other Compatible Materials Features for Medical Applications (Ed: 

S.Najman., V.V.Mitic, T.Groth, M.Barbeck, P.Yu Chen, Z.Sun), 

Springer Nature, Cham, Switzerland, 2021, accepted. 
[5] B.Randjelovic, V.V.Mitic, S.Ribar, I.Radovic, A.Stajcic, I.Novakovic, 

B.Vlahovic. “Ceramics, Materials, Microelectronics and Graph Theory 

new Frontiers”, MPLB, Vol 34 (34) (2020) pp.2150159. 
[6] V. Mitlić, G. Lazović, B.M. Randjelović, V. Paunović, J.M. Wu 

D.Mancić,, J.R. Hwu, “Fractal Microeletronic Frontiers and Graph 

Theory Applications”, Int.Conference MS&T 2019, Book of Abstracts, 
Portland, USA, 29 September – 03 October 2019. 

[7] V. Mitić, G. Lazović, C.A.Lu, I.Radovic, V. Paunović, A. Stajcic, 

B.Randjelović, S.Ribar, B. Vlahovic, “Investigation of intergranular 
dielectric properties within the relation between fractal, graph and 

neural networks theories”, Int.Conf. Electronic Materials and 

Applications EMA-2021, Virtual, January 19-21, 2021.                                                                                                                        
[8] V. Mitić, C. Serpa, C.A.Lu, V. Paunović, I.Radovic, B.Randjelović, 

S.Ribar, A. Stajcic, B. Vlahovic, “Fractal, graph and neural network 

theories applied on BaTiO3 electronic ceramics”, Int.Conf. Electronic 
Materials and Applications EMA-2021, Virtual, January 19-21, 2021. 

[9] V. Mitić, I.Radovic, C.A.Lu, S.Ribar, B.Randjelović, A. Stajcic, H. 

Fecht, B. Vlahovic, “Neural networks and applied graph theory 
approaches for intergranular properties measurements investigation”, 

Int.Conf. Electronic Materials and Applications EMA-2021, Virtual, 
January 19-21, 2021.  

[10] Mitic V. V.. et al. The Artificial Neural Networks Applied for 

Microelectronics Intergranular 323 Relations Determination. Integrated 
Ferroelectics. 212 .(2020). 

[11] V.V.Mitic, S.Ribar, B.Randjelovic, C.-A. Lu, I.Radovic, A.Stajcic, 

I.Novakovic, B.Vlahovic, Neural Networks and Microelectronic 
Parameters Distribution Measurements depending on Sinthering 

Temperature and Applied Voltage, MPL B, 34 (35) (2020) pp. 2150172. 

[12] Mitic V. V et al. Sinterign Temperature Influenceo on Grains Function 
Distribution by Neural Network Application, Thermal Science (2021) 

(accepted). 

[13] Ribar S. et al.  Neural Networks from Biophysical Applications in 
Microelectronics Parameters 336 Measurements. in: Bioceramics. 

Biomimetic and other Compatible Materials Features for 337 Medical 

Applications. (Ed. Najman S.. Mitic V.. Groth T.. Barbeck M.. Yu Chen 
P.. Sun Z.). 338 Springer Nature. Cham. Switzerland. 2021. accepted for 

publication  

[14] Ribar S. et al. Neural Networks Application on Human Skin 
Biophysical Impedance 319 Characterisations. Biophysical Reviews & 

Letters. 16.(2021). pp. 2021 – 19  

                                                                                                                                                                                 

 

NMI1.2 Page 5 of 5




