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Ana xinvkicnHoi ouinku po3sumxy
Qizuxo-ximiunux npouecie Ha nogepx-
Hi 6 pobomi anpobosanuil Komn'romep-
HUU Mmemod aunanizy 6Gazamonopozoeux
nepemunié 300pajincenv NOBEPXHEB0O20
penvedy 3 3-x miphum nooannam 306pa-
JHCEHHST OMMuUuHOi MiIKpockonii (8 sKo-
cmi mpemvoi oci Z 6UKOPUCMOBYEMbCS
wrana inmencusnocmi). Iloxaszano, wo
3amina noeHonpo@invLHo20 ananizy Ha
ananiz nepioduunoi cucmemu nepemu-
Hi8 Y30082HC 0Ci THMEHCUBHOCMI 00380J15€
3pobumu documov npocmum 6uUIHAMEH-
Ha ppaxmanvioi po3miprocmi crkaao-
HUX peaveqpie nosepxii, chopmosanux 6
HePiBHOBANCHUX YMO8AX

Kniouosi crosa: xomn'romepnuii ana-
i3, Memoo 0azamonopozoeéux nepemu-
Hi8, wKana itmeHcueHocmi, ppaxmanvna
PO3MIpHICMb, 1OHHO-NJIA3MOBL NOKPUM-
ms, epagen

T ]

na xonuuecmeennoui ouenxu pas-
8UMUSL (PU3UKO-XUMUMECKUX NPOUECCO8
Ha noeepxnocmu 6 padome anpooupo-
8aH KOMNbIOMEPHLLU Memood aHaIu3a
MHOZ20NOP0206bIX CeueHUll U300paceHuil
nogepxHocmmnoz0 peaveda c 3-x mep-
HblM npedcmasienuem uU300pax3cenus
onmuueckou mMuxpocxonuu (8 Kauwecmee
mpemetl ocu Z ucnoavzyemcs wKania
unmencuenocmu) . Iloxazano, umo 3ame-
Ha NOTHONPOPUNLHOZ20 AHAU3A HA AHA-
U3 Nepuoouteckoll cucmemvl Ceuenuil
600J1b OCU UHMEHCUBHOCMU NO360J5L-
em cdenamv 00CMAMOUHO NPOCMbLM
onpedenenue @paxmanonou pasmep-
HOCMU CJIONCHBIX peibedlo8 NOBepPxXHO-
cmu, chopmuposannvix 8 HepasHosec-
HbIX YCNOBUSAX

Kntouesvie cnosa: xomnvromepHolil
ananuz, mMemoo MHO20NOPOZO6LIX Ceue-
Huill, WKaAna uHmeHcueHocmu, Qpax-
manvHas pPasmMepHocmv, UOHHO-NIA3-
MeHHble nOKpvimust, epagden
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1. Introduction

The functional properties of a material are largely de-
termined by the statement of its surface. Therefore, meth-
ods developed now, create a specific structural state of the
surface layers as a result of the surface modification and
bring into play the thin films and coatings with the desired
properties.

These processes are carried out under non-equilibrium
technological conditions, and as a result, the structural type
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of material layers formed on the surface has a fractal (non-in-
teger) dimension [1, 2].

2. Literature review and problem statement

The suggestion about the primary (original) chaos of
fractal structures appropriates for describing on the basis of
the dynamics of chaos [3] to purpose the apply of mathemat-
ical approach for analysis.




Such method was used in the evaluation of the friction
surfaces [4], the surface condition after EDM [5], the physi-
cal characteristics of surface coatings growth [6, 7].

Practical conclusions based on the correlation of fractal
dimension with standard technical characteristics: hard-
ness, friction factor, material consumption, the optimal
porosity of the coating, and the like, were obtained as an
expected result of associating the computer processing and
the experimental data.

This led to the development of a new direction in the sci-
ence of materials — fractal materials science. So the basis for
a quantitative description of dissipative structures formed
under conditions far from equilibrium [8, 9] is reached.

For example, the consideration of changes of the “activi-
ty” of the etching process in aggressive environment, due to
the structure of the material (discussed in ranges “macro-",
“micro-", “nano-"), should be compared with the diffusion
processes in the reagent, the duration of the process and a
lot of other parameters.

Recently, much attention has been paid to the verifica-
tion of the initial stages of growth mechanisms of deposition
under nonequilibrium conditions.

This is caused by the requirement to control the condi-
tion (structural engineering), which allows achieving high
(in some cases, unique high) functional properties [10, 11].

The definition of a fractal surface roughness changing
depending on the physical and technological parameters of
the process will show as expected the results necessary for
prediction of the stability and reproducibility of generated
properties and structural states of materials.

Ton-plasma condensates of quasi-binary boride systems
with high mechanical properties [10] relate to one of the
most promising materials for coatings, as well as the coating
based on graphene [12, 13].

Great interest shown currently to graphene as a functional
material, is supported with a number of it’s unique properties
(electronic, optical, mechanical and others. [14]). A technolo-
gy of graphene synthesis on the copper substrate is regarded
as one of the most promising methods of obtaining large area
graphene coating in a composite system [15] for practical use.

3. The aim and the tasks of the study

The aim of the work was testing the computer analysis
method based on multithreshold sections of the surface
topography image (using the 3-dimensional representation
of the image of the optical microscope, where the intensity
axis is applied as the scale of real profile) for the quantitative
estimation of the progress of physical and chemical processes
on the surface during the deposition of films and coatings.

To achieve the set goal, the following tasks are to be
solved:

— define possibilities of using computer processing by
the method of multithreshold cross sections for the analysis
of optical images;

— define the laws of formation of fractal structures on the
surface of the growth of ion-plasma condensates of quasi-bi-
nary borides using computer processing of optical images of
the surface;

— using the method of multithreshold cross sections to
hold the control of uniformity, the fractal dimension of the
boundaries and continuity of the coating system “graphe-
ne — copper substrate”.

4. Materials and methods of the study

Ton-plasma coating solid solution diboride as the state of
decay TiB,-W By quasi-binary system [2] with the thickness
of range 0.3...1.7 mm was obtained by magnetron sputtering
in an argon atmosphere.

The samples of the system “graphene — copper substrate”
contained graphene layers grown by the CVD method in a
mixture of methane gas, hydrogen and argon on a substrate of
copper foil (Alfa Aesar, thickness 25 microns) at temperatures
up to 1000 °C. At this temperature methane from the gas phase
moves to the surface, diffuses through the boundary layer,
adsorbs on the surface of the catalyst, and after its decomposi-
tion, produces the atomic carbon which diffuses to the surface
of copper. Processes which occur on the surface largely depend
on the substrate temperature and on the feed rate of carbon
to the surface. The pre-annealing of copper substrate is a nec-
essary operation prior to synthesis. The polished copper sub-
strate was annealed in an argon/hydrogen mixture to restore
perfect orientation of the surface of the copper grain growth.

The following algorithm was used for processing of the
different stages of optical microscopy monitoring: after the
initial treatment (monochromatization, contrast alignment,
noise reduction, etc.) the conversion of initial data to a series
of binary images based on the “multithreshold” technology
[16] took place. The number of intensity levels and their
relative positions are set in advance. Then a group of binary
images representing the difference between adjacent levels
(steps) are created (Fig. 1).

Author’s program for processing is written in the C++
language in the form of serial processing. That includes the
regions of interest definition as well as the thresholds for
calculating Hausdorff dimension.
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Fig. 1. Scheme of the formation of “intensity steps” on
the selected picture element. 1...8 — the number of intensity
levels when formatting a binary image.

Each of the “steps” is a fractal object much more simple for
analysis compared to the “multifractal chaos”. The standard
technique for determining the Hausdorff dimension (Haus-
dorff-Besicovitch) applies for each step. A model [6], as pro-
posed, compares the intensity of the image with the geometric
height of the relief, and the idea, according to the Hausdorff
dimension of stairs from the rapids, is to correlate this param-
eter and the geometry of the relief. The range of thresholds
steps from 0 to 1, where “1” — corresponds to the maximum
intensity of the image of the relief and the values of the thresh-
olds are fractional numbers corresponding to the seven points
of the sectional planes in the range of intensity scale [0, 1].



The “pixel size” directly related to the parameter “mag-
nification” in the metallographic study is selected. Thus, the
scaling is performed in assessing the applicability of fractal
analysis.

5. The results of studies of the system TiB,—WB,
ion-plasma coating

The principal feature of the coatings — ion plasma con-
densates of the quasi-binary system TiBy—W By, manufac-
tured by magnetron sputtering in argon, consists in the
appearance of the surface relief
due to local peeling of the coat-
ing from the substrate. This
phenomenon is caused by the
relatively low adhesive bond
between the growing coating
and the surface region of sub-
strate [17]. The stresses in the
system “coating — substrate”
due to the poor mechanical
connection lead to flaking in
places which can be deter-
mined in accordance with the
theory of percolation when a
strain energy dissipation [9].

The formation of such struc-
tures occurs together with the
decreasing processing tempera-
ture (starting with the deposi-
tion temperature from 500 °C to
room level) and breaking vacu-
um conditions. The compressive
stresses in the coating growth
plane determine a convex shape
of its elements (Fig. 2). The
method of multithreshold sec-
tions allows in this case not only
to define the dimension of heterogeneity but also to assess
the level of the stress-strain state, which in turn determines
the break between coverage and substrate and further for-
mation of a 3-dimensional deformed structure as the result
of self-organizational processes. Fig. 2 shows the three
structure levels (in thickness) of these objects.

It’s visible that the high thickness of the coating (1.3 mi-
crons, Fig. 2, Series a) defines the formation of 3-dimensional
structures with the largest cell size (about 20 microns) and
with the highest fractal dimension of the contours (Fig. 3,
curve 1). Reduction of the thickness of the coating to 0.7 mi-
crons (Fig. 2, Series b) results in the decrease of the average
cell size to 10 microns; a coating thickness near 0.3 microns
compared to the average cell size of about 3 microns.

As shown [18], the concentration of stresses near the
interface of “coating — substrate” within a thin surface layer
(80 microns) increases with decreasing thickness of the
coating i. e. closer to the free surface of the sample. Thus,
a decrease of the cell size by reducing the thickness may be
associated with increasing levels of elastic stress-strain state
in the coating.

As an addition to the general changes, a decrease in the
results-tiered examination of fractal dimension (Fig. 3) with
an increase in the stress-strain state was shown. The results

a

of multilevel processing of intensity appeared the most in-
formative for the highest thresholds levels (0.6 and higher).

The fractal dimension of the highest threshold slices
in this system correlates with a radius of curvature of the
dome-shaped places defined by deformation. As a result, the
least deformed thick coatings (a — series) at a threshold of
0.6 demonstrate the Hausdorff dimension of 1.77; (b — series)
with a greater deformation the dimension is 1.3, and for the
thinnest and deformed coatings (¢ — series) the dimension is
1.2. It demonstrates much more at the threshold of 0.8: the
results are 1.57, 1.15 and 1.04, respectively, for the (a), (b)
and (¢) series, (Fig. 2, 3).

b c

Fig. 2. Selected images (magnification x500), and their volumetric representation based
on the intensity scale of optical microscopy of the TiB,—WB, quasi-binary system coating,
thickness: @ — 1.3 microns; b — 0.7 microns; ¢ — 0.3 microns
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Fig. 3. The Hausdorff dimension of fragments selected as
shown in Fig. 2.: 1 — series a; 2 — series b; 3 — series ¢

6. The results of studies of the systems
“Graphene — copper substrate”

Colour changes of graphene domains should be taken
into account during the rapid analysis based on data from
optical microscopy systems “graphene — copper”, Fig. 4. This
feature can become the basis for the analysis of “graphene
multi-domain coating on copper substrate” system produced
in the specific technological conditions. The idea of this



method of analysis is the assumption on the optical proper-
ties of graphene layers [19, 20].

This gives reason to choose the colour as the primary
characteristics of the image elements in the computer pro-
cessing. In fact, the colour of domain relates to a copper sub-
strate and varies depending on the coating elements, as it’s
observed by optical microscopy (Fig. 4). For the preliminary
analysis, four variants of covering elements were selected.
Every element could be selected interactively according to
its colour. This choice is a local estimation of the relative
“transparency” of graphene elements and based both on the
reference data and the visual colour contrast of the image.

The proposed image processing method involves frequent
confirmation of the free graphene layers property to change
their transparency depending on the thickness and defects.

The range of thicknesses that are practically interest-
ing (1..4 monolayers), the graphene coating should be as

transparent as possible to observe the relief of the copper
substrate within the analysis of images obtained through
it. Furthermore, as shown in Fig. 4, graphene coating is not
regular.

The colour has been chosen as the primary characteris-
tic of the image elements at the processing. The following
assumptions were made in the analysis of the images as the
model ones. There are exactly four “options” of graphene
coatings which determines the topography and different
colours: (1) monolayers of graphene (mono- or diatomic
thickness); (2) multilayer graphene domains; (3) areas of the
amorphous carbon coating; (4) the free surface of the copper
substrate (CuOy layer).

Fig. 5 demonstrates the regular location of the selected
fragments of colours in the RGB-color space (the axes of
Fig. 5 show the intensity of each colour component in the
RGB format).

Fig. 4. Images of multi-domain graphene coating on copper substrate at the different synthesis conditions:
a— 5 min; b— 10 min; ¢ — 30 min (x800, size 1024x768, .*jpQg)
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Fig. 5. Colour selection of four supposed members of graphene coating: a — 3-dimensional representation; b — the picture of
surface with the allocation of plots at coatings obtained at the technological deposition time for 10 min; ¢ — deposition of
20 min (image regions of each type by interactive selection: 1 — monolayer graphene; 2 — multilayered graphene;

3 — amorphous carbon; 4 — copper oxide of substrate)



At the same time, the samples obtained at different pro-
cess conditions (Fig. 4) show considerable variation. This
does not add the certainty in the reliable identification of
image elements.

More certain results are obtained when a selection of
colours occurs in the Lab colour space use. One of the main
properties of the Lab colour model is the independence from
the device, in this way the interactive mode is eliminated and
the process becomes more objective.

An example of a colour analysis of the optical image on
the basis of assumptions about the four components of the
graphene layer on a copper substrate made above is shown in
Fig. 6. This technique makes the morphological analysis of
the elements of each type available.

oxide amor multy mono

Fig. 6. Highlighted elements in the images in the model of the four components of
the topography of the graphene coating on copper; a — selecting graphene area
(technological parameters 800 °C, 10 min); b — an optical image; ¢ — the selected

items according to the assumptions made

The morphological characteristics (the area (A), the
equivalent diameter (ED) and Hausdorff-Besikovitch di-
mension (HD)) were analyzed according to model and seg-
mentation available.

The first of these options (area) represents the size of a
single selected item, regardless of its form. The second (equiv-
alent diameter) gives an estimate of the shape of the selected
region by comparing it with the form of the equivalent circle.
The third parameter (the Hausdorff-Besicovitch dimension)
assesses the spreading of boundaries. Changes of this parame-
ter from 1 to 2 gives the estimate of the dimension of the object:
from the one-dimensional (line) to two-dimensional (plane).

The results of such processing are shown in Fig. 7. A com-
parison of the data is given in the relative form to be able to
offer practical advice on the selection of optimal technology.
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Fig. 7. The four components of “graphene coating on a
copper substrate” depending on the technological time of
CVD process: a — variation of the Hausdorff dimension;
b — the relative area

Synchronous analysis of each of
the selected elements of the structure
of graphene coating during its evolution
makes it possible to propose a model of
the growth mechanism of the graphene
coating on copper.

7. Discussion of the results of work on
the formation and development of the
surface relief in the chemical-thermal
process of carbon deposition on a
copper substrate

Simultaneous and comparative analysis
of each of the selected elements of the struc-
ture of the poligraphene coating during
its evolution makes it possible to offer a
consistent growth mechanism of graphene
coating on copper. This mechanism clari-
fies put forward earlier assumptions about
the growth kinetics of poly-graphene coat-
ings based on optical microscopy data.

The mechanism (4Colours) proposed
takes into account mentioned previous-
ly discussed and assumptions about the
growth kinetics of poly-graphene cover-
age, but try to rearrange it based on their
own observations by means of optical
microscopy.

The change in the number of layers of
graphene in the areas of multi graphene
domains takes place with increasing thick-
ness of the coating under conditions of increasing the expo-
sure time of the process. 4C — the mechanism is based on a real
assumption that the roughness of the substrate has a “double
scale” the size of the regions plane (111) Cu (and possibly
other crystallographically perfect) and typical block sizes of
polycrystalline copper. That is defined as “micro” and “nano”
or if otherwise formulated scale: “micro” and “sub micro.”

Scheme covering as proposed underlying 4C — the mech-
anism is presented in Fig. 8.

According to the 4C proposition, the formation places
of amorphous graphene islands (Fig. 8) are determined by
surfactants defects in the substrate. The number and activity
of these centers are quite expectedly affected the previous
chemical and thermal processing. The following formation of
the graphene layer begins in the case of “acceptable” condi-



tions stimulating the growth of graphene, particularly if the
orientation of the substrate was coherent (Fig. 8). Spreading
of mono- or multi graphene cover (domain) is controlled by
diffusion of carbon atoms at the domain perimeter.

Domain delivered in this way can move in front of their
growth layer of amorphous carbon formed on its perimeter ran-
domly. When this layer reaches a critical size, domain growth
in the plane is hindered in the local area of the perimeter.
Given the increase in the plane domain over a certain size or
in preventing migration of impurity atoms on the perimeter of
the domain, carbon atoms begin the formation of an additional
layer of graphene (multi-graphfene). Such layer is formed on
the previous boundaries of the domain that stay in contact
with the amorphous carbon. The surface of the graphene is no
doubt about the optimum crystallographic orientation.

8. Conclusions

1. The multithreshold method of image analysis pro-
posed and applied in the present study is based on an
assessment of the fractal dimension of relief elements
rather than the entire surface “as a whole”, which makes
the processing procedure effective in the images of any or-
igin (not only optical microscopy data, but also scanning
electron microscopy).

2. The development of the relief of the coatings ob-
tained by magnetron sputtering is determined by the or-
derly separation under the action of compressive stresses.
The coating thickness increases, the average size of the
“cells”, formed as a consequence of the self-organized or-
dering, increases too. The fractal dimension of the “cells”

in the intensity sections of higher threshold value
reduces (the transition from two-dimensional to
one-dimensional scale) as a result of the thickness
decrease and the compression stress increase.

3. The proposed method of analysis of the
colour optical image is based on the assumption
that the four components of the graphene layer
on a copper substrate allow realizing the mor-
phological analysis of the elements of each type.
Simultaneous analysis of each selected type of ele-
ments of the graphene coating during its evolution
makes it possible to construct a physical model of
the formation of a graphene coating in practical
technology.

copper substrate

Fig. 8. The scheme of the mechanism of formation and evolution of
graphene coating relief as 4C — mechanism represent
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Pozensdaemvcs nouwamxoea 3adaua npo posno-

HiliH020 NAPAGONIUH020 PIBHAHHA OpPY2020 NOPAOKY,
wo Micmumo unen nozaunanns. IlIpoeodumvcsa ananis
noeedinxu nocisa poze’asxy sadaui Kowi ona 3asnaue-
H020 euue Oupepenyuianviozo pieHANHA 6 UACMUHHUX
noxionux. /loeedeno, wo npu ne6HUX ymoeax Ha napa-
Mempu 3a0aui cnocmepizaemoCsi CMUCHEHHA HOCLA

Kmouosi cnosa: pose’asox, sadaua Kowi, ougepen-
uianvHe PieHAHHIA 8 YACMUHHUX NOXIOHUX, HOCTU
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Paccmampusaemcs nauanvnas 3adaua o pacnpeoe-
JleHuu memnepamypol Ha 6eCKOHeUHOCIMU 0N NOJYAU-
Heln020 napaboau1eckozo YpasHeHus 6mMopozo nopso-
Ka, Komopoe cooepicum uaen noznowenus. Ilposodumcs
anaaus noeedenus Hocumeas pewenus 3adauu Kowu
05 yKazanmnozo éviue ouddepenyuanviiozo ypasrnenus
6 uacmnolx npouseoonstx. /loxazano, wmo npu onpede-
JIEHHBIX YCNOBUAX HA napamempsvl 3a0a4u Hadaooaem-
¢ corcamue HoCumes

Knioueevte cnosa: pewenue, 3adaua Kowu, ougp-
Qepenyuanvioe ypasnenue 8 HACMHLIX NPOU3BOOHDLX,
HoCUumeJIb
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1. Introduction

Partial differential equations of the second order of para-
bolic type are more common in the study of processes of heat

conduction and diffusion. As you know, the process of heat  for

distribution in space can be fully described by temperature
u(x, t), where xeR". If the temperature is not constant, then
there are heat flows which are directed from places with
higher temperature to places with the lowest temperature.
We consider thermal processes in a fairly large range of
temperature changes, leading to quasi-linear heat equations.
So let’s write divergent parabolic equations in general form:

u, =div(k(u,ux) Vu)+F(x,t),

where

Vu=gradu=
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k(u,u,) — the coefficient of the thermal diffusivity;

Ju

0X,..0X ;

F(x,t) — the density of the heat sources (flows).




