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THE CONCEPT OF SYNTHESIS OF MOBILE ROBOTS

KOHIENINWA CUHTE3A MOBWJIBHBIX POBOTOB

Prof. Dr. Kuznetsov Yu.N., Assoc. Prof. Polishchuk M.N.2
Professor of the Department of Machine Tool Design and Machines®, Associate Professor at the Department of Technical
Cybernetics® — National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv, Ukraine

Abstract: The paper proposes three basic principles for the synthesis of mobile robots: the accumulation and conversion of energy, the
integration of motion drives and the use of a generator of reactive pneumatic traction. These technical solutions allow robots to navigate on
surfaces of arbitrary orientation in different coordinate systems. The implementation of these principles contributes to reducing the total
power of the drives and increasing the reliability of holding robots on the surface of arbitrary orientation in the technological space. The
results of mathematical modelling of constructive and technological parameters of mobile robots are described.

KEYWORDS: MOBILE ROBOTS, WALKING MECHANISMS, ROBOTS OF VERTICAL MOVEMENT, CLIMBING ROBOTS

1. Introduction

The evolution of technical systems in the field of engineering
science, as a rule, led to the emergence of new means of production.
In the twentieth century scientific and technical thought created
sufficiently reliable means of overcoming the gravitational force in
the form of flying and reactive equipment. These funds are used as
a reliable transport. However, up to the present time there are no
industrial samples of equipment for performing contact
technological operations while simultaneously overcoming the
forces of gravity.

Mobile robots of arbitrary orientation are known in
publications as robots of vertical movement or in international
publications — under the term Climber Robot, are a new
modification of mobile robots. These robots are equipped with
means of fixation on the surface of arbitrary orientation relative to
the horizon of the technological space. The creation of this kind of
robotics is at the initial stage and is dictated by the need to perform
technological operations in such areas of industrial activity as
monitoring of industrial facilities, installation and dismantling of
building structures, repair and prevention of their components. In
the context of the fourth industrial revolution, "Industry 4.0" [1],
with the focus on the use of robotic systems, information and
communication tools, and the use of these robots becomes
especially urgent in the extreme conditions of man-made disasters
that are dangerous and even unacceptable for human presence.

2. Prerequisites and means for solving the
problem

The problem of creating this type of robots is the lack of a
methodology for synthesizing the robot subsystems that compensate
or overcome the gravitational load in order to ensure that the robot
is held on an arbitrarily oriented surface during the execution of
technological operations. Therefore, the purpose of this research is
to develop principles for the synthesis of mobile robots and the
introduction of modern computer modeling tools for the transition
to the design and manufacture of prototypes of mobile robots.

Theoretical and experimental studies on the creation of robots
of arbitrary orientation in the technological space began in the last
decade of the twentieth century in the countries of Western Europe,
Japan, the United States, Korea, China and Russia. To date, there
are mainly experimental samples of such robots.

Mobile works [2-5] are equipped with devices to fix the robot
on surfaces of arbitrary orientation, and in studies [6, 7] hybrid
drives are proposed that can improve the energy efficiency of
mobile robots. Technical solutions [8-11] allow the robot to move
on surfaces oriented at different angles to the horizon, but only in
2D space, that is, in a plane. In the general case, the variations of
the constructions of the above-mentioned robots restrict their
movement only in the Cartesian coordinate system.

Unlike the aforementioned technical solutions, the robot model
[12] allows servicing objects in the cylindrical coordinate system, in
particular, objects such as trees, but with a soft porous surface for
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the movement of the robot, which limits the technological
capabilities of mobile robots. At a time when there are objects
facilities that are also close to the cylindrical coordinate system, for
example, electric grid posts, columns, pipes of thermal power plants
and the like. In addition, the mobile robot should also work in a
system of angular coordinates, which is typical for humans. The
development of systems for connecting the robot to the surface of
motion is a technical solution [13], which uses adhesion technology.
However, current implementations of this technology are
characterized by an extremely low speed of movement of the robot
due to the effect of slow adhesion. This property still prevents the
industrial use of adhesion as a method of fixing the robot to a
surface of arbitrary orientation.

Thus, the problem of synthesizing mobile robots capable of
performing technological operations in a space of arbitrary
orientation is topical.

3. Solution of the problem under consideration

In contrast to the above, the concept of improving robots of
arbitrary orientation based on three fundamental principles of the
synthesis of mobile robot designs is proposed:

1. Accumulation of potential energy at each previous step of
the robot's movement and subsequent conversion to kinetic energy
at the next step of the movement.

2. Integration of drives of longitudinal, vertical displacement,
and also drives of change of orientation of the robot according to
the set route.

3. The use of traction generators (aerodynamic lift forces) as a
means of counteracting the gravitational force to increase the
technological load while simultaneously reducing the power of
clutch drives and the movement of robots.

As technical means of implementing these principles of
synthesis, consider the corresponding models of robots of arbitrary
orientation. In Fig. 1 shows a mobile robot [14] realizing the first of
the above mentioned principles, namely having the ability to
accumulate potential energy at each previous step and converting it
into Kkinetic energy of motion at each subsequent step of
displacement.

On the robot body 1 are mounted rotary pneumatic actuators 2
connected through a gear train 10 with running mechanisms 3.
When the elastic members 4 are compressed due to the rotation of
the legs of the robot, the potential energy is accumulated during the
first half of the step, and in the second half of the step, these
elements convert the potential compression energy in the kinetic
energy of the robot's motion [15, 16]. To implement a plane-parallel
motion along the vertical, the robot is equipped with parallelograms 5.
The latter connect pedipulators with vacuum grippers 6 that hold the
robot on a surface of arbitrary orientation. Also, the robot is
equipped with a control unit 7 and a power supply module 8. To
overcome obstacles on the moving surface, the robot is additionally
equipped with rolling bearings 9.

Volumes of the potential and kinetic energy of the robot
motion at different stages of displacement can be determined using
Lagrangian equations of the second kind.
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Fig.1. The robot model of arbitrary orientation with the
accumulation and transformation of energy

The kinetic energy T of the robot's foot free from adhesion to
the moving surface will be

1
T, = [y +Vy yam, &

where: V,q, Vy, — the velocity projections on the coordinate axis
0Oxyz; m — the mass of the robot.
Pedipulator of the robot, whose grips are engaged with the

surface, performs a rotary motion with angular velocity /3’1. The

expression for the kinetic energy of a supporting leg of mass m; and
radius R can be obtained from expression (1) after integrating it,
substituting the velocity of the translational motion of the robot

V =0 and the angular velocities of the pedipulators ,[3’2 = [5’1 :

2
T, =" () @

Thus, the movement of the robot at each second half of the
cycle occurs due to the energy accumulated at each first half of the
travel step. This allows 40% ... 45% to reduce energy costs for the
movement of the robot and to direct the resulting energy reserve for
the execution of technological operations.

Pedipulators work with elastic elements (Fig.1, pos.4), which
perform the function of accumulation of potential energy during the
first half of the cycle of displacement.

A (Nm)
0
2N »
> j=5000
4 N~ a—
'\
6 B = \'\\.;
- ~
~ e
~ \ N\
-8 \> 23000 N\
N
-10 =1000 .
19 B
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6 N\ /]()
g |
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Fig.2. The effect of the elastic element j (N/m) on the work
performed in the step ;> 45° of the robot movement

The main characteristic of elastic elements is their rigidity j —
parameter, which determines the force of compression of these
elements, and hence the value of the accumulated potential energy
in the first half of the step of the pedipulator. In Fig. 2 shows the
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dependence of the variation of work "A" on the stiffness of the
elastic element j (N/m) and the forces of weight in the second stage
By> 45° of displacement, that is, during the transformation of the
potential energy into the kinetic energy of the robot's motion. At the

second stage of displacement 45°sﬂms90° drive the of

pedipulator is turned off to save energy resources of the robot, and
it moves only due to Kinetic energy. Analysis of these graphs shows
that to increase the kinetic energy of the robot movement, it is
advisable to increase the rigidity, despite the fact that in this case
the counteraction to the drive increases in the first half of the step,
that is, the efficiency of the drive decreases. However, this negative
manifestation can be compensated for by an increase in the
transmission ratio (see item 10, figure 1) of pedipulators.

The second principle, as noted above, involves the integration
of displacement drives [17] with the aim of reducing them, and
hence of reducing the mass of the robot. It is known that in the
Cartesian space we have six degrees of freedom — three translational
movements and three rotational, each of which according to the
classical solutions corresponds to an autonomous drive. The method
of Fig. 3 — technical implementation of this principle eliminates the
need for drives for each of the coordinate axes. To do this, the robot
is equipped with flexible running mechanisms 2 mounted on the
body 1. Each pair of legs of the robot through the transmissions 3 is
provided with electric drives 4. The grippers 5 keep the robot on the
surface moving, and the rotary actuators 6 change the position of
the grippers relative to the displacement surface. The robot platform
has a power supply unit 7, a hydraulic or pneumatic valve unit 8 and
a gas or liquid pressure generator and a controller 9 for controlling
the robot. Due to the fact that each foot of the robot is made in the
form of a compressed set of hemispherical rings inside which
corrugated pipes are placed under different pressures, the robot has
the ability to work in different coordinate systems: rectangular
Cartesian, spherical and cylindrical without additional drives on
each axis of coordinates.

Fig.3. Model of the robot with flexible pedipulators

In each leg of the robot there are four corrugated pipes. Two
pipelines with pressure p, p, are placed in a vertical plane and two
other pipelines — in a horizontal plane with pressure p; and p,. Due
to the action of these pressures, forces appear that, while bending
the robot's leg, orient the robot in the technological space:

7d? 7d? 7d? 7d?

R = plT;FZ = PzT;Fs = p3T;F4 = p4T’ 3
where d — the internal diameter of the corrugated tubes. Since the
axes of the pipelines are offset from the pedipulator axis by the
eccentricity e, there are moments M; and M, that flex the robot's leg:

) 2
zd zd
MlzT(pl_pZ)e; M2=T(p3—p4)e “)

where: e — eccentricity of placement of corrugated pipelines in
the plane of the coordinate system.

To develop a robot, it is necessary to establish a connection
between the forces of adhesion of its legs to the displacement
surface and the permissible technological load to ensure the
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reliability of its industrial operation. Having formulated the system
of equilibrium equations on the basis of the Herman—Euler—
D" Alambert principle (here we omit the record for brevity), we find
the corresponding reaction forces N, , and the frictional forces Q; ,
by the robot foot to the displacement surface and then compare
them with the technological load N in depending on the angle a of
the robot inclination to the horizon.

The reaction forces of N, and the frictional forces Q,, of the
robot supports with the displacement surface are determined as
follows (the designation of the parameters, see Fig.3):

where for the compactness of the incoming values of variables is
denoted:

a, =d;b, —bd, /A; by =b,h +bh, /A; d, =y, cosa—z sina;
b, =X, cos(p—«); d3 =d,a —d;a,/A; hy =hya +a,h/A;
a =Y, Cos(p—a)+1z,sin(p—a); a, =—X, sin(p—a);

d, =x.sing; b, =y, sin(p—a) -z, cos(p—a);

h =y, cosy +z.siny; h, =xsiny; A=ab, -ba,; X, ya
z, — coordinates of the contact point of the second leg of the robot
with the displacement surface; x., Y., z. are the coordinates of the
center of gravity of the robot; a, ¢ — angles of inclination to the
horizon of surfaces on which the robot's legs rest; v is the angle of
inclination of the central axis of the robot passing through its center
of gravity G (see Fig.3). Then, from the same system of equilibrium
equations, we find the remaining unknown reactions N; and the
frictional forces Q,y:

N; =Q +Ga, —Nh,; Q, =Ghs +Nhg, (6)
where also for the compactness of writing variables is defined:
a, = C0Sa — a5 cos(p — a) — d; sin(p — a);
h, =cosy —b; cos(p —a) + hy sin(p — a);
hs =sina —d; cos(e — a) + a5 sin(p — a);
hg =siny —h; cos(¢p —a) —by sin(p—a).

For the stability of the robot, the frictional forces of each of its
legs must not exceed the boundary values:

Quy <uNy; Qpy <uNy; Ny >0; N, >0, (7
where u — the coefficient of friction of the grip of the robot's leg
with the surface along which the robot moves. Substituting in
expression (7) the expressions above the found reactions of forces
(5) and (6), we find limitations for the technological load of the
robot taking into account the forces acting on it:

Q +Ga, .

Q, +Gag |

N, >0=N< N, >0=N<

7
N<ﬂQ2+G(,Uas_d3); N<ﬂQ1+G(,Ua4—h5).
h3+lub3 h6+,uh4

Among the values of the reaction N of the technological load
calculated in accordance with conditions (8), we choose the largest,
which simultaneously satisfies all inequalities, which allows to
determine the maximum technological load of the robot, for
example, for drilling, rivets, dowels, etc. technological operations.

As a result of the simulation, the limiting values of the
technological load are obtained (Fig.4): curves 1 and 2,
respectively, determine the separation states from the displacement
surface of the first and second legs of the robot, and curves 3 and 4
are the beginning of slippage of the said robot legs, respectively.

The robot of arbitrary orientation can be on such surfaces as a
floor, a wall or a ceiling. Accordingly, if the robot is on the floor,
then in the above dependences it is necessary to substitute the value

®)

@=0%, a=07%; if on a vertical wall, then ¢=90°, a=90°
and if on the ceiling, then ¢ =180, a =180 and so on.
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Fig.4. Graphs of the boundary values of the technological
force N of the robot as a function of the angle a of the
inclination to the horizon

And, finally, the third principle — the use of traction generators
as a means of counteracting the gravitational force is realized by the
robot [18], shown in Fig. 5. Like the previous one, it also has
flexible pedipulators 2, grippers 3, gear 4 and electric drives 5 on
the body 1. The main difference of this robot is the installation in
the center of its masses suspension Cardan 6 with three degrees of
freedom and a pneumatic generator of traction 7. The location of the
thrust generator on the Cardan suspension allows the thrust
generator to maintain the coincidence of the lines of action of
opposing forces: the rise of G; and the gravitational force G,
regardless of the position of the robot in the XYZ space. This
principle allows us to differentiate the approach to regulating the
lifting force of the robot, depending on its orientation in space.

L
Fig.5. Mobile robot with pneumatic generator of aerodynamic lift

Similarly to the previous case, from the system of equilibrium
equations of the robot determine the forces of normal reactions N; of
the legs of the robot and the corresponding frictional forces Q; (see

Fig.5):

N, =b,(G-Gy), ©
where: G — the weight of the robot; G, — traction force; o - angle of
inclination of the plane of movement of the robot to the horizon
b, =cosay, —sinaz; /2y, ;Y. z. — coordinates of the center of
gravity of the robot; y2 — coordinate of contact with the moving
surface of the second part of the robot.

The frictional force Q,, and the normal reaction N, are determined as

Qy = (6 -Gty +sina)iN, = (G-Gy)(-hy + 5005,

As can be seen from the graphs of Fig. 6 with positive
reactions N; and N, with the angle of inclination of the
displacement surface a < 54°, the weight of the robot increases the
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technological load. This means that the inclusion of the jet engine is
more suitable for the values of the angle of inclination of the robot
to the horizon at o > 54°. Of course, the critical angle of inclination
depends on the other centrifugal characteristics of the robot.
However, using the generator of aerodynamic forces ensures
reliable retention of the robot on surfaces of arbitrary orientation
with any structural and technological parameters of the robots. To
calculate the critical angle of inclination to the horizon and,
accordingly, to regulate the force of the reactive thrust, that is, the
aerodynamic force of the pneumatic generator, it is necessary to
take into account other characteristics of the robot.

N, N, N
100
1
801" \T\\\
m><\ | AN
40 N : \\ N, S
20 i \\
0 N \T\
N, =f(a
8 | N , =) [
N
-40 | \‘ { N
| N | \
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Fig.6. Graphs of the dependence of the normal reactions Ny, N, of
the robot on the angle « of its inclination to the horizon

4. Results and discussion

The creation of means for accumulating the potential energy of
the drives, and then transforming them into kinetic energy of the
robot's motion, and also the integration of drives for longitudinal
and vertical movement, can significantly reduce the total power that
is of fundamental importance for mobile robots of arbitrary
orientation in space, since reduces the gravitational load.

The use of a pneumatic motor as a means of counteracting the
gravitational force makes it possible, when adjusting the traction
force, depending on the angle of the robot's inclination to the
horizon, to increase the reliability of holding the robot on the
surface of an arbitrary orientation, which in turn makes it possible
to reduce the power of the clutch actuators of the robot with the
surface.

A fundamentally new realization of the legs of mobile robots
in the form of a set of hemispherical rings and corrugated pipelines
at different gas or liquid pressures makes it possible to achieve an
arbitrary orientation of the mobile robot in different working
spaces: a rectangular Cartesian, spherical and cylindrical coordinate
system. This effect ensures the expansion of technological
capabilities of mobile robots of arbitrary orientation in the
technological space.

5. Conclusion

The concept of the synthesis of mobile robots is based on three
principles of constructing their designs. These principles can be
used autonomously and in combination, depending on the
technological purpose of the robot and its profitability, which, in
turn, is determined by the area of industrial operation. The proposed
approach to the synthesis of mobile robots can reduce the weight of
structures by reducing the total number of drives. This increases the
energy resource for improving the efficiency of both transport and
technological operations performed by the robot in various areas of
industry. The next stage of the research is the experimental
approbation of this concept of the synthesis of mobile robots.
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Abstract: Friction clutches are mechanisms placed between the engine and the gearbox and are used to transmit the torque from the
engine of the vehicle to the transmission. The clutches should provide start and stopping of the vehicle without vibration and need to have a
certain lifetime. The tribological parameters of the linings in these clutches depend on several factors: the quality of the linings, the
conditions of the test (exploitation), the temperature between the friction surfaces, the specific pressure between the friction surfaces, the
speed of sliding of the friction linings, the number of turns on the clutch, etc. In this paper, will be analyzed the impact of the speed of sliding

of friction linings on the tribological parameters of the linings.
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1. Introduction

The quality of friction lining in friction clutches is expressed by
tribological parameters-coefficient of friction and specific wear.
These parameters depend on the sliding that occurs during the
engagement of the clutch.

The linings are made from different materials and there are
various factors that determine whether a material is quality or not.
These factors are: the speed, the temperature and the pressure
between the friction surfaces, the number of engagements of the
clutch, etc.

The temperature in the lining depends on the load and the
number of engagements of the clutch in the unit time. Greater
temperature in the liner is created at higher loads and at a larger
number of engagement. The temperature is one of the most
influential factors. It acts on the structure of the lining. The raised
temperature leads to the softening of the lining, decreasing of the
coefficient of friction and increasing of the specific wear of the
coating. The lining in its composition should have substances that
will enable removal of the heat from the lining, that is, the lining
should be resistant to high temperature, provide a stable coefficient
of friction and wearing within the permissible limits.

The pressure of the lining is achieved by the compressive force
of diaphragm wound springs or diaphragm springs. This force
creates a friction torque between the friction surfaces of the lining
and the pressure plate of the clutch, which transfers the engine
power to the transmission. By reducing the specific pressure
between the friction surfaces, the friction torque between them
decreases, the switch-on time increases, which leads to an increase
in the friction and in the temperature. The increasng of the pressure
leads to increas in the switch off force, so in this case, when the
clutch reloads, the clutch's protective role on one side decreases,
and on the other hand, the switch-on time is too short. This means
that the pressure affects the temperature of the lining. The specific
pressure has a greater impact on the wearing of the lining, and the
smaller the friction coefficient. The wearing of the lining is the
smallest at a pressure of 20 [N / mm?]

By increasing the number of engagements of the clutch in the
unit time, the temperature increases, thereby decreasing the
coefficient of friction, and increasing the lining wearing. / 1/2/5 /
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2. Research

The purpose of this research is to determine the impact of the
sliding speed on the tribological parameters.

Determination of tribological is
according to the following expressions:

parameters performed

The specific workload when switching on the clutch is
determined by expression [1]:

a:Fi [J/cmz]

vk

@

A; [J]- work of sliding during the engagement of the clutch

Fu [cm?] - total friction surface

Fi=2-F [ecm? )
F=%-(D2—d2) [em?] ®)

z- [-] number of friction surfaces
D - [cm] — outside diameter of the lining
d — [cm] — inner diameter of the lining

After determining of the specific workload, the specific heat
load is determined by expression :

X 2
q=ags [Wiom] &)

X [L/min] — clutch engagement frequency

The work of sliding accomplished during the engagement of the
clutch is :

1

A3

a)[l/S] - angular speed on the bench test

J-o* [J] ®)
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-Nn

QO =——-
30

(6)

n - [1/min] — number of rotation

The specific depletion of the lining is determined by the
expression :

9= Ab-F [cm¥10MJ] 0
k
A [J] - average work per cycle
A=A @)
1

n [-] — number of cycles

Clutch work of the sliding for a single cycle is calculated
according to the expression :

M, ot
2

A [31 )

M;, - the mean value of the torque read from the diagram of the
machine for a given cycle

@ [1/s] - angular speed of the driven part

t [s] — time of sliding for given cycle

After determining A for each cycle, A is determined as the
mean value for one cycle, and then A is determined as the total

work from one test (product of the number of cycles and Ay,).

The coefficient of friction is determined by the expression :

a z.IrVI—P 4o
sr

M [N m] — torque of the clutch

z —[-] number of friction surfaces

re- [M] - average radius of friction lining

P [N] — pressing force of the clutch
1

r, = 5 d,, [m] (1)
2 (D*-d®

sr = § : Dz——dz [m] 12)

3. Experiment

The examination was carried out on a test bench with the
following characteristics :

Electric motor with direct current. and having the following
characteristics:
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e rated power ............ 204 [KW]
* nominal torque ......... 955 [Nm]
 number of rotations

(with continuous change) ..................... (0-2,000) [1 / min]
- Main swing table with inertial torque ............... 40 [kg m2]
- Shutdown time with setting .........c.ccccoceenee (0-24) [mm]
- Force of disconnection .......................ceeeeeeeenne. 15 [KN]

- Torque that can be tested:
* maximum torque  ............ 5.000 [Nm]

* dynamic limit torque ............ 3,500 [Nm]
- Additional inertia:
« own inertial torque ................... Js = 2.43 [kg m?]

« inertial torque of the variable swing weights:

1.J;=1.98 [kg m?]

2.Js=3.79 [kg m?]

3.J,=5.8 [kgm?]

4.3, =8.07 [kg m?].

The following measurements were performed on the existing
installation of the test bench:

- Measurement of the torque the clutch is transmitted at the
moment of its engagement,

- Measuring the number of rotations of the drive unit,
- Measuring the number of rotations of the driven part,
- Measurement of the ambient temperature of the clutch

These data during the experiment are visually monitored on the
given indicators of the measurement sizes.

To control the duration of a cycle, 4 potentiometers are used for
individual parts of the cycle:

- t; - sliding time when switching on the clutch,

- t, - shutdown time,

- t3 - time of slowing down the driven part,

- t4 - time of control of the state of relative rest (this time is
at time ts).

Test mode:

- the inertial torque - 10.22 [kg - m%]

- switching frequency 0.6 [1 / min]

- speed [m/ s] (number of rotations [1 / min]):

7.13 (500), 11.4 (800), 171 (1200), 22.7 (1600)
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- specific work [J / cm?]: 10.5, 27, 60, 107

The test was performed in three samples for 4 speeds and the
mean values of the tribological parameters was used:

Table 1: The mean values of the used tribological parameters

a[J/cm?] 10.5 27 60 107
VImis] 713 114 171 227
(n[L/min]) (500) (800) (1200) (1600)
I 0,45 0,44 0,42 0,40
9[em3/10Mj] 021 0,41 0,68 0,82
DIAGRAM -1
g specific wear
ME 1
€ 038 -
% 0'6 /
§ 0,4
202 e
T 0
o
v 5 10 15 20 25
sliding speed [m/s]
y =-0,0011x? + 0,0738x - 0,2661

Fig.1. Change of the specific wear of the clutch depending on speed
of sliding

DIAGRAM -2
c coefficient of friction
(=]
§ 046
£ 044 ’\\0\
S 042 ]
§ o4 ==
£ 038
()]
8 5 10 15 20 25

sliding speed [m/s]
y =-5E-05x2 - 0,0017x + 0,4652

Fig.2. Change of the coefficient of friction of the clutch depending
on speed of sliding
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4. Analysis and conclusion

The speed of sliding on the friction surfaces depends on the
number of rotations of the clutch and from the frictional radius of
the clutch. The radius for a given clutch is constant, and the speed
of sliding depends on the number of rotations of the clutch. Higher
speed of sliding creates more heat on the lining, while the wearing
torque, and therefore the coefficient of friction decreases. The wear
of the lining is increasing. At lower speed, there is a greater friction
coefficient, and less wearing.

The dependence of the frictional parameters on the speed of the
tested lining is given with the expressions:

For the coefficient of friction: y = -0,001x% + 0,0078x-0,2661
For specific wear: y = -5E%x2-0.0017x + 0.4652

These diagrams refer to a certain quality of linings. With
another quality, similar curves will be obtained.

The performed tests, from a methodological approach, provide
the possibility for further research in the domain of determining the
influential components of the structure of the material of friction
clutches, on the performance of the clutch, By expanding the tests,
the dependence of the coefficient of friction and the specific wear of
the friction lining at different temperatures of the friction surfaces,
the specific pressure between the friction surfaces, etc. can be
determined.
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Abstract: In this paper is presented development and implementation of embedded microprocessory SCADA system in factory for
production of Ferro-Nickel. In the process of refining of the molten metal are released huge amount of hot gasses that should be purified
before letting them to the atmosphere. The project is to change old system of rellay logic and separately located indicators and controllers
with centralised SCADA system with PLC and HMI interface, to monitor and control the work of gas Scrubbers and venting system. The
paper presents SCADA system functionality and the advantages from the new digital over the old analog equipment.
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1. Introduction

With the development of industry and more complex
manufacturing processes, management of modern industrial
plants is unthinkable without the help of modern monitoring
systems or SCADA (Supervisory Control and Data
Acquisition) designed for full supervision, better control and
greater reliability in the production processes. These systems
are present in all branches of the economy, but mostly in the
process industry, energy, telecommunications, oil and gas
industry, transportation, etc. Surveillance or monitoring of
the plants, as the basic function of SCADA systems, uses
communication protocols and a graphical user bond to
present data for the state of the system to the end users or
operators and provide a clearer image of the process.

Nickel-refining plant is the place of Ferro-Nickel
factories where the final processing of the metal or refining is
performed until the required parameters of the customers are
reached. The metal in the plant arrives in a liquid state with a
temperature around 1600 degrees Celsius. Upon receiving,
the liquid metal is poured into huge wvessels called
Converters. In them, the metal is additionally heated by
oxygen and air, adding limestone for reducing the unwanted
elements such as sulfur, iron, etc. During this process, a lot
of gases are produced which are further treated in the gas
system and released into the atmosphere after their
purification. The gas exiting the Converters passes through
several aggregates for cooling and cleaning. First pass
through the Hood where they are cooled down, then through
the Quencher or primary Scrubber, which also cools them
and removes the larger particles. From Quencher, they
continue along through Scrubber, which also removes the
tiny particles and finally the gas continues through a fan that
sucks the gases from the Converter itself through the
purification units to the exhaust chimney and the atmosphere.

Fig. 1 Example of SCADA for gas cleaning process.
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For all this to function impeccably it is necessary to
constantly observe and monitor the properties of gas and
water in the system. For this purpose, there are measuring
instruments of different type: flow transmitters, pressure,
differential pressure, level, position, temperature, PID
controllers etc. Due to the durability of the equipment, the
lack of spare parts and the need for more reliable and safe
operation of the process, it was necessary to develop a
project for replacing the existing equipment with new
sophisticated equipment that would have a full visualization
of the process.

The purpose of this paper is to present the design of a
centralized SCADA system in which all process values with
graphic display and the aggregates themselves with their
physical position in the plant will be displayed on few
screens for safer and more efficient work of the plant. The
implementation of this project significantly improves the
operation of the plant. Through this system, operators from
one place can observe the entire process. In addition to real-
time values, the program saves important data and draws up
trends for past process conditions, thus avoiding defects even
before they occur. An example of that is the fan vibration
chart, when vibrations increase workers can take precaucons
like balancing so as can be avoided serious damages to the
bearings. With the early warning itself, stalls are avoided,
making huge savings for the company.

2. Hardware configuration

The project uses a standard PC for the SCADA program
and PLC Siemens from the family S7-300 model 314C-2DP
with analogue cards SM331 Al8x13bit.

Figure 2: PLC Siemens with analogue cards

The PLC itself, besides the processing unit, has both
built-in input/output analogue and digital cards as well as a
memory SD card where the program is stored. The /O are
physically divided into two cards. The first has 8 digital
inputs, 5 analog inputs and 2 analog outputs, and the second
16 digital inputs and 16 digital outputs. Channels for analog
inputs and outputs can be used as current or voltage



"Machines. Technologies. Materials" Issue 9/2018

depending of the configuration in the software and the
appropriate wiring connection.

Since we have multiple measurement points, to cover
every of them, the PLC allows us to extend it with additional
analogue cards. In this project, 5 cards per PLC are
additionally connected, in total 10 analogue cards SM331
AI8 * 13bit. Analog cards as well as PLCs use a 24VDC
power supply. They have 8 channels that can be used as
current or voltage inputs, and on some of the inputs can be
connected both directly thermocouples or RTD temperature
probes.

The power supply of the PLC and 1/O cards is from the
same manufacturer Siemens model PS307 with the following
technical characteristics:

Input voltage: | 220VAC 50Hz
Input current: | 1.3A

Output 24VvDC
voltage:

Output 5A

current:

Table 1: Technical specifications of the power supply

During the elaboration of the project for visualization and
control of the gas purification process, some of the existing
measuring instruments, transmitters, actuators, controllers
were used, and where needed new were installed and
calibrated.

For measurement of pressure, differential pressure, water
flow and level were used Endress&Hausser PMD75 and
PMD 70 transmitters. These are multifunctional proven
transmitters that can be quickly parameterized and calibrated
to measure the required medium and the required value. As
an output, they provide an analog signal 4-20mA and digital
impulses through transistor outputs.

Figure 3: Pressure, flow, temperature transmiters used in the
project

Temperature measurement is done with PT100 RTD
probes of platinum, which give 0.38 Q per degree of Celsius.
In measuring places where there are higher temperatures, the
measurements are performed using thermocouples type J.
They are connected to PRETOP 5333 transmitters, which
turn the ohm signal into a current 4-20mA and send it to the
current input on the PLC.

For regulating the flow of the cooling water and gas
through the system are used actuators and valves. The water
flow is regulated with pneumatic valves which are controlled
by the SCADA system and Siemens controllers. Operator
sets needed flow so the controllers via 4-20mA signal and 3-
15psi air pressure puts the valve in the needed position for
the given flow. Air flow and the differential pressure is
regulated with louver-dampers equipped with Andco
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actuators. They are also controlled from the SCADA or
controllers with 4-20mA signal. SCADA program check
feedback signal from potentiometers if the set position is
reached.

LOUVER DAMPER

Figure 4: Actuator and valve controlling water and air flow

For setting and calibrating the equipment were used
Fluke 179 multimeter and 717 Pressure calibrator.
Calibrating of the temperature transmitters was made with
Chauvin Arnaux calibrators.

3. Software configuration

For the development and implementation of the software
in this project were used Siemens software packages.
SCADA was programmed with WinCC Flexible and PLC
programming was in Step 7 Simatic Manager 5.5.

SIMATIC Manager is software from the company
Siemens that allows to provide detailed network
configuration (with basic network and subnets), monitoring
of the variables, their "forced activation" and more. We can
program in one of the offered languages: STL-assembler
which is low-level language, higher-level language SCL
similar to Pascal, LADDER programming or graphically
oriented and similar to relay patterns. FBD is also a graphic
language that is very suitable for streaming the signal path
and the S7-GRAPH language being the basis to draw a
process flow chart, suitable for technological engineers.
Simatic Manager is the part of the program where is done the
all the math work. The raw signal from the 1/O cards is
scaled, and converted in format understandable for the final
user. Programming starts with opening new project and
setting of the hardware. It is very important to set all the
equipment and the communication type between them. In
this project we use Profibus communication that uses special
communication cards, cable and connectors. Program is
divided in several block with one main OB1 from are called
all other blocks and functions. In the block we make all the
connections between input raw values, scaling and
calculations and the output values. All this is done with using
of databases and symbols. Use of symbols make this
program more flexible and with little changing in the
programming it would be useable in lots of other processes
and applications.
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Figure 5:Part of a Function Block in Simatic Manager

Scada software SIMATIC WinCC flexible is powerful
HMI software for controling, monitoring and data collection
in automated systems that use personal computers. In
addition, it enables the defining and displaying the alarm
conditions in the system, displaying trends, i.e. displaying
changes in the system variables in time, forming alarm
reports, trends and operators activities, and their archiving or
permanent data storage. The process is displayed graphically
on the screen, through a whole set of graphic elements to
which they are associated with process tags or labels. Process
or external tags allow communication between the
components of the automated process, for example, HMI
devices and PLCs (in our case, the computer and S7-300
PLC), or provide communication and direct connection
between the operator and the process. The external tag is an
image of a particular memory location in the PLC. The
operator can read and adjust the values of process values
through the HMI device, using process tags via a memory
location in the PLC. There are also internal tags that are
stored in the memory of the HMI device and serve to
perform internal (local) calculations. These labels have no
connection to the PLCs.

Figure 7: SCADA main screen with process values

Figure 6:Configuring 1/O field in Simatic WinCC Flexible

4. Results of SCADA configuration

As a result of the software and hardware configuration,
making measurement, calibration and parameterization of the
instruments, in this paper is made SCADA project showing
the process variables divided in three screens: Main screen,
Admin, Scrubber and Motor & Ventilator.

The main screen displays the process values from all
measurement points in the plant in real time. For that purpose
we use digital indicator fields and visualization with a bar
graphs. They are arranged in the display screen just as they
are distributed across the aggregates through the plant, thus
providing the operator with a clear picture of the state of the
process for cooling and purifying the gases, the condition of
the aggregates themselves, critical conditions, etc. Each
alarm state is displayed on the screen in yellow and red color,
S0 it's easy to see in which part of the process is the problem.
For each kind of measurement, such as pressure, flow,
temperature, etc., there are different colors of indicators that
are of great importance for the delineation of the displayed
values. Also with selecting the 1/0 field we can set desired
value that we need for the process.
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On the screen Motor & & Ventilator are displayed values
of the measuring points of these aggregates. On the screen
also are added trends or graphs about past system conditions.
It monitors the currents of the engines that also serve us to
regulate the flow of air through the system, the engine and
vent bearing temperatures as well as the engine vibration.
This is of great importance because with the help of trends
we can track changes in values in the past, in case of defects,
we can find out what caused the defect and thus avoid similar
situations in the future. The SCADA system is a great tool
for diagnosing problems and their future avoidance.

WY e
PAGIALNA

==

Figure 8: Motor & Ventilator screen showing values and trends

The Admin Screen or Admin serves to set up the system
by the technical staff. There are settings of the last scaling of
the values in a form understandable to the operator. For each
measurement point, the threshold of scaling range is assigned
for operator to obtain the value in digital understandable
form. The thresholds for the alarm and critical state of the
system are also given so that new alarm values can be added
for each point or, if necessary, and even more measuring
points.

Figure 9: Admin screen for setting the system thresholds
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5. Conclusion

In this paper is presented embedded microprocessor
SCADA system for Supervisory, Control and Data
Acquisition in a process of purification of Gasses in Ferro-
Nickel factory. There is a short view of the hardware and
software setting in the system. The system is build to replace
and old system with lots of separate indicators, controllers,
alarm cards and paper recorders. From an economic aspect,
there is an initial investment, but the total amount of the
system is far cheaper and more cost-effective than the cost of
only a few process indicators. The work done by 80
indicators, the same number of alarm cards and annunciators,
and paper recorders or data loggers is now only performed by
two processor units, 10 input analogue cards and two
personal computers, which saves at least half the value of the
old system. Hardware equipment is from the company
Siemens leading in the world of automation and the software
solution is made also in Simatic Manager Step 7 and WinCC
Flexible 2008 products of Siemens. Any future upgrade or
modification in the system will be programmable with a
small additional wiring and little or no cost at all.
Programming is made on a separate computer and in the end
only need to copy on the process computer, with minimal or
no stopping of the process.
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1. Introduction

Information and knowledge play an important role in modern
socioeconomic systems. Knowledge economy is formed when
knowledge becomes a commercial commodity. Knowledge acts as
a specific commodity, which is sold and bought similarly to
traditional consumer products. However, a knowledge market has
some specifics.

A knowledge-based economy must have the following common
features:

1) intensive development of knowledge, which is reflected in
a form of constantly increasing importance of the science intensive
sector, growing volumes of production and sale of modern high
technologies, accelerating computerization processes in the
economy and the entire life of society;

2) growing capitalization of the market share of companies
involved in advanced research and development;

3) one of the priorities of the state policy is capitalization of
costs in man, who is one of the most important resources;

4) high rates of fixed capital renewal in life-supporting
sectors of material production and servicing infrastructure;

5) provision of a decent living standard for every citizen in
the country: housing, job, information and transport support, etc.

The socioeconomic development of Russia is characterized by
a high level of interregional differentiation and it must be
considered in the pursuit of innovation policy. Evaluating the
conditions of innovative activity allows us to estimate the
capabilities of regions to generate and use innovations to increase
competitive advantages. This estimation must consider the factors
of knowledge formation in a region.

2. The concept of knowledge management in a
region as a basis for estimating the conditions of
innovative activity

The concept of knowledge management is based on
interpretations of the essence of knowledge, its role in the
economy, classification [1, 3, 4, 5].

Knowledge is spread chaotically, and brain drain from regions
occurs. Consequently, mechanisms are necessary which would
regulate the flow of those who are involved in intellectual labor and
have unique knowledge. In the 1950s in the USA the concept of
knowledge management appeared so that this problem could be
tackled. First it was applied to private firms and organizations, but
since the mid 1990s this concept has been adapted for a regional
level.
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Today knowledge management is understood as systematic
processes thanks to which the main elements of intellectual capital
are created, sustained, distributed and applied. Knowledge plays an
important role in advancing innovations, creativity and idea
exchange [2, 6, 7, 8].

Knowledge includes

processes:

management the following basic

®  creation: the result of this action is new knowledge;

* search: search for and formalization of inexplicit
knowledge, which makes it possible to create a common
knowledge base for collective use;

*  systematization (organization): categorization and
classification of knowledge for its further well-targeted extraction;

®  access: actions which make knowledge spread and
exchange;

e  utilization: application of knowledge in every day
activity, particularly, in decision-making [9].

The concept of knowledge management can be considered not
only at the level of organizations, but also at the level of regions.
Development and pursuit of innovation policy of a region,
functioning of the regional innovation systems must be considered
given the processes of knowledge generation, development and
utilization.

The forever growing volume of knowledge under the
conditions of constant advancement of technology and
modernization of today's economy determines knowledge
management as a major resource of the country. The intellectual
potential of a region can often affect its competitiveness, while the
capability to bring innovative ideas to the stage of
commercialization under the conditions of innovative development
of society becomes a major factor not only for successful
functioning, but also for survival in the global arena. At the same
time, globalization processes accompanying innovative activity
contribute to an effective exchange of knowledge and experience
and speed up commercialization of innovation.

The innovation potential of a region allows us to determine the
development prospects of the regional economy and estimate its
capabilities for innovative activity. Improving the well-being of
regions becomes a top priority objective of their economic
development. Economic growth with the economy transiting to an
innovative way of development is directly connected with
successful fulfillment of innovation potential. Innovation potential
depends to a large degree on the quality of human capital.

For effective fulfillment of a region's innovation potential,
capabilities for both extensive and intensive development have to
be united. The problem of staff replacement in the scientific
research sector must be solved, but it is also important to think of
the quality of intellectual resources. Some knowledge, abilities and



skills cannot be replaced with their holder being gone.
Consequently, ways should be found to keep this knowledge and
make it accessible to those people who need it. l.e. conditions
should be created that would allow us to identify and realize human
potential as well as to acquire knowledge management skills. Thus,
the role of knowledge management takes the leading position in
increasing both a region's innovation potential and the innovation
potential of the entire country.

Let us point out the factors of knowledge management which
affect the formation of favorable conditions for innovative activity
in a region:

- the total volume of costs associated with forming and
improving knowledge infrastructure, the structure of these costs;

- the volume and quality of human capital whose holders take
part in innovative activity;

- availability and
sources.

accessibility of knowledge generation

The concept of knowledge management is grounded at a
regional level on the following statements: the cost of producing
innovation and creating modern knowledge infrastructure in a
region takes up regional costs and determines financial conditions
for innovative development of a region; knowledge, abilities and
skills of man represent a specific form of capital (human capital);
formation of human capital, whose quality meets the demands of
innovative development, calls for financial and organizational
resources and well as time resources; the knowledge sources of a
region are represented by databases and access to these databases,
thanks to which the process of knowledge generation takes place.
Regional innovation policy should be considered in the context of
the developing concept of knowledge management at a regional
level taking into account the processes of human capital formation.

Let us look at the factors of knowledge management in more
detail. Research and development costs as a whole determine the
general capabilities for implementing innovative activity.

According to the Industrial Research Institute — IRl (USA), in
2015 the share of Russia and CIS countries in the total volume of
R&D funding was 3.0% (the share of the USA was 25.8%, that of
China was 20.1%, in 2017 these indicators were 2.8%, 25.5% and
20.8% respectively [10]. The projected value for Russia for the
year 2018 is 2.6% [11]. At the same time , according to the data of
"Battelle”, "R&D Magazine", "World Factbook", the International
Monetary Fund and the World Bank, Russia took the 8th position
in 2016 (50.9 billion USD) in terms of the absolute amount of costs
[12, 13]. Researchers D.B. Izyumov and E.L. Kondratyuk point out
that "the state funding of R&D in 2016 doubled over the last 5
years. However, this indicator is still incomparable with the
expenses of China and the USA" [17].

As for the sources of R&D funding, Russia is different from the
majority of developed countries. Most R&D activity in the country
is funded by the state. About 60% of all funds spent on science
arrive from the state budget and this indicator has had a fairly
stable position over many years. Of course, there is growth in the
participation of business in funding innovations, but it is
insignificant.

Low expenditure on scientific activity and worsening of the
conditions for the fulfillment of scientific research potential
resulted in a fall in the status of a scientific worker in society and,
consequently, manpower drain from this sphere. Since 2007 the
ratio of the internal R&D costs to GDP has been increasing. The
size of manpower in the category "Researchers" has decreased
insignificantly over the last decade - by 3% only (even though
there has been growth of manpower in this category since 2014). A
positive trend is also the fact that the share of scientists aged 30-40
is going up. As a result, the threat of loss of the continuity of
generations is still there, but a positive trend has been set too.
Aging of scientific manpower in this sector is still a problem, but
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the vector of positive development has been set since the size of
manpower with PhD degrees is growing. The problem of the lack
of the young in science has been there for more than 20 years. In
2013 the specific weight of graduates hired by R8D organizations
in the total number of graduates from higher educational
institutions was 0.6% [14, 15]. This indicator halved in comparison
to the data of 1995.

With relatively low expenditure on R&D in the Russian
Federation, human resources involved in scientific research have
quite a considerable weight. In the analysis of the total employment
of population, the share of scientific workers in the country
corresponds to the average value of this indicator among the
countries being studied [14, 15]. Almost two thirds of researchers
are employed in the public sector.

An essential problem in creating new knowledge in the private
sector is a limited interaction with R&D conducted in the public
sector. The majority of scientific workers in the public sector of
science have virtually no interest in commercializing the results of
their activity. This is proved by a relatively low number of both
patent applications and issued patents. However, Russia belongs to
the ten countries involved most intensely in innovative activity in
terms of the number of patent applications and the number of
patent applications per 1000 workers employed in the R&D sector
in 2015 [14,15]. The invention activity coefficient (the number of
patents issued per 10 thousand people of the country's population)
was 1.18 in 1995, 1.68 in 2014, and 2.04 in 2015. Various
technology innovations, developments in the field of transportation,
chemistry and metallurgy are the most common to patent [16].

Innovative activity performance in the Russian Federation is
not high enough. But it is not because of the lack of highly-
qualified manpower, but because there are no favorable conditions
for scientific activity in the country: Russia is a major exporter of
scientific workers aged 30-35 [14]. In order to fulfill innovation
potential in the country, it is necessary to improve the labor
conditions of scientific workers and provide opportunities for
career growth, which will be quite an important factor for forming
favorable conditions for innovative activity of a region.

The conditions for innovative activity are noticeably different
in Russian regions. At the same time, these conditions must be
evaluated in order to manage innovative activity and identify
priorities for funding.

3. Solution of the examined problem: evaluating
the conditions for innovative activity in a region

When methods are chosen for evaluating the conditions for
innovative activity in a region, non-uniformity of socioeconomic
development of the regions in the Russian Federation should be
considered. Ways to improve innovation climate that will work for
one region might have no effect in other subjects of the Russian
Federation.

The existing systems for evaluating the innovative development
of regions are based on an "input/output” model. l.e. resources
available at the input and results obtained at the output are looked
at. It implies that results are evaluated rather than original
(background) conditions. At the same time background conditions
have to be evaluated so that effective innovation policy can be
developed. In order to evaluate the conditions for forming and
improving regional innovation policy, it is suggested using only
"input" elements, which define the conditions for innovative
activity.

Evaluating regional conditions for innovative development is
the first stage in developing regional innovation policy. A
productive approach to carrying out such evaluation is to evaluate
integratively the factors of knowledge management: financial
conditions for knowledge management; characteristics of human
capital in terms of participation in innovative activity; availability
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and accessibility of knowledge sources (knowledge generation
points).
It is suggested that the following set of indicators should be
used:
a) financial conditions for knowledge management:
®  gross regional product, mil. RUR,
internal R&D cost, mil. RUR,
remuneration of workers involved in R&D, RUR,
average salary of workers in organizations in a region,

RUR,
° information-communication technology costs in a region,
mil. RUR;
b) capabilities for human knowledge development:
*  population size, thousand people,

*  average annual number of the employed, thousand people,

manpower involved in R&D in a region,
researchers with academic degrees (PhDs and Doctors of
Sciences),
*  number of students in higher educational institutions;
c) knowledge sources in a region:
*  number of enterprises and organizations,
R&D organizations in a region,

organizations involved in training PhD students and
doctoral students,

*  organizations having broadband access to the Internet.

We will use the concept of an "ideal system" for integral
estimation. It implies choosing reference values of indicators and
comparison of the achieved values of indicators in a region with the
reference values. Thus, having no opportunity to determine a
reference region by all indicators that are analyzed, a region should
be chosen where a specific indicator has the best value ("ideal" at a
certain time for a specific indicator). A set of indicators “ideal” for
a certain moment characterize an “ideal" region.

Indicators must be limited for integral estimation so that
estimates can be obtained in unit fraction. For example, indicators
which characterize financial conditions for innovative activity for
an entire region and are related to R&D costs and costs associated
with information-communication technology are limited in relation
to gross regional product.

After limited indicators are obtained, their values are compared
to the "ideal™ ones and deviations are identified. Integral estimation
is calculated on the basis of the geometric mean of the obtained
deviation coefficients.

4.

This set of indicators is presented in the official statistics, but
the comparability of indicators by regions must be taken into
account. In terms of the entire system (the national innovation
system of the Russian Federation), common points of development
can be set for all regions. These points must be significant for all
regions given the regional differences in formation of regional
innovation policy and conditions for its pursuit. These points
should also provide for compliance with the principles of
federalism. Deviations of the studied objects from the set points
give a basis for analysis and determination of measures to eliminate
these deviations.

Results and discussion

It is important that the balanced state of the conditions for
innovative activity should be taken into account.

On the basis of the integral estimates of the conditions for
innovative activity obtained by regions a rate scale can be set and
regions can be classified depending on the value of the integral
estimate. Moreover, regions can be ranked depending on the
estimation.
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5.

Advancing innovative activity is an important factor for
competitiveness growth of regions. Regional innovation policy
must consider the conditions actually existing in a region. The
concept of knowledge management can be effectively used at the
level of a region as a methodological basis for estimating the
conditions for innovative activity.

Conclusion

In terms of this concept, the estimation of the conditions for
undertaking innovative activity involves:

- estimation of the financial conditions for innovative activity;

- estimation of human capital, whose holders are involved in
innovative activity;

- estimation of the availability and accessibility of the
knowledge generation sources in a region.

Each of the knowledge management factors includes an
integral indicator of the consistent elements, which reflect some
aspects of innovative activity, like funding, scientific manpower or
knowledge generation sources. Depending on the obtained
estimates of the conditions for innovative activity it appears
possible to make a reasonable choice of the priority direction for a
certain region. Further on, provided there is constant monitoring, it
is possible to identify the effectiveness trends of the pursued
innovation policy and wisely alter its course.
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Abstract: Architecture patterns help define the basic characteristics and behavior of an application. Some architecture patterns lend
themselves toward highly scalable applications, whereas other architecture patterns naturally lend themselves toward applications that are
highly agile. Knowing the characteristics, strengths, and weaknesses of each architecture pattern is necessary in order to choose the one that
meets your specific business needs and goals.As a software architect, you must always justify your architecture decisions, particularly when
it comes to choosing a particular architecture pattern or approach. The goal of this report is to give you enough information to make and

justify that decision.
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There are five types software engineering architecture where
patterns are used

Layered Architecture

The most common architecture pattern is the layered
architecture pattern, otherwise known as the n-tier
architecture pattern. This pattern is the de facto standard for
most EE applications and therefore is widely known by most
architects, designers, and developers. The layered
architecture pattern closely matches the traditional IT
communication and organizational structures found in most
companies, making it a natural choice for most business
application development efforts.

Event-Driven Architecture

The event-driven architecture pattern is a popular distributed
asynchronous architecture pattern used to produce highly
scalable applications. It is also highly adaptable and can be
used for small applications and as well as large, complex
ones. The event-driven architecture is made up of highly
decoupled, single-purpose event processing components that
asynchronously receive and process events. The event-driven
architecture pattern consists of two main topologies, the
mediator and the broker. The mediator topology is com-
monly used when you need to orchestrate multiple steps
within an event through a central mediator, whereas the
broker topology is used when you want to chain events
together without the use of a central mediator. Because the
architecture characteristics and implementation strategies
differ between these two topologies, it is important to
understand each one to know which is best suited for your
particular situation.

Microkernel Architecture

The microkernel architecture pattern (sometimes referred to
as the plug-in architecture pattern) is a natural pattern for
implementing product-based applications. A product-based
application is one that is packaged and made available for
download in versions as a typical third-party product.
However, many companies also develop and release their
internal business applications like software products,
complete with versions, release notes, and pluggable
features. These are also a natural fit for this pattern. The
microkernel architecture pattern allows you to add additional
application features as plug-ins to the core application,
providing extensibility as well as feature separation and
isolation.

Microservices Architecture Pattern
The microservices architecture pattern is quickly gaining
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ground in the industry as a viable alternative to monolithic
applications and service-oriented architectures. Because this
architecture pattern is still evolving, there’s a lot of confusion
in the industry about what this pattern is all about and how it
is implemented. This section of the report will provide you
with the key concepts and foundational knowledge necessary
to understand the benefits (and trade-offs) of this important
architecture pattern and whether it is the right pattern for
your application.

Space based architecture

Most web-based business applications follow the same
general request flow: a request from a browser hits the web
server, then an application server, then finally the database
server. While this pattern works great for a small set of users,
bottlenecks start appearing as the user load increases, first at
the web-server layer, then at the application-server layer, and
finally at the database-server layer. The usual response to
bottlenecks based on an increase in user load is to scale out
the web servers. This is relatively easy and inexpensive, and
sometimes works to address the bottleneck issues. However,
in most cases of high user load, scaling out the web-server
layer just moves the bottleneck down to the application
server. Scaling application servers can be more complex and
expensive than web servers and usually just moves the
bottleneck down to the database server, which is even more
difficult and expensive to scale. Even if you can scale the
database, what you eventually end up with is a triangle-
shaped topology, with the widest part of the triangle being
the web servers and the smallest part being the database

In any high-volume application with an extremely large
concurrent user load, the database will usually be the final
limiting factor in how many transactions you can process
concurrently. While various caching technologies and
database scaling products help to address these issues, the
fact remains that scaling out a normal application for extreme
loads is a very difficult proposition.

The space-based architecture pattern is specifically designed
to address and solve scalability and concurrency issues. It is
also a useful architecture pattern for applications that have
variable and unpredictable concurrent user volumes. Solving
the extreme and variable scalability issue architecturally is
often a better approach than trying to scale out a database or
retrofit caching technologies into a hon-scalable architecture.

Pattern Description

The space-based pattern minimizes the factors that limit
application scaling. This pattern gets its name from the
concept of tuple space, the idea of distributed shared
memory. High scalability is achieved by removing the
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central database constraint and using replicated in-memory
data grids instead. Application data is kept inmemory and
replicated among all the active processing units. Processing
units can be dynamically started up and shut down as user
load increases and decreases, thereby addressing variable
scalability. Because there is no central database, the database
bottleneck is removed, providing near-infinite scalability
within the application.

Most applications that fit into this pattern are standard
websites that receive a request from a browser and perform
some sort of action. A bidding auction site is a good example
of this. The site continually receives bids from internet users
through a browser request. The application would receive a
bid for a particular item, record that bid with a timestamp,
and update the latest bid information for the item, and send
the information back to the browser.

There are two primary components within this architecture
pattern: a processing unit and virtualized middleware. Figure
1 illustrates the basic space-based architecture pattern and its
primary architecture components.

The processing-unit component contains the application
components. This includes web-based components as well as
backend business logic. The contents of the processing unit
varies based on the type of application— smaller web-based
applications would likely be deployed into a single
processing unit, whereas larger applications may split the
application functionality into multiple processing units based
on the functional areas of the application. The processing
unit typically contains the application modules, along with an
in-memory data grid and an optional asynchronous persistent
store for failover. It also contains a replication engine that is
used by the virtualized middleware to replicate data changes
made by one processing unit to other active processing units.

& Processing Unit Processing Unit h
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(
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Virtualized Middleware
Messaging Data Processing Deployment
Grid Grid Grid Manager

Figure 1. Space-based architecture pattern

Processing Unit

The virtualized-middleware component handles
housekeeping and communications. It contains components
that control various aspects of data synchronization and
request handling. Included in the virtualized middleware are
the messaging grid, data grid, processing grid, and
deployment manager. These components, which are
described in detail in the next section, can be custom written
or purchased as third-party products.

Pattern Dynamics

The magic of the space-based architecture pattern lies in the
virtualized middleware components and the in-memory data
grid contained within each processing unit. Figure 2 shows
the typical processing unit architecture containing the
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application modules, inmemory data grid, optional
asynchronous persistence store for failover, and the data-
replication engine.

The virtualized middleware is essentially the controller for
the architecture and manages requests, sessions, data
replication, distributed request processing, and process-unit
deployment. There are four main architecture components in
the virtualized middleware: the messaging grid, the data grid,
the processing grid, and the deployment manager.
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Figure 2. Processing-unit component
Messaging Grid

The messaging grid, shown in Figure 3, manages input
request and session information. When a request comes into
the virtualized- middleware component, the messaging-grid
component determines which active processing components
are available to receive the request and forwards the request
to one of those processing units. The complexity of the
messaging grid can range from a simple round-robin
algorithm to a more complex next-available algorithm that
keeps track of which request is being processed by which
processing unit.

Data Grid

The data-grid component is perhaps the most important
and crucial component in this pattern. The data grid interacts
with the data- replication engine in each processing unit to
manage the data replication between processing units when
data updates occur. Since the messaging grid can forward a
request to any of the processing units available, it is essential
that each processing unit contains exactly the same data in its
in-memory data grid.

Processing Unit Processing Unit Processing Unit Processing Unit
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Figure 3 Processing-grid component

Although Figure 4 shows, a synchronous data replication
between processing units, in reality this is done in parallel
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asynchronously and very quickly, sometimes completing the
data synchronization in a matter of microseconds (one
millionth of a second).
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Figure 4. Processing-unit component
Processing Grid

The processing grid, illustrated in Figure 5, is an optional
component within the virtualized middleware that manages
distributed request processing when there are multiple
processing units, each handling a portion of the application.
If a request comes in that requires coordination between
processing unit types (e.g., an order processing unit and a
customer processing unit), it is the processing grid that
mediates and orchestrates the request between those two
processing units.
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Figure 5. Processing-grid component
Deployment Manager

The deployment-manager component manages the dynamic
startup and shutdown of processing units based on load
conditions. This component continually monitors response
times and user loads, and starts up new processing units
when load increases, and shuts down processing units when
the load decreases. It is a critical component to achieving
variable scalability needs within an application.

Considerations

The space-based architecture pattern is a complex and
expensive pattern to implement. It is a good architecture
choice for smaller web-based applications with variable load
(e.g., social media sites, bidding and auction sites). However,
it is not well suited for traditional large-scale relational
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database applications with large amounts of operational data.

Although the space-based architecture pattern does not
require a centralized data store, one is commonly included to
perform the initial in-memory data grid load and
asynchronously persist data updates made by the processing
units. It is also a common practice to create separate
partitions that isolate volatile and widely used transactional
data from non-active data, in order to reduce the memory
footprint of the in-memory data grid within each processing
unit.

It is important to note that while the alternative name of this
pattern is the cloud-based architecture, the processing units
(as well as the virtualized middleware) do not have to reside
on cloud-based hosted services or PaaS (platform as a
service). It can just as easily reside on local servers, which is
one of the reasons I prefer the name ‘“space-based
architecture.”

From a product implementation perspective, you can
implement many of the architecture components in this
pattern through third- party products. Because the imple-
mentation of this pattern varies greatly in terms of cost and
capabilities (particularly data replication times), as an
architect, you should first establish what your specific goals
and needs are before making any product selections.

Pattern Analysis

The following table contains a rating and analysis of the
common architecture characteristics for the space-based
architecture pattern. The rating for each characteristic is
based on the natural tendency for that characteristic as a
capability based on a typical implementation of the pattern,
as well as what the pattern is generally known for. For a side-
by-side comparison of how this pattern relates to other
patterns in this report, please refer to Appendix A at the end
of this report.
Overall agility
Rating: High
Analysis: Overall agility is the ability to respond
quickly to a constantly changing environment. Because
processing units (deployed instances of the application)
can be brought up and down quickly, applications
respond well to changes related to an increase or
decrease in user load (environment changes).
Architectures created using this pattern generally
respond well to coding changes due to the small
application size and dynamic nature of the pattern.

Ease of deployment
Rating: High
Analysis: Although space-based architectures are
generally not decoupled and distributed, they are
dynamic, and sophisticated cloud-based tools allow for

applications to easily be “pushed” out to servers,
simplifying deployment.

Testability
Rating: Low

Analysis: Achieving very high user loads in a test
environment is both expensive and time consuming,
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making it difficult to test the scalability aspects of the
application.

Performance
Rating: High
Analysis: High performance is achieved through the in-

memory data access and caching mechanisms build
into this pattern.

Scalability
Rating: High
Analysis: High scalability come from the fact that there
is little or no dependency on a centralized database,

therefore essentially removing this limiting bottleneck
from the scalability equation.

Ease of development
Rating: Low
Analysis: Sophisticated caching and in-memory data
grid products make this pattern relatively complex to
develop, mostly because of the lack of familiarity with
the tools and products used to create this type of
architecture. Furthermore, special care must be taken
while developing these types of architectures to make
sure nothing in the source code impacts performance
and scalability.

Summary

Table A-l1 summarizes the pattern-analysis scoring for each
of the architecture patterns described in this report. This
summary will help you determine which pattern might be
best for your situation. For example, if your primary
architectural concern is scalability, you can look across this
chart and see that the event-driven pattern, microservices
pattern, and space-based pattern are probably good
architecture pattern choices. Similarly, if you choose the
layered architecture pattern for your application, you can
refer to the chart to see that deployment, performance, and
scalability might be risk areas in your architecture

s |E |8 | 8| &

HERERERE
overallAgilty | oy | 4 | 4 | 4 | 4
Deployment * f f f f
Testability f * ‘Q‘ f *
Performance ‘ f f * @
Scalability * f * f f
Development f ; ; f ‘

Table 1

While this chart will help guide you in choosing the right
pattern, there is much more to consider when choosing an
architecture pattern. You must analyze all aspects of your
environment, including infrastructure support, developer skill
set, project budget, project deadlines, and application size (to
name a few). Choosing the right architecture pattern is
critical, because once an architecture is in place, it is very
hard (and expensive) to change.
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Abstract: A mathematical formulation of the boundary problems of mathematical physics is made, sequential solution which allows
describing the stress-strain state and the transfer characteristics of the piezoelectric elements with surfaces partial covering by electrodes.
The set of formulated boundary problems makes mathematical content of energy-power method of analysis of the physical condition of the
piezoelectric elements in the regime of forced oscillations under the influence of an external source of electrical energy. The proposed
sequence of computational procedures can be used in the study of forced oscillations of microelectromechanical structures.
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1. Introduction

The relevance of the use of various functional elements of
piezoelectronics in power and informational systems is due, above
all, to their high reliability. The final goal of mathematical modeling
of the vibrating piezoelectric elements physical condition is a
qualitative and quantitative description of characteristics and
parameters of existing electrical and elastic fields [1-2].

In 1986 [3] for the first time in the pages of scientific journals
appeared abbreviation MEMS, which replaced the long spoken
phrase microelectromechanical structures. Currently leading
companies — manufacturers of electronic components serially
produced a rather extensive list of elements, in which various
MEMS are included. This, above all, the various accelerometers,
which are produced by millions of copies, resonators and
implemented on the basis of their electrical signals filters,
transformers and other microminiature electromechanical systems.

MEMS manufacturing technology are currently called as
microsystem technology. MEMS or what is the same, piezoelectric
elements produced by means of microsystem technology have much
in common with conventional piezoelectric elements, i.e. not of
microscopic size, which are made of piezoelectric ceramics. For the
realization of various features in MEMS used polycrystal
ferroelectrics, which are polarized by a constant electric field in a
predetermined direction. Conventional piezoelectric elements are
made of piezoelectric ceramics, which initially is a polycrystalline
ferroelectric, which on the last process step of the piezoceramic
product manufacturing is polarized by constant electric field of
given orientation. A distinctive feature between the MEMS and
conventional piezoelectric elements is a method of working surfaces
covering by electrodes. Conventional piezoelectric elements are
usually of continuous electrodes surface. In some special cases, the
electrodes are divided (cut) into areas which have no galvanic
connection between them. In MEIS usually is used partial working
surfaces covering by electrodes, when only part of the polarized
ferroelectric surface is covered with a metal film. This method of
covering by electrodes makes it possible to excite in volume of
MEMS several types of elastic vibrations. Manipulating the
geometric parameters of surfaces covering by electrodes, you can
manage energy oscillatory processes in MEMS, i.e. create
conditions where one type of oscillatory motions will dominate over
the rest in amplitude of the elastic displacement vector of material
particles.

Partial surfaces covering by electrodes has the effect that the
electric field in the volume of the ferroelectric become dependent
on the values of the coordinates of the observation point for the
parameters of the electric field. This phenomenon is absent in the
conventional piezoelectric elements. On the condition of constancy
of the alternating electric field intensity in the volume of the
piezoelectric element, created by external generator of electrical
signals are based methods of calculation the stress-strain state of the
piezoelectric plates and shells [4]. In the case of a partial surfaces
covering by electrodes of the piezoelectric element these methods
do not work.
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The latter encourages the search for new approaches to the
procedure of calculating the parameters of the stress-strain state and
the transfer characteristics of the piezoelectric elements with partial
surfaces covering by electrodes. Below we will present the general
scheme of the computational procedures execution, which, in
principle, allows you to estimate the parameters of the stress-strain
state and the transfer characteristics of the piezoelectric elements
with partial surfaces covering by electrodes. This scheme can be
used as a theoretical basis for the mathematical modeling of
MEMS.

2. Sequence of computational procedures in the
calculation of the piezoelectric elements

Consider a piezoelectric element for certainty in the form of a
plate bounded by arbitrarily curved contour K (Fig. 1).

The plate is located in the Cartesian coordinate system
(%% ,X%3) S0 that the origin of the system is on the middle surface

of the plate. To simplify the subsequent discussion, we assume that
the plate is made of polarized in thickness, i.e. in the axis direction

Ox 5, piezoelectric ceramics. We also assume that the polarization

is made by a constant electric field, the axial component of the
intensity vector which had a constant value at any point in the
volume of the plate. This allows to assert that material constants of
the piezoelectric plate (the dielectric constant tensor components,
piezoelectric modules and elasticity modules) does not depend on
the coordinates of the point inside the volume of the plate and are
given by matrices of the following form:

a) matrix of the dielectric constants ;{ﬁ , that are experimentally

determined in the mode of constancy (equality to zero) of elastic
deformations (upper symbol ¢ ):

xi 0 0
xil=| x5 0, @)
233
where i1 = x5, # 153
Ue”
% z

Fig. 1. Piezoelectric element with partial surfaces covering by electrodes
X3 =t
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b) matrix of the piezoelectric modules e, (k=1,2,3;
£=1,2,3,4,5,6 — Voigt index):
0 0 0 0 e O
ekg/=[0 0 0 ey 0 0 )
€31 €3 €3 0 0 O
where ey =€, # €33 €15 = €4 = (€33 — €31)/2;
¢) matrix of the elasticity modules cgﬂ , that are experimentally
determined in the mode of constancy (equality to zero) of electric

field intensity (upper symbol E), (S, 4) =1, , 6 — Voigt
index):
E .E .E
1 Gz ¢z 0 0 0
ks 5 0 0 o0
E
C 0 0 O
5| = B , ®
cgs 0 O
cSEs 0
E
Ce6
where Cfi = C3 # Ci O3 = Cf3 = C33; Clig = Css

ok = (011 - ClEZ)/Z

Suppose that on the upper (x3 =« ) and lower (x3=-«a)
surfaces of the piezoelectric plate are arbitrarily located areas S;
and S, accordingly (Fig. 1), which are coated with a thin layer of
metal, i.e. covered by electrodes. Thus, in general S; =S, = Sy,
where S — surface of the plate bounded by the contour K. The

electrical potential eri’"t is supplied to the surface S; from the
electrical signals generator (U, — amplitude of the electrical
potential on the surface S; covered by electrodes; naturally,

Up #Ug, where U, — amplitude value of the electric potential at

the output of the generator; i =+=1; @ — angular frequency; t —
time). Symbol Z in Fig. 1 denotes an electric output impedance of

the electrical signals generator.
Denote the amplitude value of intensity vector of the alternating

electric field by symbol E*(xc). Will determine the electric

polarization, which is created by an alternating electric field in the
volume of the piezoelectric plate, by the time-varying electric

induction vector according to the law et amplitude value of
which is denoted by D*(x). At the same time there is the linear

conformity between the components of the electric induction vector
and the electric field intensity vector of the following form

D (%) = 2GEj (%) - @)
In (4), and in all subsequent recordings of this type is assumed

the summation over twice repeated index. In the formula (4) such
index is symbol j which sequentially assumes values 1, 2, 3.

Characteristics of an alternating electric field in the volume of
the piezoelectric element are determined by Maxwell's equations,
which for the amplitude values of the electric and magnetic
components of the electromagnetic field can be written in the

following form

=J"(x) +iwD" (%), (5)
rotE* () = —i@B" (x) (6)
B* (%)= toH" (%);
permeability of vacuum; B*(xc) and H"(x,) — amplitudes of
harmonically time-varying vectors of induction and magnetic field

where Lo =47-107 Him — magnetic
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intensity; J*(x) — amplitude of the conduction current surface
density vector. Since the piezoelectric ceramics is a pretty good
dielectric we can write J"(x, ) = 0. This means that the properties

of the ideal dielectric are attributed to real piezoelectric ceramics.
Calculating the divergence of the left and right parts of the
Maxwell equations (5), we obtain, in the case of an ideal dielectric,
the following result
divD"(x)=0. ©)
In [4] it is proved that in the frequency range from zero to tens
of megahertz equation (6) for ideal dielectrics can be written in the
following form
rotE*(xc)=0. (8)
Condition (8) indicates a potential character of the alternating
electric field in the piezoelectric element volume. For this reason, is
possible the description of this field with the help of the scalar

potential @*(x,)e'™ . At the same time amplitude value E*(x)

of intensity vector of the alternating electric field created by an

external source, i.e. generator of electrical signals, is defined in the
standard [5] way

E"(x)=—grad @ (x). 9)

Substituting the definition (9) into (4), and the obtained result

into condition (7) of the absence of electricity free carriers, we

obtain the Laplace differential equation whose solution determines

the amplitudes of the electric potential @*(x ) :
az(b*(xk) o ( K, 2 0°®" (%)
X2 ox2 ox2

-0, (10)

where &2 = y%/ 7% — squared coefficient of anisotropy of the

piezoelectric ceramics dielectric constant.

The general solution of the differential equation (10) must
satisfy the following conditions at the boundaries of the region of
existence:

@*(Xk)‘x:a,:a:UOV(Xl’XZ)GSl; (11)

M :OV(Xl,XZ)eSK —Sl, (12)
0X3 Y=
8d5*(xk)

9P X) _gv K, 13

on (%) < 43

M ZOV(Xl,Xz)GSK - Sz, (14)
0X3 Xa =t

& (4o == 0¥(%%2)<S; (19

where symbol g/dn denotes the derivative in the direction of the

outward unit normal to the lateral surface of the plate, which relies
on the contour K.

Conditions (11) and (15) are self-evident. Conditions (12) —
(14) are approximate [4] and are performed the more accurate when
the dielectric constant of the piezoelectric the more differs dielectric

constant of wvacuum ;50:8,8510‘12 F/m. For piezoelectric

ceramics PZT-type dielectric constant is ;(,‘J”” >10° o and thus the

boundary conditions (12) — (14) can be considered practically exact.
If the dielectric constant of polarized ferroelectric in MEMS less
than 10y, that, incidentally, has not yet happened, then the

conditions (12) — (14) must be reformulated, taking into account the
existence of the stray fields.

Solution of the boundary problem (10)—(15) is the first
computational procedure when performing calculations of
parameters of the stress-strain state of the piezoelectric elements
that are compatible with microsystem technologies. At this stage,
actually determined energy levels of the electric field at any
arbitrarily predetermined point in the volume of the piezoelectric
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element. It must be emphasized that the potential @*(x) is

calculated assuming that it is completely determined by the
geometric parameters of the piezoelectric element, and does not
depend on the parameters of the elastic and electric fields, that are
generated in the volume of the vibrating piezoelectric element.

After determining the potential @*(x,) the equation of

physical condition of oscillating piezoelectric element, calculation
scheme is shown in Fig. 1, can be written in the following form

£ ou, ow D"
=C — i | — +—— |, 16
Oij = Uk/axk klj[axk ka ( )
ay; o "
Dy, =€nii — + yni| — + — |, 17
m mljaxj ij[axj an] (17

where oj; — amplitude value of the tensor component of the
resulting mechanical stresses; u, — amplitude of the time-varying
¢ -th component of the displacement vector of a piezoelectric
material particles according to harmonic law e''; @ = D(x) -
scalar potential of the internal electric field [6], which arises as a
result of the displacement of a piezoelectric ions from equilibrium
positions from the crystal lattice sites; @* =@®"(x,) — known
scalar potential of the alternating electric field created by an
external source (generator). By its physical content the equation of
physical condition (16) is a generalized Hooke's law for an elastic
medium with piezoelectric effects, and equation (17) is the law of
the electric polarization of the dielectric with piezoelectric
properties.
Newton's second law in differential form or what is the same —
the motion equation of a material particle of the elastically
deformable solid, in the general case can be written as follows:
00ji(xot) _  dPui(x.t)
oxj 0 o2
where py - density of deformable solid. Substituting the equation
(16) into the definition (18), and taking into account that all of the
physical fields in the volume of a deformable piezoelectric element
change in time according to harmonic law e'“* we obtain the
following equation

E qutf 82@
Gk Bax; o aax
kOAj kOA§

2"

, (18)

+ poa)zui = fiK (Xk) s (19)

K
where ;" (X ) = &y 2%
component of volume density of the Coulomb forces that are
generated by an external source (generator) of the electric field.
Naturally, the second term on the left-hand side of equation (19)
also makes sense as the i-th component of the volume density
vector amplitude value of the Coulomb forces, which arise in the
volume of the deformable piezoelectric by internal electric field and
prevent its deformation by electric fields of external sources. For
small values of piezoelectric modules, i.e. when gg; <1 C/m? the

— amplitude value of the i-th

second summand in the equation, in principle, can be ignored. But
for piezoelectric ceramics of PZT type, that have e; <20 C/m?

the Coulomb forces of internal electric field cannot be ignored.
These forces, i.e. the second summand in equation (19), act in
accordance with the forces of elasticity (the first summand) and
increase the effective rigidity of the piezoelectric. In some
directions the rigidity of piezoelectric ceramics can be increased
more than 50%.

Condition (7) of the electricity free carriers absence in
piezodielectric is true, obviously, for any representation of the

electric induction vector. Since divD(x)=0, then after

substitution the equation (17) into this condition, we obtain the
following result
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2 2 2 2

@ ) o 1 ;
oo 2+—a . 2070 . —emijia Y 9. (20)
0x{ 0X3 oxs 1 0 Xm0 Xj

Equations (19) and (20) are, in general, are a system of four
differential equations of second order partial derivatives.
Uniqueness of the solution of this equations system is provided by
the boundary conditions. If the piezoelectric element fluctuates in a
vacuum, i.e. has no mechanical contact with other material objects,
then on his lateral surfaces due to the execution of the third law of
Newton the normal and tangential stresses that acting on the
elementary areas of these surfaces should turn to zero. With regard
to the calculation scheme, which is shown in Fig. 1, the foregoing
can be written as follows:

G QU (0P 007
31kk6xk k3 an an X, =ta

ni[Cijk(gii—e [6CD+6(D j‘|=OVXkEK, (22)

OX OX

where n; — vector components of the outward unit normal to the

lateral cylindrical surface of the piezoelectric element, whose base
is curved contour K (Fig. 1).
The scalar potential ®(x,) of the internal electric field must

satisfy the following boundary conditions

q)(xk)‘xa:azov(xl’xz)esl' @)
20 (x() =0V (x,X)e Sk — St (24)
0X3 X = a
000l 220 gy x)es,  @5)
0% |, 9% ‘nga
0 2200 ooy (26)
0 X;
(i), =0V(n0)es @)
M :O‘V’(Xl,Xz)G Sk — Sy, (28)
0% X, = —a
00(x)|  _0®(x)| =0V (x,%)eS.  (29)
% ‘nga 9%, ‘nga

Formulated by (19) — (29) the boundary problem is the most
complete and general mathematical formulation of the
electroelasticity boundary problem of the finite size piezoelectric
elements steady harmonic vibrations.

It can be argued that the exact solution of the boundary problem
cannot be implemented. However, it is possible to create an
algorithm for the approximate solution of the problem (19) — (29).
Computational procedure, which will be discussed, can be called
the method of sequential approximations. In this case, the unknown

components of the displacement vector uf(xk) and scalar

potential fb(xk) are represented by convergent series as follows

u, (%) = ul” (x) + X aul (x).

v=1
o (%) = 0 (x)+ X a0t (x), (30)
v=1
where u ,(x), ®(xc) — exact solutions of equations (19), (20)

system; ugo)(xk) and @ )( ) — zero approximation to exact

solutions; Aug")( X ) and A(’D(")(xk) — v -th order corrections to

zero approximations of the exact u , (x ) and @(x).
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Zero approximation ugo)(xk) to the exact value of the /-th

component amplitude of piezoelectric element material particles
displacement vector is found by solving the following stationary
boundary problem

o’ )
E / 2 K
Ciky ——— + poou,’ = £, 31
ukt,axkaxj Po@ Uy i (31)
0
ct 8u7$)_ K =0V(x,%;)eS (32)
3jke %, 03] = A2 K
X, =ta
oul®
M| Cie a; — ol |=0VxeK, (33)

where  of; =e _(6(1)*/axk), of =e _A(atb*/axk) -
k3j kij

Coulomb forces surface densities of external source electric field or,

which is the same, the Coulomb tensions.

Thus, the zero approximation to the exact values of the
displacement vector components of the piezoelectric material
particles is formed by solution of the boundary problem (31) — (33).
According to the physical content, this boundary problem of the
elasticity dynamic theory is the problem of the excitation of
piezoelectric element harmonic oscillations by the system of the

volumetric ( ;) and surface (o; ) loads. It should be emphasized

that at full piezoelectric elements surfaces covering by electrodes
and even in the case of separated electrodes the Coulomb forces
volume density is zero, and the excitation of elastic waves in such

piezoelectric elements is operated by surface loads ai'f .

After solving the boundary problem (31) — (33) the zero
approximation to the exact value of the internal electric field scalar
potential is determined. Equation (20) can be written in the
following form

020 . 0@ %0 o 34
ox3 ox3 ox3 w
(0) _ 82ui(0) .
where  pp) = emijm - zero approximation to the exact

value of volume density of the polarization electric charge in the
volume of the deformable piezoelectric. The general solution of the

Poisson equation (34), i.e. the function (D(O)(xk) must satisfy the
boundary conditions (23) — (29).

After the determination of the zero approximation dD(O)(xk)
the correction Au&” is calculated. For this purpose, into the
equation (19) values U(x )~ U(O)(xk) + AU(O)(xk) and
D(x ) ~ CD(O)(xk) are inserted. Equation (19) takes the form

62Au§1)

2@ _ £(0)
I + Auy’ = £V 35
ijk¢ X0 ; Po@ AU, (35)

where Auf,l) and Aufl) — first-order corrections to the zero

approximations uf‘o) and ui(o) of the components exact values

Uy (%) and uj(x) of the piezoelectric material particles

o20%)
- —
KI5 %0 X;

the i-th component exact value of the Coulomb forces volume
density vector, which are formed by the internal electric field in the
volume of the deformable piezoelectric.

Uniqueness of the system (35) solution is ensured by the
boundary conditions that can be written as follows:

displacement vector; fi(o — zero approximation to
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E aAugl) (0)

X, =ta
6Au(,l) 0
ni Ciljzk/T('—o'i(J) ZO\V/XKGK, (37)
X
where o0 = e N (200/ox). ofY - i,- (00/ox) -

zero approximations to the exact value of the Coulomb forces
surface densities, which are formed by the internal electric field in
the volume of the vibrating piezoelectric element.

It should be emphasized that the boundary problem (35) — (37)
can be solved by the same manner in which the boundary problem
(31) — (33) has been solved. This means that after the construction

of an analytical expression for U(O)(xk), i.e. for the zero

approximation to the exact value of the piezoelectric element
material particles displacement vector, is not need to re-construct

general solutions for first-order correction Aﬁ(l)(xk) and for all
subsequent orders corrections Ad*) (X ) . To obtain the numerical

values of corrections AU(V) (xk) is necessary only to substitute into

general solutions of the boundary problem (31) — (33) the
corresponding values of the Coulomb forces volume and surface
densities, which are formed by internal electric field in the volume
of the piezoelectric vibrating element.

After receiving the first

U(l)(Xk):U(O)(Xk)+AU(l)(Xk) to the exact value of the
material particles displacement vector, you can implement the

approximation

assessment of correction ACI)(l)(xk) to the exact value ®@(x) of

the internal electric field scalar potential.

U(l)(xk) =g (%) + Ag® (%) into equation (34) and setting at

Substituting

the same time that ®(x) = CD(O)(xk) + A®(1)(xk) we get the

Poisson equation to determine the correction A®(Y) (x¢):

1
a0 20, 2a0® Al
>+ >+ = == , (38)
a .
where A pE)le) = Epij OB first-order correction to the exact
0 Xm0 Xj

value zero approximation of the polarization charge volume density
in the volume of the deformable piezoelectric. Uniqueness of the
equation (38) solution is ensured by the boundary conditions (23) —
(29).

Again, as in the determination of correction A ') (%), can be
made obvious conclusion. To receive correction A(IJ(l)(xk) as,

obviously, all subsequent corrections A(D(") (xk) , is no need for a
new solution of (38) and subsequently satisfaction of the boundary
conditions (23) — (29). To determine the correction ACD(l)(xk) is

necessary and sufficient to substitute the value A p(ple) into general

solution of equation (34) instead of the volume density p(p%) Ctis

obvious that the correction of v -th order, i.e. the value A®") (%)
is determined by the general solution of equation (34), in the right-
hand part of which is written the correction A pg;) (%)

Approximate calculation of the components of the displacement
vector and scalar potential of the internal electric field forms the
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content the second computational procedure for the processes
mathematical modeling, which are developed in the volume of the
piezoelectric element with partial surfaces covering by electrodes.
The results that are obtained after the first and second
computing procedures, i.e. formulas for calculating the electric field

potential ®"(x,) created in the volume of the piezoelectric

element by electrical signals generator, for the scalar potential
®(x) of the internal electric field and the displacement vector

U(xk) of material particles, linearly depend on electric potential

U, that exists on the surface S; covered by electrodes. From the

above it follows that these relations can be calculated in the
following form

D" (%) = Ug®" (%, 1), @(%) = Ug® (%, @,1T),  (39)

€33
up (%¢) :uofuﬂ(xk,w,n), (40)
33

where ®*(x,IT), ® (X, @,I1) n 0, (X, @,IT) — dimensionless

functions of the observation point coordinates and set of physical,
mechanical and geometrical (symbol II in the argument list)
parameters of the piezoelectric element; construction of the right
part of (40) is due to the values dimension included in it.

Since the potential Uy # U, i.e. the potential U, is actually

the uncertain quantity, so the third and final computational
procedures aim to determine the potential amplitude value on the
piezoelectric element surface covered by electrodes.

Obviously, the influence of the piezoelectric element to the
amplitude of the electric current in the conductor, which connects it
to the electric signals generator, can be described using the

electrical impedance Z (w) of the piezoelectric element.

Electrical impedance Z () must satisfy the basic terms and

definitions of theoretical electrical engineering and, therefore,
Ohm's law for the section of electrical circuit, i.e.
Yo
Za (@)=
where | —amplitude of the electric current in the conductors which
are connected to the piezoelectric element surface sections covered
by electrodes (Fig. 1). Current or amplitude value of 1 is directly
proportional to the velocity variation in time of the electric charge
Q on the piezoelectric element surface covered by electrodes. For

(41)

harmonic changing in time according to ' the amplitude | is
determined as follows

| = —i0Q, = -i0Q,, (42)
where Q; and Q, —amplitude values of the electric charges on the
surfaces S; and S, (Fig. 1).

The amplitude value of the electric charge Q; is determined as
follows:

Q= _[_[D3(X1’X2’a)dsl =
S

1

ou; s 0@  oD"
= ||| &g —= + x5t | — + — ds, =
SJ[ 3”6’xj Zsj(&xj OX; H 1
1 X =a
=UyC?(w,IT), 43)
where C®(w,IT) - dynamic electric capacitance of the
piezoceramic element.
Thus, | = -iaJ,C®(w,IT) and the electrical impedance of
the piezoelectric element is
1
Zy (@)= —— . (44)
(@) i0C* (w,11)
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From the connection diagram of the electrical signals generator
(Fig. 1) it follows that
U,Zy (@ U
UO — 9 e'( ) — . 9 . ’ (45)
Zg + Zg (@)  1-i0Z,C°(w.1)

where C*® (col‘l) is defined by a double integral in (43).

Calculation of the electric potential U, is the content of the

third computational procedure in mathematical modeling of
piezoelectric elements with partial surfaces covering by electrodes.
After completing the third and last computational procedure we
can write an expression for calculating the displacement of the
piezoelectric element material particles in the next, final, form

u, (%) = G, (% ,o,IT).  (46)
k( k) cgs[l—ia)zécg(a),ll)} k( X )

3. Discussions and Conclusions

Equation (46) is a mathematical model of the dynamic stress-
strain state of the piezoelectric element with partial surfaces
covering by electrodes and is a key relation for quantitative
estimates of the transfer characteristics of the piezoelectric element
in all variants of its functional use. Frequency dependent function

Cg(a),H) is the theoretical basis for the equivalent circuits

construction in the sense in which they were proposed in 1925 —
1928 by Walter G. Cady to radio engineers, who were involved in
the calculation and design of high-frequency electrical signal
generators with the quartz resonator in the generation frequency
stabilization circuit.

The main results of this work can be formulated as follows:

1. For the first time the sequence of computational procedures is
proposed, which allows when calculating transfer characteristics to
use the full range of physical, mechanical and geometrical
parameters of the piezoelectric element and the final value of the
output electric impedance of the electrical signals generator.

2. For the first time the method is proposed, which allows you
to perform real situation adequate assessment of the connectivity
effect of elastic and electric fields in the case of their arbitrary
distribution in the volume of vibrating piezoelectric element.

3. The formulated complete set of boundary problems of
technical electrodynamics and elasticity dynamic theory is the
mathematical content of the energy-power method [7] of
piezoelectric elements physical state analysis in the regime of
forced oscillations under the influence of the electrical energy
external source.

4. The proposed sequence of computational procedures can be
recommended as a theoretical basis for characteristics calculating of
the piezoelectric elements with partial surfaces covering by
electrodes and microelectromechanical structures (MEMS).
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1. Introduction

Today, the knowledge intensity of manufactured products is
complicated, and the market for intellectual goods and services is
growing. The growth of technologies in the broad sense comes at
the same time as the growth of the role of knowledge-intensive
technologies in the economic space; the system of education itself is
transformed by the emergence of new educational technologies that
change the nature of the object being studied. The need for
continuous education throughout the working life faces workers in a
context of constant renewal of knowledge, innovation
transformations and tough competition. The above features are
characteristics of the knowledge society. This concept postulates the
development of ideas and approaches of T. Husen [1], who was the
first to propose a model of a "learning society,” and where "lifelong
learning" is the necessity for every person throughout his or her life!

The trend towards the formation of a knowledge society and
creative economy, carrying creative, complex and integrative
nature, is clearly traced today in the leading countries of the world.
Scientists put in the notion of creativity such characteristics that are
inherent in the national economy as a whole, and not only in its
separate areas, which are associated with purely creative activities.
The creative economy is able to integrate culture, innovation,
information and entrepreneurship into the overall technology of
development and, on this basis, ensure the competitiveness of social
systems [2]. Focusing on the long-term perspective is a key aspect
in the implementation of creative development technologies.
Moreover, the main emphasis should be on stimulating cultural and
creative activity, establishing interaction between actors and means
of their activity in the process of realizing creative potential.

2. The creative potential of the knowledge
economy

Creative activity and the person's ability to creativity in
socially useful activities become crucial in the knowledge economy.
The purpose of this activity is the reproduction of intellectual
capital. Accordingly, the agent of ownership also changes. “Homo
creator”, an agent with another system of values, needs and
motives, is replacing rational “homo economicus”. From the
standpoint of the methodology, it is important to use the socio-
personal approach in which the individual's mental capacities,
creativity, initiative, the system of preferences and internal
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orientations, system thinking, analytical abilities, information
susceptibility, etc. should serve as the object of analysis.

Today, commerce and creativity are so united and so
inseparably linked with each other in the economy, which is almost
impossible to distinguish between them. After all, cultural
production leads to fusion, blurring of borders and mixing of genres
- at the level of works, and at the level of professional activity. As a
result, the borders between commerce and creativity, advertising
and art, etc. are erased. So, a writer or scriptwriter can work as a
copywriter in an advertising agency, filmmakers can create
promotional and popular videos, and composers can write music
screensavers or music for computer games. [3].

Large corporations are engaged in the financing of the
production and distribution of a huge amount of commercial goods
of culture, bringing incredible income. These companies occupy
strategically beneficial countries and regions, provide an impact and
have such an infrastructure that allows them to accumulate capital
in accordance with their own payment systems and copyright. In
other words, these companies have a definitive effect on the way of
contracting with authors, contracting with contractors, as well as on
economic recognition and reward for creativity.

In addition, large corporations have a significant influence on
the formation of consumer preferences, their habits, professional
assessment of marketers, and ultimately they are “talent hunters."
Today, the cultural industry (creative economy) is recognized as a
new type of industry. J. O'Connor writes that people who work in
the cultural industry make a more significant contribution to the
social changes in our era, which he called "an epoch of post-
deficiency,” when "cultural hierarchies are much fragmented and
numerous" [4]. Cultural works are becoming commercial in the
economy through a process that involves many people in marketing,
advertising and public relations.

The planned indicators of Ukraine's creative development are
determined on the basis of indicators for the leading countries by
the end of 2010 (Table 1).

The analysis of the considered categories shows that the
innovative potential of the individual is impossible without creative
potential. In our context, creative potential is characterized as a
combination of opportunities for purposeful transforming activity,
the realization of the essential forces of the individual, depending
on the activity of the agent, its target settings and external
conditions. One can determine the essence and peculiarities of the
creative potential of a specialist as a dynamic personality structure,
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which includes a set of creative instincts that manifest and develop
themselves in innovative professional activities.

Table 1 Forecast indicators of Ukraine’s creative potential
development

2010 2020
Tlokasuuk (forecast)
Leader Ukraine Ukraine
countries
Number of creative class,% of 35-47 20,5 35
the employed population
Share of the population 28-38 25,3 35
covered by higher education
Costs for research and
technological development,% 2-3 0,83 23
of GDP
Number of patents per 1 0,7-1,3 0,36 1
million population
Number of researchers,% of 250-600 84,3 350
the employed population
Place in the world ranking in
terms of creative development 1-30 49 25-30

3. Creative core of intellectual activity

In the economic theory of the information society, the
category of "intellectual activity" is called to play a key role, similar
to that which was played by the category "commodity - labor" for
the creation of economic science by Marx, since creative work in
the form of intellectual activity is the main source of value creation
and a special factor in production in the information society, as well
as the final stage in the development of human evolution in
economic life.

Today, potential partners and investors are focusing not on
tangible assets, but on the availability and value of intangible assets.
Investments in the intangible assets in Ukraine remain negligible
and equal to 3.3% of deposits in tangible assets. In 2016, there was
a significant decline in investment in NMA, due to the volatile
political and economic situation in the country (Figure 1).

In the EU, the volume of intangible assets is 50-80% of the
book value of enterprises and organizations, and in Ukraine, they do
not exceed 1.5% of the cost of fixed assets, while according to
expert estimates, the real value of such assets is not less than 20
billion. UAH [5].

Creativity of intellectual activity of a person means the
generation and production of such knowledge and skills, the use of
which will not lead to negative social and socio-economic
consequences in the life of the individual and society. Thus, in the
knowledge economy, intelligence is focused on building knowledge
and mental faculties of the agent, operating in the conditions of
human morality, justice and a high level of general and economic
culture.

The creative potential of the company lies in the willingness
of staff to accept creative ideas and use innovative technologies,
and creative process is a set of sequential steps that lead to success
in its implementation, namely: understanding ideas, preparation for
sale, comprehension, insight, confirm the idea by other people.
Therefore, the creative sphere of activity of a modern enterprise is
one of the most difficult to predict and obtain the result. To achieve
the goal it is important to provide a creative atmosphere in the team
to accumulate creative ideas, stimulate the development of the
process of self-fulfillment of employees.

On the basis of the analysis of intellectual activity, the
following components of the innovation activity of human brain
function are distinguished [6]:
intellectual activity aimed at the analysis and
systematization of existing knowledge, the formation of connections
and the hierarchy of knowledge;

- creative activity - aimed at generating new ideas;

- combinatorial activity - aimed at the synthesis of various
knowledge;
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- synergistic activity - characterized by the speed of picking
up an idea and the emergence of a chain creative reaction.

20000 +
19000 -
18000 -
17000 -
16000 -
15000 -
14000 -
13000 -
12000 -
11000 -
10000 -
9000 -
8000 -
7000 -
6000 -
5000 -

2010 2011 2012 2013 2014 2015 2016

Figure 1. Investments in intangible assets of enterprises
Ukraine, min. UAH.

The notion of "innovative potential” is directly related to the
notion of "creative potential”, which in the general-philosophical
aspect is interpreted as a set of possibilities of purposeful
transformation activity, and at the level of individual manifestation
of creativity is defined as "creative potential of the individual”.

Creative potential is a dynamic personality structure, which
includes a set of creative instincts that are manifested and developed
in intellectual activity, as well as a complex of psychic neoplasms
of the person, acquired during its age ripening. It is based on
imagination, associative relationships, and the richness of intuitive
processes, emotional diversity and empathic feelings that are
realized in the process of creative activity. According to
psychologists [7], creative potential is a psycho-energetic tension
that arises between the aspirations, possibilities and the real life of a
person. It is realized in a reflexive and creative effort aimed at
reaching previously unattainable, on the realization of what was not
accomplished to this moment, on aspirations beyond yourselves.
With the help of creative effort, a person can gain in his life what
was not given by nature or in the process of upbringing and
education. It defines the uniqueness and life strategy of the
individual.

4. Intellectual and creative activity of the person
in innovative work

Modern problems of economic development are connected
with the intellectualization of labor, giving the highest priority to
the processes of producing new knowledge that can provide socio-
economic progress to any society.

Innovative work as the most important component of the
knowledge economy embraces a cycle from the development of a
scientific and technical idea to its commercialization. The result of
innovation work is a new product that materializes the ideas of the
authors of innovations, that is, innovators. In the conditions of
competition among  enterprises, organizations, individual
entrepreneurs for economic survival, innovative work is oriented
towards the market. In general, the essence of innovation work can
be illustrated through a model (Figure 2).

An important intellectual resource of the company is its
personnel, the optimal use of which dictates the need to develop
new approaches to its formation, assessment and motivation. The
human resources management system should include a block of
management of intellectual labor resources that will adequately
reflect the professional and personal characteristics of employees
engaged in creative activity [8]. The meaningful specifics of this
block of corporate management are determined, above all, by the
degree of intellectualization of production processes, the role of
intellectual resources in the overall effect. The block should
include: selection of intellectual personnel, search of talents,
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estimation of their contribution to the effectiveness of the
organization, methods of motivation for intellectual activity.

P
<

> Knowledge economy

v

Innovative work

v 4 v

v ¢

Latest Means of Product of
technologies, »| innovation | innovation
innovations work work
4

Demand for < Socio-economic environment

innovation

Figure 2. Model of innovation work in the system of
knowledge economy

The intellectual resources of the organization are highly
educated workers engaged in creative activity and are absolutely
adequate to the business processes of the organization, the result of
which is an intellectual product in the form of a technological or
managerial decision [9]. The source of these resources for the firm
is not the labor market, but investment in their preparation and
development. Thus, the selection of intelligent personnel - is, firstly,
the result of organizing their internal brand movement; and
secondly, an important strategic direction of management of the
organization as a whole. The content of intellectually-creative
activity of human in the professional activities of various social
groups is represented in Table 2.

Table 2 Intellectual and creative activity of social groups

Ha poGouomy|  The share of intellectual and creative
Social micii work
group 3aCTOCOBYIOTH 20- 40- 60- 80-
40% | 60% | 80% 100%
Workers,| Knowledge
peasants | + Skills
Service | Knowledge
industry | + Skills
workers
Creativ | Knowledge
esocial | + Skills +
group, Talent
including
creative | Knowledge +

core Skills
Talent +

Active action

+

Creativity is a prerequisite for the formation of a professional,
but at the same time, this personality quality must have a certain
orientation associated with professional activity. Innovative
potential manifests itself in mastering of new effective professional
technologies, in innovative solution of production tasks. Thus, the
analysis of the activity and the personal qualities of the personnel
who have achieved significant professional results, just ascertains
his or her innovative activity [10].

5. The development of a creative personality in
the knowledge economy

Florida R. knowledge economy refers to the creative
economy, which is the core of the creative class. It is based on the
principle of three "T": technology, talent and tolerance [11]. He
believes that only the availability of all three components can help
generate innovation and stimulate economic growth. An indication

of the fact that it is creative people and, in particular, the creative
core, one of the factors contributing to the competitiveness of
national economies, is the positioning of the present century as an
era of struggle for talents.

Characteristics that allow recognizing the economy as
creative include [12]:

- the positioning of the creative person as the main engine of
progress and the most valuable resource of development;

- the existence of a system of capitalization of creative and
cultural potentials;

- growth of social activity;

- strategic planning of balanced development taking into
account economic, environmental, social and cultural determinants;

- the formation of competitive advantages due to the unique
natural, creative and cultural resources, optimal use of them;

- activization of creative industries as priority sectors of the
economy;

- development of cultural products market.

The creative economy is a special sector of the knowledge
economy that is associated with intellectual activity of people,
because today the external environment requires new business laws,
because the structure and motivation of consumers has changed.
There was a need for products with high intellectual content.
Therefore, entrepreneurs need to be aware of new trends in
customer behavior and needs. Understanding the peculiarities of the
creative economy makes it possible to turn the creative ideas of
both business owners and their employees into profitable activities.
These features include [13]: the high role of new technologies and
inventions in various fields of human activity; high degree of
uncertainty; a large amount of existing knowledge and the urgent
need to generate new knowledge.

The evolution of the formation of the knowledge economy
demonstrates how, over time, changes in the perception of those
human qualities that are used in production processes. The main
motive of the worker's activity is self-realization, the desire to
acquire knowledge, the search for new possibilities of creativity. In
the information society there is a transformation of the nature of
labor, which traditionally was aimed at the creation of material
values. Its place is occupied by intellectual activity of a person,
which is based on the totality of scientific knowledge, spiritual and
cultural values and is not subject to regulation, which is usually
characteristic of labor in the traditional sense [14].

Today we are talking about the phenomenology of
intellectual talent of a person, which includes three gradual stages
with phenomena: 1) “"competence”, 2) "talent" and 3) "wisdom",
which is the result of long-term subordination to certain laws of the
process, the essence of which is the organization and enrichment of
the individual mental experience [15]. The development of a
creative person combines the specifics of intellectual activity and
mentality, and the interdependence of experience and knowledge
occurs through their dualism under the influence of the continuous
action of external factors (Figure 3).

Rising potential: ability to
a learn, thinking, acquired
knowledge and experience

v

Creation of own structures
of knowledge and skills

v

Formation of individual
mental processes of

v

Integration of diverse information
in an array of knowledge

v

Intuitive synthesis, insight,
wisdom of experience

Formation of a
new sphere of  |—
knowledge

Approbation and
solution of
practical tasks

The impact of the environment

v v v ¥

Figure 3. The scheme of individual intellectual resources
development
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Consequently, from a scientific point of view, in the context
of innovation activity, there is a close relationship between
creativity and personality innovation. Thus, creativity is a
prerequisite for any creative activity that is motivated by the
individual's aspirations for self-expression and self-affirmation,
including as a prerequisite for innovation. Innovation, directly
related to the ability of an agent at the cognitive and behavioral
levels to ensure the emergence, perception, as well as the possible
revision and implementation of new and original ideas, that is, the
creation of innovation.

6. Conclusion

Activation of the concept of knowledge society manifested in
solving economic problems and social management based on
knowledge. It began to be considered in a fundamentally new socio-
political and technological context as a factor for modernization or
as a scientific model for modernizing society based on the
knowledge economy and its core — creative economy.

Appropriate institutional support, systematic studies of the
preconditions and trends in the development of cultural and creative
potential, and on this basis, strategic programming of development,
taking into account cultural and creative determinants, is needed for
the formation of a creative economy.

In modern conditions, knowledge, skills, work skills,
initiative and other personality characteristics of employees should
become an increasingly important strategic resource compared to
financial and industrial capital. It is human potential that creates an
innovative potential, which, depending on the subject, is the ability
of a person, enterprise, industry or population to create and apply
innovation.

Innovation-intellectual potential is a key factor in the
formation of a knowledge-based economy. The quality and pace of
development of the whole society will depend on the activity of the
process of reproduction of intelligence and knowledge. In addition,
the study of literary sources and their own studies make it possible
to highlight the factors that most influence the formation of the
knowledge economy, that is: human potential, innovative activity
and development of intellectual potential, which becomes a capital
after its application. The given factors will be devoted to further
scientific and practical research.

In order to achieve predictive indicators of intellectual and
creative activity in Ukraine, the following tasks must be performed:

- an increase in the size of the creative social group, in
particular the creative core as the main source of socio-economic
development at different levels of the system hierarchy;

- stimulate the development of creative industries to
accelerate economic growth;

- construction of spatial-sectoral infrastructure with the
creation of creative cities and creative territories for the
concentration of creative professionals.
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Abstract: Lanthanum strontium manganites, doped with zinc have been studied by magnetic resonance. In the paramagnetic phase,
regions with a ferromagnetic order with superparamagnetism properties are observed. Using the theory of Raikher and Stepanov for
superparamagnetic particles, the analysis of the temperature dependence of the magnetic resonance linewidth and resonance field was
performed. This analysis allowed to estimate the size of ferromagnetically correlated regions and the magnitude of the magnetic anisotropy.

Keywords: MANGANITES, MAGNETIC RESONANCE, GRIFFITHS PHASE

1. Introduction

Hole doped manganites having the general formula
A, B,MnO3, where A is one or several trivalent cations from the
group of lanthanides and B is a divalent alkaline-earth metal such as
Ca, Ba, or Sr, have a quite rich phase diagram resulting from the
interplay between the spin, orbital, charge, and lattice degrees of
freedom. In addition to the problems related to the orbital, charge,
and magnetic ordering, these materials attract considerable current
interest owing to such phenomena as the colossal magnetoresistance
and phase separation [1, 2].

More than 40 years ago, it was predicted the formation of
ferromagnetic drops [3]. The idea of the existence of ferromagnetic
correlated regions in the paramagnetic phase of manganites was
developed by Kugel et al. [4]. They explain the transport and
magnetic properties of manganites of various types. According to
their estimates, the size of ferromagnetically correlated regions (FM
droplets) is about 30 A.

Khokhlov et al [5] study of magnetic and transport properties of
Ndo 52Sro.4sMnOs5 films of different thicknesses, it was found that the
films are phase-separated and are composed of magnetic clusters
(droplets) in an electrically insulating paramagnetic (at T > Ty), or
antiferromagnetic (at T < Ty) matrix. In the same paper it has been
suggested that the ferromagnetic clusters in a magnetic field of 1 T
and above can decay into smaller areas, consisting of magnetic
polarons of small radius of the order of 1-2 nm.

Electron spin resonance (ESR) turned out to be very sensitive to
the formation of ferromagnetic regions in the paramagnetic phase,
as has been reported e.g. for La;,Sr,MnO; in the regime
0.075 <x <0.175, where weak, strongly anisotropic ferromagnetic
resonance (FMR) lines appear besides the paramagnetic resonance
line at g ~ 2 already below 270 K far above the magnetic ordering
temperature [1]. The nature of these ferromagnetic resonances can
be explained in terms of a Griffiths phase arising due to the
presence of correlated quenched disorder in the orthorhombic
cooperative Jahn-Teller phase.

In the paper [6], the authors studied the La; ,SryMng g25ZNg 07503
(x = 0.075, 0.095, and 0.115) ceramic by magnetic resonance and
magnetization. For all three samples, the magnetic moment of the
ferromagnetically correlated region turns out to be about p =
(175£10)pg, the decay parameter is 0=0.025+0.005, and the
resonance field is H;=3400+10 Oe. The average linear size of the
ferromagnetically correlated regions is of the order of 1-2 nm.
However, the concentration of holes was controlled by only one
impurity. Therefore, it is not clear that effects are associated with
magnetic properties or changes in the crystal lattice. Controlling the
concentration of holes with the help of two impurities, you can try
to answer the question posed. The aim of this study is to determine
the magnetic moment, the resonance field and the decay parameter
for the ceramic La; ,SryMny.,Zn,O5 (where c=x+y is constant). The
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substitution of divalent Zn?* ions for manganese leads to the growth
of the Mn*" content and hence to the simultaneous lowering of the
Mn** content. Zn?* ions having the 3d™ electron configuration break
the transport and exchange coupling between manganese ions [7].
The zinc doping enhances the tendency to charge localization and
thus reduces the mobility of charge carriers. This favors the
formation of the regions with ferromagnetically correlated spins
within the paramagnetic phase.

2. Theoretical background

To evaluate our ESR data, we refer to the theory of Raikher and
Stepanov published in a series of papers, e.g. Refs. 8 and 9, in
which theoretical expressions are obtained for the temperature
dependence of the magnetic resonance linewidth of an ensemble of
superparamagnetic particles with uniaxial anisotropy. The linewidth
AH(T) of the superparamagnetic ensemble basically consists of two
contributions

AH = AH, + AH,, &

i.e. the homogeneous broadening AHs due to superparamagnetic
fluctuations and the inhomogeneous contribution AHy resulting
from the statistical distribution of resonance fields caused by the
uniaxial anisotropy given by

- H
AH, = 20H, & — L with &, = Hest ?

NER- keT

- W

AH,, =30|—|0§°2A,with c=—2" (3

650 L1 kBT

respectively. The average resonance field reads
—3L)2

H,.=H, 1—20—@0 L) )

3
Soly
Here H, denotes the external magnetic field, o is a damping
parameter, and L, =coth & —1/& abbreviates the Langevin
function. The effective magnetic moment pe and anisotropy energy

W e O the superparamagnetic particles can be empirically written
as [10]

1
= < 5
Hest 'u(—)l—T /T )
1
Wier =Mt Ha = (6)

M)

with the magnetic moment p, the magnetic ordering temperature T",
and the anisotropy field Ha.
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Fig. 1. Magnetic resonance spectra of Lao.s755r0.125MNo.975ZN0.02503 taken
at several temperatures above magnetic order. The solid lines represent
the field derivative of Lorentzian profiles including dispersion and
counter resonance following Ref. 11, which is necessary in the case that
the linewidth is of the same order of magnitude like the resonance field

3. Experimental details

Polycrystalline  samples  of  La;,Sr,Mny.,Zn,O;  were
synthesized by traditional ceramic processing. The starting
components (dried La,0;, SrCOsz;, BaCOs;, MnO,, ZnO powders)
were mixed in stoichiometric proportions and ground in a ball mill

with addition of ethanol. The obtained powder was pressed into
pellets, which then were preliminarily annealed at 1273 K for 4
hours. This operation was followed by trituration in a mortar, fine
grinding in a ball mill for 10 hours, introducing a binder (an
aqueous solution of polyvinyl alcohol), drying and granulation.
From the obtained powder, rings of standard size (7 x 4 x 2 mm)
were pressed. After burning out the binder, the final sintering step
was performed at 1473 K for 10 hours and in the end the samples
were cooled down together with the furnace.

The magnetic resonance measurements were performed on a
Bruker ER 200 SRC (EMX/plus) spectrometer at X-band
frequency. The temperature was controlled in the temperature range
from 100 K to 340 K using a Bruker nitrogen-evaporation cryostat.
ESR probes the microwave absorption due to magnetic dipolar
transitions between the Zeeman levels split by an external magnetic
field H. Lock-In amplification with field modulation experimentally
yields the field derivative of the absorption signal. In case of
conducting samples a contribution of dispersion is admixed to the
absorption due to the skin effect resulting in an asymmetry of the
absorption lines. For the microwave field with a frequency of v=9
GHz the skin depth is comparable to the size of the samples (~ 1
mm) in the experimental temperature range. Therefore, to eliminate
the influence of the skin effect on the shape of the ESR, the ceramic
samples were powdered and mixed with NaCl.

4. Results and discussion

Typical ESR spectra as observed in all manganites under
consideration are shown in Figure 1 exemplarily for
Lag g755r0.125MNg g75ZNg 02503.  In  the paramagnetic regime the
spectrum of magnetic resonance consists of a single exchange-
narrowed line, which is well described in terms of a Lorentz shape
with a small contribution of dispersion [11]. Deviations from the
ideal Lorentzian appear only on approaching magnetic order.

Lag g75Sr0.125MNg 97520 02503 as obtained from the Lorentz fit.
As observed for all samples under consideration, the resonance field
is approximately constant at high temperatures corresponding to an
effective g-value of g=1.98. Only within a temperature range
AT=50 K above the onset of magnetic order, the resonance field
significantly shifts to lower fields with decreasing temperatures. As
shown earlier, the observed paramagnetic resonance signal with an
effective g value slightly below g = 2, is due to all manganese ions,
Mn** and Mn**, in the compound [12].

g Lao.9758r0.025Mn0.8752n0.12503
1400 o LaO.QSSrO.OSMnO.anOJOB
La0.98r0.1 Mn0.952n0,0503
1200
4 La0.8758r0.125Mn0.9752n0.02503
“© 1000 -
e
L
S 800
2
2
= 600
400 -
200
T T T T T
50 100 150 200 250 300

Temperature (K)
Fig. 2. Temperature dependence of the linewidth in La:xSryMn;,Zn,Os.

The linewidth exhibits a minimum close to the temperature,
where the resonance field starts to diverge from its high-
temperature value. To higher temperatures we observe a
monotonous, approximately linear increase, while to lower
temperatures the linewidth strongly diverges. This behavior is well
described by Eq. 1 developed for the superparamagnetic ensemble:
At low temperatures the linewidth is large due to the distribution of
directions of the anisotropy fields of the particles (inhomogeneous
broadening); as the temperature increases the thermally induced
tendency to make the magnet isotropic at first causes the linewidth
to decrease, but then the superparamagnetic fluctuations induce
another increase to higher temperatures.

Table 1. Characteristics of the ferromagnetic correlated regions in the

LaiSrkMns.,Zn, O3

X 0.025 0.05 0.1 0.125

y 0.125 0.1 0.05 0.025

M, pp 280 250 208 249

Ky, 1.9 1.8 1.6 1.97
10* J/m*

o 0.048 0.037 0.02 0.019
Ho,Oe 3402 3400 3355 3373
Ha,Oe 206 215 234 236
TK 77 85 153 177

Temperature dependence of the magnetic resonance linewidth in
La,.,SrMny,Zn,O;, are shown in Figures 2. As we can see, the
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behavior of the temperature dependence of the positions and linewidths
of the electronic magnetic resonance in Lay..Sr,Mny.,Zn,Os, is similar
that for superparamagnetic particles [8, 9]. For low temperatures
linewidth is large due to the scatter in directions of the anisotropy fields
of the particles (inhomogeneous broadening); as the temperature
increases the thermally induced tendency to make the magnet isotropic
causes linewidth to decrease, but in the fluctuation region it once again
begins to increase (Fig. 2).

We have described the temperature dependence of the magnetic
resonance field, the linewidth of the magnetic resonance in La;.Sr,Mn,.
yZn, O3, using the formula 1- 4. Obtained from the approximation of the
temperature dependence of the linewidth and resonance field
parameters: the magnetic moments, the anisotropy energy of the
ferromagnetically correlated regions W,, magnetic moment p as well as
the damping coefficient o, resonance field Hy, anisotropy field Ha =
W,/u [13], the ordering temperature T", and the blocking temperature

1 = KWV [14], are shown in Table I.
b 25k,

As can be seen, the average value of the magnetic moment in the
ferromagnetically correlated regions of the ceramic La,.,Sr,Mny,Zn,0O4
is about p = (250 + 30) pg. Taking into account that the magnetic
moment of the Mn* ion in perovskites is about 3.5 pg,
ferromagnetically correlated regions contains about 70 of the
manganese ions. If we consider that the grating period is about 7 A [15],
whereas the size of ferromagnetically correlated regions is about 1-2
nm.

4. Summary

The study of magnetic properties of ferromagnetic correlated
regions in ceramic Lay,SrgMn,.,Zn/O; was carried out by the
electron magnetic resonance. Temperature dependence of electron
magnetic resonance spectra over the entire range of measured
temperatures have features which characterize the magnetic
resonance of superparamagnetic particles. As a result of
approximation of the temperature dependence of electron magnetic
resonance spectra there were obtained the value of the
magnetization, the anisotropy energy of ferromagnetically
correlated regions and the ordering temperature. The average size of
ferromagnetically correlated regions in the ceramic manganites La;.
xSrMny,Zn, O3 may reach the values about of 1-2 nm.
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CALCULATION OF TEMPERATURE DEPENDENCES OF THERMAL
EFFECTS AT COOLING OF METAL ALLOYS
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METAJUIMYECKNX CITJIABOB
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Abstract: A method is proposed for determining the temperature dependences of thermal effects (the amount of heat released when the
temperature changes) based on data on the temperature-concentration dependences of the free energies of the phases of metallic systems.
These dependences are necessary for modeling of the processes of crystallization of alloys. They make it possible to obtain temperature
dependences of the dimensions of the thermal effects without introducing the results of measurements of direct calorimetry. The peculiarity
of calculating of the temperature dependences of thermal effects upon cooling of binary metal systems from the liquid state to room
temperature (including crystallization) is shown using the example of the alloy of the system Pb-Sn.

KEYWORDS: ENTHALHY, HEAT CAPACITY, CRYSTALLIZATION, PHASE DIAGRAM

1. Introduction

Mathematical modeling of crystallization and formation of the
structure of metal castings [1], including of castings with freezing
[2], is of considerable practical interest. The degree of reliability of
such models is largely determined by the accuracy of the
temperature dependences of the thermal effects associated with the
cooling of the metal. The problem of the availability of such
dependencies is particularly acute when it comes to crystallization
of alloys, as transformations in multi-component systems occur
mostly in the temperature range where the system is in a
heterophase state. And for most alloys, only data of the heat
capacity averaged over the temperature and composition are
generally available.

2. Solution of the problem under consideration

At the same time, data on the temperature-concentration
dependences of the free Gibbs energies of the phases forming the
system under consideration for many metallic systems are given in
the literature. For example, for the case of a two-component system,
the molar free energy and enthalpy of the phase are determined as
[3]:
G(X’T)Z GA(T)' (1_ XB)+GB(T)' Xg T
+Gyy, (X, T)+RT (X, In X, + %5 I x5), )
H(X’T): HA(T)' Xa Tt HB(T)' Xg + Hmix(X’T)’ @)

where G4(T), G(T) —are the molar free energy of pure components
A and B in the phase at a temperature T; x, = (1 — x3), x5 - contents
of components 4 and B in the phase (molar fractions); Gx(x,T) is
the excess molar free energy of mixing in the phase of composition
x at temperature T; H,(7), Hy(T) — are molar enthalpies of pure
components A and B in the phase at a temperature T; Hyx(x,T) is the
molar enthalpy of mixing in the phase of the composition x at
temperature T.

The temperature-concentration dependences of the excessive
mixing energies in phases (Gnix(x,7)) are widely given in literary
sources (they are used to calculate state diagrams). In addition, if
the phase structure coincides with the structure of the pure
component in the aggregate state under consideration, then its molar
enthalpy in the phase (H,(7) or Hg(T)) can be determined from the
data on the temperature dependence of the heat capacity

(H= IC pdT ). A certain complexity is the determination of the

heat capacity of the components in phases whose structures differ
from the structure of the component in pure form (for example, in
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the Al-Si system, silicon, which in its pure form does not have a
FCC lattice, is included in the FCC structure of the solid state
solution based on aluminum). However, for most metal systems the
data are widely represented in the literature (they are also used to
calculate the state diagrams) on the lattices’ stability parameters (on
the temperature dependences of the differences of the molar free
energies of pure components in the standard state (as a rule-in liquid
one) and in the state with the structure under consideration (with a
certain type of crystal lattice)). Therefore, the problem is reduced to
the determination of enthalpy of mixing and enthalpies of pure
components in phases with the help of known dependences of
excess free energy of mixing and of stability parameters of
components’ lattices. The solution of this problem is complicated
by the fact that in expressions for free energies, the entropic and
enthalpy terms, as a rule, are not separated.

At the same time, the magnitudes of enthalpy, entropy and isobaric-
isothermal potential are interconnected through the heat capacity
Cy

H =[C,dT, )
Sz.[%dT, SNE)
G=H—T5=jcpdT—Tj%dT.

J

If the temperature-concentration dependence of the excess molar
heat capacity of mixing (C,"*(x,T)) in the phase is expressed as a
polynomial

CpmiX(X,T) — m3""x(x) + m4""x(x)T +
+ mST_Z(x) +m ™ OT2+m™ )T +..., @

then, in accordance with (3), expressions for molar enthalpies and
excess free energy of mixing will take the form [4, 5]:

) ) mix 2
o (X T) =m0+ my™ 0T + 0T
mix mix 3 mix 4
om0, mUTE m T

T 3 4

Gy (X T) =M™ () =m,"™ ()T +m,™ ()T (LI T) -

_mMOOT  m™0) _ m™ GoT? my™ ()T
2 2T 6 12

+....(6)
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where my(x) and my(x) are the integration constants.
The dependence of the specific heat of mixing on the composition
can be taken into account by introducing of each of the coefficients

in (4) in the form of polynomials:
m,"™(x) =m, ") +m " )X+ m (X)X +. ()

In the same way, by introducing of changes of the components’ heat
capacity in the transition from the standard state to the state under
consideration in the form of polynomials,

AC M =m4mT + ZamT! +mT 4. @

it is possible to obtain expressions for the temperature dependences
of changes of molar enthalpies and free energies of pure
components during phase transitions:

- ) i—2 i i—3 i—4
AH (T)=miomT Ml M M mT" )

T T3 T
G'(T)=m —m,T +m3iT(1—InT)—%—
i i—3 i 4
_Mmy _meT" mT (10)
o7 6 12

3. Results and discussion

The idea of the proposed method is based on the thesis that, in the
presence of analytical expressions for the temperature-concentration
dependence of the excess molar free energy of mixing in the phase
and the temperature dependences of the stability parameters of the
components’ lattices, their values can be determined for an
arbitrarily large number of values of temperatures and compositions
from the phase’s region of the existence. And the values of
coefficients m™ and m' which are interesting for us can be
determined by solving the system of equations obtained by equating
expressions (6) and (10) with the calculated values of the free
energy of the phase and of the stability parameters of the
components’ lattices. As a result, we obtain the temperature-
concentration dependences of the entalpy and the heat capacity of
the mixing, as well as the temperature dependences of the changes
of the components’ enthalpies and heat capacities at phase
transitions.

The enthalpy of a heterogeneous system is defined as the sum of
enthalpies of individual phases. Therefore, the change of the
enthalpy in the transition of a multiphase system from one state to
another one is defined as the difference of sums of the phases’
enthalpies in these states. In calculating changes of the
heterogeneous system’s enthalpy caused by changes of temperature,
changes of the compositions and quantities of phases remaining in
equilibrium (in accordance with the state diagram) must also be
taken into account.

The peculiarities of the application of the proposed methodology
were investigated on the example of modeling of cooling of the
alloy of the system Pb-Sn, containing 36.35 wt. % Sn (a = 0.499 of
mole fractions of Sn). Temperature dependencies of thermal effects
were calculated at cooling in the range of a temperature from 290°C
(563 K) to 30°C (303 K). The whole period of temperature’s
variation was split into intervals AT = 1 K. Changes of enthalpy
were determined for each of these intervals. The step of
temperature's change AT = 1K provides the required accuracy of the
calculation. In addition, the thermal effect accompanying cooling by
1K can formally be considered as the average heat capacity in the
specified range of temperature. This allows us to apply algorithms
of the simulation of crystallization of pure metals [2] to calculate
the crystallization of multicomponent alloys. Thermal effects were
determined on the basis of 1 mol of alloy. The temperature
dependences of the heat capacity of pure components in the liquid
state are taken from [6]. The enthalpies of mixing in phases (Table
1) were determined according to the abovementioned method,
based on the data on the excess free mixing energies [7]. In
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accordance with the thermodynamic phases adopted in [7], the
values of the enthalpy of mixing in all phases of the Pb-Sn system
depend only on the composition and do not depend on the
temperature (the heat capacity of the mixing is zero).

Table 1. Dependences of Enthalpies of Mixing in the Phases of
Pb-Sn System

Enthalpy of mixing

Phase Hoox,T), JIMole

Melt (L) x(L — x)(4800 + 200-x)

FCC solid solution based on
plumbum (Pb)

BCC tin solid solution (Sn)
OCT solid solution based on
tin (Sn)

According to the state diagram of the system Pb-Sn [7], at
temperatures above 234° C (507 K), the considered alloy is in a
single-phase liquid state (Figure 1). Therefore, the thermal effects
(changes of enthalpy) when cooling of 1 mol of alloy by A7j= Tj+;—
T; in the indicated region of temperature are defined as:
Pb Sn mix
Q =(@—x)-AHP +x-AH™ + AH™(x,,T,), (1)
Tia Tin
where AH™ = ICEb(T)dT AHS = _[CE”(T)dT — changes
Tj T
of the molar enthalpies of pure tin and plumbum in the liquid phase
when it is cooled by AT;, C;’b(T) and Cz”(T) - the temperature

dependences of the molar heat capacity of liquid plumbum and tin;

x(1 - x)(6700 — 0.365)

x(1 - x)-(— 203068)

T, K
600 T T T T T T T T T
D) @D Ty Liquid (L)
ssof ¥ |
55 _ (S7ENER))
r
500 - “ L+(Pb) 507 K
451K
450 | 0,739 0,987 [|
400 § _
- /
< (Sn)
350 D+ 5w
300 . - - ' : ' ' '

0 01 02 03 04 05 06 07 08 09 1

Molar fraction Tin
Fig. 1. Temperature dependences of specific heat effects
when cooling the alloy Pb + 0.499 mol. of the fractions of
Sn (a) and the scheme for determining the specific thermal
effect during crystallization of the eutectic component of the
alloy by the differential curve (b).

(1 - x), x - the content of plumbum and tin in the liquid phase (molar
fractions); AH™(x,T) - change of the molar enthalpy of mixing in

the phase when the temperature changes from Tjto T; . ;.

In the interval from the temperature of liquidus (507 K) to the
eutectic temperature (454 K), and also at temperatures less than 454
K, the alloy stays in a two-phase state (Figure 1) (liquid phase +
solid solution based on plumbum (Pb) - in the first case, and two
solid solutions (Pb) + (Sn) - in the second case). To determine the
changes of enthalpy in the process of cooling of the alloy in the
two-phase regions of the system's existence, changes of the
quantities and phases’ constitutions when the temperature was
changed by A7 were taken into account:
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Table 2. Temperature Dependences of Changes of Enthalpies (4H) and Heat Capacities (4Cp) of Components of Pb-Sn Systems

at Phase Transitions

Thermodynamic

Type of phase transition I — II

Component function Liquid ph (Pb) Liquid ph (Sn) (Pb) — (Sn)
u iquid phase — iquid phase — (Sn — (Sn
I —5622+0,055-T+0,012-T?/2+ | —9168-3,952-T+0,0174-T?/2+
sn AHTT), Jmoles | ocead T +967769/T 5510
AC™(T), J(moles-K) | 0,055+0,012-T—1288342/T? | —3,952+0,0174-T+967769/T? ~7,795:1073+1,47-1073-T
5 T2
AHI(T), Jmoles 4700 209555-1,408-T+0,00196-T2/2 213580
Pb -107767/T -
i . ~1,408-T+0,00196-T%/2+
AC,7(T) J/(moles-K) 0 +107767/T 0
0 m%ﬁ..r [ e _0
2 -0,02
o - calculated data o0 -0,04
& —— - experimental data a :o
= £ .0,06
G )
-6 B
£
G 2-0,08
> =
T -8 &
T E -0.1
/-__—_h-vwf-d_——_\‘-h_____——‘
18 -0,12
-0,14
-20
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Table 2. Temperature Dependences of Changes of Enthalpies (4H) and Heat Capacities (4Cp)

Components of Pb-Sn Systems at Phase Transiti

AHj = [H ! (Xj+1’Tj+1) pj+1 +H ! (yj+l’Tj+1)qj+l]_

_[HI(Xj’Tj)pj+H“(yj1Tj)qj]‘ (12)
where H'(xj+1,Ty41), H"(vj+1,T+1) are the molar enthalpies of phases
I and Il at temperatures T; . ; containing respectively X; , ; and y; 4 1
of molar fractions of tin (according to the diagram of the system’s
state); H'(x;,T;), H"(y;,T;) are the molar enthalpies of phases | and 11
at temperature T; containing x; and y; of molar fractions of tin
(according to the diagram of the system’s state); p; + 1, pj are the
quantities of phase I, respectively, at temperatures T; . ; and Tj; g +
1, 0j are the quantities of phase Il at temperatures T; . 1 and T,
respectively. The molar enthalpies of the phases were determined
according to the proposed method. Changes of enthalpies and heat
capacities of pure components at phase transitions (Table 2) were
calculated from data on lattices’ stability parameters [7]. The
quantities and constitutions of phases remaining in equilibrium
were calculated on the state diagram in accordance with the lever's
rule.

At a temperature of 454 K, the alloy undergoes an eutectic
transformation, which occurs at a constant temperature. Therefore,
the change of enthalpy was calculated as the difference between the
enthalpy of the liquid phase of the eutectic composition and of the
sum of the enthalpies of two solid solutions, taking into account
their quantities and compositions at eutectic temperature.

To verify the consistency of the proposed method with the help of
differential scanning calorimetry, the temperature dependences of
the thermal effects accompanying the cooling of the alloy of system
Pb-Sn containing 0.499 mol of tin were empirically established (rate
of temperature’s change was 1K/min). It is established that the
experimental and calculated data are in satisfactory compliance

ons
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(Figure 2a; for the convenience of comparison, the calculated data
are given to 1 g of alloy, calorimetric data are in this form). For
example, according to the calculations, the specific heat released
during the crystallization of the alloy of the given composition is
40.93 J/g, while according to the experimental data, its value is
41.49 J/g (the difference does not exceed 1.5% ). For the amount of
heat released during the crystallization of the eutectic component of
1 g of alloy, these quantities are 19.29 J and 19.09 J, respectively
(the difference does not exceed 1%). It should be noted that, due to
the coherence of the dimensions, the temperature field is not
homogeneous in terms of the volume of the sample under study.
Therefore, the data on thermal effects on the experimental curves
appear to be "stretched" along the abscissa axis (Figure 2a) and in
order to exclude the influence of the inhomogeneity of the
temperature field, the thermal effects at phase transitions were
determined by the areas of figures bounded by peaks on the
experimental differential curves and characteristic lines (Figure 2 b)

[8].

4. Conclusions

1. A procedure for calculating of the temperature dependences of
thermal effects accompanying the cooling and heating of multi-
component alloys is developed. Their presence makes it possible to
develop adequate mathematical models describing the
crystallization of alloys of metallic systems.

2. The results of experimental verification indicate that the proposed
method provides sufficient accuracy of calculation. The discrepancy
between calculated values and experimentally obtained ones does
not exceed 1.5%.
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Abstract— The fossil fuels and the natural gas reserves that have undertaken the role of the locomotive of the industrial period are limited.
It is also the biggest factor in environmental problems. All these reasons lead to the need for alternative fuels or resources. Hydrogen is the
candidate to be one of these alternatives; is an unlimited clean and efficient fuel. Hydrogen may assume the role of carrier in the process of
storage of other alternative energy sources. Today, interest in hydrogen energy is increasing. One of the reasons for this is that hydrogen
can be produced from renewable energy sources such as water, biomass, wind and sun as well as hydrogen from primary energy sources.
There is no polluting gas emissions when hydrogen is used as fuel. The HHO dry cell is a device that converts water into HHO
(oxyhydrogen) gas. In this study, performance of HHO dry cell with 12x12 plate combination was experimentally investigated and modeled
with a Rule-Based Mamdani-Type Fuzzy (RBMTF) modeling technique. Input parameters are; plate number, time, current; output parameter
is mass flow rate. The coefficient of multiple determination (R?=98.5) for the mass flow rate. RBMTF results indicated that RBMTF can be

successfully used in HHO dry cell with 12x12 plate combination.

KEYWORDS: FUZZY LOGIC MODELLING, HHO DRY CELL, HYDROGEN,

1. Introduction

Hydrogen is the simplest element. An atom of hydrogen consists of
only one proton and one electron. It's also the most plentiful
element in the universe. Despite its simplicity and abundance,
hydrogen doesn't occur naturally as a gas on the Earth - it's always
combined with other elements. Water, for example, is a
combination of hydrogen and oxygen (H,0). Hydrogen is also
found in many organic compounds, notably the hydrocarbons that
make up many of our fuels, such as gasoline, natural gas, methanol,
and propane. Hydrogen can be separated from hydrocarbons
through the application of heat - a process known as reforming.
Currently, most hydrogen is made this way from natural gas. An
electrical current can also be used to separate water into its
components of oxygen and hydrogen. This process is known
as electrolysis. Some algae and bacteria, using sunlight as their
energy source, even give off hydrogen under certain conditions [1].

In 1918 Charles Frazer, a North American inventor, patented the
first water electrolysis machine act as a hydrogen booster for
internal combustion engines. Yull Brown, a Bulgarian born
Awustralian inventor patented and attempted to popularize Browns
Gas as a cutting gas and fuel additive during the 1970’s and 80’s.
HHO is an enriched mixture of hydrogen and oxygen bonded
together molecularly and magnetically. HHO gas is produced in a
common-ducted electrolyser & then sent to the intake manifold to
introduce into combustion chamber of the engine. HHO gases will
combust in the combustion chamber when brought to its auto-
ignition or self-ignition temperature [2-4].

Zadeh in 1965 introduced fuzzy concept to develop a
mathematical framework for imprecisely presented data. It is a
generalized form of interval analysis, where parameters are defined
with lower and upper values. In a traditional set theory, an element
is defined as a member of a set. If the element is in the set, the
membership grade is unity, otherwise it is zero. A fuzzy set is an
extension of the traditional set theory in which the element has
certain degree of membership | (0-1) in the set. Fuzzy set
establishes relationship between uncertain data and the membership
function |, which ranges from 0 to 1 [5, 6].

Fuzzy logic is a superset of Boolean-conventional logic that has
been expanded to handle the concept of partial truth and truth
values between “completely true” and “completely false.” Fuzzy
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theory should be seen as a methodology to generalize any specific
theory from crisp to continuous. Fuzzy modeling opens the
possibility for straightforward translation of statements in natural
language verbal formulation of the observed problem into a fuzzy
system. Its functioning is based on mathematical tools [7].

In this study, performance of HHO dry cell was investigated
experimentally and modeled by fuzzy logic method. The
performance parameter is the mass flow rate. The highest value of
the mass flow rate was 0.261 x 10 kg /h.

2. Materials and Methods

Hydrocarbon fuel is one of the sources of energy used for
electrical power generation, heating and transportation in the world.
But they have negative side effects like polluting emissions, large
scale oil spill, etc. Due to its widespread dependence and difficulties
in getting other alternatives the use of hydrocarbon fuel could not
be eliminated. To mitigate the above problems and to reduce the use
of hydrocarbon fuel, hydrogen gas can be supplemented. Hydrogen
gas to air intake of a combustion process will improve flame speed,
lean burn ability and flame quenching distance. But scarcity and
production cost makes it more difficult to implement. Hydrogen
rich gas produced from electrolysis of water called the Brown’s Gas
or HHO could solve the potential difficulties [4, 8].

Fuzzy inference system consists of a fuzzification interface, a
rule base, a database, a decision-making unit, and finally a
defuzzification interface. The function of each block is as follows.
A rule base containing a number of fuzzy IF-THEN rules, a
database which defines the membership functions of the fuzzy sets
used in the fuzzy rules, a decision-making unit which performs the
inference operations on the rules, a fuzzification interface which
transforms the crisp inputs into degrees of match with linguistic
values and a defuzzification interface which transforms the fuzzy
results of the inference into a crisp output. Mamdani's method is the
most commonly used in fuzzy inference system, due to its simple
structure of 'min-max’ operations [9].

In this study, performance of HHO dry cell with 12x12 plate
combination was experimentally investigated (Fig.1) and modeled
with a RBMTF modeling technique. The experimental setup used in
this study is illustrated in Fig.1.
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system modeling. Let X be input (regression) matrix and g an
output vector defined as Egs. (1) and (2).

X1 X

X=[%1,00 % T= x:ﬂ X:ZZ (1)
Xw-n X;nz

g:[gi:--':gﬂ] (2)

where upper script T denotes the transpose. In the Mamdani fuzzy
model, both the antecedent and consequent are fuzzy propositions.
A general form of linguistic fuzzy if-then rule is given as Eq. (3).

Rj:ifxis Ajthenyis Bj;i=1, 2,....K ®3)

Fig.1. Experimental system where Ri is the rule number, Ai and Bi are the fuzzy sets, X is the
antecedent variable representing the input in the fuzzy system, and
y is the consequent variable related to the output of the fuzzy
In the same way, the used experimental procedure can be presented system [10].

as follows: In this study, numerical parameters of input and output

variables were fuzzificated as linguistic variables: very very low

> First the plates are assembled. (Ly), very low (Ly), low (Ls3), negative medium (L4), medium (Ls),

» The water outlet of the water tank is connected to the positive medium (Lg), high (L), very high (Lg) and very very high
water inlet of the HHO cell. (Lo) linguistic classes (Fig.3).

» The gas inlet pipe of the water tank is fixed to the gas

outlet part of the HHO cell.

Place water in the water tank in such a way that each g Joois URRE - UEG PN PN5 PN6  PNT PN8 PN9

combination of water level is the same.

To supply electricity to the HHO cell, the DC power

supply is connected to the electric plates of the HHO cell. 0.5

The end of the temperature measuring instrument is

attached to the HHO cell plates

»  The DC power supply is started and the voltage is fixed at
24 volts.

» Every minute, the current in the DC power supply, the
temperature in the temperature meter, and the mass flow
rate of the HHO gas read from the mass flow rate are
recorded.

» The DC power supply is turned off when the specified
time for each experiment is over.

»  The gas mixture in the HHO cell is drained.

Y Vv

A\

General structure of RBMTF model developed (three input, one- 1 C1 C2 3 Cc4 C5 Cé6 Cc7 c8 (9
output) is given in Fig. 2. Input parameters are; plate number (PN),
time (t), current (C); output parameter is mass flow rate (MFR). —

(PN)

i Mamdani

ft)

(d)

(MFR)
0 Fig. 3. Fuzzy membership functions for three input variables

and one output variable: (a) PN fuzzy set graphic, (b) t fuzzy
set graphic, (c) C fuzzy set graphic, (d) MFR fuzzy set
graphic

Fig.2. Designed RMBTF structure

A fuzzy model expresses a complex system in the form of
fuzzy implications. Mamdani model can be built by using these
implications (linguistic relationships) and observed data. The
Mamdani-based fuzzy models use excessive number of rules for
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3. Results and Discussion

HHO gas has substantial advantages when compared to the
gasoline due to its high diffusivity. First two of these advantages is
rate of formation of homogenous mixture is greater since HHO
diffuses faster in mixture. Secondly, HHO can dilute quite fast
under circumstances of leakage. Several researches show that 1866

litres of HHO gas is obtained from 1 liter of water, after ignition, ot
the HHO gas returns to original volume after combustion [11, 12]. < 1.0
The HHO dry cell with 12x12 plate was tested in this study for g 08
temperature, current, mass flow rate (Figs. 4-6). According to the g '
experimental results; 5 06 > o o s
- - O A
. . . 04 - = S 3
» The highest temperature value was found at 5 minutes in the 0.2 - o D %~ Time
12-9 plate combination. o= & o 1 (minute)
> The highest temperature value was measured as 25.5 °C. ) 1 2 3 4 5 ¢ 7 8 9
» The highest temperature value occurred at 1.01 A. Plate number
» The temperature increased when the current increased. Fia.5. Th t values for ti
» The mass flow rate increased when time increases. 1g.>. The current values for time
> The highest value of the mass flow rate was 0.261 x 107 kg /h.
This value was measured in a 9 plate combination and on the 1%
minute.
S 030
]
= 025
b
o4
5 020
25.5 £
S 015
= o 5
oo 25.0 2 0.10 n-
=~
§ s 500 ' 2 Time
g £ 00 (minute)
8 240 1 2 3 4 5 5 g 9
g Plate number
=235 2 Time . )
230 17 (minute) Fig.6. The mass flow rate values for time
12 3 4 5 6 8 9 The purpose of this study is to model the performance of the
Plate number HHO dry cell using experimental data by the RBMTF modeling

Fig.4. The temperature values for time

technique. The performance parameter is mass flow rate. In Table 1
shows the comparison of experimental data with RBMTF for the
mass flow rate.

Table 1. Comparison of experimental (EXP.) data with RBMTF for the variation of time with mass flow rate (MFR)
for plate number (PN)

Time (min.) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h) Debi (kg/h)
PN =1 (EXP.) PN =2 (EXP.) |PN=3(EXP.) | | PN=1 RBMTF | PN=2 RBMTF |PN=3 BMTF
1 0.014 x 10°° 0.022 x 10 0.04 x 10° 0.015 x 10 0.021 x 107 0.05x 107
2 0.015 x 10°° 0.023x 10° 0.047 x 10°° 0.016 x 10° 0.024 x 10° 0.048 x 10°°
3 0.016 x 10°° 0.025 x 10 0.061 x 10 0.017 x 10° 0.026 x 107 0.062 x 10°°
4 0.016 x 10°° 0.023x 107 0.082 x 107 0.017 x 107 0.024 x 107 0.084 x 103
5 0.016 x 10°° 0.023x 10° 0.093 x 10°° 0.018 x 10°° 0.024 x 10° 0.095 x 103
Time (min.) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h)
PN=4 (EXP.) PN=5 (EXP.) | PN=6 (EXP.) | | PN=4 RBMTF | PN=5RBMTF | PN=6 BMTF
1 0.064 x 103 0.089 x 107 0.009 x 10 0.065 x 107 0.09x10° 0.010 x 103
2 0.095 x 103 0.109 x 10°° 0.01x10° 0.093 x 10° 0.119x 10° 0.012 x 103
3 0.108 x 10°° 0.115x 107 0.008 x 10°° 0.109 x 10° 0.125x 107 0.009 x 103
4 0.11x10° 0.124 x 10 0.007 x 10°° 0.12x 107 0.124 x 10 0.008 x 10°°
5 0.09 x 10° 0.115x 10° 0.009 x 103 0.10x 10° 0.116 x 10° 0.0011 x 10°°
Time (min.) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h) MFR (kg/h)
PN=7 (EXP.) PN=8 (EXP.) PN=9 (EXP.) | |PN=7 RBMTF |PN=8 RBMTF | PN=9RBMTF
1 0.14x10° 0.027 x 10°° 0.261 x 10°° 0.15x 10° 0.0278 0.263 x 10°°
2 0.16 x 10° 0.027 x 10°° 0.258 x 10°° 0.17x 10 0.027x 10°° 0.259 x 10°°
3 0.16 x 10 0.028 x 10 0.257 x 10 0.17 x 107 0.029x 10°° 0.258 x 10°°
4 0.14x10° 0.026 x 107 0.247 x 10 0.15x 10 0.027 x 107 0.248 x 103
5 0.15x 10° 0.027 x 10°° 0.25x 10° 0.16 x 10°° 0.028 x 10°° 0.26 10°
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4.Conclusions

In this study, a HHO dry cell with 12x12 plate was investigated
experimentally and modeled by RBMTF. According to the
experimental results; the highest value of the mass flow rate is
0.261 x 10 (kg /h). This value was measured in a 12-9 plate
combination and on the 1 minute.

The comparison between experimental data and fuzzy logic is
done using statistical methods such as the R? are defined as follows

(Eq.1),

Z(zmm - .}:p:m)z
RP=1-2L @)

>t~ )
m=1

wheren is the number of data patterns, y,, indicates
the predicted, t, nis the actual value of one data point m, and t mm
is the mean value of all actual data points [13].In this study, the
R?=98.5 is for the mass flow rate and RBMTF can be successfully

used in HHO dry cell with 12x12 plate combination.
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ADHESION AND PHYSICO-MECHANICAL CHARACTERISTICS OF COATINGS OF
CHROMIUM CARBONITRIDE, GENERATED ON STEEL SUBSTRATES
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Abstract. In the present work, the adhesion and physico-mechanical characteristics of heat-resistant vacuum coatings formed on steel
substrates are investigated. An increase in the values of adhesion and physico-mechanical parameters of coatings formed from
multicomponent compounds is established. The tribotechnical characteristics of coatings based on chromium carbonitride have been studied.
KEYWORDS: adhesion, coating, morphology, friction, microhardness

1. Introduction

Chrome coatings are widely used to create
antifriction anti-adhesion layers for various functional
purposes. Wide distribution found coatings on the basis of
electrolytic chromium in the manufacture of various types of
products of automotive and automotive tractors. In works [1-
3] it was shown that the use of composite coatings based on
chromium modified with ultradisperse clusters of synthetic
carbon (UDD) is an effective direction of increasing the life
of friction units of automobile shock absorbers. Such
coatings have a higher hardness (by 23-40%), wear
resistance (1.6-2.2 times) compared with base chromium and
can be applied in one cycle without additional grinding and
polishing of the parts. This allows to significantly reduce the
thickness of the working layer (up to 5-10 microns) while
maintaining the main performance characteristics. At the
same time, when applying composite chromium coatings of
small thickness, the role of microdefects caused by the
presence of aggregates of the solid phase modifier (UDD) in
the electrolyte solution increases substantially. Therefore, the
corrosion resistance of modified UDD coatings decreases
significantly with decreasing thickness, which significantly
reduces the efficiency of their use in engineering. Coating
with a thickness of more than 5-10 microns from the
modified chromium is economically expedient, so it allows
to significantly increase the wear resistance of the modified
products, even despite the rather high cost of UDD (1, -1, 5
US dollars per carat of the modifier). In [4-5], it was
proposed to apply the Foleoks fluorine-containing oligomers
F-1, F-8 and F-14 to the working surface when creating
electrolytic coatings, which provides not only a significant
increase in the wear resistance of the interface, but also a
corrosive durability of coatings. After 150 hours of soaking
in salt fog at 600 °C, the test samples have no visible traces
of corrosion damage, while the samples with a base coating
after 48 hours of testing have a significant number of local
corrosion sites. At the same time, the microhardness of the
coating and its hydrophobicity increase substantially. The
use of composite coatings will not only significantly increase
the service life of shock absorbers, but also significantly
reduce their energy intensity [4-6].

A promising area in the field of creating chrome
coatings and compositions based on it is the use of vacuum
technologies. One of the promising types of these coatings is
chromium nitride (CrN), which is a new alternative in the
field of protective high-temperature layers. Coatings of CrN,
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CrCN have good thermal stability, low deposition
temperature, high wear resistance and corrosion resistance.
The disadvantage is the lack of precise information for the
formation of these coatings, which affects the porosity of the
coating and, as a consequence, reduces the corrosion
resistance and tribological properties. Further development
of studies on the characteristics of vacuum coatings was the
creation of two-layer systems Cr-CrN, Cr-CrCN. These
coatings are characterized by increased wear resistance, low
coefficient of friction and high microhardness in comparison
with CrN coatings. Usually this system is obtained by
magnetron sputtering. This method gives advantages in
deposition rate and low content of impurities. In addition,
this method allows the creation of thin films with different
variations in the crystallographic structure and morphology
of the structure [7]. Multilayer coatings of Cr-CrN, CrCN are
formed by changing the deposition parameters of the coating,
which makes it possible to obtain composite that are gradient
in structure, that is, a layer close to the substrate exhibits
increased crystallinity and the upper layers are amorphous
[8-9]. One of the main parameters determining the physical
and mechanical characteristics of surface layers, coatings,
and films are surface energy. By surface energy is meant an
excess of energy in the surface layer at the interface of two
phases in comparison with energy in the volume of two
phases [10].

According to established ideas, the surface layers of
solids, whose size does not exceed the action of the radius of
molecular forces, have a structure different from the structure
of the bulk phase of the condensed body. In the structure of a
solid body, boundary, transition layers are distinguished,
which can have a significant effect on the values of the
surface energy determined experimentally. One of the
methods for determining the surface energy of solid
substrates is to measure the contact angles of the polar and
non-polar liquids wetting [11]. Based on the values of the
contact angle, it is possible to calculate the value of the
surface energy. In the scientific literature there are works
showing the relationship between the value of surface energy
and physical characteristics, so in [12] it is proposed to
consider surface energy as an additional tool for providing in
space the constancy of positioning, i.e. stationary state of the
two contacting parts. This arrangement is recommended to
receive with the help of such a phenomenon as setting effect.
To create a certain energy state of the contacting parts, in
which connections (bridging bridges) arise, it is proposed to
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use the technological process. Thus, the process of formation
of the energy state of the surface layer of two (and more)
parts with predetermined physico-mechanical properties is
controlled [12].

The purpose of this work was to study the adhesion
and physico-mechanical characteristics of chromium
carbonitride coatings formed on steel substrates
2. Research methodology.

Adhesion characteristics were studied by the scratch analysis
method. Standard equipment used for indenting uses a
module for measuring scoring, research of wear and
profilometry. A feedback system is used to control the
applied load, the force acting on the sample, which does not
depend on the topography of the surface. The pre-scan
procedure allows you to measure the actual penetration depth
for a scratch test to characterize the elastic recovery using the
post-scan procedure [13]. Scratch testers are equipped with
an easy-to-use software package that allows the user to
perform a scratch test in a wide variety of test modes,
including simple scratching, an extended scratch test (with
pre-scanning and post scan), simple scratch mapping, scratch
mapping with different modes, defined by the user.
Morphological features of coatings formed on the basis of
refractory metals after determining the adhesion
characteristics were studied by scanning electron
microscopy.

Scanning electron microscope is a device with great
possibilities, which allow to characterize heterogeneous
materials and surfaces at such a high level. In the scanning
electron microscope (SEM), the surface under investigation
is irradiated by a thin-focused electron beam, which can
either rest or unfold in a raster over the surface of the sample.
As a result of the interaction, secondary electrons, reflected
electrons, characteristic X-ray radiation, Auger electrons and
photons of different energies arise. They are produced in
certain volumes (generation areas within the sample) and are
used to measure many of its characteristics (composition,
surface topography, crystallographic orientation, etc.).

The scanning electron microscope is one of the most
versatile instruments for studying and analyzing the
microstructural characteristics of solids. The main reason for
the wide use of SEM is the high resolution in the study of
massive objects, reaching today 10-15 nm (100-150 A). One
of the important features of SEM is that it allows you to
observe the topography of a solid with a resolution and depth
of field that is significantly higher than the corresponding
parameters of light microscopes. Information in the study of
the surface is transferred by reflected secondary electrons
and other simulating signals. The thickness of the sample is
not particularly important, as is the case in transmission
electron microscopy, where information is transferred by
transmitted electrons that penetrate the sample by no more
than 0.1 um. Dielectric materials are particularly difficult to
investigate in SEM. When an electron probe hits a dielectric,
its absorbed electrons accumulate on its surface because of
the absence of a charge flowing to the ground. The
accumulation of electrons leads to the appearance of charged
regions on the surface of the sample, which during
subsequent scanning can irregularly deflect the primary
beam, leading to serious distortions. In addition, the presence
of a surface charge greatly changes the secondary electron
emission. From the charging effect, you can get rid of the
conductive coating on the surface of the sample. The
criterion for choosing the material for deposition is usually

the production of the maximum number of secondary
electrons. Based on the consideration of the physical aspects
of secondary electron emission, it was concluded that a 15-
nm gold coating should give optimal secondary electron
emission. In the "Sputter coater" installation, the conductive
layer is created by cathode sputtering of gold. The prepared
samples are placed in a scanning electron microscope and
imaged at different magnifications. Acceleration voltage is
one of the main parameters of shooting in EMS. Samples
were sampled at an accelerating voltage of 20 kV. The
morphology of the samples was studied using a high-
resolution scanning electron microscope "Mira" from Tescan
(Czech Republic). The microscope is equipped with
secondary electron (SE) detectors and back-reflected
electrons (BSE), which allow for the study of samples in two
modes. When shooting samples in the secondary electron
(SE) mode, the contrast in the image is created by reflecting
the electron beam from the sample surface. In the case of an
inverse-reflected electron (BSE) detector, the contrast in the
picture is created by the atomic number of the sample
elements. The type of detector used, the magnification and
other shooting parameters are indicated in the information
line at the bottom of each frame. The elemental composition
was investigated using an INCA 350 microspectral analyzer
from Oxford Instruments (UK). Defined elements from B to
U. The minimum detection limit of an element is 0.5%. The
error of the method is 5-15 relative percent.

3. Research results.
According to the data presented in Fig. la, chromium
carbonitride coatings formed by plasma-chemical methods
are composite coatings. There is a matrix in which globular
formations with increased nitrogen concentration and a
reduced carbon concentration are included with respect to the
content of these chemical elements in the coating matrix.
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Figure 1 Dependence of the distribution of chemical
elements in the coatings of chromium carbonitride: a-coating
of chromium carbonitride; b-surface area of the coating for
which the content of the chemical elements was measured, c-
the total distribution of the chemical elements in the CrCN
coating, d - the nitrogen distribution in the CrCN coating, f -
the carbon distribution in the CrCN coating, g - the
chromium distribution in the CrCN coating, h -iron in the
coating of CrCN.

The presence of iron in CrCN coatings is due to the
fact that the thickness of the coating is on the order of 2-5
um and does not completely shield the steel substrate. The
structure and chemical composition of the coating have a
significant effect on the adhesion and physico-mechanical
characteristics of the coatings.

b)
Figure 2 - Type of scratch on the CrCN coating obtained by
the scratch analysis method. a - a shape of a scratch, b - a
fragment of a scratch where there is a full peeling of a
covering from a substrate

Coatings of CrCN begin to peel off at values that are in the
region of 12 - 13 N. The complete peeling of the coating
from the substrate is observed at values of ~ 23 N. These
values are 1.8-2 times higher than the adhesion
characteristics of vacuum chrome coatings. According to the
data of [14-15], the effect of the load on the coefficient of
friction depends on the type of contact interaction - elastic or
plastic. In the general case, the function f (N) is
nonmonotonic and is determined by a quadratic function
(Figure 2). It is believed that the position of the minimum of
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this curve depends on the ratio of the molecular and
mechanical components. In the case where the ratio of the
coefficient of friction responsible for the molecular
component to the friction coefficient responsible for the
mechanical component is greater than unity, the minimum of
the curve f (N) is shifted to the region of smaller values of N.
In the region of small loads, the plastic contact [14-15] f is
determined mainly by the molecular component of friction.
f *

.

FH

10

Figure 3 - Dependence of the friction coefficient of the pair
"CrCN-ShKh 15" from the load

15 20 25 30 35 40

The decrease in the coefficient of friction with
increasing N is due to the fact that N increases faster than the
increase in the area of the actual contact caused by this
increase, and, as a consequence of the frictional force. That
is, an increase in the load by n times entails an increase in the
number of frictional bonds and their dimensions, and,
consequently, an increase in the total shear resistance by a
smaller number of times. After reaching the f minimum a
plastic contact is realized in the main. The position of the
minimum of the curve depends on the ratio of the molecular
and mechanical components. In the course of tribological
tests of diamond-like coatings, the reverse effect is observed.
At low loads, the friction coefficient of the CrCN coating
over steel increases. Then, under loads in the region of 25-30
N, an extremum point is observed. Further increase in the
values of the normal load is accompanied by a significant
decrease in the coefficient of friction. Thus, the behavior of
the tribotechnical characteristics of chrome coatings differ
from the classical views when the normal load changes.

[Tla
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Figure 4 - Dependence of the change in the microhardness
of the CrCN coating formed on 40X steel from the applied
load on the pyramid

This dependence of the friction coefficient on the load for
these coatings is explained by the fact that in the structure of
CrCN there is a carbon with a high concentration in
comparison with the base chrome coating. The increase in
load promotes the diffusion of carbon into the friction zone
and the formation of a separation film with low shear stress
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values, which is expressed by a decrease in the friction
coefficient with increasing load. Determination of the
microhardness of CrCN coatings by the Vickers method
leads monotonic decrease in values with increasing load on
the indenter. The microhardness parameters of the coatings
are reduced three times with the load increasing from 0.1 to
0.5 N. Thus, at loads of 0.25-0.5 N, the coating is impressed
into the material of the steel substrate. However, carrying out
measurements with these loads makes it possible to establish
a modifying effect of high-hard coatings, since the
microhardness of the steel substrate is no more than 2-3 GPa.

4. Conclusion.

Based on the obtained data, it is established that the
microhardness values of steel substrates are in the range from
2,400 to 3,000 MPa and do not depend on the load on the
diamond pyramid. The microhardness values of chromium
carbonitride coatings decrease monotonically with increasing
load on the diamond pyramid. This effect is due to the
indentation of the coating in the structure of the steel
substrate material. The adhesion characteristics of CrCN
coatings are 1.8-2 times higher than the adhesive
characteristics of vacuum chrome ones. The tribological
characteristics of CrCN coatings are investigated. It is shown
that diffusion of carbon into the friction zone and formation
of a separation film with low shear stresses is possible, which
is expressed by a decrease in the friction coefficient with
increasing load.
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