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Introduction

Creation of new technical systems necessitates the search for solutions aimed at improving
their quality, reliability and durability. In this regard, the most important task in their design,
manufacture and operation consists perhaps in ensuring the reliability of technical systems.

When manufacturing the machine, the necessary quality is ensured both by the quality of the
parts, and by the quality of the assembly of the machine and its units, by finishing methods and
other process indicators. The modern level of development of science and technology makes it
possible to achieve any indicators of machine reliability. The decision on the need to improve the
quality of products should be based on an economic analysis.

Modern development of technology is characterized by the intensification of its operating
modes, greater construction complexity, unification of machines and devices in process lines, and
process automation. These factors increase the likelihood of failures in operation and cause
multiple problems with machinery hampering its stability and smooth running. The reliability is
significantly reduced during the operation due to aging of the equipment as a result of wear,
corrosion, fatigue, etc.

In order to be considered as reliable, a technical system shall perform all its functions for a
certain specified operating time and under the required operating conditions while maintaining all
the necessary performance characteristics of machinery and products within the specified limits.

This monograph outlines research findings, primarily the methods of increasing the reliability
of various technical systems: machines and electronic equipment, power engineering facilities and
building structures at the main stages of their life cycle.

The ISO 9000 standards contain recommendations and tools for companies and organizations
(regardless of the scope of their activities) which want their products and services to meet
constantly the customer's requirements, and their quality is constantly improved. The suggested
monograph analyzes the existing approaches to process and functional management, as well as
the formation of a process model of modern machine building organizations (based on the example
of an enterprise for manufacturing modern compressor equipment), taking into account the
requirements of ISO 9001:2015. The reorientation of organizations to process management will
allow producers of compressor equipment to survive and develop under contemporary conditions.

The monograph primarily focuses on the ways of increasing the reliability of rotor systems
and vibration technologies. The basic problem of these machines is the necessity to decrease their
vibroactivity. The results of an experimental and theoretical research of fluid behavior in passive
self-balancing devices, which are installed in rotors with vertical and horizontal rotation axes
when passing the resonance, are given. Received relations show that automatic balancing by fluid
is effective for elastically deformed rotors or (and) a rotor on elastic supports, where there is a
difference in phases between the direction of centrifugal force and flexure (or movement) of the
rotor. According to the experimental findings, this difference in phases occurs when the rotor
reaches the resonance speed and increases up to 180° while passing the resonance. In this case,
the tangential force occurs, which influences the fluid to move to the side of flexure, opposite to
imbalance, and further equilibration of the rotor takes place at the resonance rotation frequency.

The research introduces a method of indirect measurement of spindle vibrations based on the
results of the vibration measurements of the spindle unit housing and theoretical compliance
function. The method is based on the carried out experimental and theoretical studies of the spindle
unit dynamic behavior, mounted on a special test rig with a low natural frequency.

The studies within this monograph, in particular, cover the creation of blood flow pulsations
and the provision of the stable controlled behavior of the rotor in pulsating modes of functioning
of the axial LVAD with magnetic bearings. The developed methods for ensuring the required rotor
dynamics are accurate, fast, economical in the sense of the values of control currents, and most
importantly reliability, which in general ensures the safety enhancement for the life support system
— left ventricular assist device.

The studies are also aimed at solving the issues of increasing the productivity of turning parts
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at a rotational speed up to 10,000 rpm. The methods of studying the dynamic behavior of the lathe
are reviewed, and the way of changing system properties to improve stability in the increased
cutting conditions and productivity are reviewed too.

The authors also suggest methods for increasing the reliability and wear resistance of
cylindrical blocks with surface plastic deformation. The findings, which were obtained by
studying the efficiency of hardening the parts working in spalling conditions through reeling with
rollers with the help of physical simulation, show a major effect of cast steels hardening. The
process of the contact friction surface wear during reeling with consideration of slippage is
investigated. A procedure for determining conditions of reeling with a wedge roller is developed.

The current series provides the analysis of high-rate elastic-plastic deformation of the elements
of modern technology, taking into account the change of the material properties in the process of
deformation under the impact and impulse loads. It is shown that multilayered protective elements
more effectively withstand impact loads. A parametric analysis of technological processes of
connecting and separating the elements due to the explosion energy is carried out.

A greater part of the work is devoted to the study of new materials, particularly the study of
energy ions, their varieties and charge temperature, rate of temperature rise, thermal stresses, and
also to the size, volume, number of particles in nanostructures and effective current density for
nanostructures. The study is also concerned with the effect of technological factors on the
electromagnetic wave absorption properties of polymer composites as well as with the
investigation of the superhydrophobic surface properties.

The monograph covers the problems of the quality and reliability improvement of electronic
equipment and power systems and introduces a modified method of spectral analysis of a
reflection signal for damage detection systems in power lines, suggesting an algorithm for spectral
analysis based on a change in the width of the analysis window.

The authors attempt to solve the current issues of rank analysis in the problems of optimization
of local power engineering. The issue of application of the techno-enological approach for the
optimal management of energy consumption with the use of rank analysis, which includes the
procedures of interval estimation, parametric rationing, forecasting and standardization of
consumption of resources is considered.

The paper represents the development principles invariant to disturbing factors of
piezoresonance units with controlled dynamics, which are assumed to be an adaptive control
system with predictive reference model.

The final part of the book is devoted to the problem of increasing the reliability and durability
of building materials. The condition of the building industry and the building materials industry
in Ukraine is considered, the production and sale of building materials is shown in dynamics. A
new study of sound propagation in an impedance tube is presented, which is the basis of the sound
absorption coefficient determination with greater simplicity.

The research findings presented in this book, which are aimed at ensuring the reliability of
various technical systems, may be useful in the design, manufacture and operation of new
machine-building products.

The monograph is primarily intended for specialists engaged in ensuring the reliability of
machines, tools and equipment, as well as for researchers and engineers, students of technology
interested in the issues discussed.

Andrii Goroshko, Vilen Royzman and Maryna Zembytska
Editors
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Chapter 1

New methods for improving quality and reliability in
mechanical engineering



1.1. Application of process and functional approaches to
quality management in the machine-building
organization

Wiliam Zaloga', Kostiantyn Dyadyura?, Iryna Rybalka3
Sumy State University, Sumy, Ukraine
E-mail: 'zalogav@gmail.com, *dyadyura@pmtkm.sumdu.edu.ua, >rybalka.ira@gmail.com

Abstract. The analysis of existing approaches to the construction of process models taking into
account the functionally oriented management to ensure the appropriate quality of the products is
carried out. The basic principles of process modeling are determined. The method of
decision-making in the hierarchical structures of the system of enterprise processes is proposed.
The results of the theoretical research can be used in the implementation of quality management
systems based on international ISO standards and the description of processes by organizations.

Keywords: process, business process, process model, quality management system, functional
approach, process approach.

1. Introduction

The ISO 9000 standards contain recommendations and tools for companies and organizations
(regardless of the scope of their activities) who want their products and services to constantly meet
the customer's requirements, and the quality is constantly improved. These standards are based on
a number of principles for quality management such as customer orientation, motivation and
involvement of senior management, process approach and continuous improvement [1]. The
process approach is used as the base one [2]. According to the requirements of ISO 9001: 2015,
the organization must determine the processes necessary for building a quality management
system [3-5].

The problem is that the quality management system at each enterprise is, as a rule, unique and
characterized by the content and importance of the hierarchical structures of the processes entering
it, their input and output information, energy and material flows, quality indicators and their
boundary values. The complex of interrelations between processes in each organization is complex
and multifaceted [6-8]. Clients, competition, economic and political changes create new
conditions for the existence of organizations and require flexibility and quick reaction in their
management [9]. Until now, the methods of quality assurance applied at most machine-building
enterprises were based, as a rule, on rigid multistage control of the product quality (functional
approach) and services, and very insignificantly concerned improving the quality of production
management systems based on the process approach (Fig. 1), which is the most important sign of
perfect quality management and is used as a base in the International Standards ISO series 9000
[10-13]. For practical implementation in accordance with the requirements of ISO 9001: 2015, the
organization must:

a) determine the required input data and the expected output of these processes;

b) determine the sequence and interaction of these processes;

c) identify and apply criteria and methods (including monitoring, measurements and relevant
performance indicators) necessary to ensure the effective implementation and management of
these processes;

d) identify the resources required for such processes and ensure their availability;

e) designate responsibilities and authority for the processes [14].

Under conditions of uncertainty in the external and internal environments characteristic of
most modern enterprises, the formation of an optimal hierarchical structure of business processes
that allow transforming “entrances” into “exits” and often al-most uncontrollable [15, 16], for the
adoption of rational (optimal) management solutions to continuously improve quality is a complex
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scientific and practical task. This is especially relevant for enterprises, for example, machine
building, which are involved in the life cycle (LC) — designing, manufacturing, servicing and
recycling — of complex technical products such as compressor equipment. For them, a common
scientific methodology is necessary both for the analysis and for synthesis of the system of
processes at the stages of the LC of complex technical products, and for analysis and synthesis of
systems for integrated process control, taking into account the corresponding dynamic, parametric
and energy laws.

The purpose of this work is to analyze the existing approaches to process and functional
management, as well as the formation of a process model of modern ma-chine building
organizations (based on the example of an enterprise for manufacturing modern compressor
equipment) based on the requirements of ISO 9001: 2015.

PROCESS STRUCTURE FUNCTIONAL STRUCTURE
[ I I 1 Fe==E=== I I I 1
The owner of The owner of The owner of the The owner of the | Deputy | Deputy Deputy Deputy Human Deputy for
Marketing | | | Production Finance Resources Research and
the process the process process process } Officer | Manager Officer Officer Development Level 1
T P F-—---
| - - -
Marketer Marketer Storekeeper Accountant || Headof 1) Headof Head of Head of Head of
[ Seice [ 1| Service Service Service Serviee |
JE W g s Ry gy B B ez
FEEEEEEs EEE F F F
| N o
) . 1| Head of Head of Head of Head of Head of
|
Technologist ‘{ Economist ‘{ i ‘ Courier ‘ } Department | | | Department Department Department Department Level 3
evel 3
P Sl g P i Sy R By
A F F E
Producti ; ) ) !
“’m‘;f“‘ on { Financier ‘ { Driver ‘ Client manager V| Employee || Employee ‘ Employee Employee Employee
I
i i
Lo |
Checkman Forwarder

Lawyer

Direction of processes and L -
control action Direction of processes and
control action

Fig. 1. Process and functional structures
2. General: major recent advances

As a part of a complex technical system (STS), in general, three different components can be
distinguished [17] — a complex of technical means (CTM), software (SW) and operational
personnel (OP) as shown in Fig. 2.

Complex technical system (CTS)

Functional subsystem

Functional subsystem Functional subsystem

FScmv
. FSsw FSor
Complex of technical .
Software Operational personnel
means

Fig. 2. Functional subsystems
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Designing, manufacturing and operation of compressor equipment, predetermines a
community, which includes documented information, hardware and software, as well as personnel
that are interconnected within a single system through information, energy and material flows.
The components of the CTS compressor equipment are shown in Fig. 3.

Complex technical system

(compressor equipment)

Complex of technical
means

Documented
information

Operational personnel

Fig. 3. Components of CTM compressor equipment

To ensure the quality of CTS (compressor equipment), it is necessary to ensure the appropriate
quality of output data for each phase of the LC STS, which is realized through the identification
and monitoring of KPI (Key Performance Indicator) key performance indicators of the LC
processes. Highlighting indicators is most convenient for the process depicted in IDEF0 notation
(Fig. 4), when the figure shows the inputs, outputs, control (process execution rules) and
mechanisms (equipment, personnel).

Management

Inputs E— Process — Outputs

Mechanisms
Fig. 4. Process in notation IDEF0

Key performance indicators and performance indicators, being derived, when using such a
scheme characterize the overall process (Fig. 5).

The algorithm for developing the process indicators is as follows:

1. Identify the process and its result.

2. Identify inputs-resources (resources processed in one process cycle) and inputs-mechanisms
(resources ensuring multiple execution of the process-equipment, personnel).

3. Identify the inputs and controls (rules and requirements for the process).
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4. Knowing the result that must be obtained, it is necessary to evaluate it quantitatively — to
generate the outcome indicators. They can be either simple or calculated (by formula or
otherwise).

5. Based on the inputs of the process, you can generate cost indicators.

6. Based on the mechanisms of the process, you can generate additional cost indicators.

7. The correctness of the process, in addition to the cost of performing activities, also reflects
the performance indicators.

8. Performance indicators are calculated as the ratio of the result obtained to the time.

9. Calculation of key performance indicators is carried out on the basis of pre-selected KPI
performance and KPI costs. Performance indicators, thus, are integral characteristics of activity.

3 KPI functioning

Management (process
control rules)

Inputs Outputs
(documented information, hardware, =~ ———» Process LC STS — (documented information, hardware,
software) software)
2 KPI resource costs 1 KPI performance

Mechanisms (equipment,
KPI performance personnel)
KPI efficiency

2 KPI resource costs

RN

Fig. 5. KPI indicators

These components (Fig. 3) affect the effectiveness of the implementation of the LC is not
isolated, but in close relationship with each other, which is expressed in the ability of one to correct
the other two by the effectiveness of the implementation of its functions. Between the components,
the space-time relations act.

The organization's processes are divided into main, providing, management processes and
development processes, the definitions of which are presented in Table 1.

The main factors of the complexity of these processes are:

— the dynamic nature of the functioning of processes;

—the processes that take place both within the organization and when it interacts with the
external environment, are non-linear, synergistic (dissipative);

— the natural evolutionary processes occurring in the organization are degradative, have a latent
stage of development and are aimed at the destruction of the system;

— the time of the course of degradation processes considerably exceeds the time of the course
of specific processes.

Every community of objects, processes and phenomena is characterized by the structure and
interconnection of its components and can be represented in the form of a graph in which nodes
correspond to components, and arcs to their connections.

Basic notations in modeling business processes (notation is a stable set of rules that describes
the business process as part of the methodology):

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 5
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— structural models (control) — IDEFO0 notation, VAD notation (ARIS, MS Visio);
— Workflow models — “process” and “procedure” notations, notation of eEPC (ARIS, MS

Visio);

— models of executable processes — notations BPMN 2.0, notations S-BM, CFFC;
— data flow models — DFD notation [18, 19].

Table 1. Table classification of processes

Types of processes Definitions Organization processes
. Sales
* Processes that create a product that is valuable to .
. Design and development
Basic the external consumer. . .
Service maintenance
processes * Processes that create added value to a product or I
service. Supp Y
Production
Financial and Economic
Management
Human Resource
Management
Maintenance
management
* Processes whose consumers are the main Legal support
Providing processes. Business Security
processes * Processes that create and maintain an Management
organization’s infrastructure. Managing documented
information
Knowledge Management
Communications
Management
Logistics Management
IT security
* Processes, the main purpose of which is to .
.. L Strategic management
manage the activities of the organization. . .
Processes . Business Process Quality
* The processes that ensure the survival and
management . . Management
development of the organization regulate its .
L Management of risks
current activities.
Processes (projects | * Irregular and innovative activities to improve and
and programs) develop the organization. Project management
development of * Activities aimed at the long-term perspective.

Consider the IDEFO0 notation. The IDEFO0 submission form provides an opportunity to see and
understand the interconnection of processes without going into details. Processes can be
represented in the form of a hierarchical, tree structure with characteristics of links (branches),
reflecting the utility, the probability of obtaining a result and the connection with previous and
subsequent processes.

With the help of the graphical language IDEFO, the studied system appears as a set of
interrelated functional blocks. Modeling of business processes using IDEFO tools, as a rule, is the
first stage of studying the system. Today, this technique of describing business processes has
become the most widespread in the world and adopted as a standard in many countries [20-24].
The decomposition of processes in the form of IDEFO is shown in Fig. 6.

The decomposition of variants is carried out by a set of characteristics. Criteria for choosing
options are economic indicators (minimum cost, costs) or technical solutions that form a benefit
function (utility). Description of business processes involves:

1) the definition of the owner of the business process, the boundaries of the business process,
clients and outputs of the business process, suppliers and inputs of the business process, resources;

2) a description of the technology of the business process;

6 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5
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3) development of indicators of the business process, the results of the business process,
customer satisfaction of the business process;

4) a description of the work of the owner of the business process for analyzing, improving the
business process, reporting to a superior manager.

|

_ 0
-7 /I/AO

- A0 I

_ - . More generally

More details

This function block is the
parent of the diagram A4

Vi Number A42 means that this function block
, has decomposition — the child diagram with
4 the number A42

A9 |

Fig. 6. The principle of the decomposition of processes

In describing and optimizing the organization’s processes, two possible tasks can be solved:

— increase transparency and effectiveness of the organization;

— automation of business processes.

As criteria for evaluating the results of the description of processes, the following can be
adopted:

— availability of verified descriptions of business processes;

— solution of problems identified during the implementation of business processes;

— the degree of coordination of units;

— the degree of minimization of possible variations as a result of the implementation of the
corresponding business process, i.e. The business process is executed stably without failures.

Let us consider the choice of the best variant of describing processes under uncertainty
conditions using vector optimization [25]. Among the various ways to optimize complex systems,
which include the systems of business processes in enterprises, the formation of many possible
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solutions is paramount [26].

The problem of step-by-step vector optimization is formulated as follows. Let there be N
variants of processes with numbers n = 1, N. Each variant of the process is characterized by M
number of indicators qnm, where m = 1, M. We assume that the exponents are normalized in such
a way that q,,, € [0; 1], and the maximal quality of the process corresponds to maxqy,,. Then to
each variant of the process there corresponds a quality vector Q [Gn1, Gnz, Gnzr*** » Grm 1-

Due to the fact that the systems of processes in the enterprise are multifunctional and the
functions performed by them can differ significantly, when considering many issues, we use a
functional approach. At the same time, a group of technical, program and ergatical (personnel)
elements participating in the performance of this function are distinguished from the composition
of all elements for considering the processes by some (j-th) function [27].

This group of elements forms the j-th functional subsystem (j-th FS or FS;) of the system
under consideration. It is this F'S; that is to be analyzed when considering the characteristics of
the system with respect to the j-th function it realizes.

The composition of the FS; (as well as the composition of the system as a whole) generally
consists of three components:

— group of j-th functions of technical means participating in the implementation (j-th
functional subsystem CTM — FScry ),

— group of software tools participating in the j-th function realization (j-th functional
subsystem SW — FSgy, ;);

— group of ergatic means participating in the j-th function realization (j-th functional
subsystem OP — FSgp;).

On the basis of participation in the performance of a function, functional subsystems are
distinguished, constructive features can be allocated to constructive subsystems, information
subsystems, information subsystems, etc. Analysis of the functioning of the system is greatly
simplified if its structure is constructed in such a way that the subsystems distinguished by
functional and constructive characteristics coincide.

The system of functions forms the characteristics of the functional subsystems of the Xpps. In
this case, the functions can be divided into main and auxiliary. The main ones are those that
directly form other functions, the auxiliary ones are only involved (help to form).

Between the hierarchy of functions (transformations) and the hierarchy of functional
subsystems, there is a correspondence [28]. The interrelationship between the set of functions (F)
and the set of groups of means (FS¢ry, FSsw, FSop) 1s determined by the levels of the hierarchy.
At each decomposition level, the u function Fl‘; € FO corresponds to a number {F S l‘]‘}y of types of

means (J is the index of the function at the level of the hierarchy; [ is the number of functions at
the hierarchy level). The type of the facility provides FS; € {F Sl“j}y the principle possibility of
performing the function Fl'; € F°. Thus, we are given a multiple map of the system F on the

subsystem of the FS.

The system of funds based on the principle interconnection levels: forming a plurality of
elementary means FS = {FS° FS1, ..., FS#~1}, each of which ensures the performance of a single
elementary function of the set F = {F°,F1, ..., FA+~1}.

3. Results

The possibility of forming various variants of the characteristics of the Xppg; of the functional
subsystem of processes is provided by a directed selection from the set {FS°} of a set of elements
FS; c FS°, which ensures the fulfillment of a set of functions {F°}:

Xrs;t [{Fio} - {FSL'O}; (F1} = (FS!Y;.. 5 (FNY - (FS]'}],
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with parameter constraints:

1 1 1 1 _ [yl vyl 1
Xespin < Xrs < Xpspow  Xrs = {XFS1'XF52""iXFSk1 )

2 2 2 2 2 2 2
Xfs . < Xfs < XBs . Xps ={XBs, XEs,-- XEs,, b

N N N N __ N N N
Xpo o < XBo<xp XN ={xNxh, o x,

for given connections of the set F and FS:

(F7) x {5} - (6%}
(F1}x {FS'} » {01,

(F1} x (FST} - {04},

{FN} x {FS"} - {0"},
and the connections inside the set F and FS:

{F1} x {F?} > {f2,v7%},
{F2} x {F°} - {f3,v*7%},

j{pu} x {F*+1} > {fu+1lvu—(u+1)},

;EFN_l} X {FN} N {fN,V(N_l)_N},
{FS'} x {FS?} > {e'7%},
{FS?} x {FS°} > {e*7°},

:{FSH} X {FSH*1} - {eh- (4D}
'{FSN‘l} X {FSN} - {W-D-N},

where i is the index of the characteristic of the functional subsystem of the Xpg; 0 < i < M; M is
the number of characteristics of Xpg;; 4 — hierarchy level index; N — number of hierarchy levels;
XFSmins XFSmay — Yanges of parameters of functional efficiency relative to the j-th level of the
hierarchy; k; — the number of parameters of functional efficiency at the j-th level of the hierarchy;
© — connection of F and FS; f — connection of levels of the hierarchy of the system F; v —
connection within the levels of the system ®; € — communication within the levels of the FS
system.

Thus, the functional subsystem of processes can be represented in the form of a set of
hierarchically organized sets: elementary functions F¥, groups of means (FScruy, FSsw, FSop)
participating in the realization of the function at each level and the corresponding characteristics
of the Xpg (Fig. 7). The set of elementary functions FV with respect to " bonds defines a set of
groups FS}\, and elementary means (FScrmyp FSsw i FSopyy,)- Inside the set FSN over the links
©", many characteristics Xfs ( Xfs, € Xfs ) are formed, which ensure the efficiency of
performance of functions in conditions of constraints on parameters [29, 30].

Each element of the system of means FS; € FS° can be described in addition to the links ©
and ¢ by the readiness characteristics r and the containment C:
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N
FSO = U FSH(OH, ek, Tk, C1). (1)
pu=1

Many characteristics X can be represented by two subsets: Xps, that includes the types of
subsystems of elements ready for operational use, and a subset X E;i that includes the types of
subsystems and elements not ready for immediate use at the time ¢t:

Xps, = XFs, U XFs,. )

Functional subsystem FS

,

(_)N
A plurality of groups of | o )
A set of elementary functions F o means FS o Char;x;;grlst;:; f)f ?;ar)ls Xrs
, » (FScrw, FSsw, FSor) T FOSH, FO0D
A
£ ?V-(N'-l)‘ L
.fV vN-(A'V—I) @ N7
Level function N »| Level plurality of groups of Characteristics of means of
= means NV > level NV Xrsy
- (FScry, FSsw,, FSory) (FScru,, FSsw,, FSory)
[
A
& 1-2 \ L
jz P2 o
Level function 7 Level plurality of groups of Characteristics of means of
F - means / - level 1 Xrs,
(FScrm,, FSsw, FSor) (FScru, FSsw, FSor)

Fig. 7. Structure of the functional subsystem
4. Discussion

In this case, two types of business process models are considered: process and functional
structures (see Fig. 1).

Differences and advantages of functional and process approaches:

1) the process approach shows:

— orientation to the client (on the result), i.e. CRM-approach;

— submission to the owner of the process;

— priority — performance of functions important for other participants in the process, active
cooperation with participants in the process;

— higher management flexibility;

— focus on costs (cost of the process), its duration, quality;

— transparency of operations. It is easy to track ‘failures’;

2) with a functional approach:

— orientation to the manager;

— submission to the head of the unit;

— priority — the performance of functions in which the unit itself is interested;
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— propensity to “bureaucracy”, as a consequence — loss of managerial flexibility, low speed of
decision-making, loss of information;

— the contradiction between the objectives of the functional units;

— opacity of activity. The shifting of responsibility.

In our opinion, it is not only impossible to contrast the process and functional approaches to
the management of an organization, but, conversely, the quality management system should be
viewed as a system of interaction between process-oriented and functionally-oriented
management.

In the process of implementation of processes under the influence of internal and external
factors, a gradual and continuous (evolutionary) change in the structure of processes takes place.

In this case, the system of processes is proposed to be investigated in several directions:

— representation of complex systems of processes as an interconnected set of sub-systems of
different hierarchical level, constructing a hierarchy of optimization tasks with appropriate
information exchange in time and levels, i.e., the so-called hierarchical approach;

— development of special approaches and methods for accounting for information uncertainty,
analysis and decision making;

— the development of gaming approaches, including games with non-conflicting interests and
the adoption of collective decisions;

— development of methods for multicriteria optimization, methods of peer review, etc.

5. Conclusions

It is shown that due to the application of the process approach to the management of the
organization it is possible to improve its activity to a considerable extent. Practical implementation
of the process approach in the quality management system allows:

—make a list of the main business processes and draw conclusions on the rational use of
resources, the number and load of personnel, etc., on the basis of the data obtained;

— identify missing and duplicated business processes and make appropriate adjustments;

— determine the list of functions of each division of the organization;

— establish interrelationships between departments and the functions performed in them.

As a result of the introduction of the process approach and the description of the processes, the
order and responsibility for performing the work will be fixed, the failures in the implementation
of processes will be eliminated, and the quality of the process performance will be improved.

The reorientation of organizations to process management will allow producers compressor
equipment to survive and develop in the conditions of the modern world.
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Abstract. World science and industry face challenging problems that can be solved on the basis
of the following: a) integration of specific scientific disciplines in inter-, multi- and
transdisciplinary scientific areas; b) development of specific technologies into technological
chains of new generation; c) integration of specific modules and components into hierarchical
systems of higher level and development of megasystems. Innovative knowledge-based economy
serves as critical characteristic of modern scientific and technical, industrial, socio-economic and
all social processes. High-Tech Computer-Aided Engineering, “Simulation Based Design” (in
development to “Digital Manufacturing”), integrated comprehensive systems and technologies to
supporting life cycle of products act as the basis of engineering. The abstract presents
science-based computer engineering of bimetallic casting which is based on the methods and
algorithms of numerical problem solving with respect to heat exchange, nonlinear problem of
thermoelasticity and inverse problems of heat conduction, that make it possible, based on the
results of a natural experiment, to adapt a mathematical model to the conditions of the process
under study. The experience of economically developed countries shows that one of the main
conditions for economic growth and innovative development of the economy is development of
the market engineering. The role of Ukraine in international engineering is insignificant, but the
positive trend of our country is development of domestic engineering companies that have
competitive advantages.

Keywords: engincering of products, innovation, computer-aided engineering, systems and
technologies of computer design, integrated comprehensive systems and technologies, life cycle
of products, bimetallic casting.

As of today the key point of engineering is its creative nature, presence of a common fund of
technologies and inventions; the leading role of science (IT is in the first instance) in creation of
new products and technics in general; system-based nature of activity. The abstract gives better
outline of new integration trends that are related to deepening of design process understanding
and change in technology of engineering [1].

The first key in this process is simulation of all aspects of human activity, i.e. social,
organizational, technical, educational, recreational, etc. That is, the subjects of the activity move
on to detailed forecasting of their future and to their most rapid implementation. In the process of
such implementation, in materialization of ideas the role of engineering activity is significant, that
organizes this process and implements the specific project based on innovative technologies. At
the same time, the place and welfare of countries as well as the individuals depend ultimately on
mastering and development of new.

Engineering, in the first instance, serves as the information process, the process of new
information generation. This process in terms of quantity has an avalanche-type character since
with transition to each new information level the number of possible combinations increases and,
accordingly, the power of new sets of objects or their information substitutions. There is a need
for proactive development of simulation and communication tools as compared to the means of
material implementation of the project in the article. The main mean of systematic representation
of new developments and forecasting of possible consequences is mathematical simulation.

Globalization of markets, competition, educational and industrial standards, financial capital
and high-tech innovations requires faster growth rate, short cycles, low prices and high quality
than ever before. Rapid, intense development of information and communication technologies and
high-tech computer technologies has been observed.

Global science and industry face more complicated comprehensive challenges that cannot be
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solved using traditional (“highly targeted”) approaches. This leads to integration of the separate
scientific disciplines in inter-, multi- and transdisciplinary scientific areas; to development of
separate technologies in technological chains of new generation; to integration of individual
modules and components in hierarchical system of higher level, and to development of mega-
systems, that is, multiscale comprehensive scientific and technological systems that maintain the
level of functionality that can be achieved through their individual components [2].

Intense blurring of sectoral boundaries, convergence of sectors and branches of economy,
blurring of the boundaries between fundamental and applied science take place through the need
to solve comprehensive scientific and technical problems, emergence of megaproblems and mega
systems, diversification and intensification of activity. The most frequently this is done on the
bases of outsourcing and outstaffing, as well as with effective cooperation of companies and
institutions, both within the sector of economy and and from different sectors. For example,
generation of high-tech clusters from scientific and educational organizations and industrial
companies, from large state-owned companies to small innovative companies. A distinctive
feature of the current stage of development is producing through modern nanotechnology of new
functional materials and smart-materials, the materials with given physical and mechanical and
controlled properties, alloys, polymers, ceramics, composites and composite structures, that on
the one hand, are “materials-structures” and on the other hand, they are the integral part or the
component of a macrostructure (a car, an aircraft, etc.).

Innovation is a critical characteristic of modern scientific, technical, industrial,
socio-economic and social processes. The consistent pattern of transition from predominantly
reproductive to inoovative type of development has been observed in the world. The future of
Ukraine to the certain extent depends on mastering of innovative mechanisms of development:
whether it moves towards accession to the number of developed countries or it will remain a
stagnating country on the fringes of scientific-and-technological and social progress [3].

The basic principles of establishment of modern organizations, companies and institutions with
innovative knowledge-based economy should be pointed out: 1) optimization of interactions
between different areas of innovation process (education, science and industry); 2) priority
ranking of long-term objectives; 3)a model of continuous improvement of processes after
Shewhart-Deming; 4) kaizen principles; 5) “war for talents” from McKinsey international
consulting company; 6) the knowledge creating company); 7) learning organization; 8) “firing
rate” from Toyota; 9) learning through problem solving; 10) “education throughout the life”;
11) inter-, multi-, transdiscipline; 12) capitalization of “know-how” and key competencies;
13) “invariance” of multidisciplinary suprasectoral computer technologies [4, 5].

The principle of optimization of interactions between different actors of innovation process
(education, science and industry) can be implemented under the corresponding state policy as an
intermediary. As the analysis shows, in Ukraine innovative transfer of technology has always been
a weak point in the National innovation system, which insufficiently ensures commercialization
of scientific achievements and technological developments. The reason for this is administrative-
command tradition of managing Ukrainian educational and scientific areas, as well as maintaining
of managerial organizational forms that serve the “linear” model of innovation cycle [6, 7].

Determination of the goals is a rather labor-intensive and responsible process, which consists
of the following main stages: identification and analysis of trends within the environment;
selection of the goals of the organization in general; building up of the hierarchy of the goals;
identification of the individual goals. The basic rule when defining the goals, especially general
ones, is involvement of the employees of the organization in their development.

Continuous Process Improvement Model or the Shewhart-Deming cycle PDCA (Deming
Cycle is often used — Plan, Do, Check, Act) allows to manage effectively the activities in various
areas on a system-wide basis. This is achieved through the following principles: a) sustainability
of the goal through allocation of resources in such a manner as to maintain the long-term goals
and high competitiveness; b) strict improvement of all processes; c) practice of leadership;
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d) promotion of effective bilateral ties within the organization and elimination of the barriers
between units, services and divisions; e) practice of personnel training and retraining; e) stalwart
devotion of senior management to continuous improvement of quality and effectiveness;
e) implementation of educational programs and support of self-improvement of the employees
under the “knowledge is a source of successful advancement in achievement of competitiveness”
slogan [3].

Kaizen principles of Continuous Process Improvement of the Company Activity constitute
central concept of Japanese management. The main components of Kaizen technologies are as
follows: a) total quality control (TQC); b) process-oriented management; c¢) “standardized work”
concept as the optimal combination of the employees and the resources; d) “just-in-time” concept;
e) PDCA-cycle; f) 5-W/ 1-H (Who-What-Where-When-Why / How) and 4-M
(Man-Machine-Material-Method) concepts. It is critically important that everybody should be
involved in Kaizen, from top management to ordinary employees, that is, “Kaizen is the cause of
each and everyone” [8].

Thanks to implementation of the principles of McKinsey in the modern world, those
organizations have revenues that are the most attractive in the labor market and do everything to
attract, to assist development and to retain the most talented employees. The basis of success is
appointment of the competent employees to the key positions within the organization. The
shortage of the staff will force the companies to start creating their own sources of engagement
and education of talents: partnership with the universities, the internship programs, career
enhancement system and continuous education.

In the management model based on the “the company is the creator of knowledge” principle
the main role is the “knowledge” The main provisions of this approach as follows: a) knowledge
is the main competitive resource; b) organizational training; c) the theory of the knowledge
creation by the organization is based on the methods of interaction and transformation of
formalized and unformalized knowledge; d) the spiral of creation of knowledge that extends “up
and in breadth” e) the knowledge creation team as a rule is composed of “knowledge officers”,
“knowledge engineers” and “knowledge practitioners” [9].

In the present-day conditions “stiff competition” of the organization becomes an obstacle for
rapid respond to external changes and effective use of limited internal resources, therefore the
organization must have such internal structure to allow it to adopt continuously to constant
changes of the external environment. The main components of the learning organization are as
follows: general vision, system-based thinking, skills of personal development, intellectual
models, group learning based on regular dialogues and discussions.

Universal principles of Toyota can be used in any industry to form a perfect organizational
structure which is capable of doing everything necessary to shorten the time period from the
moment of the Customer’s request and up to payment for the work performed. The following
practical ideas are relevant for every business, which is focused on strict improvement and
enhancement: a) making management decisions based on a long-term concept; b) standardized
tasks are the basis for continuous improvement and empowerment of the employees; c¢) education
of the leaders who have profound knowledge of their business, live with the company’s philosophy
and can share the knowledge about it to the others; d) it is mandatory to respect all partners and
suppliers, to set them difficult tasks and help improve; e) making decisions slowly, jointly and
carefully considering all options, but implement them quickly and immediately [10].

The principle of “learning through problem solving” provides for development of the system
of regular participation of students and employees in joint implementation of real projects
customized of the companies of domestic and world industry. This is achieved within the
framework of the activities of virtual project-oriented teams based on proactive acquisition and
application of modern key competencies, in the first instance, technologies of computer
engineering [11].

The principle of “lifelong learning” facilitates development of comprehensive and
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interdisciplinary training or professional retraining of skilled and competent world-class experts
in the area of computer engineering based on the corresponding advanced technologies.

The principle of inter-, multi-, transdiscipline means transition from field-specific sectoral
qualifications to a set of key competencies, that is, capabilities and preparedness to conduct the
certain activity (scientific, engineering, design, accounting, technological, etc.) that meets high
requirements of the world market.

Implementation of the principle of “know-how” and the key competencies within the
conditions of globalization and hypercompetition will allow confirming constantly high level of
performed research work, to create new scientific and technological results through systematic
capitalization and multiple replication in practice of both sectoral and inter-, multi-,
transdisciplinary “know-how”. This approach is fundamental for creation and dissemination of
key competencies and advanced technology within the organization.

The principle of “invariance” of multidisciplinary suprasectoral computer technologies allows
to create significant and unique scientific and educational projects by systematic capitalization
and multiple application in practice of numerous inter-, multi, transdisciplinary “know-how”, to
establish rational effective schemes and algorithms of engineering (polytechnic) system of transfer,
which is critically important for setting up of innovative infrastructure of the future.

It should be noted that at the present stage of civilization development any available resources,
including information, cannot provide long-lasting competitive advantages. Today, success in
global competition between the separate companies, regions and countries depends primarily on
ability to create new knowledge and, on the basis of them, to develop new technologies, new
products, identify continuously new problems and invent innovative ways for their solving. The
leading role in creation of a “knowledge triangle” (education-research-innovation) belongs to the
universities, that must act as the catalysts of innovation processes and, ultimately, the generators
of welfare and well-being. The University as an organization is intended not just to transfer
knowledge to students, but also to produce new knowledge and through involvement of students
to permanent scientific research it must teach them to analyze critically, to think and act
independently, freely, creatively, to formulate and solve new problems on their own, to develop
and study throughout the life [4, 6].

The cornerstones of modern engineering are, first of all, high-tech computer engineering
technologies: MultiDisciplinary and MultiScale and MultiStage Research and Engineering —
multidisciplinary, multi-scale (multi-level) and multistage research based on inter-, multi-,
transdisciplinary, —sometimes so-called “Multiphysical”  (“MultiPhysics”), computer
technologies [1]:

1. MultiDisciplinary Concept means transition from the separate disciplines, for example,
thermal conductivity and mechanics, based on thermomechanics, electromagnetism and
computational ~mathematics to multidisciplinary = computational thermo-, electro-,
magnetomechanics.

2. MultiScale Concept means transition from single-scale models to multi-scale hierarchical
nano-, micro-, meso-, macromodels.

3. MultiStage Concept means application of MultiDisciplinary and MultiScale concepts when
creating new materials with special properties, development of competitive systems, structures
and products of new generation at all technological stages of engineering (for example, casting —
stamping / forging / ... / deformation — welding, etc.).

The second base of modern engineering is “Simulation Based Design” which means computer
design of competitive products (products), based on effective and comprehensive application of
the methods of numerical simulation and advanced computer technologies with the use of modern
visualization tools [12]:

1. CAD, Computer-Aided Design. Currently three main CAD subgroups are distinguished:

* Mechanical CAD (MCAD — Mechanical CAD), being the most advanced technologies with
the corresponding segment of the market;
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* Printed circuit boards CAD (ECAD - Electronic CAD/EDA - Electronic Design
Automation);

* Architectural and construction CAD (CAD/AEC - Architectural, Engineering and
Construction).

2. FEA, Finite Element Analysis - numerical analysis, in the first instance, of the problems of
mechanics of deformable solids, statics, oscillations, stability of dynamics and strength of
machines, structures, devices, equipment, installations and constructions, that is, the entire
spectrum of products and products of various sectors of industry. With the aid of various methods
of numerical simulation, the problems of heat exchange, electromagnetism and acoustics,
construction mechanics, technological problems (in the first instance, the problems of plastic
processing of metals), the problems of fracture mechanics, mechanics of composites and
composite structures are solved effectively.

3. CAE, Computer-Aided Engineering means a high-tech computer-aided engineering based
on effective use of multidisciplinary suprasectoral CAE systems based on modern computing
methods. When implementing CAE-systems, rational mathematical models are developed and
applied that have high level of adequacy to real objects and real physical and mechanical processes,
effective solving of multidimensional research and industrial problems are solved that are
described by non-stationary nonlinear differential equations in private derivatives.

In XXI century, the main concept of computer-aided design of competitive products
(“Simulation Based Design”) is developed intensively by forces of the leading vendor companies
of CAE-systems and industrial companies [5].

Evolution of the main approaches, trends, concepts and paradigms from “Simulation Based
Design” to “Digital Manufacturing” can be represented as follows:

1. Simulation Based Design / Engineering (design and technical advisory services on
development and preparation of production process, ensuring the normal course of the process
and sales of products).

2. Multi-Disciplinary Simulation Based Design/Engineering (multidisciplinarity, the tasks
become complex, they require knowledge of related disciplines to solve them).

3. Super Computer Simulation Based Design (widespread use of HPC technologies (High
Performance Computing), supercomputers, high-performance computer systems and clusters
within hierarchical cyber infrastructures for solving complex multidisciplinary tasks, multimodal
and multiple-option calculations);

4. Super Computer (Multi Scale/Multi Stage and Multi-Disciplinary and Multi Technology)
Simulation Based Design/Engineering (application of concepts: multi-scale/multi-stage and
multidisciplinary and multi-technology).

5. Super Computer (Material Science and Mechanics) (Multi ** 3) Simulation Based
Design/Engineering (simultaneous computer-aided design and engineering of materials and
structural elements, among them: harmonious combination of mechanics of materials and
structures);

6. Super Computer (Smart Mat and Mech) and (Multi ** 3) Simulation and Optimization
Based Design/Engineering (application of Smart-materials/“intelligent” materials, application of
various types of optimization (parametric, multidimensional, structural, topological, multicriterion,
etc.), rational optimization of technological processes, etc.)

7. SuperComputer (SmartMat and Mech) and (Multi ** 3) Simulation and Optimization Based
Product Development (design, engineering and optimization extends to manufacture of products
and transition to Virtual Products/Products Development.

8. Digital Mock-Up/Digital Manufacturing (“digital prototype” means a virtual, digital 3-D
model of the product and all its components, which allows to exclude from the product
development process creation of expensive prototype models, it allows to “measure” and simulate
any characteristics of the object in any conditions of operation/“digital production” as the main
components of “smart” plants and factories).
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Integrated comprehensive systems and technologies to support the life cycle of products are
also being developed, the evolution of which can be represented by the following stages [12]:

1. CAD/CAM-technologies (Computer-Aided Design/Manufacturing) that integrate CAD and
CAM-systems and provide integrated solution of the tasks of computer aided design and
technological design, including the means of 3-D parametric modeling, release of drawings, as
well as technological production preparation aids, in the instance, with the aid of computer
numerical control (CNC) or, recently, with Rapid Prototyping, RP or Additive Technologies (AD).

2. Concurrent Engineering (CE) means “competitive” design/parallel design/joint design)
which is joint work of experts from different functional units of the company at the earliest stage
of the product development to achieve high quality, functionality and processability in the shortest
possible time with minimum costs. CE is basically expression of the desire to increase
competitiveness of products through reduction of the life cycle of the article, as well as
improvement of quality and price lowering.

3. Product Data Management Systems (PDM) are sometimes referred to as systems for
collaborative work with engineering data.

4. In addition to application of CAD/CAM/CAE/PDM systems, starting from 1990s ERP
(Enterprise Resources Planning) systems are used in the industry, they are enterprise resource
planning and management systems. At the beginning of the century, the most serious attention
was paid to Manufacturing Enterprise Solutions (MES) system, they are enterprise production
planning and management systems at the level of production unit, SCM systems (Supply Chain
Management, SCM), CRM systems (Customer Relationship Management, CRM).

5. The problems as to organization of teamwork on the projects and effective product
information management throughout its life cycle attracted attention from the 1980s. Different
approaches were proposed to address those issues, for example, the Unites States Department of
Defense proposed the methodology of computer-aided acquisition and logistics support (CALS)
and IBM Corporation introduced the concept of Computer Integrated Manufacturing (CIM).
Perhaps those initiatives were ahead of time, but due to a number of reasons, they did not become
widespread and did not cause stimulate enthusiasm among users.

6. At the end of the last millennium, IBM developed the new concept — Product Lifecycle
Management (PLM). The demand for PLM products began to grow, despite the recession and
global economic crisis. The main purpose of PLM-technologies is unification and effective
interaction of isolated automation areas that were formed as a result of implementation of various
systems (CAD, CAM, CAE, PDM, ERP, MES, SCM and CRM) within the single information
space, as well as for implementation of end-to-end engineering, technological and commercial
production cycles, from inception of an idea, creation of product, its operational use, and, finally,
its disposal”.

It is critically important that the basis of PLM-technologies form CAD-, CAM-, CAE- and
PDM-technologies, due to the joint use of which traditional and consistent approach to
development of new products is replaced by a modern integrated approach. This approach ensures
simultaneous computer-aided design of the product with the aid of CAD system, execution of
various engineering CAE calculations (computer engineering) and technological preparation of
production with the help of a CAM system based on joint use of the project data from the earliest
stages of design and engineering analysis, simultaneously by different groups of experts using the
PDM-system.

The following presents is a high-tech computer-aided engineering of bimetallic casting (SAE
system) that is based on reliable methods and algorithms of numerical solution of heat transfer
problems, nonlinear thermoelasticity problem and inverse heat conduction problems, which make
it possible, based on the results of a natural experiment, to adapt a mathematical model to the
conditions of the process under study [13].

Using these algorithms, a multipart analysis of casting solidification process was performed,
in the course of which thermal and geometric parameters of the system varied and the basic
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parameters of optimal casting regime were determined. Developed software tools release the
researcher from conducting expensive and labor-intensive experiments on liquid metal and allow
analyzing new technologies and new processes of casting.

The significant reserve for increase of metal use efficiency in machine structures is application
of cast products and multilayered products within the structures of castings, including those
obtained on the basis of worn parts.

Reconditioning of parts by filling of liquid metal into a solid base in diecasting die is carried
out if the following processes related to heat exchange are in place: preliminary heating of the
worn part (metal-base) using an induction heater; solidification of filled liquid metal; cooling of
obtained bimetallic casting and diecasting die.

An important condition to form a high-quality casting is obtaining of metallic linkage between
connecting parts. In the course of interaction of filled metal with the metal base of diffusion
melting process the process of diffusion saturation of the surface layer is always preceded. After
the certain concentration the alloying element is reached, the surface layer of the metal base is
melting. The depth of diffusion layer for this temperature can be determined approximately by
saturation time and diffusion coefficient of alloying element.

In the course of worn parts in diecasting die reconditioning in castings there is significant
nonuniformity of temperature fields. The degree of nonuniformity of the temperature is
determined by thermal interaction of build-up layer with metalize, conditions of heat transfer of
casting with the environment, initial thermal state of the system, etc. The thermal stresses resulting
from this nonuniformity can lead to the formation of various types of cracks.

An additional point is that insufficient metal junction may appear between built-up layer and
metal base. Thus, the reconditioning of parts should be carried out under such values of
technological parameters that ensure welding of bimetallic layer (built-up layer-metal base) and
permissible level of emerging thermal stresses in the casting.

In connection with this, there was a need for mathematical simulation of heat transfer processes
within the system of interacting bodies in the course of bimetallic casting formation.

The process of worn parts reconditioning is accompanied by the displacement of boundary of
transformation phase as a result of metal crystallization and during mathematical description, it
belongs to the class of Stefan’s task.

The mathematical model of the task of casting hardening includes the parabolic equation of
heat conductivity:

at
Py = div(dgradt) + 11, P={Gx[0x1]} (1

initial conditions:
th =, (2)
conditions of heat exchange on full external border G:

L(t) =, 3)

on the S surfaces of field links objects G:
- As -
/’{Atls— = S_SAtls = /’{At|5+, (4)

and on the interphase border Stefan’s approach is used in classical formulation:
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N d
AAty,- — abtp+ = p)(d—j, 5)

where G is the area in some spatial coordinates; T is the time; A — effective heat transfer
coefficient through gas gap with &5 value; L operator can correspond to the border-line conditions
of type I, II or III. In this case, the inputs in the system of Egs. (1)-(5) functions:

(1) = {C' p'A' H,){, (P' ',b; 65: AS}' (6)

are considered as set for entire field P, in which the temperature and the problem (1)-(5) are
determined which is considered to be a direct heat conduction problem if phase transformations
are in place.

Given the known difficulties (nontranparancy of molten metal, its high temperature,
aggressiveness, etc.) it is not always possible to accurately determine physical or geometric
characteristics of the system. The situation might arise when at least one of the functions (6) is not
determined or it is determined not in all field of the temperature definition and it is necessary to
find this function on the basis of other known functions and some additional information about
the temperature or heat flow in the cylinder P:

Ly(P) = g. (N

Such a heat conduction task (1)-(7) is considered to be inverse. Since the additional
information is taken from the experiment, the methods of solving the inverse problem of heat
conduction allow us to adapt the mathematical model to the conditions of the process.

On the basis of the mathematical model of the heat conduction problem in the system of linked
objects (“Surfacing”, “Thermal insulation”, “Diecasting die”, “Environment”) an algorithm and a
software complex with the use of the difference method [14] have been developed.

Simulation experiments were carried out on the research of heat transfer processes on
reconditioning of parts by filling of liquid metal on the worn surface of the part (metalbase).

In implemented technological line on reconditioning of parts (running roller) of a track type
tractor, heat transfer processes run under the following conditions: 1) inductive heating of the
metal base is carried out outside the diecasting die; 2) solidification of molten mass takes place
without shielding; 3) cooling of the die-casting die and casting is carried out by air.

It is assumed that with a view to obtain high quality casting, the process of reconditioning of
the running roller in the diecasting die, the inner surface of which is covered with thermal
insulation layer, is carried out by liquid metal with overheating temperature of about 100 to 200K.
At the same time, it is accepted that liquid metal at the time of metal base preheating completion
is filled quickly enough and it hardens at the constant temperature T.

The defining parameters of the technological process can include the temperature of preheated
surface of metal base Ty,, the temperature of liquid metal T; and the amount offilled metal D,
which is spent on reconditioning the unit surface of the worn part. In order to develop optimal
modes of reconditioning of worn surface of the running roller of the track type tractor,
computational study of the process was performed, depending on its determining parameters.

The following was determined in the course of computational study of reconditioning process
of the running roller of the track type tractor: temperature distribution within the system of objects
and the coordinates of phase transformation borders, the gap and the heat transfer coefficient
between the casting and diecasting die as well as the temperature of the free surface of the thermal
insulation.

A good match of design and of the calculated and experimental temperatures on external
surface of metal base and inside building-up where the temperature is maximum shows sufficient
accuracy of the mathematical model which is used.

For quality eating of metallic compounds of bimetallic pair, kinetics of solidification of liquid
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metal on the metal base was studied, depending on the key parameters of the technological process.

The results of calculating examination of the parts reconditioning process showed that molten
metal was located near external surface of the metal base for some time in a liquid state. This time
will be called as welding time of bimetallic pair. In the course of this time diffusion meltdown of
metal base is carried out.

Based of the finding of experimental research the depth of qualitative diffused layer makes the
order of b = 0.2-0.4 mm.

Apparently, the optimal level of diffusion meltdown of metalbase corresponds to the depth of
the surface irregularities and microcracks. Having in our dispodal b value, we can determine the
minimum time (saturation time) required to create the required connection.

As the optimal criteria of the parts reconditioning, stress intensity is used which determines
permissible level of the emerging thermal stresses and S ratio, which characterizes welding of
bimetallic pair (meltdown — metalbase).

Correlation S is obtained on the basis of comparison of calculated and experimental data:

NxTxM
=— ®)
1-M
. . .. T;-T¢ Tm D . A
where dimensionless quantities are N = - T = . and M = o0 D; — input of liquid metal at
t t j

full wear of a rim part.

S value, obtained on the basis of relation (8) was used for the a-priori estimation of the
parameters of the process of obtaining bimetallic casting by filling with cast iron under
composition (on the mass): 2.8-3.2 °C; 1.6-2.2 Si; 0.7-0.9 Mn; 0.2-0.4 Cg; 0.2-0.4 Cu; less than
0.05 S; less than 0.1 R on a solid metal base, made of steel grade 45.

When input of liquid metal equals to M = 0.22-0.57, its overheating equals to N = 0.1-0.25
and preliminary heating of external surface of metal base reaches the value of T = 0.74-0.97, then
the qualitative weldability of bimetallic pair will be achieved if the following condition is fulfilled:
S > 0.04.

Stressed state of bimetallic casting was determined by the solution of unlinked nonlinear
thermoelasticity problem. The solution of the problem was carried out in movements by the
method of installation [14]. In the course of numerous calculations, distribution of strain, stress
and intensity of stresses were calculated. The value of permissible stress has been determined
under the literature sources at the maximum temperature in each of the layers of the bimetallic
casting, in which it takes minimum value and determines critical state of metal.

Calculations have shown that under the influence of substantially irregular temperature field
in bimetallic casting the significant temperature stresses arise that depend on the temperature value
difference along interconnection of the article. Based on the results of numerous experiments it
can be concluded that in order to reduce the level of emerging thermal stresses in bimetallic casting,
it is necessary to select metals as close to mechanical characteristics as possible and avoid high
temperature differentials through the thickness of the article.

Studied problem with respect to formation of qualitative diffusion layer in bimetallic castings
is also relevant in the processes of obtaining multilayer castings by filling of the next portion of
liquid metal onto solidified metal after pre-filling.

Developed methodology allowed to carry out computational studies of thermal state of
multilayer casting, obtained by layered filling of liquid metal on a pre-filled and solidified basis,
and to obtain practical recommendations related to optimal modes of their formation.

The most active participants of the engineering projects are the countries of Europe and North
America, but all these countries give ground to the United States. The trends in development of
international engineering can be include the fact that among the exporters of engineering services
the small companies dominate and the services themselves have national or regional nature [2].

Europe possesses a well-developed engineering consultancy service. There are all categories
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of companies that provide engineering services of all kinds in the region. The main lines of
engineering services export from the EU are the EU countries themselves, the USA, Switzerland,
Japan, that is, the most highly-developed countries. A small share of export falls to Russia, China,
India, Turkey, Africa. Import of the EU is almost the same as export. For developed countries
there is a widespread implementation of works and provision of services in the form of
comprehensive engineering, that is, full range of services and supplies required for new production.

The market of engineering in Ukraine is in fact only at an early stage. More than 80 % of
domestic engineering companies have a market share of less than 0.3 %. This low indicator can
be explained. First, in Ukraine, the demand for comprehensive engineering services is still
insufficient. Second, lack of experience causes rise to a large number of errors in implementation
of projects. The current problems of Ukraine also include shortage of skilled personnel, poor work
performance, obsolete legislative framework, imperfect system for determination of the costs of
the project design work, corruption phenomena at the stage of approval and examination of
documents, low level of project design works automation and many others [1].

To ensure further development of engineering and advisory activities in Ukraine, the following
main organizational and economic measures should be implemented: 1) establishment of world-
class competence engineering centers to permit Ukraine to reduce its dependence on foreign
experts; 2) holding of professional international level forums; 3) adaptation of know-how to the
specific conditions of Ukraine by local engineering companies; 4) setting up of the system of
professional education and training of specialists in the area of engineering and ensuring of free
access to professional literature; 5) regulation of legislative framework; 6) improvement of quality
of engineering services by attracting the specialists from the certain sectors of science and industry.

The priority components should be as follows: a) building up of the National system of “digital”
and STEM-education (focused on the scientific component of education and innovative
technologies, and it actively develops creative component of personality and critical thinking);
b) introduction of special training for cyberphysical productions and their continuous professional
development; c) development of new approaches to acquisition of knowledge and skills at
workplaces, including use of digital education methods.

Conclusions

In the context of international development, the engineering services become more widespread
since they increase significantly the efficiency of invested capital. The experience of economically
developed countries shows that one of the main prerequisites for economic growth and innovative
development of the economy is precisely development of engineering market.

The role of Ukraine in international engineering at this stage is insignificant, but the positive
trend is development of domestic engineering companies having competitive advantages in our
country.
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Chapter 2

Dynamics of rotor systems and vibration processes



2.1. System analysis of automatic balancing
(self-balancing) machine rotors with liquid working
bodies on the example of drum type washing machines
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Abstract. The main objective of the research is a solution of problems, connected with increasing
reliability, efficiency and safety of modern rotor machines.

The class of rotary machines with varying imbalance while operating is rather diverse. These
are separators, centrifuges used in chemical, food manufacturing, sugar, mining, medical
industries, as well as sandblasters, washing and wringing machines and many others.

On the example of washing machines within the framework of the linear theory of oscillations,
the dynamics of rotor machines is investigated, and the main causes of their vibrations and noise
are revealed by experimental methods.

The basic problem of these machines is decreasing of their vibroactivity. We will ground the
effective method of balancing rotor machines without stop during exploitation conditions —
passive automatic balancing with free movement of fluid.

The current work is dedicated to system research of the mentioned method, particularly for
studies of fundamental natural phenomenon — self-balancing rotor with the help of passive
auto-balancing units, which look like cavity chambers, partly filled with working media (fluid)
being passive regulators of direct action that don’t need energy supply and control system for
movement of correction counterweights.

All theoretical materials are corroborated by results of experimental researches.

Keywords: rotor, vibration, automatic balancing (self-balancing), auto-balancing units (ABU),
balancing effectiveness, vibroactivity, causes of vibration, washing-machine.

1. Introduction

Rotor mechanisms are used in a lot of areas of modern production, from mechanical
engineering to computer and household appliances. Since these mechanisms have to operate under
conditions of high velocities, strong vibrations, caused by shifting of rotor’s center of gravity can
become a serious problem and even lead to breakage of mechanism.

Problems of vibrations decreasing, stimulated by rotating rotors and having frequency of first
rotor harmonic (also known as rotor vibration) are one of the most significant problems of
construction, production and operation of almost all types of modern rotor machines [1]. Rotor
vibration substantially defines reliability of these machines, for which high rotation frequencies,
relatively small rigidity of construction are inherent, and critical operation modes are located
within the limits of operation ranges of angular velocities [2].

Solution of tasks, concerning problems of decreasing rotor vibration is founded on the basis of
linear theory of mechanical oscillations. The theory also indicates main directions of vibration
control: vibroinsulation [3]; damping [4]; dynamic oscillation suppression [5]; perfecting methods
of rotor balancing [6, 7], including those that take into consideration their flexibility [8].

Researches of rotor dynamics count more than 140 years, and the article of famous Scottish
scientist W. Rankin [9] about rotational movement of rotor, written in 1869 is an evidence of this
fact.

Practical value of this article is in the fact, that it for the first time adduced description of the
effect of elastic and centrifugal forces on the rotation of flexible shaft. Other than this article
showed how Poisson’s theory about transverse vibrations of rods can be applied to dynamics of
rotors.
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Discoveries made in the research of rotors dynamics at the beginning of 20th century are
described in details in A. Stodol’s monograph [10]. Expect the rest it describes the dynamics of
flexible shafts with disk, the dynamics of distributed rotors without reference regard gyroscopic
moment, static balancing of critical velocities.

With increasing rating and rapidity of machines increases the range of reverse effect of
working environment on machine’s rotor. It leads to the fact that, on one hand, rotor experiences
significant load-bearing disturbance and under these conditions performs forced oscillations, and
on the other hand — becomes less resistant and, under certain circumstances, enters the mode, in
which besides forced oscillations there are also self-oscillating components [11]. For the first time
the problem about self-oscillations of rotors were brought up in M. Ya Kushul’s research [12],
where stationary almost periodical oscillations of imbalanced rotor were examined, in which the
reason of the origin of self-oscillating component is internal friction in the material of rotor.
Further this subject was developed by G. I. Anikeev in his work [13], where lubricating film in
supports and existence of dry friction were considered as reasons of the origin of self-oscillations.
In the research of K. M. Ragulskis [14] except theoretical and experimental research of rotors’
vibrations, the objectives of evaluation of out-of-balance rotor systems by vibration parameters
are examined, and also the use of static approach to research of vibrations is described. Questions
of the steadiness of rotor frequencies research are described by V. I. Siminivskiy in work [15].
The influence on constructive and mode parameters is analyzed, methods of calculation of
multimass rotors steadiness are proposed in this work.

Majority of authors, researching dynamics of rotor systems, posed a problem of selection
optimal parameters of rotor in respect to decrease vibrations. Among works, in which these type
of problems are solved, one can mention work of B. Ya Kalmens [16], in which providing
vibration reliability of machines by treating constructions of elements on the design stage is
described, and also creating criteria of vibration reliability that corresponds to safe exploitation
conditions. Similar approach to decreasing amplitudes of vibration movement of rotor by selecting
characteristics of supports or form of the rotor is described in work of A. S. Kelzone and Yu M.
Malinin [17]. This work adduces solutions of optimization tasks both for transitional and
stationary operating modes.

Drum washing machines have become more widespread due to the simplicity of automation,
more gentle washing, saving of water and detergent compared to the activator ones; but they are
more complex and less reliable. Automatic washing machines are mainly drum type.

A washing machine as a object of research of the dynamics and vibration and noise decreasing
is a particular interest. The reason is permanent presence of accidental imbalance because of
bedclothes and small parts of machines and equipment in the drum and also as a result of low
requirements for manufacturing and assembly accuracy of its parts and units in order to steer clear
of possible increasing in value of manufacture.

Let’s consider a rotary system using the example of a washing machine with a horizontal axis
of rotation and implement theoretical studies using the theory of linear oscillations.

We will analyze the results and consider passive liquid auto-balancing as a means of reducing
the vibration of rotary machines with variable imbalance.

The class of rotary machines with varying disbalance while operating is rather divers. These
are separators, centrifuges used in chemical, food manufacturing, sugar, mining, medical
industries, as well as sandblasters, washing and wringing machines and many others. For these
machines traditional methods of reducing vibrations are of low efficiency, and the most effectual
way is autobalancing by means of hollow chamber partly filled with working bodies.

To eliminate the imbalance of the rotating body, liquid auto-balancing devices (ABD) are used
in the form of a hollow chamber with liquid working bodies. They are a standard feature in most
household washing machines [18-21], but are also used in heavy industrial rotary machines. As
an example, for washing machines, liquid stabilizers are used, which consist of a hollow ring
similar to a rubber hoop but usually with a rectangular section containing a small amount of liquid.
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The ring, as a rule, attaches to the drum. The fluid moves freely and seeks to combine the main
central axis of inertia of the rotor with its axis of rotation.

The main idea appeared already in 1912, and the US patent was granted in 1916 (Leblanc,
1916 [22]), where the working principle of the liquid balancer was outlined. Namely, when the
machine rotates at a high angular velocity (), the liquid forms a thin layer on the inner surface of
the outer wall, depicted in Fig. 1.

A situation is considered when there is an unbalanced mass m, for example, due to the uneven
distribution of clothes in the washing machine. The rotor has a critical angular velocity {,., where
the centrifugal forces are balanced by the forces due to regenerative springs. Below this velocity
(2 < Q) ,the center of mass of the fluid will be located “on the same side” as the unbalanced
mass, as shown on the left side of Fig. 1 (here M denotes the mass of the empty rotor, and M is
the mass of the fluid contained in camera) At a certain supercritical angular velocity Q > (., (say,
during the drying process), the center of mass of the fluid moves to the “opposite side” relative to
the unbalanced mass, as shown in the right side of Fig. 1, resulting in a “mass imbalance” and,
thus, decreasing Thus, the centrifugal forces will decrease and the amplitude of the rotor
fluctuations will decrease.

\Q <Q,

M M

Q>Q,

\

Fig. 1. Principle of operation of the liquid stabilizer for Leblanc

The original model consisted of one or more very narrow concentric channels (narrow in the
radial direction, but wide in the axial direction, that is perpendicular to the plane in Fig. 1) partially
filled with “liquid or very small steel balls or metal shreds” [22]. Thearle (1932) [23] considered
and criticized the fluid balancer of Leblanc; and later Dan Hartog (1985) [24] supported Thearle’s
views. Here it is said that the Leblanc’s balancer cannot work with the liquid, but only with the
steel balls, and thus the invention was not recognized. This is probably due to very narrow
channels, which mainly prevent the formation of surface waves.

Nevertheless, an automatic washing machine, equipped with a liquid balance, was introduced
in 1940 and patented in 1945 (Dyer, 1945) [25]. The model of the liquid balancer was very similar
to modern models, with a wide concentric camera, wide enough to allow the formation of a surface
wave with large amplitudes.

The idea, therefore, is not new; but recently there has been a renewed interest in it both in
industry and in scientific fields.

Experimental studies of liquid dampers were carried out by Kashara and others [26] and
Nakamura [27]. As for mathematical models, simple models with lumped masses were considered
by Bai in [28], Jun in [6], Maiewskyi in [29], Chen in [3], Urbiola-Soto and Lopez-Parra in [30].
The first and last two of these articles also include experimental studies. Jung's article [6] contains
several numerical simulation results based on the computational fluid dynamics.

It should be emphasized that for the first time E. L. Thearle made an attempt to substantiate
theoretically the principle of the action of Leblanc’s ABD, ring, swing, and ball ABDs in the
cycles of his articles [23]. He proposed a flat model of the rotor and the ABD. Within its
framework, there is a single critical speed in the rotor, the excess of which the rotor begins to
rotate light side outward and begins to manifest self-centered rotor phenomenon, which was laid
by Thearle in the basis of the principle of the operation of all passive ABDs. In fact, here the
phenomenon of self-centeredness appears as a phenomenon of self-balancing. The approaches and
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results of the work of E. L. Thearle formed the basis of subsequent studies in the field of balancing
the rotors of machines with passive ABDs. And the result obtained without taking into account
the specific properties of the relatives, the forces of resistance, and thus the theoretically
unreasonable and experimentally unconfirmed conclusion about the limitations of the range of
performance of such auto-balancing devices by the supercritical (or retrograde) rotor rotation area
is unexplored to this day. Therefore, a more detailed explanation of this phenomenon remains
necessary.

Consequently, a more detailed explanation of the fluid balance dynamics remains necessary.

The approaches and the results of E. L. Thearle’s work formed the basis of the following
studies: J. Larry, O. Gusarov [31], V. P. Nesterenko [32], H. S. Hoon, L. J. Young, S. Suzuki,
Ye M. Pashkov [33], Chung-Hyo Jung [6], M.A. Langthjem, T. Nakamura [34],
Cunico M. W. M. [35] and other researchers in the field of balancing rotors of machines with
passive liquid SBD. And the result obtained without taking into account the specific properties of
correcting the masses, the forces of resistance, and thus, the theoretically unreasonable and
experimentally unconfirmed conclusion about the limited range of performance of such
automobile balancing devices with the supercritical (after resonance) rotor rotation zone is
unexplored even nowadays.

According to the results of the review of Internet sources by the main manufacturers and
industrial users of passive SBDs (in particular ball and liquid devices), there are such well-known
companies as LG Electronics Inc. [18], Whirlpool Corporation [19], SKF AutoBalancer Systems
[20], Samsung Electronics Co. Ltd [21]. However, information on the practical implementation of
the above devices for automatic balancing of rotors of machines was not found. Such
developments exist only as ideas in patents. Known companies use the idea of passive
auto-balancing in advertising their products, which indicates the relevance of such SBDs, but their
widespread use on serial machines is hampered by the unresolved many problems in the theory
and practice of balancing rotors passive SBD, the presence of a number of phenomena and
contradictions that have not yet found the proper theoretical justification.

Traditional methods are ineffective for machines with variable rotor imbalance and for
balancing machine rotors without a halt in maintenance conditions. Automatic balancing by means
of devices with free correcting masses movement is the most reliable, perspective and often the
only possible method for reduction of vibration in such machines.

The current work is devoted to system research of the method mentioned, particularly to
studying the fundamental natural phenomenon — rotor self-balancing with the help of passive
auto-balancing units (ABD) which look like cavity chambers, partly filled with working media
(liquid, granular materials) being passive regulators of direct action which don’t need supply of
energy and control system for correcting masses movement.

2. Mathematical model of washing machines and the results of its investigation

Matrix form was used to acquire mathematical equations that represent the oscillation of
multiply connected tank-drum system fastened to the elastic suspensions for main types of
machines and ring type centrifuges with the horizontal and vertical rotational axes. The problems
have been solved in linear approach by using II type Lagrange equations.

The research is based on the theoretical analyzing concepts of rotor systems described in
[36, 37].

Let us examine osciliations of elastic — suspended tank, containing console — fastened rotating
imbalanced drum. Such sketch is typical for machines with the horizontally — stated tank for linen,
for instance as in “Viatka”, “LG F1222ND” and etc.

Assumptions used for schematization of the object of research are such that real typical
construction was replaced by the design diagram (dynamic model), in which the absolutely solid
body (tank with mass m,) is elastically attached to the block by random number of bearings and
is it capable of shifting in the space, having 6 degrees of freedom (Fig. 2). There is a cavity inside
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this body, in which the rotor rotates with the angular velocity w, having mass m,, leaning on the
absolutely rigid bearings, contained in the same body.

Fig. 2. Design diagram

As generalized coordinates, presetting system’s location in space, three Cartesian rectangular
coordinates of the machine drum inertia centre (axes a4, b;, ¢y, serving as principal central axes)
and three angles «, 8, v, specifying rotations of these axes of coordinates regarding to the
immovable, connected with the frame, coordinate axes X;, Y;, Z;, or parallel to them axes X, Y,
Z, coinciding in the drum’s centre of mass O, generally not laying on the drum’s rotation axis, are
assumed.

In such coordinate system oscillations can be presented as a superposition of six helicoidal
motions with the propellers’ immovable axes X;, Y;, Z;, and generally the system of tank-drum
carries out six-unit oscillations.

In order to constitute differential equations of the system’s motion we will use second type
Lagrange.

(1)’]&)’](1)

a ¢, — tank inertia moments with respect to the main central

my — mass of the tank; J

axes a,, by, ¢; accordingly; m, — mass of the drum.
Tank-drum system’s kinetic energy can be calculated as a sum:

T=T,+T, (1

where, T; + T, — kinetic energies of the tank and drum, correspondingly.
According to Konig’s theorem kinetic energy of the tank [36] can be written as:

1 . . . M . .
Ty =5 [maGf + 9%+ 28) + )G Wi + Iy Wb +Je W], @

where 12, , ¥2,, % — vector projections of angular velocity ¥ = & + § + 7 to the axes a;,
by, c;.

In order to constitute expression of the drum kinetic energy we need to study its movement in
general case (Fig. 3), when the centre of the drum mass in point S does not agree with the centre
of the tank masses at the point O. Let’s designate drum eccentricity by a letter e.

Let us introduce extra coordinates of the system into examination: performing the
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reciprocating movement X,, Y,, Z, with start at the point S and X3, Y3, Z3 with start at the point
D, firmly connected with the drum.

The coordinate axes a,, b,, ¢, are considered as main central axes of drum inertia.

The start point for data recording D we receive as a result of drum’s rotation axis intersection
with a plane, passing at the point S through the centre of masses perpendicularly to the drum
rotation axis. In the reference state and in the case of eccentricity absence (e = 0) the point S is
congruent with the point D.

It is presumed that in the initial state the axes Y, Y;, Y5, Y5 and b,, b,, b; is parallel to the axis
of drum rotation.

In the examined coordinate system the movement of the drum generally can be represented as
a complex motion: reciprocating movement at the point S with the centre of masses and rotation

around this centre with the angular velocity of Q = ¢ + @.

| 23
b2 \
> \ ®
e \ e
A Lo
| £ } // \\ Ys
7]
s \ // | Y
1\ b /// } i\
Za ey |
\Zo B
O : 2 }
(04 &E __________ _L/XD u
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Xs o~ '//Xm Y.
Vo O

Fig. 3. Movement of the drum in general case

Using the Konig’s theorem we can write the expression for the kinetic energy of the drum:
1
Ty = 5 [ma(Véa + Vi + Vi) + 17 Q% + 0%) + 1,705,] 3)
Expression for the kinetic energy of the tank-drum system will be following:

1 .
T = > [m1(5c12 + 97 4+ 28) + 1% + 1, B2 + Ic1)7c21]
+m23'c1(BZD —yyp + wecoswt) —myYYp (BZD + wecoswt)
+m,Bwe(zpcoswt + xpsinwt) + m,w?e?coswt 4)
+m,y, (Yxp — zp) — myyaxpzp + mzz'l(dyb — Bxp — wesinwt)

. 1 .
—mzo'(yD(,BxD + a)esinwt) + Elg)w (w + 2(,8 +ay— dy)).
Let us find the expressions for the potential energy and the energy dissipation within dampers
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of the tank-drum system.

Oscillating tank-drum system potential energy is determined by supports elastic deformations.

It is presumed that the tank-drum system is joined with the body of washing-machine through
n elastic elements and m dampers.

In order to simplify dependencies, we will presume that the principal rigidity axes and
constants of viscous friction of all elastic elements or dampers are parallel to the main central
inertia axes of the tank-drum system.

Then projections of the rigidity vector of i-th elastic element to the coordinate axes X, Y3, Z1,
which represent their main rigidities, will be Cy;, Cy;, Cy;, and for every i-th damper as projections
of vector of constants of viscous friction are hy;, h,; and h,;, moreover the latter also represent
main constants of viscous friction. Such simplification is practically compatible with the structural
composition of the elastic elements in existing washing-machines, and their other compositions
do not promise any additional advantages.

Under these conditions following expression will represent the equation of potential energy of
the tank-drum system:

n
1
=5 ) (Cold, + Cy B3, + C A2 ), 5)
1

where Ary ,, Ar, ., Ar, . — fastening points movements along the axes Xy, Y3, Z; relatively to the
movable system of elastic elements; n — number of elastic elements of the tank-drum system.

Dissipation energy in the dampers owing to action of viscous friction, which depends on the
velocity of motion of the points, will be following:

1 N -2 "2 "2
=5 (h i+ hy AR+ Ty A2, (6)
1

where A7y, A7, ., AT, . —velocities along the axes Xy, Y, Z; of connection points of the dampers
to the tank-drum system; m — number of dampers in the tank-drum system.

Differential equations of the tank-drum system oscillation will be received by applying II type
Langrage equations and taking into account the energy dissipation by assuming Rayleigh type
damping [37]:

d<6T> or on_op _ -

where j — number of generalized coordinates, which in this case is equal to 6.

By carrying out prescribed by the equations of Lagrange Eq. (7) according to six generalized
coordinates, i.e. X{, Yy, Z;, @, f, ¥, mathematical operations, which assume that w = const and
by omitting indexes at X;, Y3, Z;, we receive a system of six differential equations:

n

mx+m2ﬁzD mzny-l'xzcxl-l'ﬂzcxlzl yzcx Vi

+th +,82h Zi — ythyl—mzw esinwt,
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n
mj}—mziizD+m2)'/'xD+yZ Cy; — ch zl+chy X;
+'Z Zh zl+y2h x; =0,

mz + mydyp — myBxp + ZZ €z + az Cz Vi — ,BZ Cz;Xi

+z Z hy, +a Z h,yi — B Z h,x; = myw?ecoswt,
1 1 1

Ja, 0 — mZyZD + myZyp — mzﬁYDxD - mznyZD - 2]152)(1)7

n

—yz Cy,Zi + ZZ Gy ta Z Cz; yi + Z cylzl

_.Bzczlxtyt yzcyl XiYi — yzh Z1+Zzhzyl

+a Z h;, ;2 + Z h,, zl - BZ h,xiy; — ]'/Z hyxy; = m,ypw?ecoswt,
1 1

Iblﬁ + mzxzu - mzsz — MydypXp — MV YpZp
n n n

n n
2 2
+xz Cx;Zi — ZZ Cz,Xi — az CzYi X + B Z Cx;Zi" + Z Cz,Xi
1 1 1 1 1
n m m m
—VZ CxYiZi + % Z hy,z; — ZZ hyyi — dz hyyixi
1 1 1 1

m m m
+B Z hyz;* + Z hyxi? | = }'/Z hyyizi = —myw®e(xpcoswt — zpsinwt),

. 2 .
]c1V mzxyD + mzny mzaxDZD mzﬁ}’DZD + 2]( )wa

_xzcxyt+yzcylxl chzlxl .Bzcxl ZiYi

1

+y chixl-z +Zcxiyi2 —xz hy,yi +]'/Z hy, x;
1 1 1 1
m m m m
—dz hy,zx; — B Z hy zix; + 7 Z hyx;* + Z hyyi? | = —myw?eypsinwt.
1 1 1 1

Differential equations in matrix form are:
[M]G + ([G] + [DD)g + [Alg = [Q], ®)

6 . o . 6 . .
where [M] = ||Pi1'”1 — matrix of inertia coefficients; [G] = ||qij||1 — matrix of gyroscopic
. 6 . . . 6 .
coefficients; [D] = ||0(U||1 — matrix of coefficients of damping; [4] = ||aij||1 — matrix of
coefficients of rigidity; ¢ = {x,y, z, @, B, y}T — matrix-column of generalized coordinates;

Q ={Qx @y, Qs Qu Qp QY}T — matrix-column of generalized factors of forces.
Also, the coefficients, for example, of the matrix A have the following expressions:
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n n n

a1 = Z Cx;p Q15 = A5 = Z Cx; Ziy Q16 = A1 = _Z Cx; Vis
i=1 i=1 i=1
n n n

az2 = Z Cy;» Qz5 = A5y = _Z Cy;Zi» Q26 = Qg2 = § Cy; Xi
i=1 i=1 i=1
n n n

Qzz = Z Cz;p Q34 = Q43 = Z Cz; Vi Q35 = Qs3 = _Z Cz; Xi

i=1 i=1 i=1
n n n

n
_ 2 2 _ _ _ _
Ay = Z C;¥Vi t Z Cy;Ziy Q45 = Q54 = _Z Cz; XiYir Qag = Qes4 = _Z Cy; XiZi,
i=1

i=1 i=1
n

n
_ 2 4 2 — - _
Qss = Cx; Zi Cz; Xi» Qse = Qg5 =
i=1

i=1
n

_ 2 2 _ _ _ _ _
a66_zcyixi +Zcxiyi’ A1 = Q3 = Qp3 = Gpq = A3 = 0,
i=1 i=1

M1=1

Cx; YiZi
i=1

where ¢y, ¢y, ¢;; — projections of the stiffness vector of the i-th elastic element to the coordinate
axes X1, Y1, Z;.

According to their structure elements a;; of the matrix A can be divided into four groups and
named analogously to the components of the inertia tensor. The first group comprises from
elements a;;, those which have i, j <3 and I = j. They represent summarized rigidity, which
values are essentially positive.

The second group includes elements a;;, having i, j > 3 and i = j. They represent torsional
rigidity of the tank-drum system suspension. According to signs they are similar to the inertia
moments with respect to the coordinate axes, in other words they are always positive.

The third group includes elements a;;, having i, j < 3 and i # j. They represent static
moments of rigidity with respect to system’s coordinate planes. According to signs they are similar
to the static moments of masses with respect to coordinate planes, in other words they can be
positive, negative and zero.

And, finally, the forth group includes elements i, j > 3, having i # j. They represent
centrifugal moments of rigidity with respect to pairs of coordinate planes. According to signs they
are similar to the centrifugal moments of inertia, in other words they can be positive, negative and
zero.

Such analogy provides a possibility for developing simple rules, at which the non-diagonal
elements of the rigidity matrix — static and centrifugal moments of rigidity will become zero, and
it is necessary for separation of the system’s oscillations. Particularly, static and centrifugal
moments of rigidity will become zero, if coordinate planes with respect to which they have been
determined, will be planes of symmetry of the tank-drum system suspension. Analogous
assumptions remain valid about the elements structure of the damping matrix D.

For complete separation of free oscillations (when the drum is not rotating), in addition to the
rigidity matrix A4, it is necessary that the matrix of inertia coefficients M would have a diagonal
form, and it is possible when center of mass of the tank coincidence with the centre of mass of the
balanced drum.

However in practice because of linen random distribution inside the drum it is impossible to
receive complete coincidence between center of mass of the balanced drum and tank. However,
for reducing vibroactivity of the washing-machine it is essential to seek that the centre of mass of
the tank would be on the rotation axis of the drum and that they would be as much as possible
closer to its centre of mass at uniform positioning of linen.

Realized analysis of differential equations of motion allowed to formularize requirements

34 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



2.1. SYSTEM ANALYSIS OF AUTOMATIC BALANCING (SELF BALANCING) MACHINE ROTORS WITH LIQUID WORKING BODIES ON THE EXAMPLE OF
DRUM TYPE WASHING MACHINES. ILONA DRACH, VILEN ROYZMAN, VITALII TKACHUK, ANDRII GOROSHKO

concerning the washing-machine structure, which should be followed during the design stage: the
centre of the tank mass must be on the rotation axis of the drum; rotation axis of the drum must
be the main central axis of drum inertia; there must be a coincidence between centre of mass of
the tank and drum; there must be a coincidence between the rigidity centre of the system of elastic
supports with the gravity centre of the tank and between main rigidity axes and main central axes
of tank’s inertia. The main axes of viscous friction constants must coincide with the main central
axes of tank’s inertia.

The system of Eq. (8) considered above has both solutions qualitative and quantitative. Carried
out calculation referring machines “Viatka” and “Volga” is about determining resonances and
providing their adjustment, on the first stage by separating oscillations by means of repositioning
of masses and rigidity of the whole machine, and then — shifting every single resonance be
variation of masses and rigidities, influencing only on the value of this resonance, have
corroborated validity of formularizes requirements to the design of machines with low
vibroactivity.

Nevertheless, calculations are not always successful. And the matter here is not related with
the incomplete design diagrams and equations of oscillations, but it is connected with the fact that
looking only on the drafts of the machine it is difficult to precisely determine exact values of
rigidity coefficients, damping, inertia and masses, that are included into the equations, which are
adduced for chosen design diagram. A lot of elements of the machine should be considered at the
same time as mass, and rigidity, and also as vibration exciter (resonator) and vibration suppressor
(damper). Under conditions of high amplitudes of oscillations some of components, that are
considered as being rigid under conditions of lower amplitudes by right, deform, involve adjacent
elements into oscillation, fastening to themselves a certain part of their mass and rigidity, in other
words they change the initial conditions of the problem and, therefore, values of designed shapes
and oscillation frequencies.

All of this requires the development of equipment and experimental methods of machine
dynamics research in order to accelerate their adjustment, examination and specifying
calculations, identifying parameters of masses, rigidity and damping, that are included in
equations of effective search for the reasons of occurring defects and efficiency checking of
measures taken for their elimination.

3. Relationship between the rotor balance and operability of rolling bearings

Problems of balancing rotors and dynamics of machines are closely connected with the work
of bearings and ensuring their efficiency.

On the one hand, the design of the bearing unit, the stiffness of the coupling with the parts
clamps, the mounting gaps, the organization of lubrication, its viscosity and temperature affect the
overall dynamic state of the machine and the movement of the rotor, and on the other hand, the
imbalance determines the value of loads on the bearing and specifies, depending on listed above
factors the nature of the movement of the pin in the bearing, the mode of its operation, causes one
or another type of its destruction.

The practice of washing machines of various designs has shown that the rolling bearings are
often out of order in the drum mounting unit to the body.

In most cases, the breakdowns are the malfunctioning of treadmills, balls and (or) breakage of
the separator of bearings. The purpose of experimental research of bearings is to search for
possible reasons for their unsatisfactory work.

Most bearing defects are due to their overload, unsatisfactory organization and the composition
of lubrication.

In a much lesser extent, the robotability of bearings at low loads is studied and in this section
attention is drawn to this fact, since it is related and was discovered during the study of balancing
rotors.

In the study of the dynamics of washing machines, there was a discrepancy between the
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working capacity of roller bearings, the balance of the drum and the load on the bearing.

It is known that the normal mode of the ball bearing operation corresponds to a mode in which
the balls roll without slipping [1, 2]. In the presence of slipping the balls in the bearing, the rolling
friction is replaced by sliding friction, which leads to an increase in the wear of both running tracks
and the balls themselves, and in the final result - to jamming of the balls, breakage of the separator,
etc. It is precisely this case that occurs in carefully balanced machines in the mode of washing and
other modes with small vibrations.

In this connection, the research of the working capacity of roller bearings was reduced to
determining the value of the slipping of balls at different values of the drum imbalance.

4. Presentation of research materials

The evaluation of the ball bearings was performed on the basis of measurements of the speed
of the separator and shaft and the comparison of the measured values with the theoretical ones. In
a perfectly selected bearing, the number of revolutions of the separator and the shaft of the rotor
on which the inner races of bearing are located, expressed by the ratio:

ng; dy — dycosf
ne= S ©)
where ng — number of rotations of the shaft of the engine rotor; d, — diameter of placement of
centers of rolling bodies; d;, — diameter of the rolling body (balls or roller); f — the contact angle
of the body of rolling with the track of the inner races.
For a ball bearing in the absence of an axial force, the contact angle f = 0, then Eq. (9) will
take the form:

ne = = (10)

Eq. (10) is valid in the case if the balls in the bearing roll without slip [3].

Measurement of the number of revolutions of the separator of bearings was performed at an
imbalance of the rotor 22000 g-cm, equal to the maximum possible imbalance in the nominal drum
load (4 kg of dry linen), without an imbalance and when acting on the drum only the axial force.
To get dependence n. = f(ng) of separator rotation frequency (n.) on the rotational speed of the
shaft (ny) the record was performed on the passage from 0 to maximum engine speed. Depending
on the received values, dependency charts were constructed n, = f(ng). The same graphs were
applied theoretical dependence Eq. (10).

Fig. 4. Device for measuring the number of revolutions of the bearing separator:
1 — incandescent lamp; 2 — photodiode FD-10K; 3 — blinds
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Taking into account that at the point of attachment of the drum, ball bearings are located in
hard-to-reach places with limited space, a special device for measuring the rotation of the separator
has been developed.

The device is an optoelectronic pair consisting of a miniature incandescent lamp 1 (Fig. 4) and
a photodiode FD-10K 2 with a small size of photosensitive area. To modulate the light coming
from the lamp on the photodiode on the separator of the investigated bearing, special curtains are
installed 3. The lamp and the photodiode were installed in such a way that the beam of light during
the rotation of the separator was covered with blinds.

The photodiode was connected through a matching device to the “Amphiton” amplifier,
signals from which were fixed to the photocell of the oscilloscope HO71.4M (Fig. 5).

Matching
divice

Amplifier
“Amphiton”

:

A-A Oscillograph
, H.071.4 M

-
Lz i
N u»

Fig. 6. Rotary shaft sensor: 1 —reed switch; 2 — magnet

Simultaneously, on the oscilloscope’s film, the speed of the drum shaft was recorded with the
help of a speed sensor. The sensor was made on the basis of the reed switch, which has the ability
to lock the electric circuit when passing through a magnetic field. Practically this was done as
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follows. On the plate, which was rigidly connected with the installation case, a reed switch 1
(Fig. 6) was stuck with soldered to the ends of its conductors, and the magnet 2 was stuck on the
pulp of the unit.

Since the pulley is rigidly connected to the rotor shaft, the speed of their rotation was the same.
Thus, with every revolution of the shaft, the magnet, fixed on the pulley, and the magnetic field
formed by it, approached the reed switch and locked its contacts. In a closed reed switch on the
electric circle, the current, which was the signal of the speed indicator, began to flow.

Experiments were carried out on the washing machine “Aisha” with new and worn bearings.

In order to reduce the random error of measurements, each experiment was conducted several
times.

After decoding the received records of the rotational numbers of the bearing separator and the
drum shaft, dependences were constructed n, = f(ng) shown in Figs. 7 and 8.
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Fig. 7. Dependence of the rotor speed of the bearing separator on the rotational speed
of the shaft (non-worn bearings): 1 — theoretical dependence;
2 — without drum loading; 3 — with imbalance 22000 g-cm
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Fig. 8. Dependence of the rotor speed of the bearing separator on the rotational speed
of the shaft (worn bearings): 1 — theoretical dependence; 2 — without drum loading;
3 — with an imbalance of 22000 g-cm; 4 — with an axial load of 4 kg

As can be seen from the received graphs, for new and worn bearings, there is a considerable
lag behind the number of revolutions of the separator from its theoretical value. When slipping
the balls in the bearing, the friction of the roller is replaced by sliding friction, which can lead to
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an increase in wear, both in treadmills and in the balls itself. Significant interest is also the fact
that when the load on the bearings slipping decreases. On the basis of the obtained results it can
be concluded that in order to reduce the size of the slider of balls in bearings, bearings with some
initial load, for example, creating some preliminary axial load, should be used.

In the course of this study it was found that roller bearings create noise and high-frequency
perturbations, in which certain elements of the machine resonate.

These disadvantages are forcing to find ways to reduce the number of roller bearings in the
design of the machine or complete relief from them.

On the basis of the obtained results it can be concluded that for reducing the size of the balls
slip, it is necessary to use bearings with some initial load, for example, creating some preliminary
axial load or switching to the ball bearings of a lighter series.

In addition, studies have shown that decreasing the drum imbalance, for example, with the
help of the ABD, leads to an increase in the degree of slipping of the balls. Therefore, it seems
advisable, together with the installation in the drum of the machine ABD or the implementation
of other measures that reduce the imbalance of the drum to move on the bearings of a lighter series
or bearings of slip.

In this study, in lieu of four ball bearings No. 60203 1 Fig. 9, the knot of the tank of the washing
machine to the housing, were made and tested bearings of sliding 2, 3 in the form of 2 cylindrical
bushes, the working drawing is depicted in Fig. 7 from self-lubricating material “Hraphiton-K”.
The technical characteristics of which are given in Table 1.

=)

Fig. 9. Bearings of the tank mounting unit for the washing machine to the housing:
1 — ball bearing No. 60203; 2 — cylindrical bush is made of “Hraphiton” (performance 2);
3 — cylindrical bush is made of “Hraphiton” (performance 1)

Table 1. Basic statistical characteristics of the antifriction properties of the material “Hraphiton-K”

The name of the characteristic Value
Density, kg/m? 1080
Strength, MPa when stretching 46
Strength, MPa with compression 81
Thermal conductivity at 50-125 °C W/m-K 0,88-1,02
Heat capacity at 50-125 °C KJ-kg-K 1,88-2,35
Friction coefficient without lubrication 0,22-0,35
Friction coefficient with limited lubrication 10 % 0,08
Friction coefficient with limited lubrication 50 % 0,07
Intensity of wear (x10”7) mm?/N-m without lubrication 100
Intensity of wear (x10”7) mm?/N-m with limited lubrication 10 % 5,1
Intensity of wear (x107) mm?/N-m with limited lubrication 50 % 4,0

Detailed researches of the first variant (replacement of all rolling bearings with sliding
bearings) showed the presence of wear in the form of an enlarged radius of 1-1.5 mm rounding
the transition from the end part to the creature’s inner surface from the side of the end closest to
the pulley. The reason for such wear was a one-sided, almost static load transmitted by the pulley
from the tension of the pass.
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When working with similar bearings in a machine, when there is a flexible coupling between
the pulley and the shaft of the drum and the effort on the side of the pulley is absent, the observed
defect was not observed. However, the aforesaid wear was not reflected in the performance of the
machine and may be permissible.

In this case, if the customer acknowledges the specified wear as inadmissible, we have
conducted a third-version study, when one ball bearing closer to the pulp, stayed in place, and
instead of the other three, the bushes of the material Hraphiton were delivered.

Long-lasting, at least 300-hour machine research in the course of experimental studies has
shown the possibility of using this version as well, since none of the roller bearing or slip bearings
were defective.

At the same time, in the zone of high sound frequencies (above 200 Hz), the sound power level
decreased by a total of 20 %, which also confirms the expediency of the transition to these
bearings.

All of the foregoing suggests the replacement of at least three rolling bearings 1 Fig. 9 of the
Aisha washing machine reel bearings in the form of bushes 2 or 3 of Fig. 9 made of Hraphiton
material in accordance with the drawing (Fig. 10), such material or ready-made bushings may be
made by Khmelnytskyi National University.

125
A 4 /K//A//\\\
< XA X %Y
S % %
2N NN N 4
< K \/\ XX ?
A
- - ©
N~
2|
= 1,25/ v
< S
%
% /v /&
Y R
5 = >
Realization:
first L=11mm

second L=23mm

Fig. 10. Working drawing of the bush

Conclusions that we can draw include the following:

1. A device and method for contactless measurement of the value of slipping balls in roller
bearings were developed by measuring the frequency of rotation of the separator by a photoelectric
sensor.

2. The connection between the magnitude of the imbalance in the drum and the working
capacity of rolling bearings is investigated.

3. It is shown that the decrease of the unbalance value leads to an increase in the value of the
slipping of balls in the bearing.

4. It was found that when increasing the radial load on the bearing or in the presence of an
axial load, the slip of the balls decreases.

5. On the basis of the conducted research it was established that simultaneously with the
decrease in the value of disturbing forces, for example, due to the establishment of the ABD, it is
advisable to switch to bearings of slip or ball bearings of a lighter series.

Let’s consider in more detail one of modern methods of elimination of negative influence of
vibration of rotary machines (in particular washing machines of a drum type) — passive automatic
balancing by liquid working bodies.

40 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



2.1. SYSTEM ANALYSIS OF AUTOMATIC BALANCING (SELF BALANCING) MACHINE ROTORS WITH LIQUID WORKING BODIES ON THE EXAMPLE OF
DRUM TYPE WASHING MACHINES. ILONA DRACH, VILEN ROYZMAN, VITALII TKACHUK, ANDRII GOROSHKO

5. Theoretical part

Developing mathematical model describing behavior of liquid in ABU uses the properties of
liquid listed below:

— whatever volume of liquid can have any change of its shape being forced by whatever small
load;

— viscosity forces are considered only for fast motion when shears in liquid change fast; those
forces are not considered for solving problems of liquid balance.

Equation describing condition of stationary motion of solid body with liquid in its hollow [38]
in accordance to the principle of least action in the form of Hamilton-Ostrogradski is:

1k2
W =—=-—=061+ 6P =0, (11)
21§
2
where W = %RTO + P —varied potential energy of the system; P — potential energy of forces acting

on the system: gravity and centripetal forces, k, — value of the constant k in case of uniform
rotation of the whole system as one solid body around some immobile line with angular speed w,
Iy — value of I (moment of inertia of system) for stabilized motion.

Thus, in case of stationary motion of system equation W has extreme value.

Let’s assume a solid body being in uniform field of gravity and centripetal forces and having
one fixed point O, cylindrical hollow with radius R and height h, and being partially filled with
liquid. Axis x5 of the immobile system with coordinate origin in fixed point of the body is directed
vertically. Mobile axes fixed with body will be drawn so that the axis x; would go through gravity
center of the system. Gravity center of the system is shifted at the value e relative to geometric
axis of the body.

To consider mechanical system without surface tension of liquid potential energy of system
and inertia moment of system relative to axis x3' are defined by the formulas:

P =Mg(xc1v1 + Xc2V2 + Xc3V3), (12)
I = Ayiz + Byaz + Cysz — 2Dy,y3 — 2Ey,v5 — 2Fy1Y2,

where A, B, C — axial inertia moments, D, E, F — centripetal inertia moments of system; M —
system mass; X1, Xc2, X3 — coordinates of gravity center of system; y; — projections of ort iy of
immobile axis x5 to mobile axis are connected by equation:

Yiz t V22 +y32 =1

Condition Eq. (11) considering wl = k gives equations in generalized coordinates of solid
body in stationary motion:
aw 2 -1 2. -1 -1
P [(A=Ovi + Dyavays’ —E(Qvs —vivs') — Fya] + Mg(xe1 — xe3v1v37) = 0,
; (13)

ow
3, —w?[(B=C)y2 —E(s —viv:i") + Evavays ' — Fyal + Mg(xc; — xc3y2v5 ") = 0.

Eq. (13) lets solution:
Y1=v2=0, y3=1, (14)

which will be true at any value of w, if gravity center of system is located on the axis x3, which is
in turn the general symmetry axis, in condition that:

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 41



2.1. SYSTEM ANALYSIS OF AUTOMATIC BALANCING (SELF BALANCING) MACHINE ROTORS WITH LIQUID WORKING BODIES ON THE EXAMPLE OF
DRUM TYPE WASHING MACHINES. ILONA DRACH, VILEN ROYZMAN, VITALII TKACHUK, ANDRII GOROSHKO

Xe1 = Xep = 0, D=F= 0 (15)

Solving Eq. (14) corresponds to uniform rotation of the whole system around axis x5 aligned
with axis xg', with angular speed w, and axis x5 being general inertial axis of system, what is
condition of auto-balancing. In this condition free surface of liquid will have the shape of
revolving paraboloid:

1yw?
57(35124'(952 +e)?) —yx3—po=C", (16)

where y = gp — volume weight of liquid.

Let the point O’ be the coordinate origin, axis x4 be directed as revolution axis, and axis x5 go
through points O and O'. Although another coordinate system Ox;x,x3; will be considered, in
which axis x; is geometric axis, axis x, coincides with axis x3.

Free surface has the shape of revolution paraboloid with parameter 1/ = 2g/yw?, what
depends on angular rotation speed; growing angular rotation speed makes parameter decrease and
paraboloid be similar to surface of circular cylinder: 72 = x,2 + (x, + €)? = b? and in limit
when 2g/yw? = 0 it becomes a circular cylinder. Correspondently, in horizontal section with
axis x3 = 0 that coincides with lower base of the hollow, free surface of liquid has circle shape
with center O and radius R;. Let’s find relation between radius R; and quantity of liquid in the
cylindrical hollow V. Therefore, we’ll find constant C* in Eq. (16) in condition that volume of
liquid retains in rest (when w = 0) and in revolution.

There are three cases of liquid position in the hollow which depend on relation between liquid
and imbalance:

1) quantity of liquid is greater than it’s needed to balance imbalance (Fig. 11);

2) quantity of liquid is that liquid can balance imbalance in considered frequencies (Fig. 12);

3) quantity of liquid is not enough to balance imbalance (Fig. 13).

Thus, the free surface of heavy liquid revolving around vertical eccentrical axis will be
described by equation:

w? w?V h)
. 17)

2
X5 = o (X 4 (X + ©)2) = (- RE— o=
2g 2g 2rgh 2

Considering horizontal section (Fig. 11), it’s possible to make conclusion that liquid displaces
towards to rotor axis, opposite to imbalance. Its motion stops when total imbalance of liquid and
rotor becomes equal zero, that’s the balance where principal inertia axis of rotor system coincides
with revolution axis. It’s automatic balancing when liquid has such shape.

If equation of free surface of liquid Eq. (16) is known one can define equation for liquid
optimal volume what is necessary for accurate balancing imbalance in considered frequencies of
rotation of system with given physical and geometrical parameters:

h+Be—-R:?( |k 35( |n
(18)
(R-e)'p\ _
+T>T[—V.

In this case radius « of free liquid surface in horizontal section made by the plain x5 = 0
equals:
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R,=R-—e. (19)

It explains that thickness of the layer in horizontal section made by plain x; = 0 opposite to
imbalance shouldn’t exceed 2e. Thus, only thin layer of liquid takes part in changing imbalanced
state of rotating system.

In the third case (Fig. 13) constant C* will be found from Eq. (20).

X3 X3

X=X

Ri1

x X1
Xw’ xi
Fig. 11. Position of liquid in the hollow (case 1) Fig. 12. Position of liquid in the hollow (case 2)

In Fig. 13 thickness of the layer in horizontal section having area x; = 0 opposite to imbalance
is much less than 2e. Thus, volume of the liquid is not enough to reduce deviation of longitudinal
axis of the rotor from revolution axis. Research of liquid’s free surface helps make conclusion that
not the whole volume of liquid is involved into balancing of imbalance. Optimal volume of liquid
to balance imbalance in the given revolution frequencies is estimated by Eq. (18):

rzn - |BR. C—B(R*+e?)\ h(=C*+2C(R* +e?) — B*(R* — €?)?)
s 2 arcos ZeRﬁ 4_6[;2
+h(h+2C)‘ . (—C2+2Cﬁ (R2+ez)—ﬁ2(R2—e2)2> _y
2p i 2ef (C—B (R2+e?)) -

(20)

This value may be treated as maximal volume of liquid necessary for accurate balancing at the
given geometric dimensions of cylindrical surface. Eq. (19) delivers that thickness of the layer in
horizontal section having area x; = 0 opposite to imbalance shouldn’t exceed 2e. Thus, only thin
layer of liquid takes part in changing imbalance of revolving system. Finding this fact confirms
experimental conclusion about highest effectiveness of using multichamber ABU.
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Hence if to set liquid ABU on the rotor, then at any angular speed w of stationary motion of
system liquid, which moves around absolute rotation axis under action of centripetal forces, flows
towards to the side opposite to imbalance and tends to bring the common gravity center to rotation
axis.

Value of the constant C* in the right part of the Eq. (16) is estimated by volume of liquid in
the hollow of solid body (ABU).

Motion stability of heavy body with hollow partially filled with liquid demands minimum
W [38].

Condition of minimum W in our case is narrowed to inequality:

(Co— Ap)w? — Mgx% —a >0, 21

where A, = B, (because hollow is cylindrical), 4, By, Cy — general inertia moments of body
having unperturbed motion:

f w? (w? 2
f [? (71”2 — C) + 1] ridr. (22)

Rqi—ecosg

21

a=pgf
0

X2=x2

X1

xi'
Fig. 13. Position of liquid in the hollow (case 3)

Matching condition Eq. (11) with condition (Cy — Ag)w? — Mgx2; > 0 of stability of uniform
vertical rotation of solid body with liquid in case when its hollow is completely filled up with
liquid shows that having free surface of the liquid destabilizes stationary rotation of the system.

Stability condition Eq. (21) can still be tolerated at high-speed rotation if hollow with liquid is
oblate enough (4, < C,) when the height of cylindrical hollow h is much greater its radius R.
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Condition Eq. (21) is valid if liquid that fills the hollow has ultimate viscosity. In case
considered here when liquid rotates together with body as one, liquid’s viscosity has no effect on
its motion.

In case of nonstationnary motion of hollow, which is partially filled with liquid, results look
different: one should consider oscillation of free surface of liquid. Some simplifying assumptions
[38] show that there’s always risk of losing stability when natural frequency of any form of natural
oscillation of liquid is close to nutation frequency of the body carrying liquid. Infinite range of
forms of natural oscillation of liquid corresponds to infinite range of instability regions, however
practice testifies that only a few first regions can be practicable. One may assume that internal
friction damping natural oscillations of liquid neutralizes regions of instability of higher orders.
Natural frequencies and hence regions of instability depend on how much the hollow is filled up.

Research of this space model describing steady motion of rotor with cylindrical hollow which
is partly filled with liquid indicates that liquid auto-balancing is possible on steady motion of the
system with any angular velocity.

However, offered model doesn’t explain how exactly and under action of what forces liquid
moves inside the ABU chamber.

Therefore, next step of the research was creating mathematical model for liquid motion in
ABU chamber being under force of change of total system imbalance and bend.

6. Physical content of fluid balancing

In the absence of an ABD, the value of the system imbalance remains unchanged in magnitude
and direction, and since there is a relationship between the deflection of the shaft, the magnitude
of the imbalance and the angular velocity of rotation:

f =e (w/wkr)z

- = (w/w)?

then, obviously, with the increase of the angular velocity w, the deflection f is continuously
increases by subcritical rotation of the shaft.

In the case of an ABD, the imbalance of the system e. consists of a stationary imbalance
created by the unbalance e, of the shaft, and an imbalance created by the liquid e. At w = 0, the
liquid imbalance is zero (Fig. 14(a)).

At the initial moment of rotation, the unbalance of the shaft results in a deflection f, which
coincides in the direction with the rotor imbalance (Fig. 14(b)). The centrifugal forces reject fluid
to the walls of the ABD and its bulk is concentrated in the deflection, as shown by the established
law of pressure distribution in the liquid. With an increase in the speed of rotation of the rotor, the
direction of the deflection begins to lag behind the direction of the imbalance at the angle § (in
the presence of fluid in the ABD chamber, the angle & should be deducted from the total imbalance
of the rotor) (Fig. 14(c)). The liquid tends to occupy the position at the furthest point from the axis
of rotation, namely in the trough, and moves along with it from the imbalance. This in turn leads
to a change in the total imbalance of the system in terms of direction and magnitude (increases as
the value of the total imbalance is defined as the geometric sum of the vectors e, and e and
depends on the angle between these vectors ). This change leads to an increase in deflection, and
an increase in the speed of rotation results in an increase in the angle §. The fluid following the
deflection changes the total imbalance by increasing the angle a and decreasing the total
imbalance (Fig. 14(d)). That in turn leads to a decrease in the value of the deflection.
Consequently, with an increase in the speed of rotation due to the decrease e, we have a decrease
in the deflection by magnitude even in the subcritical rotor rotation mode.

Because:
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then when the speed of rotation approaches the critical §, it increases and goes to 90°.

Fig. 14. Vector model of process of auto-balance liquid

Because § is the angle between the deflection and the total imbalance, and ¢C is the angle
between the stationary and total imbalances, the angle between the deflection and the stationary
imbalance when rotating the rotor with the angular velocity is equal to 90° +¢C (Fig. 5).

In the case where the stationary imbalance and the imbalance created by the liquid are equal
to the magnitude of e; = e, then ¢C will be approximately equal to & (Fig. 6). And so, the angle
between the deflection and the stationary imbalance will be directed to 180°. Consequently, when
passing the resonance speed of rotor rotation, the fluid along with the deflection of the shaft will
be shifted to an angle of 180° relative to the stationary imbalance. After this, there will be an
automatic balancing of the shaft imbalance with the fluid, which will lead to a significant reduction
in the rotor’s vibrations.
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Fig. 15. Forces acting in the SBD in the presence of resistance

With a further increase in angular velocity, a balanced system is rotated without changing the
relative position of the liquid and stationary imbalance.

With a small imbalance created by the liquid e < e, the total imbalance of the system will
mainly be determined by the magnitude and direction of the stationary imbalance and will not
change significantly with the increase of the angle § (Fig. 7). Consequently, the size of the
deflection of the shaft, due to the total imbalance of the rotor, will not be significantly reduced.

Therefore, the amount of liquid that creates a small imbalance in comparison with the
stationary imbalance will not be sufficient to balance the system. To increase the imbalance
generated by the liquid, it is possible by increasing its mass or the radius of the chamber ABD.

With constant parameters of ABD increasing the mass of fluid can achieve the equilibrium of
liquid and shaft, in which we will have the maximum balance of the system.

A further increase in the mass of the liquid will not affect the imbalance created by it, and,
consequently, on the balance of the system, because the liquid will be located concentrically
around the axis of rotation, which in this case is already the main axis of inertia of the system.

The mass of fluid in the ABD can significantly affect the stability of its placement in relation
to stationary imbalances. Since, due to the hydraulic properties of the liquid medium, which can
arbitrarily change its shape under the influence of any small forces, the emergence of random
minor external perturbations can significantly affect the location of its center of mass, and,
consequently, change the state of equilibrium of the system. Moreover, the larger the mass of the
liquid, the larger the direction and direction will be the change of the vector of its imbalance.

The basic idea is that at rotation velocity of the system w < w,,¢ external resistance (friction
forces in bearings, friction forces of cylinder against the air etc.) conditions bend plane (I-I) delay
against total imbalance plane (OCc) for the phase angle § (Fig. 15) and appearing in this condition
tangential force T of centrifugal inertial force F, and specific properties of liquid (fluidity, ability
of any liquid volume to freely change its shape being forced by irrespectively low force, viscosity
forces are considered only for quite fast motion when liquid displacements change quite fast)
enable drawing liquid in ABU chamber to position that reduces the total imbalance of the system
even at pre-critical rotation velocity. Analysis of geometric model (Fig. 15) shows that when
external resistance is sufficient liquid that is in stable balance can balance rotor at pre-critical
angular velocity.

It will be shown analytically.

Total rotor eccentricity with liquid is defined as:

ec =+x2+y2 = ey 1 + 2kcosa + k2,

where k = D,/D — relation of rotor and liquid imbalance.
Analysis of geometric model (Fig. 15) shows that balance condition that doesn’t take into
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account tension forces is missing tangential force: either tgf8 = 0, or:

fltgacos(6 + @) — sin(d + ¢.)] = 0. )

The last equation is decomposed into two conditions (zero index corresponds to angles for
liquid balance (f = 0)):

f=0, (23a)
tgaocos(6 + (poc) - sin(6 + <p0c) =0. (23b)

Condition Eq. (23a) corresponds to no deflection condition that contradicts condition of the
problem of elastically strained rotor. If liquid is in balance:

tgay = tg((S + (poc),

what comes from condition Eq. (23b).
Taking into account values of e, e/eg, ec and 8 = a — ¢c [4]:

1
sinay = Esind\/l + 2kcosa, + k2. (24)

It appears from Eq. (24) that if external resistance is missing in the system (§ =0, k # 0)
liquid balance coincides by the angle with rotor imbalance (« =0), what is approved by the
conclusion that liquid increases imbalance in system without external damping.

The expression for angle @, corresponding liquid balance (f = 0) is obtained through
algebraic transformations of Eq. (24) when § # 0, k # 0:

a, = T — arccos (sin26 + \/(sin26 —1) - (sin?6 — kz)). (25)

Analyzing Eq. (25) gives positive arccosine argument and that’s why even in pre-critical
frequency of the rotor when & € (0,7/2) angle a, € (/2,m).

Effectiveness of balancing is characterized by relation of misalignment with rotational axis of
mass center of the system with liquid and without it A,:

_ 1+ 2kcosa, + k2 (26)

/10 k )

if 1 + 2kcosay + k, = 0 balance will be complete, therefrom the only solution will be k = 1 if
cosay = -1, and if ¢, = m. Hence, the greatest balancing effect will be reached when imbalance
of liquid that is involved into balancing is close to initial imbalance of the rotor (k = 1). Liquid
which takes part in balancing makes concentric circles what has no influence on total imbalance
of the system.

Egs. (24) and (26) contain relations of angular velocity to critical one, external resistance
factor, relation of initial imbalance to liquid imbalance and relative dimensions of ABU. Obtained
analytical relationships between these parameters allow solving applied problems to select optimal
parameters of liquid ABU for particular rotor system, find effect of varying parameters of the
system rotor — ABU — liquid on effectiveness of balancing.

Internal friction between layers of real liquid hinders its motion and creates delay effect of
viscous fluid engaging auto-balancing. Tangential component of centripetal force T is decreasing
by decreasing angle § and in some moment can’t overcome friction force. That’s why viscosity
makes balancing incomplete.
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Results of theoretical researches for vertical rotor arrangement are also applied for the case of
horizontally arranged rotor under the mode of liquid capture (when sum of centrifugal force and
friction force are bigger then gravity).

Theoretical results were proved by experimental researches.

7. Experimental part
7.1. Case of vertically arranged rotor

Equipment, apparatus and methods of research of working bodies conduct in SBD.

Research installation is the system rotor-SBD with the vertical axis of rotation.

1. Breadboard model of automatic balancing device. For the investigation of working bodies
conduct in the automatic balancing device in under-resonance and over-resonance zones of the
rotor rotation a breadboard model of automatic balancing device was elaborated and made of
optically-transparent material, which enables to keep up with the work of the SBD in all modes of
operation visually or by the help of modern means of video recording.

The breadboard model of SBD is the ring with external diameter of @400 mm, two concentric
partitions with diameters of @300 and ©¥200 mm which form three concentric chambers for
arrangement of working bodies. General appearance of the elaborated breadboard model of SBD
is shown in Fig. 16.

Fig. 16. General appearance of the SBD breadboard model

All three chambers are isolated from each other which allow using simultaneously both fluid
and rigid working bodies in the SBD. Colored water in different colors as fluid working body was
used for each chamber of the SBD. Metal and plastic balls with diameters of 6, 8, 12 and 16 mm
were used as rigid working bodies. Metal and plastic balls with diameters of 1; 1, 5; 2; 4 mm were
used as dry substances. The scale with scale factor of 5 grades was marked on the surface of the
ring edge to determine the places of arrangement of working bodies in the SBD during the
experiment. The position of misbalanced mass (misbalance) is fixed on this scale with the help of
a thin color strip, of size 10x20 mm with adhesive layer on one of its surfaces. The bottom of the
SBD is mat to increase the contrast of visual observation of the working bodies’ position. Fixing
rods are made on the external side surface of the SBD at angle 120° to fix the breadboard model
on the rotor.

2. The construction of the research installation. The research installation is a rigid cantilever
vertical rotor, resiliently hung to the frame.

In order to provide sufficient rigidity of both the rotor and the SBD, fixed on it, the first one is
made in the form of a hollow cylinder of stainless steel plate with the bottom on one side which
is rigidly fixed on the axis of rotation.

Rotor axis through swinging bearings is connected with a rigid platform which is joined to the
frame of the installation by means of four resiliently damper brackets (typical meaning of the
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proper vibration frequency of all the system on the brackets is equal to 2-2,5 Hz). The SBD
breadboard model is set on the free end of the hollow cylinder (further — a drum). It is put into the
drum and is fixed to it on its external diameter. Due to this, necessary rigidity of fixing of the SBD
on the rotor and conformity of axes are ensured. The SBD breadboard model has an inner aperture,
enough for free access to the inner cavity of the drum which enables to change the rotor misbalance
without demounting the SBD both on the place of arrangement and on the size by means of fixing
to the inner side the given load which is additionally held by forces during experiments.

Such construction of rotor provides necessary level of security of personnel against occasional
tear of the load-misbalance or weakening of the SBD fastening.

Rotor drive is operated by a synchronous electric motor with power on the shaft equal to 180 W
through the lowering V-belt transmission. The motor is fed with the alternative current which
power can be changed in a wide range with the help of automatic transformer with the operation
system. Due to it the installation enables to rotate the rotor at various frequencies in scope of 0,
5-30 Hz (30-1800 rpm), to set different angular accelerations at rotor dispersal, to stop at
under-resonance, resonance and over-resonance zones of the rotor rotation for a given period of
time with the aim of detailed investigation of the SBD operation.

For a high-velocity video recording the inner surface of the drum was lightened by
incandescent lamp of 200 W, arranged with the help of bracket in the inner cavity of the rotor. To
obtain steady light the inner surface of the drum was covered by mat color.

3. Measuring, registering equipment and preparation of installation Demonstrating auto
balancing process as a whole, high-speed video shooting of working bodies’ behavior is suggested
to be used. For this aim, we have elaborated a testing stand to analyze auto balancing process with
applied video and computer techniques. Block scheme of the stand is found at Fig. 17.

2
Device |—
3 BB-10H

1 Vibration
T =+ [ gauge
4 Pl1-19
= ]
5 _Cf/// Filter
F.2
1
7 Oscillo-
| graph f—
” — H HO714M

=k

M
Video recorder Personal
Fig. 17. Bloc-scheme of the equipment connecting: 1 — the SBD breadboard model,

2 — video camera, 3 — stroboscope, 4 — incandescent lamp, 5 — induction data unit,
6 — revolutions data unit, 7 — accelerometers

L

The velocity of the rotor rotation was measured by means of the noncontact marker of
revolutions elaborated on the basis of Hall’s data unit.

Accelerometers were installed on the rotor platform. Signal from the accelerometers was
carried to vibration gauges PI-19 where it was integrated twice after intensification in order to
obtain amplitudes of the shifting of the system platform-rotor.

Amplitudes of rotor vibrations proper were measured by means of the elaborated optical
electronic device.

Video camera was placed vertically over the SBD on the axis of rotation of the rotor. Video
recording of balancing was carried out synchronically with the recording of vibrations level of the
rotor.
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The most interesting and representative slides were recorded in the computer in BMP format
and were processed further with the help of graphic packages ACAD and Photopaint.

4. Methods of high-velocity video recording of the SBD operation.

The methods of high-velocity video recording of the SBD operation on the vertical rotor
consist of three stages: preparatory, investigation of transition modes, investigation of stationary
and quasi-stationary modes.

4.1. Preparatory stage includes:

— Balancing of rotor with the SBD breadboard model in the absence of working bodies in it;

— Selection of dimension and place of arrangement of the rotor artificial disbalance;

— Determination of optimum volume or quantity of working bodies in the SBD;

— Determination of optimum light of the SBD;

— Determination of necessary movement velocity of magnetic videotape;

— Determination of optimum position of video cameras (choice of sight angle and distance to
the SBD;

— Test starting of all system for coordination of interaction of its separate sections.

Balancing of the rotor with the SBD breadboard model in the absence of working bodies in it
was carried out using the method of rounds of test load at the working frequency of the rotor
rotation.

Meaning of the rotor artificial misbalance was determined at its working frequencies of
rotation in the following way. The mass of artificial misbalance was increased gradually with step
of 5 g from starting to start and the rotor vibration level was measured.

Critical maximum meaning of misbalance mass was considered to be that one at which
vibrations amplitude reached 35 mm (higher meanings in the given construction of the installation
cause impacts of moveable elements with the frame) or when the electric motor is not able to
increase revolutions during transition through system resonance and rotor “is suspended” at the
critical rotation frequency.

The meaning of misbalance mass obtained according to these criteria, reduced for 5 g (the size
of one step) and which is equal to 30 g was considered as the initial maximum meaning for further
investigation.

Criterion of optimum volume of working fluid or of quantity of working bodies in the SBD
was considered to be visibility of the process of automatic balancing on all revolutions of the rotor,
i.e., when the position of working bodies or fluid in relation to the place of arrangement of artificial
misbalance was clearly visual in the light of stroboscope and on the videotape. Determination of
such meanings of volume or quantity was carried out by means of experiments.

As a result of such investigation volumes fluid (colored water) were obtained which
constituted 0.45, 0.3 and 0.251 for external, medium and internal chambers of the SBD
correspondently.

Maximum quantity of working bodies separately for each of diameters of balls was obtained
in the same way.

4.2. Video recording of movement of working bodies in the SBD in stationary modes of the
rotor rotation.

Resonance angular velocity of the rotor rotation is equal to w,.s =1271% s, For the
investigation of working bodies conduct in the SBD at under-resonance, resonance and
over-resonance frequencies of the rotor rotation, the latter was given angular velocity of 0.5w;..¢
and 0.75 w,..s (under-resonance zone), w,s (resonance zone), 0.5w, and w, (over-resonance
zone), where w, is equal 90 s™! — nominal frequency of the rotor rotation.

Video camera and equipment were switched on in the period of time equal At = 1075 s of the
rotor delay at the determined frequency of rotation when position of working bodies relatively to
marks on the SBD frame stabilized.

Video recording at each of the above mentioned frequencies had been carried out for 20-30 s
— time sufficient for recording not less than 10-20 full revolutions of the rotor.
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Experimental research of the SBD operation and its results.

Fig. 4 shows the most typical and representative computer slides of the video recording of the
fluid position in the SBD at under-resonance (Fig. 18(a), w = 8 s!), resonance (Fig. 18(b),
w = 12.5 s") and over-resonance (Fig. 18(c), w = 90 s™!) frequencies of the rotation of the rotor
with the SBD.

Analysis of these and other slides shows that fluid compensates rotor misbalance at
under-resonance, resonance and over-resonance frequencies of its rotation. Theoretical
explanation of the fluid’s position in relation to misbalance, witnessed by video-recording, can be
given if one takes into consideration of hydromechanical properties of the fluid and damping of
the rotor system.

Disbalance label

Disbalance

Disbalance
label

Fig. 18. Video shots: a) before resonance, b) at resonance, ¢) beyond resonance
7.2. Case of horizontal rotor

For simplification of understanding of results presented in the article we will remind on which
physical phenomena existing theories of self-balancing by passive fluid SBD are based. For this
we will examine weightless horizontal bank with self-balancing disk with mass M set up on it
(Fig. 19). Rotation axis (bearing axis) is marked as 0,0, (Fig. 19), self-balancing disk center of
mass — C, geometric center of disk — O. In composure state geometrical center O lies on bearing
axis 0; and center of mass C, if there is unbalanced state, is shifted on e distance. In this case
rotor’s imbalance equals D = @M. Rotor passing through resonance has next theoretical
explanation. After the beginning of the movement as a consequence of centrifugal force action
F; = Mew,, occurs bending deflection of rotor y, which depends on hardness of rotor ¢ and it is
increased when angle speed is increasing according to the formula y = Mew?/(c — Mw?). When
angle speed is approaching to resonance the value of bending deflection considerably increases
and tends to +oo (Fig. 20(a)) [36].

After passing critical speed (resonance) self-centering of rotor, decreasing of bending
deflection from —oo to —e happens. It is worth noting that if the speed is critical changing of
bending deflection from +oo to —oo happens, and also relative position of rotor’s points mentioned
above is changed. (Fig. 19(c)). So far as fluid in self-balancing device will be trying to locate in
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most distant from the rotation axis place, that is it will coincide with direction with bending
deflection, summary center of mass of Cc disk-fluid system will be shifted to side of eccentricity
increasing (imbalance). That is self-balancing by passive fluid SBD is effective on above
resonance rotation frequencies [36].

0
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Fig. 19. Bank with self-balanced disk, which is set up on footholds
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Fig. 20. a) Graph of rotor’s bending deflection dependence on angle rotation speed,
b) AFC of rotor when damping coefficients are different

When studying already existing theoretical points of rotor self-balancing authors had wish to
examine what is happening with rotor in resonance zone, as bending deflection cannot be endless
and also instant change of rotor’s bending deflection from +co to —oo is impossible. While studying
works about researches of rotor vibration when passing through resonance it was determined that
real AFC of rotor systems on which forces of viscous (Fig. 20(a)).

Vibration amplitudes are equal not to infinity but friction influence (Fig. 20(b)), are different
from theoretical specific values which are indicated by damping coefficient. With damping
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increasing not only vibration decreasing will happen but also shifting of maximum in the zone of
lower frequencies of rotor rotation.

In addition, authors pay attention to the fact that change of bending defection direction
relatively to rotation axis occurs on resonance. Relative position of eccentricity and bending
deflection are also changed (Fig. 19(c)). That is if the distance from rotation axis 0; to center of
mass C was indicated as sum y + e in below resonance zone, then this distance (0, C) is indicated
as disparity y — e in above resonance zone.

Authors made an assumption that change of relative position of bending deflection and
eccentricity happens not instantly at the resonant speed, but progressively and begins at below
resonance frequencies of rotation and it happens like that. When approaching the resonance in
consequence of damping action (external and internal friction forces) the lag of bending deflection
plane from centrifugal force is happening, because rotor is not able to overcome large distance in
limited time. Eccentricity direction begins to pass ahead plane of bending deflection on phase
angle 6 (Fig. 21), which increases with speed increasing. After resonance angle between
eccentricity and bending deflection direction becomes 180°. When rotor is passing resonance, it
is rotated both around bearing axis O, (w) and geometric center O(w,), that is bank twisting is
happening. It means that redistribution of tensions, mutual change of squeezing and extension
tensions happen in fibers of rotor.

A

Fig. 21. Rotor movement when passing resonant speed

If fluid exists in self-balancing disk under influence of centrifugal force it tries to take up a
position in most distant place from rotation axis, which is saved in direction of bending deflection.
It leads to changing of summary system imbalance, which consist of rotor imbalance and fluid
imbalance in size and in direction. So far as for certain constant angle speed lag of bending
deflection from summary imbalance § is constant, with changing summary imbalance direction
the position of bending deflection relatively to initial eccentricity (that is angle of lag relatively to
initial imbalance is increased). Fluid follows the bending deflection, and changes again summary
imbalance, which leads to further increasing of lag angle §. Process can continue until angle will
not acquire 180°, and it will lead to decreasing of bending deflection value and changing of its
position relatively to e.

For verification of these assumptions authors made a decision to conduct experimental studies
on improved laboratory plant for demonstration of critical speeds of bank. When working in
educational laboratories of the university self-balanced device (SBD) was made and set up on
bearing. Bank of the equipment if located horizontally and bounded with bank of electric motor
through flexible connector. Bank has two supports on frictionless bearings.

Created SBD presents a disk with external diameter 150 mm made of steel, with two circular
isolated one from another camera with diameters 100 and 130 mm, for placing in them working
mediums, and set up imbalance. For possibility of observation of working mediums behavior front
wall (cover) of self-balancing device is made of optically transparent material — Plexiglas. This

54 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



2.1. SYSTEM ANALYSIS OF AUTOMATIC BALANCING (SELF BALANCING) MACHINE ROTORS WITH LIQUID WORKING BODIES ON THE EXAMPLE OF
DRUM TYPE WASHING MACHINES. ILONA DRACH, VILEN ROYZMAN, VITALII TKACHUK, ANDRII GOROSHKO

SBD was fastened by collet clamp, provided in construction of SBD. General look of SBD is given
on Fig. 22.

Rotor’s drive is made by electric motor of alternating current with power 180 watt though muff
coupling. Due to autotransformer and control system the plant has possibility to define rotor
rotation with different frequencies, which are in range from 0 to 5000 rpm. Also, it gives
possibilities to make acceleration with different age accelerations of the rotor and allows it to
rotate with constant angle speed in below critical, critical and above critical zones.

Unbalancing the rotor was made with the help of load (imbalance) fastened with the help of
threaded connection on back butt of SBD. SBD has two geometrically isolated cameras, which
helps to use fluid as working medium in each of them simultaneously and separately. Colored
water was used as a working medium.

L Bl BELEL |

Fig. 22. Scheme of mounting SBD: 1 —bank, 2 — SBD, 3 — cover, 4 — imbalance, 5 — bearings

Position of unbalanced mass (eccentricity) was marked on front butt of SBD with the help of
thin black stripe with dimensions (10x20) mm and sticky layer on one of its surfaces.

Created plant allowed to make experimental researches of self-balancing of the rotor with
horizontal rotation axis and to observe fluid behavior in SBD.

Research of self-balancing process and fluid behavior in SBD were made on described plant
with using next special devices:

— Video camera Panasonic AG-DVX100BE;

— Lamps with halogen lamps (power — 1000 watt each);

— Inductive sensor, marker of turns;

— ADC (analog-to-digital converter);

— Notebook computer.

When video filming is fast it is necessary to have high illumination. That is why two lamps
with halogen lamps of power 1000 watt each were used for illumination of the object. Lamps were
directly set up close to object of the filming. Video camera was placed horizontally, frontally and
in the direction of rotor rotation axis.

Methodology of conducting researches of the SBD work on horizontal rotor with the help of
speed filming consisted of:

— Rotor balancing with SBD model without fluid in it;

— Matching value and place of artificial imbalance of the rotor;

— Determination of optimal fluid volume in SBD;

— Synchronous recording of the fluid position in SBD and signal of vibration detector.

Rotor balancing with SBD model without fluid in it was made by using cargo workaround
method [36] on working frequency of rotor rotation. Then plant was turned on and vibration
recording on computer were made in conditions of smooth rotor acceleration from 0 to 2000 rpm.
After rotor of the plant was unbalanced by mounting cargo with mass 10 g. on the butt of SBD
with the help of threaded connection. Cargo on SBD was marked with the help of color stripe,
then the plant was turned on and vibration recording on computer were made in conditions of
smooth rotor acceleration from 0 to 2000 rpm.
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Fig. 23. Amplitude-frequent characteristics

¢) )
Fig. 24. Shots of video recording of fluid position in SBD when passing through resonance:
a) § =0° (n =600 rpm); b) § = 30° (n = 900 rpm); ¢) § = 90° (n = 1000 rpm);
d) § =120° (n = 1100 rpm); e) § = 150° (n = 1200 rpm); f) § = 180° (n = 1300 rpm)
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By filling in each camera of SBD with 10 ml of water, without changing position or mass of
imbalance, the plant was turned on again. Rotor vibrations were recorded on computer in text file
in conditions of smooth rotor acceleration from 0 to 2000 rpm. Simultaneously were made video
record of fluid behavior in SBD.

Amplitude-frequent characteristics of rotor when passing through resonance are illustrated on
Fig. 23. Shots of created video film with angles of fluid progressive shift aside opposite to
imbalance are shown on the Fig. 24.

8. Conclusions

In Article theoretically obtained and experimentally verified main requirements for the
structure of washing-machines. On the basis of investigations of mathematical model vibration of
washing machines a number of recommendations for the design of washing machines were
provided:

* Center of mass of the tank needs to be the drum’s rotation axis;

* Rotation axis of the drum needs to be the main axis of tank’s inertia;

* There needs to be a coincidence between drum’s and tank’s center of mass;

* Rigidity center of elastic supports system needs to coincide with tank’s center of gravity, and
main rigidity axes — with main central axes of tank’s inertia;

» Main axes of constants of viscous friction need to coincide with main central axes of tank’s
inertia.

It was also investigated that bearings are the most widespread and most vulnerable elements
of any rotary mechanism. Bearings shall spatial fixing rotors and accept most of the static and
dynamic forces arising in the mechanism. Therefore, the technical condition of bearings is the
major component determining working capacity of the whole mechanism. In article researches, a
stock of working capacity of the of rolling and plain bearings by means of the experimental stand
are described.

The current work is devoted to system research of the fundamental natural phenomenon — rotor
self-balancing with the help of passive auto-balancing units (ABD) which look like cavity
chambers, partly filled with working media (liquid) being passive regulators of direct action which
don’t need supply of energy and control system for correcting masses movement.

The results of experimental and theoretical research of fluid behavior in passive self-balancing
devices, which are installed in rotors with vertical and horizontal rotation axes when passing the
resonance, are given in this article. Received relations showed that automatic balancing by fluid
is effective for elastically deformed rotors or (and) rotor on elastic supports, where exists the
difference in phases between the direction of centrifugal force and flexure (or movement) of the
rotor. As experimental results showed, this difference in phases occurs when rotor reaches
resonance speed and increases up to 180° when passing the resonance. In this case the tangential
force occurs, under the influence of which the fluid moves to the side of flexure, opposite to
imbalance, and further equilibration of the rotor already at resonance rotation frequency. The
influence of gravity under conditions of horizontal arrangement of SBD rotation axis, is in
decreasing of tangential component, which moves fluid in position opposite to imbalance and
leads to decreasing of balancing accuracy in comparison with vertical rotation axis.
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2.2. Spindle units on rolling bearings diagnostics by
indirect measurement of spindle vibration
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Abstract. A method of indirect measurement of spindle vibrations based on the results of
measuring the vibrations of the spindle unit housing and theoretical compliance function has been
developed. Method is based on performing experimental and theoretical studies of the spindle unit
dynamic behavior, mounted on a special test rig with a low natural frequency. Test rig consists of
the frame, elastically fixed on a massive foundation and spindle unit that is attached to the frame.
Dynamic model of the test rig is presented in a form of a complex vibratory mechanical system
which consists of four subsystems. For system decomposition, method of dynamic compliance is
used, and for subsystems dynamic characteristics calculation-transfer matrix method. Theoretical
compliance function is considered as the ratio of dynamic compliances of the subsystems at the
points of calculation and measurement of vibrations. This method was used for assembling and
manufacturing faults diagnostic of spindle units on rolling bearings that cause low-frequency
vibrations and its effectiveness has been confirmed.

Keywords: spindle unit, rolling bearings, assembling and manufacturing faults, vibration
diagnostic, mechanical vibratory system, dynamical compliance.

1. Introduction

The most common methods for rotary machines technical condition evaluation, including
spindle units, are methods of vibration diagnostic.

The advantages of these methods are explained by the sufficiently high degree of mechanical
vibrations determinacy in frequency composition, which allows us to perform identification their
causes and sources with sufficient confidence.

In the vibrations spectrum of the rotor mounted on rolling bearings, it is possible to distinguish
4 main ranges that characterize [1]: 1) the presence and magnitude of the imbalance (vibration
with a frequency equal to the rotor running speed); 2) bearings misalignment due to assembling
faults or external loads on the rotor (vibration with a rotor running speed and twice rotor running
speed frequency); 3) quality of the rotary drive (vibration at the characteristic frequencies of rotary
drive); 4) manufacturing defects of races and rolling elements (so-called “bearing vibrations”
associated with frequencies, determined by the bearing kinematics). Vibration diagnostics
methodology of rotor systems is based on the evaluation of the vibration magnitude at these
frequencies.

Vibration diagnostics systems of spindle units (SU) of modern metal-cutting machines are
aimed at spindle error motion control [2-4] and fault detection of its bearings [5, 6].

Modern methods of spindle error motion control are built on the patterns of non-contact
measurement of spindle linear displacements on the reference surface for measurements of a
spindle or artifact [3, 4]. In this case, it is necessary to extract from the measurement results a
component, which is caused by the error on reference surface for measurements. The accuracy of
the spindle error motion determining depends on the method of solving this problem [4]. This is
especially true for precision SU, the error motion of which is commensurable with the error on
reference surface for measurements [7]. Such a procedure for spindle error motion determination
requires ensuring special conditions for the measurement, which makes it problematic to use for
error motion determination of fixed in spindle workpiece or tool, in the cutting zone during
machining. An alternative to direct measurement of spindle vibrations can be the measurement of
vibrations on the spindle unit housing unit with subsequent identification of these vibrations
according to the theoretically established compliance function.
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The most commonly used type in SU are rolling bearings. The vibration signal of a faulty
rolling bearing includes deterministic signals, bearing element defect signals and noise [8].
Deterministic signals are, as a rule, low-frequency signals caused manufacturing faults of recess
and rolling elements of bearings. The fault signals of the bearing elements are periodic resonance
vibrations of the carrier elements resulting from short pulses generated each time the defect hits
its matched element [5]. It is this difference in signals that makes it possible to extract signals of
bearing elements faults from the general signal. This difference also determines the effectiveness
of methods for condition monitoring and fault diagnostics of rolling bearings [9].

The most effective methods for bearing faults diagnostics are methods of high-frequency
excitation, known as high frequency resonance technique (HFRT), which is also known as
envelope analysis, and shock pulse method (SPM) [5, 8, 9]. The use of low-frequency excitation
to detect faults in of low-speed bearings elements is considered almost impossible. The main
reason for this considered to be limitation on the energy level, generated by faults in the bearing
elements [10].

The carried-out analysis indicates significant advantages of vibration diagnostics of the SU
from measurements of vibrations in resonant zones and the prospects of creating tools and
methods for conducting such diagnostics.

This study is devoted to the development of a method for indirect measurement of spindle
vibrations and its application for estimating assembling and manufacturing faults of the SU on
rolling supports.

2. The main idea of the method of indirect measurement of spindle vibrations

The method of indirect measurement of the spindle vibrations is based on measuring the
vibrations on the spindle unit housing with the subsequent calculation of the spindle axis vibration
(fixed in the spindle mandrel) according to the theoretical compliance function W (w). For the
measurement schemes shown in Fig. 1, compliance function W (w) associates the spindle housing
vibrations, at the place of measurement (position 1) and the axis of the tool mandrel (position 2).

In common case compliance function W (w) is defined as:

_ q2(w)
g, (@)’

W(w) (1

where q,(w) and g, (w) — calculated functions of tool holder displacement at point 2 and the
spindle housing at point 1 under unit harmonic force applied at point 3 (Fig. 1); w — excitation
frequency.

The position of point 3 is determined by the objective. In case of evaluating assembling and
manufacturing faults of the SU on rolling-contact bearings, point 3 is located on the axis of the
spindle under the leading bearing (Fig. 1(a)). In case of evaluating spindle error motion during
machining, point 3 is placed on the axis of the tool holder under cutting zone, that is, the positions
of points 2 and 3 coincide (Fig. 1(b)).
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Fig. 1. Measurement scheme for the assembling and manufacturing faults estimation of SU on rolling
bearings a) and spindle vibrations b): 1 — point of vibration measurement of the spindle housing; 2 — point
of vibration calculation of the spindle axis (tool-holder); 3 — point of the unit harmonic force application
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Vibration spectrum calculation of the tool-holder from measured vibrations of the spindle
housing is performed according to:

Ay(w;) = Ay (w;) - W(wy), 2

where A;(w;) and A,(w;) — amplitudes of the i-th spectral components of the experimental
vibrations spectrum of the spindle housing and theoretical vibration spectrum tool-older axis,
respectively.

These are the spectrums of absolute vibrations. Axis vibration spectrum of the tool-holder
relative to the spindle housing is obtained as a result of vector subtraction of the corresponding
spectrums of absolute vibrations taking into account phase angles of the spectral components.

Proposed theoretical-experimental method allows simplifying the procedure for spindle unit
condition monitoring and evaluation. In addition, it does not require the use of high-precision
measuring surfaces for spindle vibration determination.

3. Test rig
3.1. Test rig design

When evaluating level of vibrations at characteristic frequencies, it should not be forgotten
that there is a complex interaction of disturbing forces in the bearing with natural frequencies of
the entire unit [11].

However, this SU property can be used to detect the incipient faults of the rolling bearings
[12]. For this, it is necessary that the frequencies of the shock pulses that occur when the faults of
the bearing elements periodically enter the contact zone coincide with the same resonant frequency
of the mechanical system.

In turn, it should be noted that the resonant frequencies of the spindle units are quite high. For
example, for a vertical milling machine [13], the first natural frequency of the spindle head is
315 Hz, and the spindle frequency is 1410 Hz. Such values of natural frequencies do not allow
using the results of measuring resonance vibrations of the machine units for diagnostic of faults
that cause low-frequency vibrations. However, this can be realized on special test rigs, with
sufficiently lower natural frequencies of the carrier elements [14].

Test rig [14] is a frame elastically mounted on a massive foundation, with the possibility of
oscillating motion in a vertical plane. The angular stiffness of the frame is regulated by changing
the working length of the spring or by installing a rigid beam instead. By adjusting the angular
rigidity of the frame, it is possible to change the value of its first natural frequency in the range
5-37 Hz. Spindle unit is elastically mounted on the frame. Test rig design is shown in Fig. 2.

Fig. 2. Test rig design: 1 — frame; 2 — foundation; 3 — SU; 4 — tol—holder; 5 — spring/beam;
6 — motor; 7 — frequency converter; 8 — sensor; 9 — amplifier; 10 — AD converter; 11 — PC
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4. Test rig dynamic model

The implementation of the method of indirect measuring of spindle vibrations on a test rig
requires determination of its dynamic characteristics. In order to perform that, it is necessary to
create its dynamic model and experimentally confirm its adequacy.

When studying the dynamic behavior of complex mechanical systems, it is considered
reasonable to separate them (decomposition) into simpler subsystems [15, 16]. Separation of
subsystems from each other is ensured either by the introduction of additional connections that
prohibit movement of common points (nodes) of subsystems (dynamic stiffness method) or, on
the contrary, by eliminating constrains between them (method of dynamic compliances).

For rotary machines dynamic characteristics calculation, where SU belongs to, it is more
convenient to use the method of dynamic compliances [16]. When system is decomposed using
the method of dynamic compliances, harmonic reactions are applied to the discarded constrains,
which are then determined from the deformation compatibility condition of subsystems, that is,
the conditions for the amplitude balance of generalized displacements (linear and angular) at the
separation points of the subsystems.

The sequence of dynamic model development of the mechanical vibratory system that includes
several subsystems is described in detail in [17].

Using the recommendations of [17], we will present a test rig with a mounted SU in the form
of a mechanical vibratory system which consists of 4 subsystems (Fig. 3).

6(2)|L5’|15 4@ 30 2(2) 1@ hf X (@)
‘W' &, kb, 0(2) -M (o)
X, () X (0) Xy(w) X (0))
)| | Ko@) Koo} [Xdg)
3 X GF . 0
7( ) 1((3::1’(;1)q2 3(3)2(3 kql’ hql
Xg(®) Xs5(w)
X (@) ; 2(4) -XS(Q))i
(

@ @ O) Q)
S —

Fig. 3. Design models of test rig subsystems

First subsystem (tool-holder, index s = 1) is considered as a beam, that consists of two
sections with distributed mass. On the front end of tool-holder (cross-section 0V) concentrated
weight is located (disc). In section 2(V) the tool-holder is connected with spindle (spindle
cross-section 02)), which is taken into account by an elastic connection with radial k7, and
angular kffl stiffness.

Second subsystem (spindle, index s = 2) is considered as a beam, which consists of six
sections with distributed mass. In cross-sections 1@, 2 3(2) and 4@ bearings are located,
which is taken into account by elastic connections of spindle and spindle housing with stiffness
ki, k,, ks and k, accordingly. In cross-section 5 concentrated weight is located (pulley wheel).

Third subsystem (spindle housing, index s = 3) is considered as a hollow beam, which
consists of seven sections with distributed mass. In cross-sections 2(), 33 43 and 53 spindle
housing is connected with spindle. In cross-sections 1 and 6 its connected to the frame, that
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is taken into account by supports with stiffness kq; and k.

Fourth subsystem (frame, index s = 4) is considered as an equivalent beam, which consists of
four sections with distributed mass. In cross-sections 1®, 3 of the frame spindle unit is
mounted, in cross-section 2(* radial and angular joins is located, which connect frame with test
rig foundation, and taken into account by radial k, and angular kg stiffness.

The connections of the subsystems are: connection of tool-holder with spindle for subsystems
1 and 2; spindle bearings for subsystems 2 and 3; fixtures for subsystems 3 and 4. All connections
have elastic and dissipative properties.

To determine the compliance functions W (w) for different system elements vibrations, design
model (Fig. 3) should take into account the necessity of a unit harmonic load PL.(S) (w) =1 sinwt
application at certain points of the subsystems. Thus, the scheme shown in Fig. 3 is designed to
solve the problem of assembling and manufacturing faults estimation of SU (Fig. 1(a)). Therefore,
in the design model (Fig. 3) a unit harmonic load Pl(z) (w) =1 - sinwt is applied to the spindle
section.

According to decomposition scheme (Fig. 3), deformation compatibility conditions in
subsystem separation points are:

— For subsystems 1 and 2:

2 2 2 2 2
{aégXo + Yoo Mo — “81))(1 - “gz)xz - a(()a)Xa - a((,4)X4 = a(()P)’ 3)
2 2 2 2 2
BssXo + daoMo — 351))(1 - 552)X2 - ﬁé3)X3 - 354))(4 = (gp)-
— For subsystems 2 and 3:
2 2 3 3 2
—aiO)XO - Vl(o)Mo + a3 X, + aiX, + a3 X; +aiX, — aél)XS - age)X6 = —aﬁ,},
2 2 3 3 2
—ago)Xo — yz(o)MO +aBX, + a3 X, + a3X; + aiiX, — agl)Xs — a§6)X6 = —agp), @
2 2 3 3 2
—aéo)Xo - }/?,(())M0 +aBX, +aX, + aiX; + a3iX, — a‘(u)Xs - och.,)X6 = —aép),
2 2 3 3 2
—a{DXo — VMo + aFiXy + a3 X, + aBiXs + adiX, — aldXs — alP X, = —all).
— For subsystems 3 and 4:
3 3 3 3
{_a§2)X1 - a§3)X2 - a§4)X3 - ais)X‘} + aitXs + ai¢Xs = 0, 5)
3 3 3 3
—aéz)Xl - aé;Xz - aé4)X3 - aés)X4 +adiXs + adiXs =0,
or in a matrix form:
[D(w)] - F = Ap, (6)
where X;, M;— harmonic reactions in discarded connections; ai(;), ,Bi(].s), ]/l-(js), qbi(f)— dynamic

compliances of subsystems s: ai(;) and ﬁi(js) — accordingly displacement and angle of rotation in
point i from unit harmonic force applied in point j; yi(js) and ¢i(].s)
angle of rotation in point i from unit harmonic moment applied in point j; ai(g) and ,Bi(lf) -

generalized displacements (linear and angular) from unit harmonic load Pl(z), ai(ﬁ) = ai(lz) Pl(z),

— accordingly displacement and
éf,) = ﬁé?Pl(z), i=0,1,2, 3, 4; R- vector of harmonic reactions in discarded connections,
R = (X, My, X1, X5, X3, X4, X5, X¢)T; Ap — generalized displacements vector:
—(a® @ _ @ _ @ _ @ _ @ 50\
Bp = (@op, Bop » —aip —op, —ap, =4y, 0,0)
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and [D(w)] — dynamic compliance martix:

ap v} ol -af) -af) -ai7 0 0
B e B B -BE -BE 00
—aly) vy e« B aB o -af) -
—xd3y VY30 a3 as; a33 a3 —Qy Ty
—of) —vP B o B B -al) -al)
0 0 -—af -af -af -af off ai
0 0 -af -af) -aff -aff a o
where:

1
1 2 1 2 1 2
ags = “52) + a(()o) + 06 = 2(2) + .8(50)' Yoo = Vz(z) + Vo(o)'

kn’
G0+ o+ i —a@ a4 o —al 4o,
@ =a?+af), ofi=al +al, aif=al +al)
a=a +af) +r, af=af +af), off =af) +ald,
at=af) +a) o =a+a, off=a+ald
@il =af) +ad, ai=al+af), aff=al+al,
aff =a tag) afi ol vt alf=a el 4

1
ait=al +al, o=l +ald, ait=al+al+ -
q2

0. 69 1, 41
presented in [17] using the transfer matrix method [18, 19].

Subsystems transfer matrices I1®) are written in accordance with decomposition scheme
(Fig. 3) by the methodology [17]:

For tool-holder (s = 1, u = 2):

Dynamic compliances a are determined according to methodology,

0
l'[(l) = 1_[ l‘[fl) — Ugl) . Ugl) . G(()l) (8)

i=2
For spindle (s =2, u = 6):

0
n® = 1_[ l-[lgz) _ ng) . ng) ) Uéz) ) ng) _ng) ‘ng) . U§2)' 9)
i=6

For spindle housing (s = 3, u = 7):
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0
n® = n n® =u® v v ud® P - ud P (10)

i=7
For frame (s = 4, u = 4):

0
e = [ [n® = vl vl -rY - vl - v, (n

i=4

where [1® — transfer matrix of the beam system, equal to the product of transfer matrices of all

sections between the u-th and the 0-th sections of the system’s beam, 1 = []?_, HES); HES) -
transfer matrix of the i-th section, equal to the product of all transfer matrices on this section,
HES) = Gl-(s) . R(l-s) . Ul-(s); G; — mass-inertia matrix of the concentrated weight; R; — matrix of
elastic-dissipative linear and angular support; U; — matrix of the beam section with distributed
mass, [ — number of the subsystem section; u— general number of subsystem sections. Transfer
matrices G;, R; and U; are determined by dependencies [18, 19].

From the system of equations (6), the reactions of the discarded connections are determined,

and then the amplitudes ql.(s) (i=0,...,u) of the transverse (radial) displacements of the

characteristic points of the subsystems:
Tool-holder (s = 1,i =0,...,2):

qi(l) = ai(zl)XO + ]/i(zl)MO. (12)
Spindle (s = 2,1 =0,...,6):

q® = —a@P Xy —yPMy + aPX; + aPx, + aPX; + aP X, + PP (13)
Spindle housing (s = 3,1 =0,...,7):

q® = —a8x, - aPX, — aPX; — aPx, + aPXs + aD X (14)
Frame (s =4,i =0,...,4):

CIL'(4) _ —ai(f)Xs _ Oli(;)Xe- (15)
Compliance function W (w);3, connecting the vibration of the point 01 of the tool-holder

subsystem (s = 1) with the vibrations of the spindle housing (s = 3) at the point 2(®) under unit

harmonic load applied at this point (Fig. 3) is determined as:

1 1
Q(() )(w) _ a(gz)Xo + V(g)Mo

3 - 3) 3 3) 3) (3) By -
q, (w) —ay, Xy —a Xy —ay Xz —a, Xy +ay0 Xs + a,0 X

W(a))13 = (16)

4.1. Experimental verification of the test rig dynamic model adequacy

As the tested SU grinding head were taken. The SU housing is made in the form of a quill with
an external diameter of 65 mm and a length of 250 mm. The spindle shaft is mounted on duplex
angular-contact ball bearings type 7004, assembled according to the “tandem-X" scheme.

Measurement of vibration at the test rig was carried out using a piezoelectric accelerometer.
PCB 353B15 and amplifier PCB 480E09. The signal was registered using the NI USB-9215 AD
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converter and processed in Matlab.

The experimental verification consists in obtaining and analyzing of system harmonic response
to the impact load. Studies were carried out for four different versions of the system: 1) test rig
with mounted SU and attached tool-holder, the angular rigidity of the system is set by an extension
spring; 2) test rig without SU, angular rigidity of system is set by an extension spring; 3) stand
with mounted SU and attached tool-holder, the angular rigidity of the system is set by a rigid beam,
installed instead of a spring; 4) stand without SU, angular rigidity of system is set by a rigid beam,
installed instead of a spring.

For the first and third versions, measurement were taken at the end of the tool-holder
(Fig. 4(a)), the impulse load was applied to the frame.

For the second and fourth variants, measurements were taken at the place where the spindle
unit was attached to the frame (Fig. 4(b)).

The natural frequencies values of the test rig with mounted SU (Fig. 4(a)) are determined using
Eq. (7) from the condition det[D(w)] = 0. Natural frequencies of the frame (Fig. 4(b)) are
determined from the calculation of frame transfer matrix Eq. (11) using the dependency given
in [19].

The results of comparison are shown in Fig. 5. Pl.(s) ith natural frequency of the subsystem s.
The left values of the natural frequency correspond to the experimental values, the right ones —
calculated.

Fig. 4. Schemes for the sensor installation and applied impact load for measuring natural frequencies
spectrum of the system: 1 — sensor, 2 — place of load application

5. An example of using the method of indirect measurement of spindle vibrations

5.1. The research procedure at estimation of assembling and manufacturing faults of SU on
rolling bearings

The use of the method involves experimental and theoretical studies of dynamic behavior of
the SU, mounted on the test rig.
The experimental part of the study (Fig. 1(a)) provides:

1. Determination of the first natural frequency P1(4) of the test rig frame (P1(4) = 33 Hz,
Fig. 5(¢)).

2. Determination of the spindle rotation frequencies corresponding to the conditions for the
resonance vibrations of the frame due to occurrence of assembling and manufacturing faults of
the SU.

3. Measurement of spindle housing vibrations at these speeds.

The spindle rotation frequencies at which the resonance vibrations of the frame occurs are
determined by the condition of the frame first natural frequency matching with the frequencies of
the forced vibrations caused by assembling and manufacturing faults of the SU on rolling bearings.
The characteristic frequencies of forced vibrations and rotational speeds of the spindle,
corresponding to the conditions of frame resonance vibrations, are given in Table 1.
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Fig. 5. Natural frequencies spectrums of the test rig for different variants of test rig:
a) with extension spring and SU; b) with extension spring without SU;
¢) with rigid beam and SU; d) with rigid beam without SU

Theoretical part of the study:

1. Calculation of the displacement functions of q((,l) (w) and q§3) (w) of point 0
(tool-holder) and point 2(® (spindle housing) under unit harmonic load applied to the spindle at
the location of the front support leading bearing (point 1(?)). These functions, in fact, are dynamic
compliances of the tool-holder and spindle housing subsystems and can be calculated from the
Eq. (12) and Eq. (14).

2. Calculation of the compliance function W (w);3 that connects vibration of points 0Vof the
tool-holder and point 2 of the spindle housing Eq. (16).

3. Calculation of tool-holder axis vibration spectrum at characteristic frequencies of spindle
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(Table 1), according to experimental vibration spectrum of spindle housing Eq. (2).
4. Calculation of the spectrum of tool-holder and spindle housing relative vibration and
determination of relative vibration amplitudes of tool-holder point 0V at characteristic

frequencies of forced vibrations.

Table 1. Main frequencies of forced vibrations caused by assembling
and manufacturing faults of SU on rolling bearings

N Forced vibration f Spindle rotation frequency f,. corresponding to
o oreed vibration frequency the frame resonance vibrations P1(4), Hz
1 Spindle rotation frequency, f;- fr1 =33
2 Spindle double rotation frequency, 2f, fro =16.5
3 Spindle triple rotation frequency,3f; frz =11
1 d
4 FTF, forr == f; - (1 - cose) fra =85.77
5 BPFO, fppro = frrr - Nb frs =9.55
6 BPFL fepr; = (fy = frre) - ND fre =5.96
2
7 | BSF, fasp == f - 22d. —@-cosze) frr = 16.1
2 dpa dZy
Note: dggq — ball or roller diameter, mm; Nb — number of rolling elements in one row;
dpg — bearing pitch diameter, mm; 6 — bearing contact angle.

5.2. Research results

Results of theoretical determination of tool-holder and spindle housing dynamic characteristics

are shown in Figs. 6-9.
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Fig. 6. a) Dynamic compliances of tool-holder and b) spindle housing
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Fig. 6 presents the amplitude-frequency and phase-frequency characteristics of the tool-holder
q((,l) (w) and spindle housing qf) (w) dynamic compliances. Fig. 7 illustrates the
amplitude-frequency and phase-frequency characteristics of the compliance function. Fig. 8
illustrates experimentally obtained spectrum of the spindle housing absolute vibrations at point
23 and the corresponding calculated spectrum of the tool-holder absolute vibrations at point 1(?
and obtained at spindle speed n = 660 RPM (f,, = 11 Hz). Fig. 9 shows the calculated spectrum
of the relative vibrations of the tool-holder end at spindle speed corresponding to the frame
resonances at characteristic frequencies of assembling and manufacturing faults of the SU.
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Fig. 8. Absolute vibration spectrums: a) spindle housing — experimental; b) tool-holder — calculated
5.3. Discussion

As can be seen from Fig. 7, in the low-frequency range (up to 70 Hz) there are two resonance

zones corresponding to the first P1(4) =33 Hz and second P2(4) = 335 Hz natural frequencies of
the test rig frame. In this case, the compliance function W (w),5 (Fig. 7) is practically linear. This
means that the nature of the absolute vibrations of spindle housing and tool-holder is determined
by the vibrations of the frame. This is confirmed by the similarity of the absolute vibration
experimental spectrum of the spindle housing and the corresponding calculated tool-holder
absolute vibration spectrum (Fig. 8).

From the calculated spectrum of the tool-holder relative vibration (Fig. 10), we can make the
following conclusions:

—in the non-resonance mode at low spindle speeds, the effect of assembling and manufacturing
faults of spindle units on the formation of tool-holder vibration spectrum is not observed
(Fig. 9(a));

— high amplitudes of resonance vibrations at first f,. (Fig. 10(f)), second 2f,. (Fig. 10(e)) and
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third 3£, (Fig. 10, d) harmonics of spindle rotation frequency indicate the presence of a significant
spindle imbalance and misalignment of bearing seats [20];
— a high amplitude of resonance vibrations at fzpro frequency indicate the presence of a
significant defect on the bearing outer ring (Fig. 10(c));
— there are no significant defects on the bearing inner ring (Fig. 10(b)).
This confirms the high information value of the compliance function W (w);5 and prospective
of developed method of indirect measurement of spindle vibrations for the assembling and
manufacturing faults diagnostics of SU on rolling bearings that cause low-frequency vibrations.
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Fig. 9. Calculated spectrums of tool-holder relative vibrations at spindle speeds,
corresponding to frame resonance at characteristic frequencies of forced vibrations:

a) non-resonance mode, b) fzpry, €) fepro, d) 3fr; €) 2fr5 D) £
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6. Conclusions

1) An alternative to direct measurement of spindle vibrations (or tool-holder) may be their
identification based on the results of measuring the vibrations of the spindle housing using the
calculated compliance function characterizing the ratio of vibrations at the points of measurement
and identification. It was this idea that formed the basis for creating a method for indirect
measurement of spindle vibrations.

2) When developing a design scheme of a spindle unit mounted on the test rig as a complex
mechanical vibratory system, the theoretical compliance function will be the ratio of the dynamic
compliances of the corresponding subsystems at the points of calculation and vibration
measurement.

3) The application of the dynamic compliance method for the decomposition of a complex
mechanical vibratory system, which contains a spindle unit, in combination with the transfer
matrix method, used for calculation of subsystems dynamic characteristics, makes it possible to
obtain acceptable modeling results with the relative simplicity of design schemes and algorithms
computation.

4) The results of the study indicate a high degree of information value of compliance function
and prospects of developed method application for the assembling and manufacturing faults
diagnostics of SU on rolling bearings in the low-frequency region. It is established that the
compliance function gives a clear idea of the relationship between the displacements at
measurement and identification points, as well as reasons of these relations variation.
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Abstract. Left ventricular assist device is a main alternative to donor heart transplantation today.
The third-generation of devices includes continuous-flow pumps with an impeller or rotor
suspended in the blood flow path using a magnetic bearing design. Magnetic bearings offer the
advantages of non-contact suspension, thus, there is no wear over time and no friction, and large
clearances. Active magnetic bearings are a mechatronic product in which the rotor dynamics can
be controlled actively through the bearings. The main problem of non-contact suspension is to
ensure a stability of rotor position. Besides researches of the last years have shown that with
prolonged use of pumps with the constant blood flow, i.e. without pulsations, patients have
complications associated with a cardiac atrophy, a coronary artery disorder, an embrittlement of
vessels and, as a result, an internal bleeding. In this regard, the creation of blood flow pulsations
and the provision of the stable controlled behavior of the rotor in pulsating modes of functioning
of the axial LVAD with magnetic bearings are relevant and proposed in this article.

Keywords: nonlinear dynamics, rotor stabilization, attractor, invariant, synergetic control theory,
left ventricular assist device.

1. Introduction

Cardiovascular diseases are a major cause of death worldwide. If medical treatments fail to
restore an adequate blood flow in a patient, a mechanical support is needed.

Left ventricular assist device (LVAD) re-establish sufficient perfusion in patients with
advanced heart failure when medication and other surgical therapies, such as valve replacement
or ventricular reconstruction, have reached their limits. An implanted device draws blood from
the left ventricle into the aorta. Energy is supplied from an external battery and transferred to the
LVAD through a percutaneous cable [1].

Unfortunately, the base of donor hearts is small even in the most developed countries.
Annually in the countries of Europe and the USA about 3500 transplantations are performed,
whereas in Russia the number of transplantations per year is about 165 [2]. Today LVAD is the
basic alternative to heart transplantation [3].

Patients are forced to be with implanted blood pumps for a long time. Increasingly, patients
abandon the donor heart in favor of mechanical support [4]. Therefore, the main task of the
development of LVAD is to improve the quality of the device.

To date, different types of blood pumps have been developed, but only a few are clinically
available. The development of LVAD is a highly complex and interdisciplinary process with many
requirements to be fulfilled [1]. Generally, LVADs can broadly be divided into first-, second and
third-generation devices.

The first-generation of devices includes pulsatile membrane displacement pumps. These
devices are engineered with a pumping chamber and two valves that fill and empty cyclically.
Disadvantages of such blood pumps are large size, unreliable and an external position [5].

The second-generation devices include implantable, continuous flow, rotary pumps that offer
several advantages over pulsatile flow pumps. Some of the advantages are the smaller size that
reduces the risk of infections and simpler implantation. These pumps have an internal rotor within
the blood flow path that is suspended by contact bearings [5, 6].

But in this design, there are some problems. Ball bearings are lubricated directly with blood
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that leading to extensive damage to the red blood cells, called hemolysis [7, 8]. Seal failures
resulted in many early pump failures. Additionally, seals accumulate thrombosis. Blood-
lubricated bearings tend to be subject to high shear due to the high rotational speeds and small
clearances [9]. So the most important problems associated with the development of the LVAD are
the blood trauma (hemolysis), thrombosis, unreliability of the devices, lack of pulsations.

The third-generation of devices includes continuous-flow pumps with an impeller or rotor
suspended in the blood flow path using a magnetic bearing design. Magnetic bearings offer the
advantages of non-contact suspension, thus, there is no wear over time and no friction, and large
clearances [10, 11].

The large clearance allows the rotor to rotate at high speeds with the appearance of low shear
stresses that reduces the rate of hemolysis and thrombosis. The magnetic bearings provide the
durability and the operational reliability of the blood pump. Moreover, there is no need for
maintenance. In addition, active magnetic bearings (AMB) are controlled by electronic control
scheme with feedback. This provides a higher positioning accuracy of the rotor [12]. The
development of LVAD of axial type with magnetic bearings suspension becomes perspective.

Currently the most popular blood pump of axial type with magnetic bearings introduced into
medical practice is Incor (BerlinHeart Company). Incor as well as other pumps of the second and
third generation has a continuous blood flow. But researches of the last years have shown that
with prolonged use of pumps with the constant blood flow, i.e. without pulsations, patients have
complications associated with a cardiac atrophy, a coronary artery disorder, an embrittlement of
vessels and, as a result, an internal bleeding [13, 14]. In this regard, a task of the creation of
pulsations at the outflow from the pump chamber becomes one of the priority when developing
the pump of a new generation.

There is not the axial blood pump of pulsating type in the world market yet. In contrast to the
huge number of researches devoted to the study of the blood flow in the pump chamber, the
influence of shear stresses on erythrocytes, the design of the geometry of the flow part, there are
practically no studies related to the dynamics of the rotor with active magnetic supports in
conditions of blood flow and pump functioning regimes. The problem of absence of mathematical
models of the nonlinear rotor dynamics of the LVAD with magnetic bearings remains open. AMB
are widely used in machine-tool constructions, in vacuum systems, in high-speed engineering
[15-17]. As a rule, objects have a small gap, and in most works the magnetic suspension model
linearized at the equilibrium position is used. However, the nonlinear properties of magnetic
bearings can lead to the dynamics of the rotor, whose motion is completely different from that
predicted by the linear model [18-22].

The development of reliable, designed for long-term mechanical support, domestic LVAD of
the new generation seems perspective. The analysis of researches allows to state that to date there
are still no scientifically based methodologies for designing such complex system as blood pump.
Especially it concerns the design techniques of the rotor-magnetic part of the pump. Therefore,
the creation of blood flow pulsations and the provision of the stable controlled behavior of the
rotor in pulsating modes of functioning of the axial LVAD with AMB are relevant.

2. Equations of motion

The rigid rotor with mass m of the axial LVAD rotates with the constant angular velocity (1 in
two radial active magnetic bearings AMB A and AMB B (Fig. 1(a)). Magnetic bearings consist
of four identical contours (Fig. 1(b)), which are located symmetrically opposite each other.

The small motions of the rotor are described by the displacements x° and y° of its geometric
center O with respect to the inertial reference IXYZ and by inclinations of axes 0x°y°z° (Fig. 2).
These inclinations are described by two angles @ and . The axis 0z° coincides with the
geometrical longitudinal axis of the rotor and the axis Ox° passes through the center of mass of
the rotor C. Cx"y'z" is the rotor-fixed system of principal axes with I, = I, = I, and I,, = I,

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 75



2.3. METHODS OF ENSURING THE REQUIRED DYNAMICS OF AN AMB SUPPORTED AXIAL LVAD ROTOR.
YULIA BOGDANOVA, ALEXANDER GOUSKOV

moments of inertia. The rotor motion in the longitudinal direction is fixed by permanent magnets
and therefore is not considered. Rotor has a static and dynamic unbalances. The static unbalance
is characterized by the eccentricity OC = e. The dynamic unbalance is characterized by the angle
¥x = V¥ [23, 24]. In the nominal reference position of the rotor, axes of 0x°y°z° system coincide
with the origin of the inertially fixed coordinate system /XY Z.

AMB A AMEB B

- T
[ . \f
=T

=]] [er]
a)
Fig. 1. a) Symmetrical rigid rotor in two radial active magnetic bearings,
b) geometry of the radial bearing magnet

:'I

Y 4 ¥
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Fig. 2. Relationship of coordinate systems

The angular velocity Q of the rotor about its longitudinal axis is assumed to be constant. The
equations of motion for the variables:

q = {x,,yo, @, B}". (17)
Follow from Lagrange’s equations:

d <6T) oT 1 4 18

dt aql aqi_Qii t1=1,...,4 ( )

With the kinetic energy T and the generalized forces Q;.
The kinetic energy T is:

1 _ 1
T = Em(xg + y&) + mWe(—x, sin Wt + y, cosWt) + 2 Q7'1,Q, (19)
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where I, is the matrix of the inertia tensor and Q is expressed [17]:

Q0 @ cos(Qt) + 8 sin(Qt)
Q ={Qy0 ¢ =|—asin(Qt) + B cos(Qt) |- (20)
Q0 Q- aB

Hence, the equations of motion follow in the form [17]:

mi, = F; + F,.p1 + mQ2%e cos(Qt),
my, = F, + Foyer + mQ2e sin(Qt),
Lt + L,OB = F3 + Fopes + Q2y(I, — 1) cos(Qt),
LB — 1,Qd = Fy + Fopea + Qv (I, — I,) sin(Qt) .

1)

The first two equations in Eq. (5) describe the translational motion of the rotor. The last two
represent angular motions, with the second terms in the left-hand sides characterizing the
gyroscopic effects. As can be seen from equations Eq. (5), the parameters of unbalances play the
role of an external periodic load.

In matrix form the equations of motion are:

M+ QGq =F + F,,, + Q2Q, (1), (22)

where M = diag(m, m, I, ) is the inertia matrix, G is the skew-symmetric gyroscopic matrix
with two non-zero elements(G) 3, = —(G) 43 = I, F = {Fy, .., Fu}7, Fort = {Foxt1, - Foxa}” are
the electromagnetic reactions of the suspension and the generalized external forces respectively,
Q, (t) is the generalized excitation loads which expressed:

mecos(Qt)

_ mesin(Qt)
Q. (1) = iy(!x - Iz)cos(Qt)}' (23)

Y(Ix - Iz)Sin(Qt)

The generalized eclectromagnetic reactions of the suspension are created by controlling
magnetic bearings forces:

T
Fyup = {FAx' FAy: Fgy, FBy} ’ (24)

which are applied to the rotor in the control points of AMB A and AMB B at the distance a; and

a, from the geometric center 0. The sensors have the same longitudinal coordinates as the centers

of the support points of the rotor, that is, the control points coincide with the measurement points.
Vectors F and F,,p are related by:

F =T, Fyyz (25)

where T, is the transformation matrix:

10 0 -a
{01 a 0

=110 0o aq (26)
01 —a, 0

This leads to the following form for the equations of motion:
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M 4 + QGq = T] Fapp + Fore + 02Q,(0). (27)

As a rule, the magnetic suspension equations are linearized at the equilibrium position [25].
Then the linear model is adequate only for small deviations of the variables from their nominal
values or displacement values. In fact, these deviations can be considerable. In some works, it is
shown, if the deflections of the rotor exceed half of the gap, the net magnetic force which is
produced by a pair of opposite electromagnets changes more than 44 % from the linear
approximation of itself [20]. Therefore, the magnetic bearings operation changes from the
equilibrium point. For small air gaps and large control currents the nonlinear characteristics
become very significant. Dynamic behavior of the rotor can be changed from the linear model
result because of the nonlinear characteristics of magnetic bearings. The nonlinear model of
bearings forces has a form:

lo + iy iop—
Fur = Eae — Fa = b (2 (
Ax Ax1l Ax2 A [ _ be 8 + be

1'0 + lA lo - lA
FAy = FAyl - FAyZ =ky [(8 yby) ( y ]
A

ig+1 ip—1 2 (28)
Foi—Fo —Fo —k (0 Bx) (o Bx)
Bx Bx1 Bx2 B [ _ be 8 + be

lo + lBy lo - lBy
===t (520 (52 |

2

Acos()() (4o — magnetic
constant, n — number of winding turns, A — winding area, y — angle of deviation of magnetic force
from vertical/horizontal equal to 22.5°) and the radial gap 6. The currents iy, and ip, create the
magnetic forces Fy, and Fg, in the X direction and the currents iy, ig, create the magnetic forces
F4y and Fp,, in the direction of the axis ¥ (Fig. 3).

with the bias currenti,, the constructive parameter k, = kp = Ho

AMB A AMB B

Fig. 3. Principle of radial force generation I

The vector:
Xpa Xo — 4B
_)Ybal _ ) Yo T
b = Xpp () x, +axf (° (29)
YVbB Vo — Ay
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Comprises the rotor displacements within the magnetic bearings, whereas the vector

i= {l A2 LB Lays © By} contains the individual coil control currents of all four bearing magnets.
At a switched-on electric motor the right-hand side of the equations of motion Eq. (11) will
include a matrix of positional forces C,, [17]:

MG + QGq = Ty Fayp + Cpy q + Fexe + 22Q, (0). (30)

For the motor with a length [,,, arranged in a symmetrical suspension, the matrix, taking into
account its effect on the suspension, has the form:

14k, 0 1—k, 0
|l 0 1+k, 0 1—ky

C=%li-k, o 14k, 0 | (D
0 1-k, 0 1+kp,
2
where c,,, is the motor stiffness, k,,, = ﬁ is the motor design parameter (constant value).
1 2
Matrices C and C,, are related by:
C,, = TICT,,. (32)

Then the equations of motion follow in the form:
M § +QGq + (=T, CT,)q = Ty Fapp + Fepe + Q°Q,(1). (33)

Rotation in the blood flow is associated with the hydrodynamic resistance. Since the rotor is
screw and has a non-constant shape, the standard theory of hydrodynamic lubrication cannot be
applied. From the theory of similarity and dimension vector of hydrodynamic resistance can take
the form:

My —a - Q‘B
Myy ¢ = cynmr?l]—g + Qa (34)
MHZ -

with the coefficient of medium resistance c,, and the dynamic viscosity of blood 7. The radius and
the length of the rotor are indicated r and [ respectively. The relation (18) can be written in the
form:

0 0 0 0 0 0 0 0

0 0 0 0 00 0 0 (35)
Hy =10 0 —c yrrii 0 » Hs=1g ¢ 0 —c,mur?l|

00 0 —c,nar?l 0 0 c,nur?l 0

With considering Eq. (19) the equations of motion are expressed:
Mg + (QG — Hp)q + (=T; CT, — QH;)q = Ty Fypp + Fexe + Q%Q, (8). (36)

Influence of the various accelerations that a person experiences in everyday life and in
professional activity is taken into account in the vector of the generalized external forces. External
inertial loads can be either piecewise-constant or harmonic:
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E, + A,sin(pt)
Eo E, + A,sin(pt) (37)
ext = ) M, + B,sin(pt) [’

M,, + B, sin(pt)

where Fy, F,, My, M, — external piecewise-constant loads, Ay, A, By, By, p — amplitudes and
frequency of external harmonic influence.

There is interest to present the equations of motion in a dimensionless form [26, 27],
highlighting the dimensionless complexes (similarity criteria), that characterize a whole class of
an artificial circulatory supports. Applying the change of variables:

X1 =Xo0 Y1 =Yor A1 =4, .Blzﬁ'

. . . ; 38)
Xy =Xy, Y2 =Y, @y =@, B =P, (

and formulas for the transition to dimensionless quantities t = £S;, x; = X1S,, V1 = V15,
ay =_c?15ﬁ, B = ,815& ay = 1Sy, Ay = AQ3S5, Lo = 1oS;, lax = WaxSi, lay =1, ySl.’ Igx = UpxSis
§ =6S,, ky, —km,Fx—FSF,F—FSF,M MSM,M MSM,r—rSL,l—lSL,
e=eS,, A, = /TXSF,Ay = ATySF, B, = B,Sy, B, = =B S, Q= QSq,p =pSa. v = ¥Sp lead to
the equations of motion in the dimensionless form (dimensionless quantities are with a dash,

()" =d/dt):

X1 = fz,

a, +a _ _ _
X =% + %ﬁl + 4y + Fg, + E, + A, sin(pt) + O2%ecos(Qt),
y{ - yZ!
—y — (a - aZ) — e _ Y =
Y2=y1 + s % + Fay + Fy + F, + A,sin(pt) + Q%esin(Qi),
(71 = (72,

., = My = o= =
a; = —IMya, —M,QB, + 7(‘11 — @)y, — NEQpy + a1, Fyy — @l Fgy+. ..
(39)
+72((af + @) (1 + k) — 28,8,(1 = k) ) @ + My + B,sin(5)
+Q%7(1 — I1y)cos(Qb),
:81 .82'

_ _ — I1 — — _
ﬁé = _HHﬂZ + Hlﬂaz + _2(_61 + dz)fl + HHQ(Yl - dlnzFAx + C_lznzFBx‘l'

+%((a1 +a3)(1+ k) — 2a,a,(1 — m)) B + M, + B,sin(pb)
+027(1 — T)sin(QD),

where:
P o—n ( To + i >2 (
o “\s - (321 - 6_113_1) &+ (x1 - a151
- 2
F I ( To + Iy ) (
Bx K S - (fl + azﬁ_l) 8 + (xl + azﬁl
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— _ 2 — — 2
( To + Lay ) _( To — Tay >
8- +aa,) §+0Gh+aam)) |
— — 2 — — 2
F — l_[ lo + I’By _ lo - I’By
By = KIS - (5, — @,ay) 5+ —a,a)) |

As independent units of dimension, the following scales were chosen:

m P
Sy=6, S,=1, S;= ’C— Siz\];, (40)
m

where P is the electric power and R is the resistance. Two scales — meter-introduced because of
the presence of anisotropy in the longitudinal and transverse dimensions of the research object

FA_’Y = HK

. Sy 8 .
and are related to each other by the ratio S—x = =€ The remaining scales are dependent on the
L

dimension and are expressed through the selected ones and listed above. In the process of reducing
the rotor model to a dimensionless form, dimensionless complexes were identified — the similarity
criteria:

0= 1, _— mi? _— c,nmlr2l/m/c,, 0= k,P 1)
1T T H= i © KT RSF
x X m

It is necessary to create the blood flow pulsations as it was said earlier. From Pressure-Flow
characteristic it can be seen that different rotational speeds can provide the same flow rate,
depending on what pressure rise is required [28]. As is known a pressure of 120 to 80 mmHg is
normal. The idea of the approach to create the blood flow pulsations is to change pressure rise in
accordance with the change in the rotational speed. To approbate this method let change the
rotational speed vary according to the harmonic law Q = Asin(@t) + Q, with a given amplitude
and frequency. It should be noted, that the non-constant rotational speed can lead to additional
accelerations and as a result other equations of motion. However, it was shown that the influence
of these additional accelerations on the results of calculations is infinitely small and may not be
taken into account.

3. Synergetic synthesis of control

The LVAD system is characterized by the following features: structural complexity
(nonlinearity, large dimension, multiply connection and parametric uncertainty); multi-mode
operation and lack of time for reconfiguration; nonlinear properties in modes of large deviations;
the presence of external disturbances, which can lead to emergency situations; the requirement of
energy efficiency.

The most appropriate method has been chosen, which makes it possible to solve immediately
a set of stated problems. This is a method of analytical design of aggregated regulators (ADAR)
of synergetic control theory (SCT) [29-36].

SCT is a new direction in control science. In general, SCT provides methods for designing
optimal controllers for dynamical systems, where the controllers are coordinated with internal
expectations of the systems. In SCT control goals are written in the form of invariants
(technological, energy, chemical etc.). For the control goals were fulfilled, it is necessary that
these invariants become attractors of the dynamical system. An attractor is a region in the state
space of a dynamical system that pulls the trajectories from nearby areas of the state space.
Whatever the initial conditions are, the system moves towards one of the attractors and remains
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there infinitely. So, the control goals are fulfilled on this attractor. Procedure of synergetic
synthesis is the search for control laws under which these invariants become attractors of the
dynamical system. Introducing such areas of attraction, or attractors, to the dynamical system, is
one of the main concepts of the SCT. The resulting dynamical systems with their controllers have
areas of attraction that correspond to the control goals.

The model of the rotor dynamics in active magnetic bearings Eq. (23) includes external
disturbances, which can lead to malfunctioning or failure of the system. Thus, effective control of
the magnetic suspension should have the ability to compensate for their undesirable effect. For
this, the principle of integral adaptation of ADAR method can be applied. The integral adaptation
implies that to parry external disturbances it is necessary to represent each of them in the form of
a dynamic model at the output of which an approximate perturbation of the corresponding class is
formed. The original system Eq. (23) can be extended by introducing the perturbation estimates:
Z, = F, + A,sin(pt) + Q%ecos(Qt),

Z,=F + _y sin(pt) + Q2esin(Qt),

-2 42
Z3 = M, + B,sin(pt) + Q%7 (1 — I1;)cos(Qt), (“42)
Z, = M, + B,sin(pt) + Q*y(1 — I;)sin(Qd),
and by introducing the perturbation model for each new variable in the form of integrators:
di = U Precn1, di = U2 Prechz2, di = U3Precn3, di = UsPrechar (43)

with uy, ..., 4 — constant coefficients. For the rotor stabilization the control goals can be written
in the form of invariants (technological invariants):

= -0 _ s =0 _
Diocny =% =% =0, Preenz =¥1—¥1 =0,

_ (44)
Diocnz =1 — 1 =0, Ppecpa = 51 51 =0,

where &, ¥, @, 50 are desired values of the state coordinates. With Eq. (26) and Eq. (27) the
system of equations Eq. (23) is expressed:

x{=f2,

a, +a
ié=f1+¥ﬂl+SAx+SBx+er
Vi =Y
_, (@ —ay) _
YZ:J’1+T 1+SAy+SBy+Zz:
&1:&2,

-, _ == Iy == _ = _
a; = —lya, —1,0,6, + 7(‘11 —ax)y; —u6,6, + al“ZSAy - ‘121_[2533;+ (45)
H
((a1 + a%)(l + km) —2a,a,(1— m)) @ + 73,
:81 - .82'
_ _ _ I1 _ _ _
By = —Myp, + 1,6,a, + 72(_6_11 + @)%, + 0,0, — a 11,5, + @x11,Sp,+
l_[2 = -
+2(@ + @)1+ k) - 20,8,(1— k) B + 2,

Z1 = 1 Precn1,  Z2 = U2 Prechzr 23 = U3 Precnsr  Za = HaPrecnas
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where:
5 _ l_[ lo + u1 g — l_l.l )
w “ X1 — a1ﬁ1 5+ (xl -a,5)/ |
5 _ 1_[ ( lo + u2 > ( g — u2 )
B K x1 + azﬁl (xl + az.gl '
_ T, + U3 ) ( T, — 13 )
Sp, =11 ’
i K ( - +aa) (yl + a,a;)
— lo + ﬁ4_ Ty — ﬁ4_
Sgy =11
» “ <5 7 aZal)) (5 + 0 - a2a1)>

The control currents Ty, gy, lay, lpy are control channels Uy = Ty, Uy =Ty, Uz = Ly,
U, = Igy. To further synthesize the control laws a parallel totality of macrovariables can be
selected in the following form [32]:

Yy =%, — @1, Y=Y, — @ Y3 =0, — @3, 1/’4:5_2_904- (46)

@1, P2, O3, @, represent the internal controls and are determined in the course of further
synthesis. For the macrovariables Eq. (30) to be invariant manifolds it is necessary that
Y1 .4 = 0. For this the introduced set Eq. (30) must satisfy the solution of the system of basic
functional equations of the ADAR method [32-34]:

Ty + 1 =0, T+, =0, Taphs+h3=0, Ty, +1, =0, 47)

where T, T,, T3, T, > 0 are time constants that affect the quality of the processes dynamics in a
closed-loop system. Substituting expressions Eq. (30) and the complete derivatives of expressions
Eq. (30) into equations Eq. (31) we have:

Ty[X, — @1l + % — 91 =0, To[¥o — @]+ 5, — 9, =0, (48)
Ts[a, — @3]+ @, — @3 =0, T4[ﬁ_2 _<P4] + B, — ¢, =0.

The controls u,, U,, Uz, U, can be obtained from the system Eq. (32) when substituting the
right-hand sides of the equations for variables x,, ¥,, @, Ez in Eq. (29). The obtained control laws
depend on ¢, 4. Under the control laws u,, U,, U3, U, the represented point (RP) of
ical system hits the intersection of manifolds ¥, 4 = 0 and then moving along it to a
given position of the phase space. When RP hits the intersection of manifolds Eq. (30), the system
Eq. (29) is decomposed dynamically. The motion of the RP along the intersection of manifolds
Y .4 = 01is described by the equations of “internal” dynamics — the decomposed system:

............

X1 = @y, Z._l =u (4 — f{]).
V1= 02 Z = (51 — ¥1),
a = @3, zz = uz(@ — ay),

E1 = P4, Z._4 = H4(ﬁ_1 - 5_10)

(49)

For system Eq. (33), introduced earlier and called “internal” controls ¢, @5, @3, @, are
external. Then, to find them explicitly, we introduce another parallel set of macrovariables:

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 &3



2.3. METHODS OF ENSURING THE REQUIRED DYNAMICS OF AN AMB SUPPORTED AXIAL LVAD ROTOR.
YULIA BOGDANOVA, ALEXANDER GOUSKOV

Ps = (% — %) + 7y, Pg= (73 - }_’_{)) + h,2,, (50)
Y, = (@, — ‘7?) + h3z3, YPg = (31 - 3;{)) + huzy,

where h;, j =1, ..., 4 — constant coefficients. The structure of macrovariables Eq. (34) includes
the desired technological invariants Eq. (28), which determine the control goals. The introduced

set of macrovariables must satisfy the solution of the system of basic functional equations of the
ADAR method:

Tss + s =0, Tehg+ s =0, Typ; +1P; =0, Tgihg+1hg =0, (51)

where Ts, Tg, T, Tg > 0 are time constants. To explicitly define the functions @4, @, @3, @, it is
necessary to differentiate the macrovariables Eq. (34) and substitute the expressions for 5
their derivatives with the right-hand sides of the system Eq. (33) into the functional equations
Eq. (32). Under the control laws ¢4, @5, @3, ¢, the RP of the dynamical system will fall on the
intersection of manifolds ¥ g = 0 on which the control goals (technological invariants) will
occur. A prerequisite for this is the tendency to zero Z;, i = 1, ..., 4. This is clearly seen from the
decomposed system:

Z._1 = —phy 7, Z._z = —pzhy 7y, Z._3 = —uzhszs, Z‘_4 = —Ughyzy. (52)

The stability of the degenerate system Eq. (36) is given by simple conditions:
Uihy >0, uyhy, >0, ushy > 0and phy > 0. The expressions for ¢, 4 obtained in explicit form
are substituted into the Uy, U,, Us,Uy.

......

Table 1. Model data for dynamic analysis

Parameter Symbol/ Value/ Unit
Diameter of the flow part D =16-103m
Rotor diameter d=15.6:10"m
Radial gap §=02:103m
Rotor length [=22-10°m
Rotor mass m=12.42-103 kg
Moments of inertia I,=1,=6910"kgm? I, =3.78-10" kg m’
Bearings coordinates a; =a; =910 m
Motor stiffness ¢y = 6000 N/m
Motor design parameter k., =0.202
Unbalances parameters e =427-10"m,y = 2.15-10° rad
Dimensionless complex M, =1,/1, =0.548
Dimensionless complex I, = ml*/I, =8.714
Dimensionless complex My = kAP/CmR53 =105
Dimensionless complex Iy = —Cwnnﬁrjlm =1.48-107
Blood viscosity at 37 °C
(non-Newtonian m}(l)del of blood) 1 =0.036"Pas
Coefficient of medium resistance ¢, =091

4. Research results

Fig. 4 shows transients of the closed-loop system under external piecewise constant and
harmonic loads. The transient time is 0.4 s and the output to the steady state occurs without
additional oscillations and overregulation. The requirement of the accuracy of the rotor positioning
is 4 um and due to compensation of external disturbances is fulfilled. System parameters are given
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Fig. 4. State variables transients

Dynamic analysis was performed for the following coefficients of control:
Ti5..8 =35 hy234=4000, 4y =, =02, u3 =y = 1.2 and zero initial values for the state
coordinates. From the Pressure-Flow characteristic, constructed for the flow part optimal
geometry of the blood pump [28], the following values of the rotational speed were received:
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700- 90007

A =
reference data and taken from the biomechanical analysis of human organism behavior at various
accelerations [37]. Harmonic inertial load, to which the patient is exposed, for example, in
transport, has low frequency (about 50 Hz).

Phase portraits (Fig. 5) demonstrate the contraction of the phase trajectories of the dynamical
system to the target attractor under various initial conditions — something that is difficult to provide
with other control methods. This fact also confirms the modeling of the “levitation startup” mode
of the rotor from the safety bearings when the suspension is switched on, i.e. with the maximum
possible deviation of the rotor from the zero-equilibrium position (Fig. 6(a)). The range of possible
rotor positions is the region of attraction to the equilibrium position. The synthesized control laws
guarantee the asymptotic stability of the closed-loop system and the parametric robustness of the
dynamical system. The study of the parametric robustness was carried out by double increasing
and decreasing each of the following parameters: I1;, [1,, [1y, a;, @,, €, ¥. The maximum value
of the control currents is 5.4 mA (Fig. 6(b)). This is two times less than with linear PID control.

To test the effectiveness of the approach to creating the blood flow pulsations due to change
in rotational speed computational fluid dynamics (CFD) analysis was carried out [38, 39]. Pressure
rise changes in accordance with the change in the rotational speed (Fig. 7).

rad/s, w = 2mrad/s, Qy = rad/s. Values of the piecewise constant load are
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Fig. 7. The change in pressure rise (CFD analysis result) a) according to change in rotational speed b)
5. Conclusions

The effective nonlinear control laws for stabilizing with high accuracy the rotor suspended by
active magnetic bearings in axial LVAD that guarantee the provision of the required rotor
dynamics under the conditions of various perturbations and changes in the internal parameters of
the model were synthesized in this research. For this the basic method and principle of the
synergetic control theory were applied. The developed methods for ensuring the required rotor
dynamics are accurate, fast, economical in the sense of the values of control currents, and most
importantly reliability, which in general ensures an increase in the safety of the life support system
— left ventricular assist device. The designed synergetic control laws ensure the blood flow
pulsations regime and compensate unwanted external disturbances as well as internal parametric
perturbations. For the proposed LVAD with magnetic bearings of the new generation, which is
the complex biomechanical system, with a wide spread of physical parameters and performance
characteristics, the synergetic approach, unlike classical control methods, allows performing
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highly efficient “non-power” control, consistent with a substantially nonlinear and multiply
connected structure of control object.
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2.4. Increasing of efficiency of parts turning at spindle
speed from 5,000 to 10,000 rpm by controlling the
dynamics of machining
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Abstract. The article deals with the issues of increasing the productivity of turning parts at
rotational speed up to 10,000 rpm. The reasons for reducing roughness of machined surface when
approaching the resonant rotational speeds are analysed. The hypothesis about the dependence of
the vibrational component of roughness of the machined surface on the external generating forces
and natural oscillation modes and frequencies of technological system is set-up. The methods of
studying the dynamic behaviour of the lathe are reviewed, as well as the way of changing system
properties to improve stability in the increased cutting conditions and productivity. The authors
prove the possibility of a local reduction in the oscillation amplitude of a tool by changing the
machine natural oscillation modes in order to increase rotational speed during the continuous
machining.

Keywords: turning at 5-10 thousand rpm, turning dynamics, stability.
1. Introduction

In the machine building, instrumentation, aircraft industry and other industries due to the
reduction in machines and mechanisms, the proportion of parts representing the rotation bodies
up to 20 mm is constantly increasing (bodies of measuring detectors, short axes of devices,
plungers of hydraulic dispensers and power units, tips for current collectors of welding equipment,
pins, etc.), manufacturing technology of which requires turning. Besides, the quality requirements
for the machined surfaces of these parts are increasing, which is stipulated by the necessity to
provide the relevant performance characteristics of the item, particularly strength in case of its
overall dimensions reduction, durability, fatigue resistance, increase of contact stiffness, vibration
stability, etc. The need to ensure a constantly changing demand for a small-diameter parts creates
preconditions for increasing the process productivity of machining. Increasing the productivity of
cutting off the dimensional allowance during parts turning with surface diameters of up to 20 mm,
due to their relatively low rigidity, is usually possible by increasing the cutting speed.

Turning technology of machining parts made of different structural materials with relatively
high cutting speeds during turning can provide the necessary quality according to requirements
and in many cases eliminate the need for additional finishing. This became possible with the
development of tool materials for edge cutting machining, for example, hard alloys, particularly
with wear-resistant coatings which allowed to machine ferrous metal parts (steels, alloys, cast iron,
etc.) at cutting speeds over 500 m/min, and for non-ferrous (aluminium, copper, etc.) metals and
alloys at speeds above 1000 m/min. Thus, one can say that the potential reserves for increasing
productivity during turning are the modern tool materials’ ability to cut at high speed, and for parts
with small dimensions (diameters up to 20 mm) with rotational speeds of 6000 rpm and more.

The analysis shows that in order to increase the cutting speed of small diameter parts by
increasing rotational speed to obtain the required (given in a drawing) accuracy and roughness of
the machined surfaces, it is necessary to provide a stable dynamic behaviour of machines. In this
case, the influence machines’ part oscillations on the cutting process should be minimal, and
dynamic characteristics of movable operating elements should ensure the exact and synchronous
operation of the whole technological system.

Today a sufficient number of modern machines and machining centres provide maximum
spindle speed up to 5000-6000 rpm. At the same time, one of the important issues during their
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application is to ensure the stable dynamic behaviour of the spindle unite, sliding carriage,
auxiliary devices, etc.

Increasing of rotational speeds when machining parts with a diameter of up to 20 mm can
reduce the cutting speed to the values recommended by tool manufacturers (for example,
machining of steel by carbide tools require cutting speed 250-300 m/min), which can lead to the
loss of dynamic stability of the spindle unite and sliding carriage decline in the corresponding
quality rating. It happens due to the fact that the high rotational speed significantly increases the
imbalance of “spindle — device — workpiece” system and as a result, the power of the imbalance
can often significantly exceed the power of cutting and therefore significantly affect the dynamic
behaviour of the entire technological system.

Thus, the development of the principles of controlling dynamics machining during turning
parts with diameter up to 20 mm at high rotational speeds is an important scientific and technical
task, the solution of which will improve performance of machining these parts while ensuring the
drawing requirements for roughness and tolerance.

2. State of the art

In the nearest future the technical capabilities of turning lathes and machining centres will
allow to machine on higher speeds compared to rotational speeds which are traditionally used in
modern manufacturing. This is due to the fact that machines of other groups (for example, milling
machines, grinding machines, etc.) are capable of carrying out the main motion at rotational speeds
of up to 100.000 rpm. At the same time, even this is not enough to use all the capabilities of a
modern cutting tool, for example, diamond or cubic boron nitride, especially for machining parts
of non-ferrous metals with small diameters.

Traditionally, the scheme for small-diameter parts turning is a machining with automatic lathes
and CNC machines. The worldwide manufacturing leaders of such machines are Star CNC
Machine Tool Corp, Index Corporation, Haas Automation, Okuma, DMG, Mori Seiki. Serially
produced machines which can provide the following maximum speeds: Haas OL-1, Haas ST-10
— 6000 rpm, Okuma MULTUS B200II — 5000 rpm, DMG Nef400 — 4500 rpm, Mori Seiki NLX
2500/750 — 3500 rpm, Yamazaki Mazak Quick turn smart 100s — 6000 rpm, Index c100 —
6000 rpm. Today only the following machine station models allow the maximum possible
rotational speed for the workpiece: Star micronics AG SR20RIII - 10,000 rpm and Star micronics
AG SR-10j — 15,000 rpm, Tornos SwissNano 16,000 rpm, NomuraDS NN — 10EX 15,000 rpm,
HanwhaXD20V 10,000 rpm [1].

The analysis shows that during parts machining with a diameter of up to 20 mm reaching the
optimum cutting speed recommended by the tool manufacturer on the mass-produced machines
even at sufficiently high spindle rotational speed is very difficult due to the common use of a long
bar as a workpiece in batch manufacturing. Usage of long bars generate unbalance due to its
out-of-roundness and other reasons, often causing an unacceptable level of vibration (Fig. 1). For
example, when turning a part with a diameter of 20 mm in order to reach the speed of 300 m/min,
it is necessary to provide its rotation speed of almost 5000 rpm, which can be done on almost all
modern turning lathes. However, only certain specialized models of lath machines for example,
STAR machines, can provide the cutting speed of 500 m/min. But even they do not allow to reach
high cutting speeds when turning parts with surfaces less than 10 mm in diameter.

Analysis of the catalogues of machine tool manufacturers showed that solutions to these
problems have already been outlined. This includes, for example, length reduction of the rotating
part of the bar, the use of automatic spindle balancing devices, active control of natural oscillations
frequencies and modes of the machine. Thus, there are methods for automatic balancing of rotary
bodies, which are described in US2331756A [2], US3953074A [3], US4043221A [4],
US4075909A [5], US4755006A [6], US5460017A [7], US5605078A [8].

They have argued their efficiency in systems where a rapidly rotating body does not change
the value of the speed for a long time. However, their use in machines where the rotational speed
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during machining is constantly change is not directly possible.

Turning at high cutting speeds will help to increase efficiency of machining and quality of the
machined surface, but only if the vibration level when during machining is not significant. The
proximity of the rotational speed to the natural oscillation modes of the technological system
causes concerns of increasing vibrations and deterioration of quality of the machined surface. That
is why there is a necessity of the development of method of controlling dynamic behavior of
technological system in order to establish it stability under the oscillation when machining.

nx10°, &
pm 200 m/min
20 /300 m/min
18 /" /400 m/min , V optimal Seco T1500
16 4 500 m/min /
RN Z ,,,,,,,,, /Star micronics AG SR-10j

14 800 m/min  /
121 WY 1000 m/min /
10 \</ / Star micronics AG SR20RIII

8 | / Haas OL-1, Haas ST-10

6 \ Yamazaki Mazak Quick turn smart 100s

4 A\ Okuma MULTUS B2001I
\\é
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Fig. 1. Effect of rough workpiece diameter on the spindle rotation speed,
providing different cutting speeds [1]

The methods of dynamics control of machine processing were studied in the works by
Yu. M. Vnukov [9, 10], I. H. Zharkov [11], M. F. Kashirin [12], S. S. Kedrov [13], V. O. Kudinov [14],
Yu. M. Kuznietsov [15], I. V. Lutsiv [16], P. P. Melnychuk [17], V. M. Poduraiev [18], V. M. Svinin
[19], V. B. Strutynskyi [17], N. 1. Tashlitskiy [20], Otto O. [21], J. S. Park [22] and others. The
researches of these scientists have proved that increasing rotational speed tends to result in
insufficient vibrational stability of cutting, which results in poor roughness of the machined
surface, and, therefore, a decrease in the productivity of the machining. It was experimentally
found that the roughness of the machined surface is most sensitive to vibrations in technological
system than other quality parameters, since the relative oscillation of the tool and spindle along
with the workpiece is precisely reflected on microgeometry of machined surface. For example, it
is known that with a size tolerance for the 6th quality grade, the roundness oscillation within
2-3 um is not critical, while an increase in roughness of 2-3 pm is inadmissible.

Along with the analytical and experimental methods of modelling the dynamical behaviour of
technological systems, numerical methods for modelling dynamic processes in technical systems,
in particular during machining at lathe modelling, have now become widely used. The most
significant achievements in this direction were made by such Ukrainian researchers as
N. E. Veselovska, Yu. M. Kuznietsov, I. V. Lutsiv, P. P. Melnychuk, V. B. Strutynskyi,
V. M. Chupryna and others. Most works are dedicated to the development of mathematical models
of the lathe elastic system that consider spatial rigidity of the individual subsystems of the lathe.
In mathematical modelling of separate subsystems at a cyclic load it is suggested to perform an
influence analysis of the correlation of rigidity of the technological system elements on the
deformation of the subsystem “tool-workpiece”, which allowed to determine the trajectories of
mutual movement of the tool and the part and determine the degree of influence of the system
dynamic behaviour on the accuracy and roughness of the machined surface. Prof. V. M. Svinin
proved that reducing vibrations in the technical system is possible by varying the frequency and
depth of modulation (change) of cutting speed.

In experimental and numerical studies, the existence of a displacements plane attached to the
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tool edge point was revealed. This plane proves to be inclined compared to the machines tool axes,
which contains an ellipse that is the place of the points of the tool tip displacements. It was
established that the tool tip point describes an ellipse. This ellipse is very small and can be
considered as a small straight-line segment for the stable cutting process (without vibrations). The
ellipse of displacement became more visible in unstable mode (with vibrations). A difference in
phase occurred between the tool tip displacements on the radial direction and in the cutting
direction which was almost in phase to feed motion direction. The ratio of small and long ellipse
axes increases proportionally to feed rate. A weak growth (6 %) of the long and small axes ratio
is obtained when the feed rate value decreases. The axis that goes through the stiffness center and
the tool tip represents the maximum stiffness direction. The maximum (resp. minimum) stiffness
axis of the tool is perpendicular to the large (resp. small) ellipse displacements axis. The self-
excited vibrations appearance is strongly influenced by the system stiffness values, their ration
and their direction. FFT analysis of the accelerometers signals allows to reach several important
parameters and establish coherent correlations between tool tip displacements and the static —
elastic characteristics of the machine tool components was tested [23].

M. Siddhpura and R. Paurobally summarized that chatter vibrations are present in almost all
cutting operations and they are major obstacles in achieving desired productivity. Vibration
between the tool and the workpiece forced regenerative chatter, resulting in a poor surface finish,
high-pitch noise and accelerated tool wear which in turn reduces machine tool life, reliability and
safety of the machining operation. [24].

G. Urbikain, F. J. Campa, et al. proposed two numerical methods which are combined with
multimode analysis to predict chatter in big horizontal lathes. First, a traditional single frequency
model (SFM) is used. Secondly, the modern collocation method based on the Chebyshev
polynomials (CCM) is alternatively studied. This model can be used to identify the machine design
features limiting lathe productivity, as well as the threshold values for choosing good cutting
parameters [25].

H. Liu, S. Tang, et al. developed indirect measurement method: the vibration of the tool tip is
obtained from the vibration of the measurement point on the turret. The relationship between the
tool tip vibration and the turret measurement point vibration is obtained through impact tests. The
vibration of the measurement point on the turret is measured via an accelerometer. The
measurement point is so far away from the cutting area and chip evacuation zone that the
accelerometer and its measurement results will not be affected by the chips and cutting fluid. The
accuracy of the measurement method in study was checked by comparing the calculated tool tip
vibration calculated from the vibration of the turret measurement point to the directly measured
results, which was measured via an accelerometer installed below the tool tip. The comparison
results show that the calculated tool tip vibration at main frequencies as well as low frequencies
has a high accuracy. Moreover, the effectiveness of the measurement method is verified through
machined surface profile [26].

However, not all the important issues are reflected in modern literature. Therefore, the
implemented analysis allowed to formulate the purpose and main objectives of the study.

3. Aim and objectives of study

The aim of reported study was to increase efficiency of parts machining on turning lathes by
controlling the dynamic behaviour of the technological system to ensure roughness of the surface
finish in according to drawing requirements.

To reach this purpose the following objectives were set and realized:

— Analyse the possibility to increase machining efficiency of parts with a diameter of 5-20 mm
and to establish the source of influence on roughness of the surface finish during turning at high
rotational speed.

—Methodology of oscillations study of turning lathe during cutting process with high rotational
speed was developed and implemented at experimental set-up.
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—Finite element model of the bench and experimentally verify the effect of natural oscillation
frequencies and modes of machine elements on roughness of the surface finish was developed.

—Ways of oscillation amplitudes reduction of the turning lathe working parts during machining
at high rotation speed was identified.

—Develop practical recommendations for research results implementation in order to increase
productivity of processing by turning parts with relatively small diameters, while complying with
drawing requirements used for processed surfaces roughness.

Object of study — dynamics of turning process.

Subject of study — dynamic behaviour of a turning lathe during turning surfaces of the parts
with a small diameter at high rotational speed and with set roughness of the surface finish.

4. Methodology of experimental study

Experimental studies were carried out on an experimental set-up (Fig. 2) consisting of: an
upgraded high-accuracy turning lathe with computer numerical control (CNC) 1700B®30 with
increased power of main motion actuator up to 1500 W which allowed to increase rotational speed
in the range from 300 to 10.000 rpm; vibration diagnostic equipment which made it possible to
measure and digitize signals of oscillation amplitudes of the parts and the cutting tool, and also to
perform a modal analysis of the experimental set up, determine its frequency response, and signal
modulator of the task (Fig. 2). The modulator allowed to control rotational speed according to the
sinusoidal law during the workpiece turning by a left bent straight turning tool with main angle in
the plane of 93° equipped with a rhombic throwaway indexable carbide cutting insert CT35M
with coating.

Fig. 2. General view of the bench

The signal modulator is designed to change rotational speed according to the harmonic law.
The device changes signal of the task that comes from CNC system to power converter of the
main motion actuator (Fig. 3). For rotation of a spindle with a given frequency, CNC system
produces a signal of U; DC task which is proportional to the required spindle rotational speed.
The modulator consists of two main components - generator and adder.

The generator produces sinusoidal signal the amplitude of which is proportional to the depth
of spindle rotation modulation, while signal frequency is proportional to modulation frequency.
With the help of the adder, these two signals are combined and sent to power converter of the
main motion actuator. Thus, using a modulator, it is possible to change spindle rotational
frequency with set values of modulation depth and frequency, which provides the ability to control
the disruption of regeneration of self-oscillations due to the reconstruction of the “trace” cutting.

The vibrational acceleration of the frame was measured by standard Analog Device
accelerometer ADXL 321, mounted on a spindle assembly next to spindle bearing and serves as a
basis for measuring vibrational acceleration of the tool using the ADXL326 sensor. The vibratory
displacement values are determined by further double integration with trapezoidal methods.
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Spindle displacement relative to the head stock is measured with the help of the contactless
inductive displacement sensor XS1 M18AB120.

Setting of spindle rotational frequency
by logic control rack: n, rpm

Setting oscillation amplitude and
frequency of spindle turns by the
modulator: A, rpm; f, Hz

I
nin proportion to Us

I
| Ain proportion to Ua |

Uuv
u > 2 o
0 .
ts
Power
—
converter
t, s

Fig. 3. The basic diagram of the modulator work

The coordination of the operation of all sensors in time occurs on the front edge of a zero-tag
of spindle rotation sensor. The signals of all sensors are digitized and transferred to a personal
computer (PC) with the help of a four-channel analog-to-digital converter (ADC) with
independent inputs for LT-22 model L-CARD vibroacoustic researches (Fig. 4) [27].
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Fig. 4. Methodology of dynamic behaviour study
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The quality assessment of the surface finish was carried out according to the roughness
parameter Ra using a modernized profilograph-profilometer I1-283 to a precision of 12 % in
accordance with GOST 27964-88 and ISO/R-468 methods. The modernization of the I1-283
profile recorder (Fig. 5) was meant to equip it with a sensor to measure the real length of the
surface of the part 4, which allowed tracing the cutter tip displacement in relation to the part at set
spindle rotational frequency and feed when turning the test samples of different machined
materials (steel, aluminum alloy, etc.). The modernization with a description of hardware being
subjected to modernization procedure was implemented by connecting RPM sensor of the drive
engine 5, which moves the probe head 2 via reducer 3. The digital signal received was transmitted
through the ADC LTR-22 7 to PC 9, which allowed performing a spectral roughness analysis of
processed surface 1. The actual roughness value is recorded from the instrument scale 6
(Fig. 4) [28].
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Fig. 5. a) Profilograph-profilometer [1-283, b) profile record, c) spectral analysis

5. Results

During the turning with dynamic variation of rotational speed, it had been experimentally
proven that the maximum achievable depth of modulation depending on the mass of rotating parts
of the main actuator of the lathe and engine power essentially depends on the average rotational
speed and the required modulation frequency. Thus, the lathe 16K20T]1 at the rotational speed of
800 rpm and the modulation frequency of 4 Hz can maximally change its rotational speed by
180 rpm, and the lathe 1700B®30 at rotational speed of 1900-7000 rpm at a frequency of
modulation of 5 Hz maximally changes the frequency by 50 rpm, and for the modulation frequency
of 3 Hz by 150 rpm.

While researching the failure of regeneration of secondary self-oscillations due to the
reconstruction of the “trace” cutting on the lathe 16K20T1 during the processing of the 60 mm
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diameter rough workpiece from 40X steel, with a hardness of 58 HRC at cutting speed of
40 m/min, depth of 0.5 mm and a feed of 0.2 mm for normal turning, the roughness value was Ra
1.7 pm with visible traces of self-oscillations. When machining with modulation frequency of
1 Hz at a modulation depth of 60 rpm with same cutting parameters surface finish decreased to Ra
0.8 um without the traces of self-oscillations on the surface.

Conducting the same research on the 1700B®30 lathe when machining D16T aluminum alloy
workpiece at rotational speed of 4500-6000 rpm did not give a clear result. During parts machining
with a modulation frequency of 1-5 Hz and a maximum modulation depth of 50-150 rpm at
frequencies of 4500-6800 rpm, the roughness values of the surface finish were within the same
class and there was a tendency toward its small oscillation (within the measurement error of
profilometer I1-283) (Fig. 6) [29].
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Fig. 6. Impact of modulation depth at rotational speeds of 4500, 5500,
6800 rpm on roughness of the processed surface

During the machining the qualitative dependence of surface finish on the amplitude of the
spindle mutual oscillations with the workpiece and the point of cutting insert depending on
rotational speed was experimentally determined, and the oscillation amplitude of spindle and the
tool was determined depending on rotational speed at idle (Fig. 7) [30].
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Fig. 7. Oscillation amplitude of a spindle and a tool tip depending on spindle rotational speed at idle

It has been established that the oscillations amplitude significantly increases at the resonance
frequencies of the technological system: 135, 152 and 166 Hz, amplitude is 0.013, 0.017, and
0.022 mm respectively. At intermediate values between the resonance rotational speed (143 and
160 Hz), the oscillations amplitude decreases to 0.009 and 0.012 mm respectively. Similarly, the
oscillation amplitude of the tool under 138 and 146 Hz is about 0.01 mm, and for other modulation
frequencies, including large ones, is about 0.005 mm.

By mean of finite element modelling, the amplitude of the mutual oscillation of spindle with
the workpiece and blade tip of the tool was determined by analysing the Frequency Response of
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the Ansys Software (Fig. 8) and compared with the experimental studies of the effect of rotational
speed during steady cutting parameters (V = 500 m/min, S = 0.05 mm/rev, t = 0.5 mm) on the
roughness of the surface finish.

Comparing the charts, one can see that the mutual oscillations amplitudes of the tool and
spindle, as well as roughness depending on rotational speed used during the machining are similar.
Thus, it can be argued that the amplitude of the relative oscillations of spindle with the workpiece
and the blade tip of the tool is displayed on the machines surface of the part as a vibration
component of roughness [29].
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Fig. 8. The effect of mutual oscillations amplitude of spindle with the workpiece and blade tip
of the tool on the roughness of the processed surface under various spindle rotational speeds

Experiment has been carried out to confirm the effect of natural oscillations modes of
technological system on the mutual oscillations of a tool point and a workpiece. The oscillations
amplitudes of the tool at the sliding carriage positions at a distance of 20 mm and 200 mm from
the spindle front face, as well as at a distance of 20 mm from the spindle front face, are determined
with a foot block mounted on the base, weighing 8 kg or without it. The oscillation amplitudes of
the tool under different rotational speeds and tool positions are shown in Fig. 9. It has been proved
that the additional mass leads to a change in the amplitude-frequency characteristic of cutter
oscillation in relation to spindle. In this case, the maxima of the oscillations amplitudes are shifted.
During turning without mass (without dead head), the minimum oscillations amplitude in the fixed
position of the cutter occurs at frequencies of 6800 and 8800 rpm, and with mass — at frequencies
of 4800 and 7800 rpm. Thus, by changing the position of the tool relative to the frame, and also
by setting the additional controlled mass to the stand, it is possible to change the tool oscillation
amplitude (for this lathe in the range from 0.2 to 0.45 um), which will be reflected on processed
surface roughness [29].

One of the effective methods for improving dynamic control of the lathe support oscillations
is the method of implementation of additional actions that allows tracking oscillations amplitude
of the sliding carriage by increasing the inertial properties of lathe and reducing logarithmic
oscillation decrement of the cutter, which improves accuracy of machining and roughness of the
surface finish at higher spindle rotation speeds. Oscillation control sensor (cutter displacement) at
coordinate X located on a cutter connects to the control unit. During machining at first the
minimum oscillation amplitude of the cutter is determined, then the signal from oscillation control
sensor of the cutter is sent to the additional mass actuator, with which it moves along the frame at
a distance proportional to the minimum amplitude of cutter oscillation. This method of dynamic
control of oscillations in the cutting could be realised and experimental set-up which consists of:
1 — cutter; 2 — vibratory acceleration sensor; 3 — sliding carriage; 4 — communication channel
between sensor and control unit; 5 — control unit; 6 — additional mass actuator communication
channel; 7, 8 — tool oscillation vectors; 9 — additional mass (Fig. 10) [29].
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Fig. 10. Method of dynamic control of lathe support oscillations

An equally effective method of controlling the dynamic state of the technological system is
the method of loading the metal cutting machine by a bar, when a long bar stock is cut into shorter
bars using a special device located on the side of spindle opposite the operating area. In this case,
the bar part (1) of the required length is clamped in spindle (2) and the rest of the bar is cut off
next to the back side (3) of the spindle assembly (4). In addition, the rest of the bar is connected
to the loading device (6) till the rod (7) and used as an elongated size rod. After the last cutting,
the end of the bar remainder is disconnected with the loading device rod and sent to spindle as rod
for machining fixed by clamping device (8). Feature machining is realised be combination of main
rotational motion of the spindle and axillary motion of cutoff carriage (9) tool support bar (10)
and cutter (11) (Fig. 11).

The suggested method of loading a metal-cutting lathe with a bar is aimed at solve a technical
task of reducing dynamic loads at higher rotation speeds when lengthy bars are present in the
loading mechanism by using the bar itself as an elongated rod for loading bars of reduced length
and address the need for equipment for preparing (slicing) bars of the required length [32].

6. Scientific novelty of the results obtained

— For the first time, for the turning process at high rotation speeds, functional dependence of
vibration component of roughness of the surface finish on the external driving forces and natural
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oscillation modes and frequencies of the TL (turning lathe) was established, which made it
possible to effectively manage the machining.

— For the first time it has been established that the combination of the oscillation node of the
system by moving the additional mass with the processing area during turning at high spindle
rotational speed leads to a decrease in roughness of working surface by means of reducing the
oscillation amplitude of the tool, due to changes in natural oscillation modes of the TL.

— Further development of the definition of application limits of inhibition effect of regenerative
oscillations using the method of dynamic variation of rotational speed in connection with the
change in ratio between the oscillation wave length of cutting edge and the distance covered by it
during this time along the surface of part.
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Fig. 11. Metal-cutting lathe loading method with a bar
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7. Conclusions

In this work the scientific and practical task of increasing efficiency of machining parts on
turning lathes is solved by controlling the process dynamics at higher rotational speeds to ensure
the cutting speed recommended by tool material manufacturer and drawing requirements for
accuracy and roughness of surfaces finish.

1. The reasoned assumption is made stating that increasing the efficiency of machining parts
on turning lathes is possible by controlling the process dynamics through improving productivity
at increased rotation speeds to meet the drawing requirements for roughness of the machined
processed surface of parts with a diameter of 5-20 mm using cutting speeds recommended by tools
manufacturers.

2. The method and testing bench developed on the basis of the turning lathe model 1700B®30
allow: a) to provide a rotational speed of up to 10,000 rpm; b) measure the immediate value of
vibratory displacement and vibration acceleration of tool spindle and tool point in real time; c)
perform spectral analysis of the profile record of the processed surface; d) establish the
relationship between the profile of the machined surface and oscillations of spindle and tool.

3. In experimental study it has been established that the main sources of tool oscillations are
self-oscillation and oscillations from excitatory force in the system “spindle-device-workpiece”,
which limit the maximum rotation speed with the workpiece by increasing roughness of the
surface finish. It is proved that the minimum roughness of the surfaces finish is achieved by
reducing the system response to the force in the cutting area by:

— Modulation of rotational speed with frequency from 1 to 5 Hz, which allowed to control
failure of self-oscillations regeneration due to the reconstruction of the “trace” cutting.

— The combination of node of natural oscillation modes and the cutting area, due to dynamic
control of oscillation of turning lathe sliding carriage by increasing inertial properties of lathe and
reducing the oscillation amplitude of the cutter, which allows to improve the processing accuracy
and reduce roughness of the surface finish at higher rotation speeds.

It has been proven that for small rotational speeds, in particular the coercive force frequency,
the possibility of reducing vibrations in technological system at the expense of mass redistribution
is difficult to implement, at the same time, at relatively high spindle rotational speeds (more than
6,000 rpm) it is possible to substantially affect the dynamic behaviour of the technological system,
because even small masses lead to changes in modes and frequencies of its natural oscillations,
which are close to oscillation frequencies of coercive force.
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Abstract. The study of the efficiency of hardening the parts working in spalling conditions
through reeling with rollers were performed with the help of physical simulation and showed the
high effect of hardening cast steels. Electrography examination has shown that an increase in the
degree of work hardening when reeling with a needle roller manifests itself in a higher dislocation
density and cell size decrease in the substructure of ferrite grains. Diffusion of chemical elements
in the surface layer in the process of surface deformation was studied with an analysis of the
change of the surface microhardness. The process of the contact friction surface wear during
reeling with consideration of slippage was investigated. It was proved that roughness of the
friction surfaces affects the coefficient of friction and the rate of tribo-contact wear during reeling
with slippage. A procedure for determining conditions of reeling with a wedge roller was
developed. Optimal reeling conditions were found due to experiment planning using the steep
convergence method. The obtained results of calculations will serve as initial data in designing
working elements of the reeling devices and developing technological processes for strengthening
parts. The conducted studies will find their future use in evaluation of the wear processes taking.

Keywords: contact strength, wear, surface plastic deformation, wedge roller, rope block.
1. Introduction

The problem of increasing wear resistance, contact strength and resistance to contact spalling
is becoming increasingly relevant as intensity of handling equipment operation is constantly
increasing. The most economical extension of the rope block service life is possible by improving
properties of the surface layer. Surface properties can be controlled by changing the surface layer
structure and physical and mechanical properties.

When operating equipment for general technical purposes, large-sized steel parts that perceive
contact loads, such as cable blocks, tackle blocks, pulleys, etc. often fail. Significant work forces
in the presence of misalignment of interconnected parts often bring about spalling and wear of the
working friction surfaces, shape distortion, alteration of clearances between the parts. As a result,
service life of handling equipment and machinery units in general is reduced. Application of
thermal or thermochemical strengthening methods in the manufacture of large size rope blocks is
limited by their dimension and weight. The most simple, available, and often solely possible,
method for strengthening such blocks is surface processing by cold plastic working, namely
reeling or hammering. To improve appearance and increase wear resistance of the surface layer,
finishing surface plastic deformation (SPW) is applied and in order to increase fatigue strength
and contact strength of parts, work hardening is used. Therefore, the study of the effect of the
reeled surface layer properties on tribotechnical characteristics is an urgent scientific and technical
problem.

2. Literature review and problem statement

During operation of rope blocks, rope interacts with the surface of the block groove. Because
of elastic deformation and torsion of the rope under load, it slips and rotates round its axis. This
brings about various types of damage: the groove wear, appearance of cracks, collar spalling,
general deformations, and other flaws. A fundamental contribution to the theory, calculation, and
design of a “rope block — rope” friction couple is made in [2]. The proposed theoretical
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calculations in the design of the “rope block — rope” friction couple have low accuracy because of
numerous simplifications and assumptions in the calculation method.

The issues of wear, study of surfaces subjected to contact loading as well as improvement of
physical properties of surface layers are considered in [3-5]. These studies do not take into account
the phenomenon of slippage of contact friction surfaces which in turn affects the mechanism of
wear of the tribological couple.

The use of cast iron for casting the blocks increases wear resistance of the block by 10-12 %
compared to the steel blocks. Worn cast-iron (SCh 15-32) rope blocks are replaced by blocks of
steel (25L) [6]. However, the proposed methods of hardening and restoring rope blocks, namely,
restoration of the blocks with the help of automatic surfacing, welding, electromechanical
processing, electroplating, etc. are very costly and of a low material-output ratio. Therefore, it is
more advisable to take measures to harden the rope blocks and increase their longevity, especially
with the help of SFW.

When deciding on the expediency of hardening and restoration of parts, one should proceed
from the technical feasibility of the enterprise in question. It is necessary to ensure performance
of the part after its hardening and restoration for the entire inter-recouple service life of the unit
encompassing this part and economic feasibility of hardening and restoration.

Solution of the tribo-contact problem for a friction couple was made on the basis of the wear
model in [7]. The proposed solution is quite complex for practical implementation since it requires
division of the wear area into discrete sections. It does not take into consideration technological
features and the form of the contact friction couple.

Solution of an inverse wear contact problem for identifying parameters of the dependence of
wear intensity on pressure and speed of sliding taking into account their distribution over the
contact spot has been made in [8]. Based on the wear experiment by the “finger-disk” scheme,
expressions for determining these parameters were obtained. However, assumption of stability of
the wear spot accepted in the work in accordance with the test scheme does not make it possible
to use the obtained solution for the test schemes with a variable contact (wear) spot.

A study of wear of a working “rope block — rope” friction couple caused by difference in
diameters is presented in [9]. It was established on the basis of this study that the difference
between the radii of the rope and the rope block profile leads to a change in distribution of contact
pressures, and a phenomenon of axial slippage of the rope occurs which in turn leads to wear of
the contact friction surfaces. However, the article does not present the dependence on quality of
processing the friction surfaces of the “rope block — rope” couple.

The mechanism of wear of the “rope block — rope” friction couple and distribution of residual
stresses in the substrate surface were studied in [10]. The results of this study indicate that the rate
of wear of the alloyed steel depends on diameter of the rope wires. The mechanism of wear of
annealed low-alloy steel is characterized by fatigue and abrasive wear but the wire demonstrates
partial adhesion because of microabrasive wear when a fatigue crack appears. Distribution of the
residual stress contacts does not depend on the motion speed. Therefore, there are constant values
in the contact surface.

Analysis of the nature of failure of the parts that wear from the contact load of the friction
surfaces showed that failure of rope blocks begins mostly in the surface layer and the resistance
to this failure is determined by quality of the surface layer. Therefore, it is possible to influence
quality of the surface layer by changing methods of surface treatment to provide predefined
tribological characteristics to the friction surfaces.

Thus, further theoretical and experimental studies of physical and mechanical properties of the
surface layer and microstructural studies of steel specimens after reeling them with rollers are
needed. It is necessary to investigate diffusion of chemical elements in the surface layer during
surface deformation by means of microchemical analysis and carry out tribological studies of wear
of contact friction surfaces during reeling with allowance for slippage. All these measures will
make it possible to create a method, a process, and a device for strengthening the rope blocks by

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 105



3.1. INCREASE OF RELIABILITY AND WEAR RESISTANCE OF CYLINDRICAL BLOCKS WITH SURFACE PLASTIC DEFORMATION.
ALEKSANDR DYKHA, DMITRY MARCHENKO

reeling and solve production problems during its implementation.

3. Materials and methods used in the tribological study of the effect of reeling parts on the
contact strength

Electron microscopy studies were carried out using a UEMV-100K microscope on thin foils
prepared from the specimens taken at various distances from the surface and then thinned to a
thickness transparent for electrons.

Depth and degree of work hardening during plastic deformation of the surface layer were
estimated using the regression analysis method. To this end, rupture tests were conducted on
0.2, ..., 0.4 mm thick flat specimens cut from a part at various distances from the part surface with
the help of Shovenar machine with film recording of specimen deformation versus load diagrams.

The study of the degree of hardening with analysis of the change of microhardness and
diffusion of chemical elements in the surface layer in the process of SFW was carried out as
follows.

Microhardness after reeling the specimens in various conditions was determined using the
PMT-3 microhardness meter. Determination of microstructure was carried out with the help of the
KMT-1 device. Investigation of chemical distribution of strengthening elements by means of
microchemical analysis was carried out on a raster electron microscope with the Superprobe-733
micro-X-ray micro-chemical analyzer from Jeol Company (Japan).

The study of pressure on the surface of plastic contact of the roller with the part during work
hardening was carried out on 6.4 mm thick models prepared of an optically sensitive material
ED6-M with the PPU-4 polarization installation (Russia).

The TRB-S-DE tribometer (Switzerland) was used in the study of wear of the contact friction
surfaces during reeling taking into consideration slippage to determine tribotechnical
characteristics of the “disk-sphere” friction couple and the MI wear machine was used for
modeling slippage with its upper shaft rotatable to ensure transverse slip. The VLR-200 (Russia)
laboratory scale was used to measure weight loss in specimens.

Experimental studies of the technological process of hardening the rope block surface by
reeling were carried out on a universal 1K65 screw-cutting machine. The technological process
was recorded on Panasonic SDR-S26 video camera with a subsequent frame-by-frame
examination. Force on the roller varied within =5 % since the friction force of the rolling bearings
was not more than 0.008. This provided a uniform deformation of the surface layer in the rope
block groove.

The degree of work hardening was measured and determined after reeling with the help of
TIME Hardness Tester TH130 (India) universal integral dynamic hardness meter.

Roughness of the rope block working surface before recling was measured using reference
roughness comparison specimens OSh (GOST 9378-93 made in accordance with requirements of
GOST 2789-73). After reeling, roughness was measured with the help of replicas prepared from
self-curing Protacril-M plastic using the profilographer-profilometer of A1 type (GOST 19299-73
and GOST 19300-73), model 252 manufactured by Caliber Enterprise (Russia).

The reeled rope blocks were tested for spalling with ropes in production conditions on KRUPP
ship reloaders (Germany) with a hoisting capacity of 40 tons, MGZ OJSC, and KS-3575
autocranes with a hoisting capacity of 10 tons, Mykolayivbudmekhanizatsiya JSC (Ukraine).

4. Results of tribological tests and process parameters of reeling steel parts with rollers

Vickers hardness under force of 0.10 kN and mechanical characteristics o, 0y, and 6§ were
determined on specimens taken from a shaft made of 40 grade steel and reeled under a reeling
force of 50.0 kN (Fig. 1).

Statistical estimation of accuracy in determining the depth of work hardening was made
proceeding from the changes in hardness HV10 and the yield strength of the work hardened metal
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layer. A hypothesis of normality of distribution of measurements of initial hardness and yield
strength was verified by the Kolmogorov criterion. After that, the results of hardness tests were
statistically analyzed by the small specimen technique.
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Fig. 1. Mechanical properties of the surface layer of the shafts reeled with toroidal rollers
with diameter D, = 105 mm, profile radius 7, = 10 mm: g3, 0, and § are properties
in a circular direction; op, 0y, § are properties in the axial direction

Nonlinear regression analysis was used to determine the depth of work hardening (estimated
by the start of change in mechanical properties HV10 and o, of the deformed layer) and estimate
accuracy of determining the depth of work hardening.

To describe the regression lines, the functions were taken [1]:

y =a; + byx + byx™, (1)
y = a; + byx + b,lgx, 2)

where y is hardness or yield strength; x is the distance of the measuring point from the reeled
surface.

Statistical processing of the results obtained in determining the coefficients a,, by, b, in the
regression equations was performed according to the least squares method. Dispersion
coefficients, work hardening depth and its confidence intervals and the standard deviation were
estimated as well.

In the process of the regression analysis, the values of coefficients of the regression Egs. (1),
(2) and the abscissa of the extremum point were initially calculated taking into account the values
of mechanical properties which differed significantly from the initial ones. After the points of
measuring initial mechanical properties were shifted in the direction of the x -axis, up to
coincidence of their abscissas with the abscissa of the extremum point of the regression line,
solution was performed again, but with taking into consideration measurements of the initial
mechanical properties altered in this way.

The solution was repeated until the difference between abscissas of the points of extremum of
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two last regression lines did not exceed a specified number equal to 0.01 mm. Calculations were
carried out on a PC. Coefficient m of the parabolic regression line acquired values from 2 to 25.

The line having smallest residual dispersion S2 was selected from various regression lines.
The best regression line has appeared to be a parabolic dependence. For all tested specimens, the
hypothesis of equality of mean values of work hardening depth determined by the results of
measuring hardness and yield strength checked by the Student’s criterion was not confirmed.

The study results have shown that yield strength of the work hardened layer increased to a
greater extent than hardness (100-130 % versus 20-60 %). Due to this, the boundary of the work
hardened layer was more clearly defined by the change in the yield strength. Use of cylindrical
needle rollers of a small diameter leads to a sharp increase in the deformation ratio in a thin surface
layer which was indicated by grain elongation in the direction of reeling seen in the optical
microphotographs.

Accuracy of determining boundary of the work hardened layer by regression analysis
according to the results of measurement of yield strength is twice as high in comparison with those
obtained in Vickers hardness tests. The 95 % confidence intervals for the work hardening depth
calculated from the results of measurement of yield strength make up 11-36 % of the work
hardening depth and 32-75 % for the hardness tests. The depth of work hardening which is
determined by variations in the yield strength was 25-50 % more than the depth determined by
Vickers hardness tests. This difference increases with a decrease in the degree of work hardening.
The depth of work hardening determined according to the values of yield strength for circular and
close to them imprints (b/a < 2) corresponded to that calculated by Heifets method even with a
rather small reduced curvature of the contact between the roller and the part (k = 0.0835 mm™").
It has been established that the yield strength was a more sensitive mechanical characteristic for
determining the depth of plastic deformation than hardness. The depth of penetration of
compressive stresses was close to the depth of work hardening determined by the yield strength.

Influence of conditions of reeling with rollers on the change of microstructure of the worked
metal was studied in reeling with cylindrical and toroidal rollers of small diameter. Microstructure
of the specimens prior to surface work hardening consists of pearlite grains surrounded by
hypo-eutectoid ferrite (Fig. 2(a)). After reeling, changes in the microstructure observed on
optical-digital microphotographs could only be found in the surface layers of the shaft reeled with
a roller (Fig. 2(b)). The changes were seen as a considerable elongation of both ferrite and perlite
grains in a circular direction of reeling. It was established that at the distance from the surface
(16.42 mm), the ferrite plates of perlite din not contain dislocations. In some locations, there were
isolated dislocations in the ferrite-cementite interface. Ferrite grains in the specimens were
constrained by flat straight boundaries. Inside the grains, there was a three-dimensional net of low
density dislocations.

Fig. 2. Microstructure of specimens of the surface layer of normalized 40 grade steel:
a) before reeling, b) after reeling (x300)

As the electron-diffraction examination has shown, strengthening of the surface layers during
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reeling shafts with a roller was mainly due to emergence of dislocation cells in the structure of the
excessive ferrite grains. Higher degree of work hardening when reeling with a needle roller
manifested itself by a higher density of dislocations and a reduced size of cells in the substructure
of ferrite grains and a thicker grid of dislocations in the ferrite plates of perlite. In some locations,
bend and fracture of cementite plates was observed which indicated the limit degree of plastic
deformation of the surface layer. This was confirmed by the beginning of peeling of the surface
reeled with a five-millimeter roller.
Distribution of microhardness H,, in the depth of three specimens is shown in Fig. 3.
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Fig. 3. Distribution of microhardness in the depth of the hardened layer: a) Armco iron, 7, = 2.5 mm,
P = 1.5kN, b) 45 grade steel, r, = 5 mm, P = 5 kN, ¢) 40X grade steel, , = 2.5 mm, P = 5.5 kN

In the graphs of Fig. 3(b), (c) for the specimens of 45 grade and 40X grade steel, a decrease in
microhardness H,; . in the transition zone between the hardened layer and the initial metal with
microhardness H,;y was found. The average values of H, .y and H,(;y of normally distributed

values were compared with the help of ¢, the Student criterion.
For this purpose, the reduced variance was determined:

(n, = 1)S + (n, — 1)$3
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where nq, n, is the number of measurements of H,, in the transition zone and in the initial metal,
respectively; SZ, S2 is dispersion of Hy 2y and Hy;y values, respectively; X, X, is the mean
value of Hy,(; ) and H,,;), respectively.

If |t| = t,, K, then difference between mean values is significant. The value of the confidence
probability was taken equal to 0.95, (e = 0,05), the number of degrees of freedom was determined
from the expression K = n; +n, — 2.

It was established that the content of C,- and € in the transition zone decreased by 20-30 % and
increased to 10-15 % in the hardened layer. In reeling 40X grade steel and 45 grade steel, a
significant reduction of microhardness was observed in the transition zone between the hardened
layer and the initial metal. When Armco iron was reeled, such decrease was not detected
(Fig. 3(a)). Based on these studies, a hypothesis of diffusion of strengthening chemical elements
(Cr, C) from the intermediate layer to the part surface was advanced. The main mechanism of
diffusion during SFW was the gradient of dislocation density.

The method of photoelasticity has shown that during elastoplastic deformations, stresses in the
surface of contact of the roller with the part were distributed along a curve close to elliptic, the
difference was not more than 7 %.

It was established that when slippage was up to 2 %, a sharp change in the coefficient of friction
could be observed after which it remained practically constant due to the spread of slippage over
the entire contact area: an obvious dependence of the value of the maximum friction coefficient
on the state of the friction surface. For example, in the process of abrupt change of the coefficient
of friction for hardened and not hardened specimens, with lubrication and without it, the zone
(crosshatched area) was detected when running-in was achieved faster for the specimens reeled
with rollers (Fig. 4(a)). It can be stated that the surface roughness only affects at small slips (up to
3 %) while reeling with rollers creates specified tribotechnical properties with reduced wear
indicators in the surface layer.
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Fig. 4. a) Dependence of the coefficient of friction: on the magnitude of slip, b) on the surface roughness:
non-reeled nonlubricated specimen (1); the nonlubricated specimen reeled with a roller (2);
the non-reeled lubricated specimen (3); the lubricated specimen reeled with a roller (4)

110 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



3.1. INCREASE OF RELIABILITY AND WEAR RESISTANCE OF CYLINDRICAL BLOCKS WITH SURFACE PLASTIC DEFORMATION.
ALEKSANDR DYKHA, DMITRY MARCHENKO

Fig. 4(b) shows dependence of the coefficient of friction on the surface roughness for the
specimens before reeling and after reeling with a roller and Torsiol-55 lubricant applied. It was
established that with a decrease in surface roughness after reeling with rollers, lubricated
specimens had a decreased coefficient of friction.

When reeling with slippage, the main mechanisms of wear were oxidizing and fatigue
(spalling) wear [11, 12]. Spalling deformation increased with an increase in slippage if tangential
stresses were sufficiently large.

A procedure for determining the force of reeling with a wedge roller was developed. In order
to prevent excessive work hardening and peeling of the reeled metal, a limitation for the reeling
force at an average angle of indentation not more than 5° was introduced. With the help of
nomogram, rolling force was determined as dependent on the size of the part and the round roller
and the reduced profile radius of the roller were chosen to determine the design parameters. The
method of reeling steel parts [13] was developed and a theoretical analysis of geometrical
parameters was made for reeling the rope blocks with a wedge roller. For this case, beating,
eccentricity and diameter of the roller, its curvature, curvature of the reeled part and normal
strengthening between the roller and the part in the deformation zone at all points of the profile
were calculated. Calculations have shown that in order to prevent formation of waviness on the
reeled surface, the profile radius 7, is made of a variable value which ensures constancy of the
angle ¢ = 5° of the roller indentation in all sections of the part profile.

The design of the device for reeling the rope blocks is shown in Fig. 5. It was patented, and
invention patents were granted [13, 14].
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Fig. 5. The device for reeling rope blocks with a wedge roller: roller (1); reeled part (2); shaft (3, 7);
bearings (4, 8, 9, 10); lever (5); bracket (6); plates (11, 12); spherical washer (13); sleeve (14); spring (15);
sleeve (16); pulling rod (17); pin (18); nuts (19, 22); handle (20); screw (21); eye bolts (23, 24)

The developed device and technology of reeling [ 14] the rope blocks by a wedge roller provide
low roughness and a high degree of surface work hardening. This effect is achieved by maintaining
constant the average angle ¢ of the roller indentation into the surface to be worked and mounting
of the roller unit on the rolling bearings. This contributes to a uniform deformation of the surface
layer in absence of waviness and leads to an increase in durability of the workpiece. In the course
of the experimental study, estimation of dependence of performance of the reeling process on the
angle of indentation of the roller, profile radius of the roller, reeling speed and the number of
revolutions of the rope block was made.

When plotting the diagram, factors were applied on the abscissa axis in an order of decreasing
their rank and the sum of the ranks for the corresponding factor was applied on the ordinate axis.
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With the help of the obtained diagram, an assessment of significance of the factors was made. To
determine the factors that do not influence the technological process, the Student criterion (t
criterion) was used. After analysis and rejection of the mentioned minor factors, a classical
diagram of the ranks with a decrease in their magnitude depending on the influence of the factor
on the quality of realization of the technological process was constructed. The check of
significance of the expert opinions consisted in election of 10 experts, with the number of factors
in the matrix being 12 and the number of degrees of freedom f = 11.

Analysis of expert opinions (“psychological experiment”) and statistical processing have
allowed us to conclude on the impact on the course and quality of implementation of the
technological process. The four factors had the most affect: roller profile radius X;, mm; speed of
reeling X, , m/min; angle of the roller indentation X5, degrees; number of the rope block
revolutions X,, rev. The three-level, four-factor Box plan of the second order was used.

After statistical processing of the experimental data on a PC with the help of Statistica and
Excel programs, mathematical models were obtained. These models were obtained for surface
roughness (SR) and hardening degree (HD) which describe the technological process of reeling
the rope blocks using a wedge roller device. The regression equations take the form:

SR =1,9224 — 0,2789 - X, + 0,2520 - X, — 0,5837 - X; — 0,4970 - X,
—0,014 - X, - X, + 0,280 - X; - X5 — 0,002 - X; - X, — 0,154 - X, - X5 (5)
—0,522 - X2 + 1,405 - X2 — 1,280 - X2,

HD = 47,5008 — 0,2578 - X; — 0,7167 - X, 4+ 0,135 - X; + 0,1157 - X, — 0,127 - X, - X,
40,236 X, - X5 — 0,535 - X; - X, — 0,124 - X, - X3 + 0,115 - X, - X, — 1,062 - X5 - X, (6)
—0,483 - X2 — 0,106 - X2 — 0,925 - X2 4+ 0,931 - X2.

After statistical processing, analysis of the obtained regression equations was made with
encoded values of factors (Table 1). Study of optimization criteria depending on the change of
independent factors was carried out using the method of two-dimensional sections.

Table 1. Data of encoding the test results

Indicator -1 0 1
X1 — The roller profile radius, mm 10 | 15 | 20
X, — Speed of reeling, m/min. 20 | 50 | 80
X3 — Angle of roller indentation, deg. 2.5 5 7.5
X4 — Number of the rope block revolutions, rev. | 100 | 200 | 300

The mathematical models were checked for the rope blocks made of steel. When analyzing the
values of coefficients at factors in the regression Eq. (5), a conclusion can be drawn that the
process quality is most influenced by the angle of roller indentation (X3) and the number of
revolutions of the rope block (X,). Similarly, it can be seen from Eq. (6) that the most important
are the roller profile radius (X;) and the speed of reeling (X,). For a more thorough study of the
process, an analysis of possible combinations of pairwise combination of factors was made.

Two factors were equalized in turn to zero leaving the other two unequal to the target value.
Regression equation for surface roughness and the degree of hardening at possible combinations
of factors was obtained.

Equating to zero the value of the angle of roller indentation (X5) and the number of revolutions
of the rope block (X,), regression equations were obtained in the form:

SR = 1,9224 — 0,2789 - X, + 0,2520 - X, — 0,014 - X, - X, — 0,094 - X? — 0,522 - X2,  (7)
HD = 47,5008 — 0,2578 - X, — 0,7167 - X, — 0,127 - X; - X, — 0,483 - X2 — 0,106 - X2.  (8)

Let us take partial X; and X, derivatives and obtain a system of equations for each of the
optimization criteria:
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{6SR
A —0,0144 - X, — 0,1886 - X; — 0,2789 = 0,
1

aSR ©)
Sy = 10452 X, — 001440 - X, +0,25204 = 0,

2
OHD

X,

OHD (10)
o = —0,21326 - X, — 0,12771 - X; — 0,71667 = 0.
2

=—0,12771- X, — 0,96658 - X, — 0,25778 = 0,

After solving the system of equations by each of the mathematical models, coordinates of the
centers of surface response were determined for each of the optimization criteria and the value of
the target function in the found YS center.

The angle of rotation of the axes in the origin of coordinates of the mathematical model was
determined in a canonical form by formula:

BlZ

—1 11)
Bll _BZZ (

arctg2a =

Coordinates of response of the surface centers were calculated: for the surface roughness:
X, = -1.49; X, = 0.26; a = —-0.96°% YS = 2.16; for the degree of hardening: X; = 0.19;
X, =347, a =9.36°% YS =48.72.

Coecfficients of the regression equations of the characteristic equations for each of the
optimization criteria were determined in a canonical form:

Bll_/’{ 312/2
) = =0, 12
IO =182 Bp-2 (12

to that end, the equations were reduced to the form:
A2—1-2+D=0. (13)

Roots of this equation are the coefficients of a mathematical model in a canonical form. After
the calculations, the regression equations were obtained in a canonical form:
for the surface roughness:

SR — 2,164 = —0,094 - X? — 0,522 - X2, (14)
For the degree of hardening:
HD — 48,7 = —0,096 - X? — 0,493 - X2. (15)

The results obtained by combining the X; and X, factors are shown in Fig. 6.

Consideration of the constructed diagrams makes it possible to draw a conclusion that the zone
of optimal combination of factors is constrained by SR and HD curves at A, B, C, F, G points. In
this case, the surface roughness will lie within 1.2 um < SR < 1.4 um, and the degree of hardening
44 % < HD <45 %.

With such indicators of the optimization criteria, the value of the roller profile radius should
be 16, ..., 20 mm and the speed of reeling 27, ..., 36 m min.

Consecutively changing the combination of factors, two-dimensional sections of the response
surfaces were obtained for all possible combinations of factors.
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Fig. 6. Two-dimensional cross sections of the response surface after combination of
the X; and X, factorsat X; =0and X, =0

For example, by combining the values of the angle of indentation (X3) and the number of
revolutions of the rope block (X,) at X; = 0 (the roller profile radius) and X, = 0 (speed of
reeling), the following regression equations were obtained:

SR =1,9224 — 0,5837 - X5 — 0,4970 - X, + 0,359 - X5 - X, + 1,405 - X2 — 1,280 - X2,  (16)
HD = 47,5008 + 0,135 - X5 4+ 0,1157 - X, — 1,062 - X5 - X, — 0,925 - X2 + 0,931 - X2. (17)

Solution to the system of equations has produced coordinates of the centers of the response
surfaces:

— for the surface roughness: X; = 0.22; X, =-0.16; « = 3.81°;, YS = 1.89;

— for the degree of hardening: X; = 0.08; X, =-0.01; a = 14.8°; YS =47.50.

Fig. 7 shows results obtained for Egs. (16) and (17) from which it is evident that the zones of
the optimal combination of factors are constrained by the SR and HD curves in A, B, C and C, D,
E points. In this case, surface roughness in both zones is about 1 um, the degree of hardening is
47 % at the roll indentation angle of 4°, ..., 7° and the number of the rope block revolutions of
265, ..., 300 rev.

Significance of the obtained estimates of coefficients and the adequacy of the model was
checked using the Cochran’s G-criterion and the Fisher’s F-criterion.

When optimizing the technological process of reeling the rope block with a wedge roller,
optimum working conditions were obtained by planning the experiment. They have appeared to
be the following: the roll profile radius (X;) 15 mm, the reeling speed (X,) 40-50 m/min, the roll
indentation angle (X3) 5 degrees, the number of the rope block revolutions (X,) 160-180 rev.
(Figs. 6, 7).

Their optimal combination forms quality of the technological process of steel part surface
hardening by reeling with rollers at indicators of surface roughness (SR) of 1, ..., 1.9 um and the
hardening degree (HD) of 46.5, ..., 56 %.

Data on wear are given in Table 2.
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Table 2. Spalling the rope block working surface (800/120) of the KRUPP ship reloader

Wearing part Wear, mm | Operation period, mos. | Average wear, mm/mo
4.3 4 1.0
Non-reeled block 33 3 136
3.9 16 0.24
Reeled block 32 2 0.26

It has been shown that reeling of the rope block working profile with rollers increases the
contact strength and therefore imparts a 3 to 4 times higher durability. Accordingly, durability of
ropes also improves as bending of the rope wires on irregularities of the worn rope block is
eliminated.

The procedure of the rope block reeling to increase wear resistance and contact strength has
been implemented on Krupp ship reloaders (Germany) in the cargo port of Mykolayiv Alumina
Plant OJSC (Ukraine) and the auto cranes KS-3575 built by Mykolayivbudmechanizatsiya JSC
(Ukraine).

5. Discussion of results of tribological studies and process conditions of reeling steel parts
with rolls

Yield strength of the work hardened layer increases to a greater extent than hardness
(100-130 % versus 20-60 %). Due to this, boundary of the deformed layer is more clearly found
by the change of the yield strength. Use of cylindrical needle rollers of small diameter in the
reeling process results in a sharp increase in the degree of deformation in a thin surface layer
which is recorded on optical microphotographs as grain elongation in the direction of reeling.

Accuracy of determining boundary of the work hardened layer by the method of regression
analysis using the results of measuring the yield strength is two times higher than in the case of
using the results of Vickers hardness tests. The 95 % confidence intervals for the depth of work
hardening with toroidal and cylindrical rollers calculated on the basis of the results of measuring
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the yield strength make up 11-36 % of the depth of work hardening and the corresponding figures
for hardness tests are 32-75 %.

Strengthening of the surface layers by reeling the shafts with a roller is mainly due to the
emergence of dislocation cells in the structure of grains of excess ferrite. Ferrite plates of perlite
show smaller deformation. Deformations of cementite plates during reeling with toroidal rollers
were not detected.

An increase in the degree of work hardening by reeling with a needle roller manifests itself in
a higher density of dislocations and the reduced cell size in the substructure of ferrite grains, as
well as in a thicker grid of dislocations in ferrite plates of perlite. In some locations, bending and
fracture of cementite plates occur indicating the extreme degree of plastic deformation of the
surface layer. This is confirmed by the onset of peeling on the surface reeled with a 5 mm roller.

Diffusion of chemical elements of the surface layer in the process of surface deformation was
studied. It was established that the content of Cr and C in the transition zone was 20-30 % lower
and 10-15 % higher in the hardened layer. Based on these studies, a hypothesis of diffusion of
strengthening chemical elements (Cr, C) from the intermediate layer to the surface of the part was
put forward. The main mechanism of diffusion during SFW is the dislocation density gradient.

When reeling proceeds with slippage, the main mechanisms of wear are oxidizing and fatigue
(spalling) wear. Spalling deformation increases with the growth of slippage if tangential stresses
are sufficiently high.

A procedure for determining conditions of reeling the rope blocks with a wedge roller was
developed. In order to prevent excessive hardening and scaling of the reeled metal, a limitation to
the reeling force with an average angle of indentation not more than 5° was introduced.

The method of reeling the rope blocks and other steel parts of rotation having a complex profile
was developed to improve wear resistance and contact strength [11]. Advantage of the wedge
roller consists in equilibrium of the axial component of the reeling force and reeling of the working
profile of the rope block is possible on horizontal and vertical lathes in a single positioning.

The device and technology of the rope block reeling with a wedge roller have been developed
to provide low roughness and high degree of work hardening of the surface [12]. A set of
laboratory devices was developed to determine roughness of the reeled surface by means of
replicas and the degree of work hardening of the working surface. This will assist in studying
physical and mechanical properties of steel parts of a complex shape working under a contact
loading, including the rope blocks. This ensures obtaining of correct indicators of the
technological process of work hardening using the designed device with a wedge roller.

Tribotechnical characteristics of the reeled rope blocks were defined with the help of a device
with a wedge roller: the angle of indentation and the profile radius of the wedge roller, the number
of revolutions of the steel rope block and speed of reeling. This has made it possible to ascertain
possible limits of variation of main design and technological conditions of strengthening with the
proposed device and elucidate shape of the wedge roller.

As a result of experimental study with the use of the method of steep convergence, optimal
design and kinematic parameters of the reeling process were determined. Optimum working
conditions were obtained by planning the experiment with optimization of the technological
process of reeling the rope block with a wedge roller. They are the roller indentation angle: 5°, the
roller profile radius: 15 mm, the number of the rope block revolutions: 160-180 rev., the speed of
reeling: 40-50 m/min.

The optimum combination forms quality of the technological process of surface hardening of
the rope blocks by reeling with rollers with the following indicators: surface roughness of
L, ..., 1.9 um and hardening degree of 46.5, ..., 56 %.

The conducted experimental studies have proved adequacy of the results obtained in physical
and mathematical modeling of the tribotechnical processes occurring during reeling the working
friction surface of the rope block with a wedge roller. This allows us to recommend the developed
mathematical models for their application in hardening steel parts working in conditions of wear
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and action of contact forces in the mechanical engineering and other industry sectors.

It has been shown that reeling of the working profile of the rope blocks ensure a 3-4 times
higher durability and contact strength and therefore service life. Accordingly, service life of ropes
improves as well due to elimination of the rope wire bending over the surface irregularities of the
worn rope block.

The proposed hardening technology can be used for other large-sized steel parts working in
wear conditions in various industries. Tribological studies of the “rope block — rope” friction
couple during reeling taking into account slippage do not provide absolute correspondence with
the actual course of the wear process but is a necessary step in the development of computational
engineering methods for predicting wear resistance of friction units which will facilitate
development of techniques to improve their service life. Further studies in this direction should be
conducted by dissemination of the proposed technology to other machinery friction units and their
corresponding laboratory wear test patterns.

6. Conclusions

1. With application of the regression analysis methods, the actual accuracy of determining the
depth of hardening has been estimated using the data on changes in mechanical properties of the
surface layer metal. It was established that accuracy of determining the boundary of the work
hardened layer according to the yield strength change is twice as high as that according to the
hardness change. It was shown that the depth of work hardening which is determined according
to the changes in the yield strength is 25-50 % greater than the depth determined according to the
Vickers hardness change. This difference grows with the decrease in the work hardening degree.

2. Diffusion of strengthening chemical elements taking place in the surface layer during the
process of surface deformation was studied. It was established that the content of Cr and C
decreased by 20-30 % in the transition zone and increased to 10-15 % in the hardened layer. When
reeling steel of 40X and 45 grades with rollers, a significant reduction of microhardness in the
transition zone between the hardened layer and the initial metal was observed. When reeling
Armco iron, this reduction cession was not detected. Based on these studies, a hypothesis of
diffusion of the strengthening chemical elements C, and C from the intermediate layer to the
surface of the part due to the dislocation density gradient has been advanced.

3. A procedure for calculating the depth of work hardening for the case of reeling the part
friction surface with a wedge roller was proposed and the limits of its rational application were
set. An original technique of reeling steel parts was developed in order to increase their contact
strength and wear resistance. This technique makes it possible to intensify the process and
optimize conditions of plastic deformation, increase productivity of the reeling process, and
achieve specified tribotechnical properties of the friction surfaces in large-sized steel parts.
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Abstract. The high-rate elastic-plastic deformation of the elements of modern technology is
considered, it is taking into account the change of the properties of materials in the process of
deformation under the action of impact and impulse loads. The use of experimental studies to
determine the parameters of the dynamic properties of the material is shown. On the basis of
three-dimensional models and numerical methods, an analysis of the stress-strain state of
protective elements for vehicles and gas turbine engines corps under impact loads was carried out.
It is shown that multilayered protective elements more effectively withstand impact loads. The
analysis of parameters of technological processes of connection and separation of elements due to
explosion energy is carried out. Calculation-experimental methods for analysis of deformation of
cylindrical elements under impact loads are considered. The results of the research are used to
ensure the dynamic strength of elements of real structures.

Keywords: shock, protective elements, high-rate deformation, dynamic material properties,
experiment, three-dimensional models, numerical methods, technological processes, calculation
and experimental methods.

1. Introduction

Many objects of modern technology are exposed to shock and impulse loads. Therefore,
protective elements play an important role for energy, transport, acrospace and military systems.
Like a protective element can be used the cladding elements of vehicles, gas turbine engine corps,
protective boxes, process chambers, protective elements of military facilities, personal protective
equipment, etc. Under the influence of local shock loads, a three-dimensional dynamic
stress-strain state arises in them. The processes of dynamic deformation proceed in the
elastic-plastic stage. In this case, it is necessary to take into account the dynamic properties of the
material, which depend on deformations and strain rates [1-4]. At intense impact loads, finite
deformations and displacements is occurring. Therefore, the analysis of dynamic stress-strain state
(SSS) is an actual and complex problem. It requires the construction of three-dimensional
mathematical models that take into account all the features of the process of high-rate deformation.

Solving the problem of the protection of civil and military installations include experimental
studies of dynamic material properties, numerical studies of impact loads on the critical objects of
modern technology and the development of measures to reduce the danger of dynamic loads.

2. Determination of the dynamic properties of materials

Dependencies for the dynamic properties of the material are built on the basis of experimental
data. Experimental studies are carried out on flat and cylindrical samples on special stands in the
range of strain rates up 5-10 to 5-103 s! (Fig. 1). In this case, it is necessary to take into account
the variability of the deformation rate and the real dynamic loads that are registered by the
inertia-free sensors.

Researches in the field of high-rate deformation of structural elements are impossible without
experimental data of dynamic characteristics of materials, which reflect relationships of stresses

. . . d . . .
o and strain &, and strain rate £ = d—i: o =o0(¢g €). Beside that complexity of processes of
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high-rate deformation occurring in the elastoplastic range requires periodical experimental check

of new theoretical results in this field [3, 5].
The experimental base includes several unique installations and measuring devices (Fig. 2).

—

a) b)

Fig. 1. Samples for testing: a) cylindrical specimens; b) a flat multilayered specimen after failure
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Fig. 2. General view of the overspeed for testing samples for high-rate deformation
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Fig. 3. Installation scheme for testing samples for high-rate deformation
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Strains and strain rates are registered by small-base foil, wire or semiconductor (silicic) strain
sensors. They are practically inertialess. Foil sensors operates in the rage of deformations of
£ =0.02-0.1 (up to 10 %) in the rage of temperatures from —200 to +500 °C. Acceleration is
measured by piezoceramic sensors. Contactless vortex sensors are applied for measurement of
motions. Sensors are of modulating type and operate in composition of bridges with active and
reactive constituents [5].

The linear flat and cylindrical short-base specimens are tested under the conditions of high-rate
uniaxial tension by the overspeed installation for determination of dynamic characteristics of
material

The installation scheme is shown in Fig. 3.

Compressed air presses on the round membrane (1) with stress concentrator. The plate breaks
at the predetermined pressure because of the concentrator and it provides velocities of impactor
in the wide range (10-300 m/s). Under the action of compressed air hammer (3) moves in the
casing (9) of 125-mm diameter till the shock on anvil (6). Specimen (5) clamped in the anvil and
rod-dynamometer (2) is loaded when hammer shocks anvil. Simultaneously elastic deformations
of dynamometer are registered by strain sensors (4), elastic-plastic deformations of specimen — by
foil sensors (8), and hammer’s speed — by pair of vortex sensors (7) and contact sensors operating
from fracture. Working zone of installation is coved with protective shield (10), in which the
vacuum of 10 Pa is created. Diameter of rod-dynamometer is designed of such a value that it
deforms only in the elastic region and gives a force of specimen deformation N (t), from which
stress in specimen o (t) is determined. And sensor located on the specimen gives a strain of its
working length £(t) [5]. Thus, relationship o = o (¢, €) can be plotted from the results of direct
measurements without previous assumptions about the nature of specimen deformation (Fig. 4).

It is often assumed that the rate of deformation of a specimen is constant, on the basis that the
kinetic energy of the impactor is an order of magnitude greater than the strain energy of the
specimen. However, the process records show that this assumption is valid not at all stages of the
deformation of the specimen [3, 5]. So, in Fig. 4 nonlinear sections are visible, when the sample
is deformed. At hammer’s speeds provided by compressed air the strain rates of 6-102-6-10* s°!
are realized.

5+106 Strain gauge reading at the specimen Stress in rod-dynamometer. Thesedata =~
o. MPa allowus to build the dependence & = ol £.T)
B
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4000 [\/ 300 /\_ j
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106 .8 50 100 150 t10-6 .8
a) b)
Fig. 4. Changes of the: a) deformation of the specimen, b) stresses in the rod-dynamometer in time

©

To refine the dynamic characteristics of the material, the change in its cross section during
deformation is takes into account (Fig. 4). Large strains (more than 10 %) when the neck is formed
and the fracture of specimen are determined as the difference in the displacements of the two
sections, referred to the distance between these sections € ~ Au/Ax.

Based on this measurement results, a spatial dynamic diagram is plotted in coordinates o, €, €.
(Fig. 5).

It visually demonstrates the way of deformation of the specimen and explains the possibility
of large residual deformations & at a high-rate loading of the structure.

It can be seen, that the elastic limit increase with increasing deformation rate (2).
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Fig. 5. The relationship between stress intensity, strain and strain rate: static deformation

of the sample (1), deformation with variable speed (2), sample unloading (3),
1

() é=0:2)0< ¢ <e, [1 + (%)_] (3)Ag; <0
For ease of use in the calculation of the measurement results are processed and presented in
the form of a power-law dependence [5]:
1 1™

éiﬁ & éiﬁ
0; = 0g 1+(5) +Usgl+(5) ,

. & N
0; = 05 - K(&) + o5 L,__K(si)] )
s

where o, €5 — static yield stresses for stresses and strains, D, n, m — parameters of high-rate
material hardening.

1
Coefficient K (¢;) = [1 + (%)"] can be used to determine the dynamic yield stresses, strength,

etc. according to their static values o = dgg - K(&;).

Object of test

Fig. 6. General view of overspeed installations
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The installation also allows for the connection of the impactor with the deformable structure
to perform a shock test, for example, shells with the ground or liquid.

For the experimental analysis of structural elements under the influence of shock loads and
verification of the results of numerical analysis of the processes of high-rate deformation, a
horizontal shock loading installation is used.

The general view of the overspeed installation of high-rate shock and aecrodynamic loading of
structural elements is shown in Fig. 6. In the shock loading mode, the impactor moves in the barrel,
and in the aerodynamic loading mode, the high-rate flow of air moves in the barrel.

The diagram of the installation for aerodynamic loading is shown in Fig. 7.
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Fig. 7. Installation scheme for the aerodynamic loading regime

In the mode of shock loading the compressed air is fed into high-pressure chamber (1). At the
predetermined pressure the diaphragm (2) fractures and hammer moves along the barrel of
125 mm diameter. Subject of test (11) and mounting plate (10) are located in the expansion
chamber (12), connected to the barrel by flange (6). The chamber is of 1.6 m diameter and 2.2 m
length with wall thickness of § = 0.014 mm allows accommodating testing subjects of sufficient
dimensions. Chamber is supplied with vacuum of 10 Pa and protection of room. Compressed air
provides hammer’s speed up to 300 m/s [5]. The results are recorded in the measuring device (13).

In the mode aerodynamic loading the installation provides two-stage acceleration of flow by
means of two diaphragms (2.8). Turbulator may be mounted on the way of aerodynamic flow.

3. Analysis of high-rate deformation of structural elements under impact.

Analytical solutions for the analysis of high-rate deformation of protective elements are
achieved only in simple special cases [3, 5]. The main methods of research in this area are
numerical. Ones of the most effective methods are the finite element method and the finite
difference method, which take into account the specific nature of this problem. In this case, the
conditions at the nodes of the finite elements and the forms functions must ensure a smooth
variation of the dynamic stresses. Under the action of local loads, the zone of intense stress is very
limited. Outside this zone, the stresses decrease rapidly in space and in time. Calculations in this
zone can be performed with a denser grid. High-rate deformation elements of structures under the
action of short-term loads of various physical nature (mechanical, impulse, shock, moving,
magneto-impulse, thermal, etc.) takes place in the elastoplastic stage. It is necessary to take into
account the dynamic characteristics of materials of the type ¢ = a(¢, €, T), that are obtained
experimentally.
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In the beginning, the behavior of elements from various materials under impact loads is
studied. So, in Fig. 8§ the changes of equivalent stresses in elements from various materials under
the action of impactor weighing 100 g at a speed of 200 m/s are presented [6, 7].
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Fig. 8. Comparison of the variation of the maximum equivalent stresses for different materials:
1 — steel element; 2 — aluminum alloy, 3 — composite, 4 — titanium alloy

In the elements of steel and titanium alloy, the maximum equivalent stresses and the greatest
localization of stresses are observed. The lowest stresses are observed in composite elements due
to the least stiffness and large displacements.

It is allowing to select the material for protective elements or use the properties of materials of
existing structures. It is shown that the elements of titanium alloys have the greatest resistance to
impact loads and the growth of dynamic hardening with the impact speed, even greater than the
steel samples. At the same time, the composite materials with a sufficient resistance to impact
loads have the least weight.

For examples, the protective properties of vehicle lining are considered. So, for the lining of
locomotives (electric locomotives), the effects of a standard impactor with weight of 100 g and
with a locomotive speed of 80 km/h are considered. Also, a double impact speed, when moving
oncoming trains, are interest. In Fig. 9 shows the distribution of equivalent stresses when the
impactor hits an 8 mm thick fiberglass element [7].

825 MPa

Fig. 9. The view of a locomotlve and the distribution of equivalent stresses in the element
of its lining under the action of impactor at a speed of 180 km/h

In this case, the largest equivalent stresses do not exceed 900 MPa, and the displacements are
1.2 mm. It can be seen that this element provides dynamic strength at speeds of up to 180 km/h.

For the facing of vehicles, the action of impactors at a speed of 60 km/h, but at different angles
of encounter is considered. So, in Fig. 10 shows the displacements and stresses fields in the
element of corps at an angle of 45° [7, 8].
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1.5 mm

Fig. 10. Displacements and stresses in the element of the motor transport after encounter
with impactor with a speed of 60 km/h at an angle of 45°

A series of similar studies show that, under impact action, the local stresses in motor vehicle
corps reach significant values (up to 900 MPa) and significant deformations of the lining, but the
construction retains the main operational properties at speeds of up to 60 km/h.

Of great interest is the analysis of the impact on the elements of the gas turbine engine corps
of foreign objects and fragments of the compressor blades and fan blades. The effect of these
impactors is interrelated. During take-off and landing of the aircraft, parts of the runway and other
objects are drawn into the gas-air path of the engine, and particles of ice, moisture, sand, etc., can
be drawn into when flying. These particles can cause damage of the blades. Fragments of the
blades and foreign objects under the action of centrifugal forces cause impact on the engine corps.
Therefore, protective elements in the form of reinforcing linings made of steel or composite
materials are used in dangerous locations. Below are the results of the impact of some fragment
with weight 100 g, caused by rotation of the rotor, on the protective elements of the housing.
Single-layer and two-layered elements of corps are considered.

In Fig. 11 shows the distribution of equivalent stresses arising from the action of fragment of
the fan blades on a protective element from composite at different times. Characteristic
dimensions of the protective element: thickness 30 mm, diameter 800 mm. The rotor speed is
8500 rpm [7, 8].

b)
157 MPa 50 MPa !
d)

c)
Fig. 11. Distribution of stresses in the protective element from the composite at different times at impact
with a speed of 400 m/s: a) protective element from composite, b) t = 0,001 s;¢c)t =0,01s;d)t =0,1s

It can be seen an increase of the equivalent stresses in local zone and the formation of residual
stresses and damage. The protective element does not destroy and can perform its functions even
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further until repair.

At the location of the compressor blades, the elements of corps are made from steel with a
thickness of 8 mm and a diameter of 415 mm. It can withstand the action of the identical impactor
at a speed of 350 m/s. In this case the maximum equivalent stresses reach values of 140 MPa, and
displacement of 2 mm. It is interesting, that the use of linings and double-layered protective
elements significantly increases their effectiveness.

In Fig. 12 shows the distribution of equivalent stresses and displacements in a two-layer
element with thicknesses of 1.4 mm and 2 mm with the same impact.

Fig. 12. Double-layered protective element and equivalent stresses and displacements in it

The maximum stresses in this case reach 150 MPa, but the total thickness of the protective
element is much less than the thickness of a single-layer element [7, 8]. As the speed of the
impactor increases, elastic-plastic deformations of the protective element and its damage arise
(Fig. 13). For a better visualization of stresses and deformations in the element, the impactor is
not shown in the figure.

Fig. 13. Equivalent stresses in a two-layer protective element, when the impactor speed up to 1000 m/s

The presented studies show the expediency of using multilayer elements. As an example, some
results of this study is given in Fig. 14. The weight of impactor is 100 g, a speed of 400 m/s; the
characteristic dimensions of a three-layer target-element is 100x100 mm and the thickness of two
outer layers from titanium alloy 2 mm and inner ceramic layer 3.2 mm

e

| 0,10032 Max
0,0015924
0,0012975
0,0010026
0,00075196
0,00050131
0,00025065
0 Min
0

Fig. 14. Displacements and deformations in a three-layer element when the impactor speed of 400 m/s

In the top titanium layer, an area of local damage occurs, and crater formations are observed.
Deformations pass into the plastic stage, and the maximum equivalent stresses reach 1330 MPa.
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Local deformations in the top layer lead to the distribution of deformation in a wide region of the
ceramic layer, and the stresses decrease accordingly. As a result, the impact energy is absorbed in
the ceramic layer. Despite the damage of the top layer, the three-layer element retains its protective
properties. A new impact occurs, as a rule, in a new location, and the element can again withstand
impact. Such elements are advisable to use for light-armored vehicle and in other cases [9].

Studies have also been conducted to ensure safety during technological processes of compound
and separating structural elements. For example, the processes of compounds elements by
explosive energy are considered [5].

The compound of two cylindrical layers is considered. These studies should be conducted
before the implementation of the relevant processes. Connections of elements occur by means of
explosion welding, when the layer being thrown is connected to the target layer at a speed
3-10°-9-10° m/s due to the energy of explosive charge in sheet form, which provide a short-term
(10 s) pressure 1.3-10'° Pa. The radial displacement of the layers has the order of 10 m. The
distribution of axial displacements is shown in Fig. 15.

In Fig. 16 shows the diagram of elastic-plastic deformation in the axial direction from the
loading zone and the diagram of residual deformations.

“|

Zone of strain intensity
1-£>0,1
2-0,06<¢g<0,1
30,04 <& <0,06
4-0,02 <& <0,04
5—5<0,02

A aKT-5

Fig. 15. The distribution of the strain intensities for the high-rate joining of two layers
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Fig. 16. The distribution of maximal (&,,4,) Fig. 17. Dependences of the axial (1) and
and residual (&) deformations depending circumferential (2) stresses on the loading pulse

on the loading zone

These graphs are the boundaries in which deformations can occur during this process [5]. The
process is non-linear. The dependences of the axial (1) and circumferential (2) stresses on the
loading pulse I are shown in Fig. 17.

For comparison, the dotted line represents a linear relationship. The processes of explosion
welding were used to combine parts of heat exchangers. A fragment of the heat exchanger at the
place of compound of the tube with the elements of construction is shown in Fig. 18.
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Fig. 18. A fragment of the heat exchanger at the junction of its elements by explosion welding

Also, processes of separation of elements using explosion energy are often used. In such
processes, after the application of concentrators, cord explosive charges are used. In Fig. 19 shows
isolines of stresses near the concentrator after 5 us after the action of the impulse [10].

Separation processes by explosion energy were used for pulsed controlled separation of
elements of space technology.

Fig. 19. The Isolines of stress (g, GPa) near the concentrator
4. Use of the calculation-experimental method

If the properties of the materials are not sufficiently known, then the problem can be solved
with the help of calculation-experimental methods. In this case, for characteristic elements,
multivariate experimental studies are carried out under the actions of local loads. As a result of
the processing of the experimental data, spatial dependences of the maximum values of the strain
intensities on the magnitude of the impact pulse, the location of the load application, and the
characteristics of the element are constructed. The methodology is based on the principles of
regression analysis [11, 12]. The results of the studies are illustrated with concrete examples. As
a characteristic element, cylindrical shells are chosen. Experimental studies were carried out with
shells of different relative thicknesses h/R, where h — thickness, and R — shell radius. The loading
was carried out with a series of loads with mass m, which were dropped on the shell from different
heights, which provide different speeds of impact V, and the impulses of load mV . The
deformations of the shells were measured using a system of sockets of strain sensors, which were
located in the axial and circumferential directions from the loading point. Based on a series of
experimental studies, a system of spatial graphs of the dependence of deformations on the
parameters h/R, I = mV and coordinates in the axial x and the circumferential y directions. It was
assumed that the impulse load is distributed over the area of the contact region of radius ¢ unevenly
in accordance with the law:

2

Pery,0=pP@ [1- () - ().

Cc Cc
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The problem of the stress-strain state is solved on the basis of Timoshenko’s functional
equation, the Fourier cosine-transform method with respect to the x and y coordinates, and the
Laplace transform with respect to time t [11]. The structure of the solution shows that it does not
have a clearly multiplicative character. Therefore, based on the processing of experimental studies,
the dependence of the strain intensity €;(t) on the parameters t, m, V, h/R, x was build. In
Fig. 20 shows the spatial graphs of the dependence for ¢;(t), on the surface of which lie the
solution of problems for specific cases of loading.

To assess the reliability of the results, repeated experiments were carried out. Verification of
the adequacy of the constructed dependence to the actual process was performed on the basis of
the coefficient of multiple correlations and the Fisher test [12].

The case of impact loads on the elements of vehicles when the road milling cutters the layer
of road surface is considered. When the working speed of the milling cutter is 350 rpm, the speed
of the fragments is 62 m/s. Approximate weight of a typical fragment is 0.22 kg. The analysis of
the deformation of gas cylinders of different sizes, which use on vehicles, under the action of
shock loads was carried out (Fig. 21).

&t m V, WR x) &t m V, W'R x)

e o — o

 Fig. 21. General view of a road mill and vehicle with cylindrical balloon for gas

&i(t,m,V,WRX) o gi(tm,V,WRx) o6

|- 0.8

0
Fig. 22. Distribution of deformations around the impact zone on balloons
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In Fig. 22 shows the distribution of deformations around the impact area. As an example,
cylinders of different diameters and thicknesses are considered.

The maximum deformations reach 0.72 %, which is below the dynamic limit of the elasticity
of the material of the cylinders. There are examples of calculations for shock loads of other
cylindrical structures. Thus, by means of the calculation-experimental method, effective studies
of the strength of the elements of shell structures are provided.

5. Conclusions

It is shown, that the high-rate deformation of the elements of modern structures under shock
loads occurs in the elastic-plastic stage with finite displacements and changes in the properties of
materials during deformation. Experiential installations for the high-rate deformation of
specimens allow to determine the characteristics of the dynamic properties of materials. These
characteristics are presented in the form of dependencies of stress intensities on the strain
intensities and strain rates. All characteristics can change during deformation.

Investigations of the variation of equivalent stresses under shock loads in time have been
carried out, which facilitates the choice of material for protective structures. The action of impact
loads on protective elements is carried out using FEM based on three-dimensional models. A
series of numerical studies of the dynamic stress-strain state of protective elements for vehicles
and gas turbine engine corps have shown their ability to withstand shock loads in operating
conditions. The advantage of multi-layered protective elements, that can withstand repeated loads,
is revealed. The parameters of technological processes of compound and separation of elements
with the help of explosion energy are estimated. The efficiency of the calculation-experimental
method is shown, when estimating the high-rate deformation of cylindrical protective elements.

The results of the investigations make it possible to give recommendations on increasing the
efficiency of protective elements of critical structures under impact and impulse loads.
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Chapter 4

Creation of new materials



4.1. Study of energy ions, their varieties and charge on
temperature, rate of temperature rise, thermal stresses,
and also on the size, amount of volume, number of
particles in nanostructures and effective current density
for nanostructures
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National Aerospace University named by N. Ye. Zhukovsky “KhAI”, Kharkov, Ukraine
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Abstract. On the basis of joint decisions of the problem of heat conduction and thermoelasticity
obtained temperature field and thermal stress in which the zones where the nanostructures are
formed. For a large number of different ions and charge rules 1 to 3 were obtained according to
the volume of the nanostructure, and the depth range, which are implemented by the nanostructure
ion energy and charge, determined the effective current density.

Keywords: temperature, thermal stresses, nanostructures, effective current density.
1. Introduction

For nanocrystalline structures on the surface, as is well known, we need a certain temperature
(or its rate of increase) in the required amount of pressure and having a metal atom around which
the nanostructure.

As shown in [1-11], the action of charged particles on construction materials leads to the
appearance of the material to a depth of rather high temperatures under the influence of individual
ions of different varieties and heat affected zone has the probability of occurrence of thermal
stresses of considerable magnitude, which confirms the possibility of local zones, where it reaches
the conditions for the emergence of nanostructures.

To these conditions were realized in a large volume (high temperatures and voltages) is also
necessary to ensure maximum filling of the temperature field with high temperatures and at the
same time maintain the zone with the highest temperature gradients when implemented high
values of thermal stresses. Clearly, a simple increase of ion current density to achieve this would
be impossible, as the current density increases the temperature gradients in the adjacent area of
the particles is reduced, and hence, reduces the amount of stress and temperature conditions for
the formation of nanostructures not performed.

2. Status of the question

Due to the action of ions of various sorts, energy, battery, current densities it is possible to
maintain a sufficient temperature (due to the corresponding temperature distribution of the
temperature field in depth ensures a high average temperature), at the same time, choosing the
location of the field depth (varying power, battery, and type of particle), provides high temperature
gradients. Consequently, a fairly large amount of material will act on significant voltage value, i.e.
will run conditions for obtaining the crystal structures.

Therefore, several upgraded models of the individual particles of structural materials [1-11],
get a model that takes into account relevant factors (in particular, the model does not take into
account the charge of the ion and the complex nature of their interference in the rather large
amount of consideration).
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3. Statement of the research task

Taking as criteria for obtaining nanostructures desired temperature range, the rate of rise of
temperature, pressure (thermal stress) and the presence of the catalyst [2], we can consider the
possibility of obtaining nanostructures depending on the physical and technological parameters of
flow during processing, which will analyze some of the theoretical and technical task (Fig. 1):

I. The model of interaction of streams of ions of different sorts, energy, charge and current
densities, which allows:

1) to obtain the depth range, which is likely to receive for each of the nanostructures streams
separate and evaluate the effect of flow depth;

2) calculate the distribution of temperature fields and thermal stresses in the amount of detail;

3) to determine the grain size;

4) organize the flow of particles so that the maximum amount of items has been filled the fields
of temperature and thermal stress (theoretically and technologically);

5) determine the amount theoretically nanocluster particles in a quantity of nanoclusters
formed in unit time.

Nanostructure formation depending on physical and technological
parameters of processing
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II. The theory of the interaction of nanoclusters (nanocrystals) their size, power relations
between them and the physical and mechanical properties of nanostructures, which allows you to:

1) calculate the size of nanoclusters energy ties with neighboring nanoclusters (grains) and
physic-mechanical properties of the nanomaterial;

2) to obtain the theoretical dependence of physical and mechanical characteristics of the
National Assembly on the grain size, location and nature of their interactions, completeness
volume nanostructures.

III. Experimental and theoretical model of grain size due to the FMH:

1) microhardness;

2) the coefficient of friction;

3) the yield strength;

4) tensile strength;

5) The modulus of elasticity;

6) wear;

7) resistance of cutting tools (RI).

1. Adhesion bond nano-coatings to the base material part (theory).

2. Technical solution: software start flow of ions of different sorts, energy, charge and current
densities.

Solving these problems will help you find the physical and technological parameters of ion
fluxes, which will provide the desired physical and mechanical properties of nanostructures and
nanomaterials.

Now consider the real possibility of implementing these tasks.

4. Model of the action of an individual ion on a structural material

The interaction of charged particles and plasma flows with structural materials related to the
implementation of a wide range of processes: collisional, thermal, thermomechanical thermal
fatigue, diffusion, thermochemical and plasma, but there are currently no job, taking into account
these factors and the more their relationship. These processes influence both on the nature of heat
transfer in the target volume and on the surface, so keeping these processes needed in the balance
of energy in a volume element of a metal target and a target heat exchange surface, i.e. in boundary
conditions.

4.1. Heat balance in an elementary volume of a part

Change the amount of heat per unit volume (the first term in the left-hand side of Eq. (1)) can
be realized by moving the particle flow along the surface to be treated or moving target with
respect to the plasma flow at a speed V, (second term), thermal processes influence on heat transfer
finite speed of propagation of heat (third term), thermal conductivity (the first term on the right),
the displacement of the evaporation front (second term), point (third term); collisional processes:
volumetric heat source due to the action of the particle (the fourth term), energy consumption in
the displacement of atoms (fifth term); thermo-elastic, thermoplastic and thermal fatigue processes
that determine the energy of deformation of the material elementary volume (six terms); diffusion
processes that determine the heat transfer diffusing material (seventh term); thermochemical
processes related to the implementation of chemical reactions between the material of the target
and bombarding ions or between the alloy components in composite materials and Lentz-Joule
heating due to the spreading of the ion current:
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where C[T] and y[T] — specific heat and density of the target material corresponding to a
temperature T; T, — the relaxation time of one Kelvin temperature; V;, — ion flux moving speed or
the target relative thereto; L,y ., and Ly - — specific heat of fusion and thermochemical reaction;
V¢[T] — the rate of displacement of the evaporation front; V,, ,, — the volume of molten metal; j; .
— the current density of ions, electrons or plasma flow; u; , — accommodation coefficient ion and
an electron; — 0E; . /0x loss of ion energy and electron at a depth of target; E4;; — the energy of
the atomic displacements; S;;; — the number of displaced atoms as a result of ion or electron;
Acpie — linear average free path of ions and electrons in a target material; W (x, y, z,t) — the strain
energy per unit volume of the target; m, — mass diffusing atom; C,[T,] — diffusing the heat
capacity of the material at a temperature T,; Py (ng,ng, T,tgs) — chance of thermochemical
reactions, depending on the concentration of the reactants n, and ng, temperature T and reaction
time tgy; n, and ng — reagent concentration, determines the possible reactions; p[T] — electrical
resistivity at a temperature T; j(x, v, z, t) — the current density based on current spreading.
Strain energy per unit volume is defined as:

wW=¢ [e,%x +ed, +e+2(ed +e2, +e2) + 1%12
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21+ way (
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where 2¢;, = 2&; = — +— (k 1=X,Y,2); L =€y + &y + €57, Exx, &y, €, — €Xtension;

Exy» Eyz» Ezx — shifts relatlve to the respective axes; uy, U,,, U, —movement about respective axes;
a, — the coefficient of linear expansion of the target material; 4 — Poisson’s ratio (the ratio of
transverse strain to longitudinal y values are between 0 and 0.5); G — the shear modulus (modulus
of the second kind); T,, — initial temperature. for iron G = 3,5,...,5,3:1010 N/m?,
u=0,23,...,031.

Shear strain &;;, can not be set arbitrarily, they are connected by differential relations —
conditions for compatibility:

ey 0%,y 0%, 0%&n _ 0 0Ogy, N 0e,y N 0xy]
dy? + ox2  “oxay Odydz odxl ox = dy oz I’
0%y, 0%, 0%, 0°fy O 0gn 08y 08y,
= , S B . i 4 (3)
0z2 dy? 9zay' xyoz odyl ay 0z Ox |
0%y, 0%, 0%, 0%, 0] 0gy N gy, N 0e,,]
0z2 axz ~ xz ' dydx dzl o0z ox oyl

These conditions verified the correctness of the extensions and changes, and their adjustment
the introduction of additional stresses.
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To determine elongations &y, &y, &, and shifts &y, €,,, &,,. We use the expression
thermoelastic potential of displacement ®:

1-2u y 0 1+yp
Ap_ L2t ¥y 070 LHp . 4
20— G a2 1—-u ™ [T(x,y,zt)—T], W

where y — density target material.

Considering that the solution of the problem is carried out in a moving coordinate system and
output to a landline or close to it mode, the second term in the left side of the Eq. (4) becomes
negligible, we obtain:

_14u

AD
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aq - [T(x»y'z' t) - T] (5)

The magnitude of thermoelastic potential of displacement and the known ratio is the elongation
and shifts:
GRLO)
= (i k= 6
ik 39k’ i,k =x92). (6)

The values of thermal stress is defined by the expression:
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where 8;;, subject to the conditions 6;,, = 0ati # k (i,k = x,y,2), 6 = lati = k.
The term of the Eq. (1) takes into account the heat transfer diffusing material, the mass of the
diffusing atom is defined as:

me =M -m,, (8)

where M — the atomic weight of the coating material; m, — proton mass.
The change in concentration of the diffusing atoms per unit time in t < ¢, defined as:

dn, j
dt e-z-vVat
AttZtk:
dna:4 ©)
dt e-z-Lp

where j — current density; e — electron charge; z — atomic number material applied; L, — part
thickness; t; — the time in which the item is to warm up the entire thickness, t, = Lp,/a;
a — thermal diffusivity.

The formula to calculate the diffusion coefficient is given by:

U
Kqif = aq - d& - Vy - exp (— m) (10)

where a,; — factor on the order of 0.1, determined by the type of crystal lattice; d,, — the distance
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between the closest equivalent to the provisions of vacancies in the crystal; V) — the order of the
frequency of atomic vibrations in a crystal (10'2, ..., 10" s!); U — the potential barrier that must
be overcome job when skewed to the adjacent position; k — the Boltzmann constant; T — the
absolute temperature T

4.2. Heat transfer on the surface of a part

The heat flux on the target surface created by:

1. Collisional processes heat is generated on the surface due to the action of an electron or ion
(the first term on the right), is given the heat flux from the sputtered particles (second term), with
thermionic (third term) for the ions is given — heat flux from ion-ion emission or secondary ion
emission (fifth term), the potential of the ion-electron emission (six terms), the kinetic ion-electron
emission (seventh term), the characteristic X-ray radiation (eighth term), bremsstrahlung (ninth
term), transition radiation (tenth term ).

2. Thermophysical processes assigned to the heat flow from the vaporized material (eleventh
term), departed from the material in the liquid phase, if the conditions for its release (twelfth term),
the thermal radiation of the heated surface (thirteenth term) and condensed atoms, previously
steamed (fourteenth term).

3. The plasma-chemical processes, realized due to the reactions of the plasma flow and the
flow of ions and spray vaporized target material or adsorbed gases (fifteenth term); This energy is
transferred by radiation.

The transfer of energy is also carried out by the radiation flux of ions, electrons or plasma (the
last term in Eq. (11)):

0T (x,y,z,t)
_A[T]T =Fie = Foy — Fne
11
_[Fii.e + Fi.p.e tFeetFretForet Fopr+ Ftr]i ( )

—F,, — Epm — 0eT*(0,y,2,t) * Foppna + Ex + 0&.TZ,

where o — the Stefan Boltzmann.

To address the issue of effective filling volume nanostructures is necessary to determine the
energy charges and ion species in which this condition is satisfied. It should be performed for each
of the streams of ions, and it is desirable that the depth ranges where the nanostructures are
realized, complement each other. Therefore, such a study is conducted.

5. The study of temperature and rate of rise of temperature depending on the ion energy
and charge the different varieties

The study area size, wherein the nanostructure can be formed, allowing the temperature to
identify the boundary of the formation of the nanostructure, and the maximum instantaneous
temperature in the area.

Analysis Figs. 2-7 shows that an increase in energy and charge the maximum temperature in
the area of origin of nanoclusters grow, and reach temperatures of up to 10 K, but the duration of
these temperatures —107'4, ..., 10 °C during heating and cooling, which does not lead to melting
of the material is even. The temperatures at the border of the zone within the formation range of
the definition, i.e. near the error of their determination.
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5.1. Research results

The rate of rise in temperature is an important factor in the possibility of forming a
nanostructure which is formed at the rate of increase in temperature greater than 107 K/s. The
calculation results are obtained depending on the rate of rise of temperature on the energy and
charge are shown in Figs. 8, 9. It is seen that with increasing energy and charge increases the rate

of rise in temperature, ranging from 10'¢ to 10'8 K/s.
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Fig. 8. The graphs of the rate of rise in temperature the energy and charge of ions:

5.2. Conclusions

a)C,B,N;b)Al;¢) Ti, V, Cr

The dependence of the maximum temperature of energy and ion charge in steel treatment
showed that their growth is increasing the maximum temperature for all investigated types of ions.
Investigation of the temperature dependence of the rate of increase of energy and charge of the
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ions showed that with increasing energy and charge the rate of rise in temperature increases and
reaches the maximum values for ions.

The values obtained for the temperature and rate of rise of temperature confirm the reality of
the formation of nanoclusters in filling a number of layers of nanostructures by the simultaneous
action of different kinds of ions, energy and charge and receive nanolayer sufficient surface detail.
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Fig. 9. The graphs of the rate of rise in temperature of energy and charge of the ions:
a) Fe, Ni, Co; b) Y, Zr, Mo; c) Hf, Ta, W, Pt

6. Research quantities of thermal stresses in the zone of ions of various sorts, energy and
charge for steel

In addition to the required temperature and rate of rise of temperature important factor is the
presence of pressure (thermal stress) in the area of formation of nanostructures. In the first two
criteria defined area nanocluster. Conduct a review of the results of calculations of thermal stresses
on the boundary of the formation of nanostructures on the first two criteria — 03,; and the maximum
value of thermal stress — ay,, under various charges of 1 to 3, Energy — 200, 2000 and 20000 eV
(the actual technologies for hardening) ions C, B, N, Al, Ti, V, Cr, Fe, Ni, Co, Y, Zr, Nb, Mo, Hf,
Ta, W, Pt.

144 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



4.1. STUDY OF ENERGY IONS, THEIR VARIETIES AND CHARGE ON TEMPERATURE, RATE OF TEMPERATURE RISE, THERMAL STRESSES, AND ALSO
ON THE SIZE, AMOUNT OF VOLUME, NUMBER OF PARTICLES IN NANOSTRUCTURES. .. GENNADIY KOSTYUK

6.1. Research results

The results of investigations of temperature stresses on the boundary of the formation of
nanostructures are shown in Fig. 10 for the ions: a) C, B, N; b) Al; in ¢) Ti, V, Cr, and Fig. 11
ions: a) Fe, Ni, Co; b) Y, Zr, Nb, Mo, c) Hf, Ta, W, Pt. It is seen that with increasing ion charge
and ion energy value of their increased slightly, with the exception of aluminum ions, for which
the voltage increases to energy 2000 eV, then decline. The voltages range from 10° to 10® H/m?,
maximum values are realized for triply charged ions of Hf, Ta, W, Pt and constitute 5,85-10% H/m?.
The values of thermal stresses on the boundary of the formation of nanostructures even by
themselves are not sufficient to produce nanostructures, but together with the action of the other
two factors — the temperature and the rate of increase in temperature will significantly accelerate
the emergence of nanostructures on the border zone.
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Fig. 10. Plots of the values of thermal stress on the border of nanostructure formation
on the charge and energy of the ions: a) C, B, N; b) Al; ¢) Ti, V, Cr

The findings of maximum thermal stress oy, in nanoclusters are shown in Fig. 12 ions: a) C,
B, N; b) Al; ¢) Ti, V, Cr and in Fig. 13 for ions: a) Fe, Ni, Co; b) Y, Zr, Nb, Mo, ¢) Hf, Ta, W, Pt.
It can be seen that the magnitude of the stresses increased significantly, about more than an order
of magnitude, which, depending on the charge (to an energy of 200 eV) increases, i.e., with
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increasing charge voltage temperature rise, whereas with increasing energy from 2-10% to 2-10* eV
and increasing the value of the charge of thermal stresses are reduced. Exceptions are ions Hf, Ta,
W, Pt, where the energies of 200 eV and 2000, an increase in thermal stress.
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Fig. 11. Plots of the values of thermal stress on the border of nanostructure formation
on the charge and energy of the ions: a) Fe, Ni, Co; b) Y, Zr, Mo; ¢) Hf, Ta, W, Pt

The dependence of the maximum thermal stresses oy, the energy for almost all of the charges
at a maximum ion energy of ions 2-10° eV, with the exception of dependence g, = f(E;) for
singly charged ions of Ti, V, Cr, Fe, Ni, Co, Y, Zr, Mo, where the energy increases the value of
thermal stress are increasing, due to the small area of the nanostructure formation (nanocluster).

The values of the maximum thermal stress range from 107 to 10'° N/m?, the maximum value
of thermal stress is 2.68-10'° N/m? for singly charged ions Y, Zr, Mo.

It is seen that the maximum values of temperature and stress mostly do not reach the required
pressure value for the formation of nanostructures, but together with the action required
temperatures and temperature growth will accelerate or enhance the probability of formation of

nanostructures.

Perhaps the emergence of an independent nanostructures by action of singly charged ions Y,
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Zr, My 2:10* eV of energy when the temperature voltage reaches the necessary pressure for the

formation of nanostructures.

O’hz,Pa O'hz,Pa
/\\‘ ]
1E+09 — /,_\ 7=3
E=20000¢
e e 1E+08 N
] "&.\‘_5=2 0eV \\ =1
1E+07 — N
10000000 4 Y
=2
E=2000 &V
100000 | | 1000000
1 1,5 2 25 3 Z 100 1000 10000 E, eV
a)
Op,.Pa Oy, Pa
1E+10 I I 1E+10
_ , 7=3
E=20000 &V
[y
1E+00 TSt 1E+09 /]
=2
1E+08 gt 1E+08 —4/—-\\\
/ e \
Pl / =
10000000 L E=2000 &V 10000000 —
1000000 ‘ 1000000
1 15 2 25 3 L 100 1000 10000 E, eV
b)
Gy, Pa Op3, Pa
1E+10 E+10
* E=200D eV y —
1E+09 1E+09 -\:“"
E=20000 2B I M 272
=
E+08 16408 1—
/ E=200 &V /
10000000 // 10000000 +—
1000000 1000000 ;
1 1,5 2 25 s Z 100 1000 10000 Er €Y
c)

Fig. 12. The graphs of the maximum values of temperature stresses on the charge
and energy of the ions: a) C, B, N; b) Al; ¢) Ti, V, Cr

6.2. Conclusions

1. In the example of processing steel the possibility substantial acceleration of nanostructure
formation by the action of thermal stresses on the boundary of the nanocluster and in its entirety.

2. The possibility of formation of nanostructures only by the action of thermal stresses of singly
charged ions Y, Zr, Mo at energies eV 2-10* when thermal stresses exceed 10'° N/m?.

3. The resulting thermal stresses depending on the zone boundary nanostructure formation and
maximum thermal stress on the charge and energy allows for a wide range of ions C, B, N, Al, Ti,
V, Cr, Fe, Ni, Co, Y, Zr, Nb, Mo, Hf, Ta, W, Pt in the processing of steel to choose the process
conditions and the type of ions to obtain the desired thermal stress, accelerating the formation of
nanostructures.
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Fig. 13. The graphs of the maximum values of temperature stresses on the charge
and energy of the ions: a) Fe, Ni, Co; b) Y, Zr, Mo; ¢) Hf, Ta, W, Pt

7. Influence of the type of ion, its energy and charge on the grain size and number of particles
in nanocluster

The size of the grains of the material defined area where temperatures exceed 500-1500 K, the
rate of rise in temperature over 107 K/s and pressure values (thermal stress) about 107, ..., 10'° Pa.
In the fields of temperature, operating by the end of the thermal action of the ion, it highlights a
zone where the temperature exceeded the necessary temperature rise rate for almost all studied
types of ions, and the values of thermal stresses are close to or above required for current densities
less than or equal to the first critical (for the duration of the heat source particles is observed
imposing temperature fields of action of neighboring particles).

Given these criteria formation of nanostructures were obtained depending on the grain size of
the ion energy (energy of 2-102, 2:10% and 2-10* eV) at different charge number of ions (z = 1, 2
and 3) and the grain size of the ion charge (z = 1, 2 and 3) for different ion energies (2:102, 2-10°
and 2-10* V) ions for the groups that differ little by weight of 1 —P, B, N; 2 — Al; 3 - Ti, V, Cr;
4 —Fe, Ni, Co; 5-Y, Zr, Mo; 6 — Hf, Ta, W, Pt, which are shown in Figs. 14-25. It is seen that

148 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



4.1. STUDY OF ENERGY IONS, THEIR VARIETIES AND CHARGE ON TEMPERATURE, RATE OF TEMPERATURE RISE, THERMAL STRESSES, AND ALSO
ON THE SIZE, AMOUNT OF VOLUME, NUMBER OF PARTICLES IN NANOSTRUCTURES. .. GENNADIY KOSTYUK

with increasing ion charge the grain size increases for all examined types of ions, but the absolute
value decreases during the transition from the lighter ions (N) to heavier (P;) (Fig. 25).

The increase in grain size with increasing ion charge due to the fact that with increasing ion
charge increases mileage and hence the growing zone in which the subject field of temperature
and stress, and hence the area where they exceed the criterial value for nanostructures. By
increasing the ion energy increases the grain size (cluster) that is also associated with increasing
mileage, and hence the size of the area in which it is possible obtaining nanostructures.

Knowing the size of the grains, one can predict the microhardness, tensile strength, friction
coefficient, wear resistance and other physical and mechanical performance. For example, in
Fig. 26 and 27 are generalized dependence of the microhardness and yield stress of the grain size
derived from surveys [12] or from [3, 4]. These values can give a forecast of the microhardness
and yield stress. Using the data book [1].
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Fig. 14. The plots of the grain size of the ion charge Fig. 15. The plots of the grain size of the ion energy
C, B, N at energies 2:10%, 2-10° and 2:10* eV C, B, N at the charges 1, 2 and 3
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Fig. 17. The plots of the grain size of the energy of Al ions when a) charges 1, 2 and b) 3
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Fig. 18. The plots of the grain size of the charge of the ions Ti, V, Cr
at energies a) 2:10? eV and b) 2-103%, 2-10* eV
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Fig. 19. The plots of the grain size of the ion energy Ti, V, Cr charges at 1, 2 and 3
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Fig. 20. The plots of the grain size of the charge of the Fig. 21. The plots of the grain size of the energy of
ions Fe, Ni, Co at energies 2-102,2:10%,2:10* eV the ions Fe, Ni, Co when charging 1, 2 and 3
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Fig. 22. The plots of the grain size of the charge of the Fig. 23. The plots of the grain size of the energy of
ions Y, Zr, Mo at energies 2-102,2:10%,2:10* eV the ions Y, Zr, Mo when charging 1.2 and 3
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Fig. 24. The plots of the grain size of the charge of the ions Hf, Ta, W, Pt at energies
a)2:10% 2103 and b) 2-10* eV
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Fig. 25. Plots of the grain size of the ion energy Hf, Ta, W, Pt when charges a) 1 and b) 2, 3
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Fig. 26. The results generalize the microhardness grain size: 1 — maximum values; 2 — minimum
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Fig. 27. The results are generalizations based yield strength the grain size of the 1.2
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8. Investigation of the effect of the charge and grade ion energy the number of particles in
nanocluster

The number of particles in the nanocluster nanocluster determines the possibility of obtaining
with the usual bars, when the number of particles greater than 4, or deformed bars nanoscale n < 4

(special nanostructures), so this study is necessary.
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Fig. 28. The graphs of the number of particles in nanoclusters on the charge z,
and ion energy Ei ions: a) C, B, N; b) Al; ¢) Ti, V, Cr

The calculation results of the particles in the cluster, depending on the charge and energy of
the ions are shown in Fig. 28, for ions a) C, B, N, b) Al, ¢) Ti, V, Cr and in Fig. 29 for ions a) Fe,
Ni, Co; b) Y, Zr, Mo and c) Hf, Ta, W, Pt. It is seen that with increasing ion charge increases the
number of particles in the cluster, which is associated with an increase in area covered by a
temperature sufficient to produce the nanostructures. The rate of temperature increase to virtually
all ions than necessary — 107 K/s, and the values of thermal stress (the required pressure) of the
order of from 107 to 10' Pa.

It is seen that with increasing mass ions occurs more problematic modes where nanostructures
are formed only on the surface with a deformed grain, i.e. major contribution to nanograin give
the incident ions at the same time for light ions at energy used in processing plants, it is possible
to obtain the nanostructure in the base material parts, at the same time it is possible, for ion
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energies 2-10* eV and lower energies but to charge number 3 (sometimes 2).
All of this suggests the need to estimate the number of particles in a nanocluster.
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Fig. 29. The graphs of the number of particles in the charge of the nanocluster charge z ion energy
and ion Ei: a) Fe, Ni, Co; b) Y, Zr, Mo; c¢) Hf, Ta, W, Pt

8.1. Conclusions

Revealed power class and the charges of the ions, in which the nanoclusters are implemented
and are within the scope of the nanostructure as surface structures, i.e. when the base material is
not involved in the details of processing.

Solution of the problem allowed us to find the extent to which conditions can be implemented
to produce nanostructures. Therefore, it is possible to determine the actual number of particles that
can participate in the creation of volume or flat nanostructures.

9. Effect of the atomic mass of the ion in the grain size and number of particles in nanocluster

Results of the study of influence of the mass of the bombarding ions on the grain size are
shown in Fig. 30, and 31, which shows that for low energies 200 and 2000 ¢V, the charge number
1 and 2 are unlikely to provide the bulk of nanostructures in detail, whereas the energy they
produced 2x10* eV for all ion masses (Fig. 30(a)) when the charge number 2 has, for the energy
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of 2000 and 20000 eV actually get the bulk of the nanostructure on the details, whereas at
E; =200 eV may receive only surface nanostructures (Fig. 30(b)) an increase in the number of
charge up to 3 leads to an improvement of the situation, but to an energy of 200 eV at ion mass
more than 26 amu implemented only the surface of the nanostructure.
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Fig. 30. The plots of the grain size and the atomic mass of the incoming particles
for various charges of ions and energy: a) 200 eV; b) 2000 eV and c¢) 20000 eV
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Fig. 31. The plots of the grain size and the atomic mass of the ion at different energies
(200, 2000 and 20000 eV), and the charge of all particles: a) 1; b) 2;¢) 3
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Fig. 32. The graphs of the number of particles in the cluster n from the atomic mass of the ion A
with an ion energy of a) 200 eV, b) 2000 eV, and ¢) 2-10* eV charges for various ions z
n n n

1E+09 ‘ 1E+09 — — 1E+09 -

z2, E=20000

3, E=20000
1000000 - 24, E=20000 — | 1000000

%
1000000 \%
1000 S\ |
N 1000 | 22, E=2000 1000 % 23, E=2000-
1] z1, E=2000 |
\'\ 14 | 1] 23, E=200
0,001

£1,E=200 = | z2,E=200 oo

A 1 51 101 151 A 1 51 101 151 A

0,000001

101
a) b) <)

Fig. 33. The graphs of the number of particles in the cluster from the atomic mass n ion A ions
at different energies of the different charges: a)z =1;b)z =2;¢c)z =3
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Analysis of the dependency of the grain size on the ion mass suggests that the nanostructure is
obtained or not. So out Fig. 31 and seen that at an energy of 200 eV only if the charge number 3,
and then only for a very low-mass ions can obtain a nanostructure in the amount of detail, whereas
the energy of 2000 eV can be guaranteed to get nanostructures at atomic number 2 and 3, and the
charge number 1 is problematic.

At ion energies 2-10* eV for all chargers numbers can be guaranteed to get a real
three-dimensional nanostructures.

9.1. Conclusions

The studies allow us to determine the critical values of the atomic mass of the ion, after which
it is unlikely to obtain bulk nanostructures.

10. Effect of ion energy, their variety and magnitude of the charge on the volume of
nanostructure and determining the effective current density for obtaining nanostructures

The value for a unit volume of na’nostructures ion action allows to predict the required density
of the ion current to flow to completely fill the layer where formation of this ion to the
corresponding sort, energy and charge.
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Fig. 34. Plots of the extent to which implemented nanostructures on the charge number

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5

and energy of the ions: a) C, B, N, b) Al, ¢) Ti, V, Cr

Thus, in Fig. 34 shows a graph of the volume of nanoclusters on the charge number z and the

155



4.1. STUDY OF ENERGY IONS, THEIR VARIETIES AND CHARGE ON TEMPERATURE, RATE OF TEMPERATURE RISE, THERMAL STRESSES, AND ALSO
ON THE SIZE, AMOUNT OF VOLUME, NUMBER OF PARTICLES IN NANOSTRUCTURES. .. GENNADIY KOSTYUK

ion energy E: C, B, N — well; b) Al; a) Ti, V, Cr similar function for the ions Fe, Ni, Co — Fig. 35,
and; Y, Zr, Nb, Mo — Fig. 35(b); Hf, Ta, W, Pt — Fig. 35 in. It is seen that with increasing energy
of the ions and their charges there is a significant increase in the charge of ions affects less.
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Fig. 35. Plots of the volume of nanostructures on the charge and energy of the ions
a) Fe, Ni, Co, b) Y, Zr, Mo, ¢) Hf, Ta, W, Pt

These dependencies are required to identify the needs of the current density of the variety,
charge and energy to completely fill the layer nanostructures, and selecting appropriate energy
charges and the type of ions to produce nanostructures generally required thickness, similarly
assesses the current densities required in each layer.

Knowing the volume occupied by the nanostructure in the corresponding energies, grades and
charge of the ions and a range of depths at which this volume is obviously possible to estimate the
ion current density.

Then the known range of depths of bedding areas, where the image of the nanostructure, select
power, variety and ion charge to completely fill the volume of depth, i, so that they complement
each other. Next, determine the current density of each of the varieties of ion charge and to
maximize the amount of fill required parts of the surface layer nanostructures (preferably to the
end of the first layer was the beginning of the second end of the second the start of the third layer,
and so on). Then for each ith layer of the current density is defined as:

o = hi; — hyy
' Vuci
where h;; and h;, — starting and ending coordinates of the zone where the nanostructures are
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realized for the ith ion (Figs. 36-41); Vy; — File size area, where the image of the nanostructure;
z; — charge number of ith ion: e — electron charge.
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Fig. 36. The graphs of the maximum and minimum h1 h2 Depth nanolayer
obtain the a) energy and b) ion charge (ions C, B, N)
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Fig. 37. Graphs of the dependence of the minimum h1 and maximum h2 of the depth
of production of the nanolayer on a) energy and b) ion charge (Al ion)
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Fig. 38. The graphs of the maximum and minimum h1 h2 Depth nanolayer
obtain the a) energy and b) ion charge (ions Ti, V, Cr)
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Fig. 39. The graphs of the maximum and minimum h1 h2 Depth nanolayer
obtain the a) energy and b) ion charge (ions Fe, Ni, Co)

158 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



4.1. STUDY OF ENERGY IONS, THEIR VARIETIES AND CHARGE ON TEMPERATURE, RATE OF TEMPERATURE RISE, THERMAL STRESSES, AND ALSO
ON THE SIZE, AMOUNT OF VOLUME, NUMBER OF PARTICLES IN NANOSTRUCTURES. .. GENNADIY KOSTYUK

hmin!rn hmaxrm

0,0000001 0,000001

Z4

1E-08 0,0000001 z,

1E-09 1E-08 / z;
— Z1
——

1E-10 2 1E-09 /

\

Z3

1E-11 1E-10
1E12 1E-11
100 1000 10000 100000 100 1000 10000100000
E, eV E, eV
a)
Niiny M L—
1E-08 0,00001
0,000001
1E-09 2,0000001 _Er200
E=20000 ’ T ~_EZ2000
E=2000 1E-08 E=20000
1E-10 1E-09
E=200
1E-10
1E-11 T 1E-11
0 1 2 3 4 o 1 2 3 4

N
N

b)
Fig. 40. The graphs of the maximum and minimum h1 h2 Depth nanolayer
obtain the a) energy and b) ion charge (ions Y, Zr, Nb, Mo)
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Fig. 41. The graphs of the maximum and minimum h1 h2 Depth nanolayer obtain the
a) energy and b) ion charge (ions Hf, Ta, W, Pt)

Knowing j;, Vyci, hi1, hiz, E;, we can create the necessary number of streams of ions that
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provide a nanostructured layer of the desired thickness, and with the technical task of forming
nemonoenergetichnyh raznozaryadovyh ion fluxes can solve the problem of technological
parameters of ion treatment.

10.1. Conclusion

On the basis of studies of the effect of energy, variety and ion charge the possibility of
obtaining the ion current density at which you can ensure the best possible filling of nanostructures
on the layer depth range (minimum and maximum (h; and h,) occurrence of nanostructures.

The possibility of receiving the necessary layers of nanostructures and thickness through the
use of ion beams with different energy charge and variety.

Construction of nanostructures using different streams of ions, is provided as follows: the
maximum depth of the first layer should be close to the minimum depth of the second layer and
SO on.

11. Selection of technological parameters of ion fluxes different varieties, energy, charge and
current densities for nanostructures

Ensuring nanostructures by controlling the flow of ions simultaneously hit and chargers to the
workpiece is carried out under the conditions.
Terms and conditions: both ions hit:

Tmaxl [EminT'ZminT] =17 + T3 + Tz = T3 + 2TC3 + T3 = Ty + 3Tc3 + THa
=Tg5+ 3T,;3 + Tyg = -

where Epings Zming — €nergy and the charge of the heavy ion; *(L) — distance from the control
grid to detail; Tray, [EminT, ZminT] — the time of flight of the heavy-ion charger with minimum
(z=1) minimum energy; T,, T3, T4, T — time span the distance L ions of different energies,
battery grade and increasing energy and charge; (t, > 73 > T, > T5) — composition E - z; T3 —
while the interaction of ions with the workpiece; (Ty2, Tys, Tha, Tys) — the launch of the second,
third, fourth, fifth ions (t4,; = 0) with respect to the first and determined:

L L

T2 = Tmax[Emin' EminT]TZ —Te3 = - — Te¢3s
2E 2E (12)
ﬁzmin _2 Zy
m;, my,
L L
THz = - 273,
2F 2E (13)
ﬁzmin mL: Z3
THe = - — 373,
2Emin 2E, (14)
mi—p Zmin mL4 Zy
L L
TH] = - - (] - 1)TC]"
2Ein E (15)
miT Zl’l'lil'l mi]' Zj

Contact with ions of various sorts, and recharging energy can be arranged simultaneously using
one or two of the ion source, pulling ions through the grid by using nanosecond pulse voltage,
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wherein the first pulse is supplied to the lower amplitude more later, i.e. increasing amplitudes as
they are ascending:

J
Crs = Vps E: Sitlns = Vi (16)
Sqet-lns: . . .

t= ‘f”]*";ez — the time of receipt of the nanostructure in a layer l,,; on the surface area S;,;;

ns'Jiolt
, Sdet-lns- . . . - . .

Jigg = % — current density required to obtain a limited time for the desired layer 1,5 the

: Lt Vnsopr

surface area of the details Sge¢; ji, , = jI., therefore, the calculations can be taken a current density
equal to the first critical.

The action is not mono-energetic ion flux of different varieties and recharging the critical
current density for such flows can be obtained as described in [2, 3] or estimated from particle
(ion) with the highest mileage (less heavy ion), and large work. Define the first critical current
density, assuming that the remaining ions fill the volume between the zones of action of these ions,
which is close to the real picture as shown by studies of the distribution of temperature fields and
thermal stresses [1].

Then, for the action of the ions of different sorts, energy, charge and current densities while
receiving nanostructure layer of the desired thickness can be obtained as:

Sdet i lns

(ZV jér> s
n pr

S ez;

b= (17)

or in the case can be used to simplify the expression:

_ Saet * lns - €Zmm
V;ls ’ kas 'jé‘rm_m '

where z,,,, and jérm_m — the first charge and the critical current density of the ions with the
maximum mileage, k,; = 1.2-2 to increase the filling ratio by volume of particles with smaller
runs and, more important factor corresponds to a greater number of additional streams of ions.
Examples of calculation of the duty ratio of volume and temperature fields, thermal stresses are
presented in [8] for the different laws of distribution of the ions in space parts of various laws
(spiral of Archimedes, cellular location and uniform rectangular arrangement of the particles).

Organization of simultaneous ingress of ions of different sorts of energy and recharging the
surface of the parts is carried out under the conditions.

Contact with ions of various sorts, energy and recharging at the same time can be organized
using one or two of the ion source, pulling them through the grid by using nanostructured voltage
pulses. And the first pulse is applied to the lower amplitude, and later with large amplitudes with
increasing.

11.1. Conclusions

The analysis allows to find treatment regimens in which is possible to obtain nanostructures.
The possibility of the simultaneous implementation of the end of the thermal springs of
action-particles, which improve the quality of treatment.
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4.2. Prediction of the physical and mechanical
characteristics, the removable material volume for the
durability period, cutting tools durability and processing
productivity depending on the grain size of the coating
or cutting tool base material
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Abstract. The microhardness and yield strength decrease with grain size increasing for wide range
of the 0.2HfN + 0.8ZrN coated materials (K40, Sandvik Koromant, MS221) was disclosed.
Two-layer Al,O3 + (0.2HfN + 0.8ZrN) coated Sandvik Koromant plate microhardness changes
slightly (due to the fact that almost always nanostructures implemented) with the grain growth
33.7-63.8 nm, H, = 16.08-17.14 GPa. The coating effective application criterion will condition:
the coating grain size should be less than the cutting tool base material grain size. Maximum
microhardness is realized at the TiN concentrations in diborides from 50 to 80 % and grain sizes
range from 5 to 13 nm. It is proved that modulus of elasticity increases with the grain size growth.
It is shown that at the effectiveness and efficiency assessing of the coated hard alloys at the
K19195 hardened materials and G10450 steel processing it is necessary to take into account the
coating grain size at that to the smaller grain size is generally (but not always) corresponds to more
effective processing (the maximum removable material volume for the durability period) and its
working capacity. For G10450 steel effective processing can be used 0.18HfN + 0.82ZrN coated
Sandvik Koromant company solid alloy, MS221 and K40, which will be both effective and
operable. It found that at the cast iron processing the coating adhesive interaction with the
manufacturable material is an important characteristic which provide unique value of removable
volume for durability period of the (1.3-1.8) 107 mm® order. The maximum durability
(19,000-14,000 sec) also realized in this case, maximum productivity is realized at the minimum
G and T values. Performed investigations allow to predict the removable material volume over the
durability period, cutting tool durability and processing productivity depending on the coating
grain size. It is important to select the cutting tool coating and processing mode.

Keywords: cutting tools, microhardness, nanostructures, nanotechnologies.
1. Introduction

The experimental results presented in the previous parts showed that the grain size of the
coating or the main cutting tool material affects on the physical-mechanical characteristics of the
material cutting tools, its efficiency and productivity. Experiment results summary from the more
than 500 references showed the following.

The grain size effect on the physical-mechanical and electrical properties of the materials were
studied in [1-3]. The microhardness maximum presence, depending on the grain size (Figs. 1-5)
was found in [1-3]. Weak grain size influence on the microhardness in magnetron nitride
nanocomposites nc-TiN/aSi3Ny at the different annealing temperatures is observed in [2], whereas
for vacuum-arc nanocomposites maximum microhardness realized for certain grain sizes (Fig. 5).

In [4-8] were obtained high microhardness values up to 45 GPa for 0.8ZrN + 0.2HfN coating
at the combine processing, increased cutting tools wear resistance and durability up to 20 times,
and at the only 0.8ZrN + 0.2HfN coating deposition the microhardness was about 35 GPa, which
is more than twice higher than the individual components microhardness. All this allows to
suppose that nanostructures appearance is realized even at the only coating deposition while
additional electron-beam modification will provide more effective nanostructures with improved
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properties and in the considerable depth (0.1 mm).
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Fig. 1. The coating microhardness dependence on the Fig. 2. The coating microhardness depending on the
TiN percentage composition in the TiB2 + TiN coating
(crystal size 3-10.2 nm) [2]
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Fig. 5. The coating microhardness H,, dependence on the grain size of the dispersed phase, released in
nanocrystalline alloys obtained by amorphous alloys crystallization:

1 — Fe73.5CuiNb3Siiz.5sBo; 2 — Fes1Si7B12; 3 — FesCo70SiisBio; 4 — PdsiCusSii2 [4]

The grains size knowledge enables to predict the microhardness, yield strength, friction
coefficient, wear resistance and other physical-mechanical and operational characteristics. For
example, generalized microhardness and yield stress dependences on the size from the Fig. 7 and
6 are obtained from reviews [2] or papers [4-8]. The microhardness and yield strength data forecast
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can be performed on these values or at the monograph [8] using.
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Fig. 6. The generalization results of the microhardness dependence on the grain size:
top — maximum values; bottom — minimum values
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Fig. 7. The generalization results of the yield strength dependence on the grain size according to [9]

The most important nanotechnology mission is the required physical and mechanical
characteristics obtaining on the cutting tools and details surface layers coating and directly in the
cutting tools and details surface layer. Theoretical prediction of the physical and mechanical
characteristics is not yet fully possible due to the complexity and diversity of the processes
involved in the certain physical and mechanical characteristics formation. In this case it is possible
with a reliability high degree to determine theoretically the grain size, and in future, using the
experimental dependence of certain physical and mechanical characteristics on the grain size, to
estimate its values for the given technological and physical parameters. Using such dependencies
or extrapolate these dependencies relationships for other materials or modes, we can predict with
reasonable accuracy the process parameters that provide the necessary characteristics.

2. Microhardness prediction in dependence on the grain size in the 0.2HfN + 0.8ZrN
single-layer coating hard alloy cutting tool

Microhardness of the 0.2HfN + 0.8ZrN coated hard alloys cutting tools is measured on the
PMT-3 microdurometer: the average value was selected from five measurements. The grain size
was measured by the REM-106 electron microscope for 0.2HfN + 0. coating 8ZrN on plates made
of VK-8 hard alloy (production of the USSR), Sandvik Koromant (H13 plate) and a bilayer coated
Sandvik Koromant: Al,O3 (front surface layer) and 0.2HfN + 0.8ZrN (layer directly on the plate
front surface, plate side surfaces and cutting tool back surface) (Fig. 8).

The 0.2HfN + 0.8ZrN coated MS 221 hard alloy plates (production of the Russia) and coated
and uncoated Sandvik Koromant (H13) plates were investigated also.
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Fig. 8. Appearance plates: 1 — VK8; 2 — 0.2HfN + 0.8ZrN coated Sandvik Koromant (H13);
3 — two-layer coated A12O3; + 0.2HfN + 0.8ZrN Sandvik Koromant

The most characteristic parts of the cutting tool coating surface are shown on the Figs. 9-13;
the sizes of the typical grains for the coating each type are also given. It can be seen that the
minimum grain sizes were realized on the two-layer coating Al,O; + 0.2HfN + 0.8ZrN
(33, ..., 63 nm) (Fig. 9).

N AT T T
a) b)

Fig. 9. The micrograph of the surface A1203 + 0.2HfN + 0.8ZrN coating on the Sandvik Koromant hard
alloy obtained by the electron microscope (Cu coating was used to reduce the charge effect on the Al2O3)

for the front surface different zones: a) near the top; b) in the middle part of the plate front surface

Relatively low grain size in the 0.2HfN + 0.8ZrN coating is realized on the VK8 hard alloy
plates; its value is in 84, ..., 119 nm range, i.e. were realized both nanostructures a < 100 nm) and
submicrostructure with grain sizes range from 100 to 119 nm (Fig. 10(a, b)).

Photo of the 0.2HfN + 0.8ZrN coating fracture enables to estimate its thickness which in the
wearing zone of the coating is ~ 1, ..., 2 microns, whereas in the non-intensive wear zone it is close
to the original value of 10 microns order (Fig. 10(c)).
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Fig. 10. Photomicrographs of the 0.2HfN + 0.8ZrN coated VK8 plates:
a) near the top; b) in the plate 4 middle; c) near the coating fracture zone

For the hard alloy Sandvik Koromant (H13) plates with 0.2HfN + 0.8ZrN coating grain sizes
is from 84 to 200 nm, where the submicrostructure grain size 100 to 200 nm prevails, but there
are a significant number of the nanoclusters grain size from 84 to 100 nm (Fig. 11).
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WD=6.1mm 30.00kV__ x13.0k 5
b)
Fig. 11. Photomicrographs of the 0.2HfN + 0.8ZrN coated Sandvik Koromant plates:
a) near the top; b) in the middle part of the plate front surface

Photos of the MS221 hard alloy coating are shown in Fig. 12. Obviously that grain size is in
the range from 36.5 to 105 nm, the grains part with size of 100, ..., 105 nm is very small, the grains
vast majority has size from 36 to 58 nm, i.e. practically all coating is nanostructured.

Photos of the uncoated Sandvik Koromant hard alloy are shown in Fig. 13. Obviously that
grain size is in the range from 35.6 to 115 nm, the grains significant amount has size from 40 to
88 nm, i.e. nanostructures are realized in the sufficiently large portion of the plate volume.

J0.00KV  x30.0k

WD=6.7mm 30.00kV x50.0k

a) b)
Fig. 13. Photomicrograph of the uncoated Sandvik Koromant (H13) hard alloy Photomicrograph of the
uncoated Sandvik Koromant (H13) hard alloy

All the above suggests that it is really to receive nanostructures not only in the coating but also
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in the base material of the cutting tool.

These coated plates microhardness dependence on the grain size are shown in Fig. 14, where
microhardness decrease at the grain size increasing. VK8 plates (production of the USSR) are
characterized by the highest microhardness, but at the same time they are characterized by the
fastest microhardness value decline to 14.67 GPa (¢ = 119 nm). For 0.2HfN + 0.8ZrN coated
Sandvik Koromant plate microhardness decrease to the almost the same value (14 GPa) at the
200 nm grain size. For two-layer coating AlL,O; + 0.2HfN + 0.8ZrN Sandvik Koromant plates
microhardness varies within small range 16.08-17.14 GPa for grain size variation between
33.7, ..., 63.8 nm, i.c. almost always nanostructures are realized.

For coated MS221 cutting tools microhardness is 22.28 GPa at the grain size of 36 nm;
microhardness reduces with grain size increasing and with for grain size of 105 nm microhardness
becomes equal 16.08 GPa (Fig. 14, curve 5).
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Fig. 14. The microhardness dependence on the grain size for coating: 1 — 0.2HfN + 0.8ZrN on the K40;
2 — on the Sandvik Koromant (H13 plates); 3 — for the Al2O3 + 0.2HfN + 0.8ZrN two-layer coating on the
Sandvik Koromant; 4 — 0.2HfN + 0.8ZrN coating on the MS221;

5 — for the uncoated Sandvik Koromant (H13)

Microhardness changes relatively slightly on the grain size of the uncoated Sandvik Koromant
plates (see Fig. 14). It can be seen that the grain size variation from 36 to 176 nm reduces
microhardness from 8.9 to 10.42 GPa.

Also, the Sandvik Koromant hard alloy microhardness small change shows the sufficiently
high isotropic structure, and hence the of the plate manufacturing quality technology (see Fig. 14,
curve 5).

The similar microhardness dependences on the grain size for the 0.18HfN + 0.82ZrN coating
on the T15K6 plate are shown in Fig. 15 (grain size was considered as average statistical, measured
by the REM-106, microhardness was measured by the PMT-3 instrument).

/il’ Fa /11//7;“
20 18
]
% e P 1
% H;;"?'::L %
g e 12
7

W MO w20 2e0 X0 ooam
Fig. 15. 0.18H{N + 0.82ZrN coated P40 plate microhardness H,  and relative microhardness dependence
on the grain size a, nm
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It can be seen that at the grain size increasing the coating microhardness is reduced, but still
remain larger than microhardness of the hafnium or zirconium nitrides. The microhardness relative
change (coated cutting tool with respect to the uncoated cutting tool) on grain size is shown in
Fig. 15. It is seen that the microhardness maximum increase is realized for the nanostructured
coatings case.
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Fig. 16. The microhardness dependence on the ion energy

As result of the nanostructures realization only for one mode at the 110 eV ion energy (Fig. 16),
it is not possible to expect effective work of the T15K6 cutting tool.

All this confirms the thesis that the nanostructures significantly increase the microhardness.

From the preceding it follows that for the effective coatings use such condition is necessary:
the coating grain size should be less than in the cutting tool base material, and preferably
nanostructure realization.
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Fig. 17. Dependence of the a) grain size and b) microhardness on the temperature,
¢) microhardness dependence on the grain size (B — maximum value, 4 — minimum value)
for TiB2 + 0.25TiN nanostructure

On the study basis [2] annealing temperature influence on the grain size and microhardness
and the microhardness dependence on the crystallite size were analyzed (Fig. 17) for diboride.
Investigations of the samples with the obtained in the experiment maximum and minimum
microhardness were conducted. These curves analysis shows that the grain size is in the range
2.3, ..., 19.6 nm, at that for many diborides grain size maximum values depend on the temperature.

The maximum microhardness values are realized at the temperatures close to normal
T =273 K, at the temperature increase to 1000 K, microhardness values reduced insignificantly,
while the further temperature increase significantly reduces the microhardness from 46 to 32 GPa
(TiB2 + 0.25TiN), Fig. 17.

For TiB; + 0.5TiN coating the maximum grain size value increases at the temperature growth
and minimum size value has maximum; grain size is in the range from 2.7 to 5.5 nm. The
maximum microhardness value are realized at the temperature close to 1000 K, microhardness
decreases at the further temperature increase. The microhardness is also reduced with the grain
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size growth (Fig. 18).
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Fig. 18. Dependence of a) the grain size and b) microhardness on the temperature, ¢) microhardness
dependence on the grain size (M — maximum value, 4 — minimum value)
for TiB2 +0.5TiN nanostructure

Diboride TiB; + 0.75TiN research showed that at the temperature growth to 1000 K, the grain
size increases significantly, then the grain growth is slowing. Microhardness decreases slightly in
the range temperature up to 1000 K and later it decreases considerably. The microhardness
dependence on the grain size allows to predict it in dependence on the diboride grain size (Fig. 19).

Similar studies of the titanium nitride (TiN) showed that it behaves much the same way, but
the grain size is slightly higher and reaches above 20 nm, which is realized at the temperature of
1000 K (Fig. 20(a)). The maximum microhardness is also realized at the temperature of 1000 K.
At the further temperature growth microhardness also reduced, though not as fast as for diborides
(Fig. 20(b)). The microhardness dependence on the grain size allows to predict the microhardness
value on the grain size.
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Fig. 19. Dependence of a) the grain size and b) microhardness on the temperature, ¢) microhardness
dependence on the grain size (M — maximum value, ¢ — minimum value)
for TiB2 + 0.75TiN nanostructure
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Fig. 20. Dependence of a) the grain size and b) microhardness on the temperature, ¢) microhardness
dependence on the grain size (B — maximum value, 4 — minimum value) for TiN nanostructure

The microhardness dependences on the temperature were obtained for TiB,, maximum
microhardness value is realized at the temperature close to 1000 K. Later the temperature

decreases (Fig. 21).
The grain size and microhardness as a function of the TiN percentage (Fig. 22(a), (b)) and the
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microhardness dependence on the coating grain size (Fig. 22(c)) were also studied. It is seen that
at the TiN concentration growth the grain size increases up to 18 nm (maximum size) and 10 nm
(minimum size). The maximum microhardness is realized at the near 77 % TiN concentration.
The microhardness dependence on the grain size (Fig. 22(c)) shows that the maximum its value is
realized at the about 10 nm grain size at T = 273 K.
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Fig. 21. Dependence of the microhardness on the temperature
(™ — maximum value, ¢ — minimum value) for TiB2 nanostructure
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Fig. 22. Dependence of a) the grain size and b) microhardness on the TiN percentage, ¢) microhardness
dependence on the grain size (M — maximum value, 4 — minimum value)
at the temperature T = 273 K for diborides
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Fig. 23. Dependence of a) the grain size and b) microhardness on the TiN percentage, ¢) microhardness
dependence on the grain size (M — maximum value, 4 — minimum value)
at the temperature T = 973 K for diborides
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Fig. 24. Dependence of a) the grain size and b) microhardness on the TiN percentage, ¢) microhardness
dependence on the grain size (B — maximum value, 4 — minimum value)
at the temperature T = 1273 K for diborides

The grain size and microhardness dependence on the TiN percentage (Fig. 23(a), (b)) and this
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coating microhardness dependence on the grain size (Fig. 23(c)) were examined. It is seen that at
the TiN concentration growth the grain size increases up to 20 nm (maximum size) and 13 nm
(minimum size). The maximum microhardness is achieved at the near 80 % TiN concentration.
The microhardness dependence on the grain size (Fig. 2(c)) shows that the maximum value is
realized at the about 10 nm grain size at T = 973 K.

Similar dependences for T = 1273 K are shown on Fig. 24. It is seen that at the TiN percentage
growth the grain size increases and achieves maximum value 17.10 nm for 100 % TiN
concentration (Fig. 24(a)). The microhardness dependence on the TiN coating percentage is shown
in Fig. 24(b). It is seen that microhardness maximum value is realized at the 50 % TiN
concentration and near 5 nm grain size (Fig. 24(c)). The grain size influence on the elastic modulus
(Young’s modulus) was studied in [8] (Fig. 25). The figure shows that the Young’s modulus
increases with grain size growth for Ni + 2 % (mass.) P (Fig. 25(a)) [37] and for ZrO, + 3 %
(mass.) Y203 (Fig. 25(b)).
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Fig. 25. Grain size influence on the Young’s modulus for
a) Ni + 2% (mass.) P [37] and b) ZrO2 + 3% (mass.) Y203 [6]

2.1. Conclusions

The microhardness decrease with grain size increasing for 0.2HfN + 0.8ZrN coated K40,
Sandvik Koromant, MS221 materials was disclosed.

Two-layer Al,O3 + (0.2HfN + 0.8ZrN) coated Sandvik Koromant plate microhardness changes
slightly (due to the fact that almost always nanostructures realized) with the grain growth
(33.7-63.8 nm, H, = 16.08-17.14 GPa.

The 0.2HfN + 0.8ZrN coated P40 plate microhardness is lower than for other hard alloys with
the same coating, that is associated with significantly large grain size, which from nanostructured
at the E; = 110 eV transforms to submicrostructured at the E; = 250-500 eV.

The coating effective application criterion will such condition: the coating grain size should
be less than the cutting tool base material grain size.

The most effective functioning of the nanostructured coatings is shown.

The grain size increases and the microhardness decreases at the temperature growth.

The maximum microhardness values implemented are realized at the grain sizes in the range
of 5 to 10 nm.

The TiN concentration growth in the diboride increases the grain size.

The maximum microhardness is realized at the TiN concentration from 50 % to 80 %.

The maximum microhardness for the diborides are realized in the grains sizes range from 5 to
13 nm.

It has been proved that modulus of elasticity increases at the grain size growth.
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3. Coating grain size influence on the material removable volume for the resistance period,
the cutting tool durability and the hardened K19195 steels and G10450 steel machining
productivity

In order to evaluate the grain size influence on the efficiency of the K19195 hardened steel
machining were conducted the investigations of the grain size in the 0.18HfN + 0.82ZrN coating
on the P40, K40 (USSR), K40 (Russia), MS221 hard alloys and VOK 60 ultrahard material.

Surface layer composition (a) of the coating and cutting tool, this layer percentage, plate
photograph (b) and the surface layer photomicrograph with grain sizes are shown on the
Figs. 11-15. It is seen that the grain size for P40 is in the range of 75.1-106 nm for plates processed
in the plasma flow center, and in the range of 113-266 nm for the plate on the flow periphery at
the 250 eV ion energy. In this case, we observed 32.04 % Zr and 24.95 % Hf in the surface layer.
It can be seen that Hf to Zr ratio greatly exceeds the cathode elements ratio what, obviously, due
to the zirconium evaporation nature from the plate surface layer, which is larger than hafnium
evaporation. As a result, a surface layer is zirconium-depleted, as evidenced by the surface layer
percentage composition.

Similar studies for K40 (USSR) plate with the same coating are shown on the Fig. 26. It is
seen that the grain size is in the range of 106, ..., 219 nm. If the plates are located on the ions flow
axis, the zirconium percentage composition is 56.5 % and hafnium percentage composition is
38.48 %. Whereas if they are located on the periphery, then Zr and Hf percentage is 55.29 % and
37.67 % accordingly. It is seen that in this case the surface layer zirconium-hafnium ratio is
increased in relation to hafnium (relative to its cathode portion). It is shown that the coating grain
size on the K40 plate is slightly higher than for P40 plate. In this case is realized submicrostructure
grain and the surface layer percentage determines the zirconium and hafnium evaporation nature
(Zr evaporates faster than Hf)

Investigations of the grain size influence on the removable material volume during the
durability period, the durability of the 0.18HfN + 0.82ZrN coated K40 (USSR) cutting tool and
K19195 hardened steel processing performance shown (Fig. 26), that material removable volume
for durability period G has maximum value 1.8-10* mm?, the cutting tool durability has relatively
low value T = 600 s and the processing capacity P = 40 mm?/s.

It is obvious that, although this cutting tool effectiveness at the unhardened steel and cast iron
processing is high enough, it is small for K19195 hardened steel.
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Fig. 26. Dependencies of a) the K19195 hardened steel removable volume for durability period,
b) the 0.18HfN + 0.82ZrN coated K40 (USSR) cutting tool durability and
¢) processing performance from the grain size

Investigation of the K40 (Russia) plate cutting tool (Fig. 27) revealed that the grain size
becomes somewhat larger than K40 (USSR) plate grain size and lies in the range 108-303 nm for
the plates on the flow axis and in the range 188-370 nm for plates on the flow periphery. In the
first case, the zirconium/hafnium composition ratio is 67.48/28.42. In this case, the percentage
compositions ratio is closer to the cathode original ratio. For the periphery plates ratio is close to
the P40 ratio and equal 59.16/36.31, i.e. in this case zirconium selective evaporation has large
influence on the coating properties (Fig. 27).

Similar dependences for the case of the ShKh15 hardened steel processing by the K40 (Russia)

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 1 73



4.2. PREDICTION OF THE PHYSICAL AND MECHANICAL CHARACTERISTICS, THE REMOVABLE MATERIAL VOLUME FOR THE DURABILITY PERIOD,
CUTTING TOOLS DURABILITY AND PROCESSING PRODUCTIVITY... GENNADIY KOSTYUK

cutting tool with the same coating (Fig. 27) allow to provide the same volume of the removable
material over the durability period 3.5-10” mm® and at the almost nanostructured grain size 106
nm, the grain size growth decreases rapidly to 2.5-10* mm?. The maximum cutting tool durability
is realized with another grain size (in the 140-210 nm range) and at the further grain growth cutting
tool durability is reduced. Processing performance dependence from the grain size repeats
dependence for G and the maximum value is 320 mm?/s (Fig. 27).
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Fig. 27. Dependencies of a) the K19195 hardened steel removable volume for durability period,
b) the 0.18HN + 0.82ZrN coated K40 (Russia) cutting tool durability and
¢) processing performance from the grain size

The spectral composition and percentage analysis of the coating on the MS221 plate didn't
performed unfortunately. The grain size investigations in the MS221 plate coating is shown on
the Fig. 12. Grain size is in the range of 110-229 nm for plates on the flow axis and grain size is
128-428 nm on the flow periphery. In this case microhardness were measured, which, depending
on the grain size, in the first instance was in the range 1270-1413 Hv and a larger value
corresponds to a smaller grain size, while for the plates, located on the periphery, microhardness
ranges is in the range from 915 to 1184 Hv. Measurements were performed by the PMT-3
instrument. In the last case lower microhardness values Hv from 732 to 891 were observed, which
are associated with the submicrostructure grain size presence, which turn into microstructure grain.
In this case, the microhardness minimum values were implemented.

Analysis of the removable volume dependencies for the durability period G, durability T and
processing performance P for K19195 hardened steel turning by the cutting tools from
0.18HfN + 0.82ZrN coated MS221 plate shows that the maximum value of the removable volume
G = 5.5-10° mm?® is obtained with 120 nm grain size, cutting tool durability T = 870 s and
processing capacity P = 64 mm?®/s at the same grain size. It can be seen that 0.18HfN + 0.82ZrN
coated MS221 cutting tool allows to obtain acceptable results at the ShKh15 hardened steel
processing (Fig. 28).

7 f/ S 3
Y e KN L
- . 5 —e
o0t [N o N RN
LS \\ 0 & N
4O0F0 ~ . N
22 ~ ~
ZETEE b s 5 N
2O0EA0 200 RV
w 50 200 250 4 om w B0 200 204q0m 10 st 200 250 4 A
a) b) ©)

Fig. 28. Dependencies of a) the K19195 hardened steel removable volume for durability period,
b) the 0.18H{N + 0.82ZrN coated MS221 cutting tool durability and
¢) processing performance from the grain size

If we analyze Table 1 [1] in respect to coating efficiency rating, we find that the coating on the
K40 plate with minimal grain size has maximum removable material volume during the durability
period, although in this case its durability is somewhat different from the maximum. For the
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MS221 plate the mode with fairly high rating on the removable material volume for durability
period is realized too and has third rating (Table. 1). Obvious that this material may be used for
the ShKh15 hardened steel processing.

VOKG60 superhard material use for ShKh15 hardened steel processing showed that the
maximum removable material for the durability period G = 2.6-10° mm?, the maximum durability
—T =200 s (implemented at a = 70 nm), and the maximum processing performance is provided
at the grain size 103 nm. It can be seen that the VOK60 superhard material is not effective at the
ShKh15 hardened steel processing (Fig. 29).
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Fig. 29. Dependencies of a) the K19195 hardened steel removable volume for durability period,
b) the 0.18HN + 0.82ZrN coated VOK60 cutting tool durability and
¢) processing performance from the grain size

Despite the fact that for coated P40 plate we have the grain size in the surface layer close to
nanostructured size, the hardened steel processing tool performance is not high and has only tenth
rating. Obviously, it's connected with P40 relatively low microhardness in comparison with K40
that reduces P40 efficiency. Performed investigations of the hard alloy cutting tools performance
were also continued for the hardened steel turning; the results are shown on the Figs. 30-36. In
this case, as the cutting tool were used 0.18HfN + 0.82ZrN coated carbide Sandvik Koromant,
two-layer Al,Os + (0.18HfN + 0.82ZrN) coated Sandvik Koromant and hard alloys P40, MS221.
Compared with the previous variants have been added Al,Os + (0.18HfN + 0.82ZrN) coating, for
which we have grain sizes from 75.1 to 159 nm, i.e. in this case nanostructured grain was realized,
which should provide a high rating. Unfortunately, this coating has fourteenth rating and, in
principle, it is don't make sense to use it for the hardened steels processing due to the small Al,O;
coating surface layer microhardness. At the same time the 0.18HfN + 0.82ZrN coating on the
Sandvik Koromant plate provides maximum efficiency rating and the maximum cutting tool
durability. This suggests that cutting tool operability and efficiency provides not only the
minimum grain size, but the cutting tool surface layer microhardness, which is equal 35 GPa for
this coating.

For the same coating on the MS221 plate is realized the second mode on the material
removable volume for the durability period, although the overall rating based on durability and
productivity, takes on the maximum value, and this coated hard alloy can be used in all cases for
the G10450 hardened steel processing.

Unfortunately, 0.18HfN + 0.82Zrn coated P40 hard alloy can't be used effectively both for
G10450 hardened steel machining, and for K19195 hardened steel machining.

Analysis of the 0.18HfN + 0.82ZrN coated MS222 cutting tool research results showed that
the maximum removable material volume (45 hardened steel) for the durability period
G = 1.1-10° mm® at the @ = 70 nm, the maximum durability T = 800 s at the ¢ = 95 nm and the
productivity P = 30 mm®/s at the @ = 150 nm. This suggests that each of the productivity and
efficiency criteria has own grain size (Fig. 30).

Similar investigations were carried out for the MS221 cutting tool with the same coating
(Fig. 34). The maximum value is realized for G = 1.05-10°> mm? atthe @ = 123 nm, for T = 850 s
at the @ = 123 nm and for P = 40 mm?®/s at the a = 210 nm. For the same MS221 coated cutting
tool are realized more efficient modes G; = 7.2-10° mm® at the a = 105 nm (Fig. 32) and

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 1 75



4.2. PREDICTION OF THE PHYSICAL AND MECHANICAL CHARACTERISTICS, THE REMOVABLE MATERIAL VOLUME FOR THE DURABILITY PERIOD,
CUTTING TOOLS DURABILITY AND PROCESSING PRODUCTIVITY... GENNADIY KOSTYUK

G, = 5.7-10> mm® for the a = 73 nm (Fig. 33) and G; = 8-10° mm® (Fig. 34), T; = 2500 s,
T, = 1900 s and T; = 800 s, and P, = 400 mm’/s, P, = 30 mm?/s and P; = 15 mm’/s,
respectively. It can be seen that the first mode is more preferred, then the second mode can be
used for employment.

For 0.18HfN + 0.82ZrN coated Sandvik Koromant cutting tool results of the 45 hardened steel
turning are shown on the Fig. 35 and 36. It was found that G; = 1.27-10° mm? is realized at the
a= 110 nm, the G, = 5-10°> mm? for a = 300 nm; T; = 4500 s, T, = 4000 s, and
P, = 50 mm’/s and P, = 70 mm?>/s. It is evident that with the grain size growth all parameters,
except P, are reduced, and P increases and reaches a maximum at the a = 560 nm. All this
suggests that, despite the fact that the first mode for Sandvik Koromant cutting tool is successful
on the removable volume for the durability period and cutting tool durability, but the mode with
560 nm large grain size is more rational on the productivity.
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Fig. 30. Dependencies of a) the manufacturable G10450 hardened steel removable volume for durability
period, b) the 0.18HfN + 0.82ZrN coated MS222 cutting tool durability and
¢) processing performance from the grain size
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Fig. 31. Dependencies of a) the manufacturable G10450 hardened steel removable volume for durability
period, b) the 0.18HfN + 0.82ZrN coated MS221 cutting tool durability and
¢) processing performance from the grain size
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Fig. 32. Dependencies of a) the manufacturable G10450 hardened steel removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated MS221 cutting tool durability and
¢) processing performance from the grain size
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Fig. 33. Dependencies of a) the manufacturable G10450 hardened steel removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated MS221 cutting tool durability and
¢) processing performance from the grain size
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Fig. 34. Dependencies of a) the manufacturable G10450 hardened steel removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated MS221 cutting tool durability and
¢) processing performance from the grain size

amn’ rs P am s
4005 —¢ o < 60
12006 Lo o
20 \\ o o T
A \ &
= 2000
LGOS N\ % P
SO0 N e ~— 0
OO0 % ___—o 7 7
~200EAYs p—— ppp——4p——600 a o g 20 40 silanm ] a0 4o &Wam
a) b) c)

Fig. 35. Dependencies of a) the manufacturable G10450 hardened steel removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated Sandvik Koromant cutting tool durability and
¢) processing performance from the grain size
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Fig. 36. Dependencies of a) the manufacturable G10450 hardened steel removable volume for durability
period, b) the 0.2H{N + 0.8ZrN coated Sandvik Koromant cutting tool durability and
¢) processing performance from the grain size

3.1. Conclusions

1) It is shown that at the effectiveness and efficiency assessing of the coated hard alloys at the
K19195 hardened materials and G10450 steel processing it is necessary to take into account the
coating grain size at that to the smaller grain size is generally (but not always) corresponds to more
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effective processing (the maximum removable material volume for the durability period) and its
working capacity.

2) For 45 steel effective processing can be used hard alloy of the Sandvik Koromant company
with 0.18HfN + 0.82ZrN coating and MS221hard alloy, which will be both effective and
serviceable.

3) It was found that 0.18HfN + 0.82ZrN coated K40 hard alloy and MS221 plate with the same
coating have greater efficiency for the K19195 hardened steel processing.

4. The cast iron machining effectiveness by the nano- and submicrostructure coated cutting
tool

Investigation results of the material removable volume for the durability period G, cutting tool
durability and iron cast machining performance P are shown on the Figs. 37-46. Thus, in the
special cast iron machining case by the 0.2HfN + 0.8ZnN coated Sandvik Koromant company
cutting tool at the coating deposition displacement potentials are U = 250 V and U = 500 V
(Figs. 37 and 38 respectively). Obviously, that at the smaller values of U = 250 V removable
volumes value significantly greater than for U = 500 V; also the cutting tool durability values are
higher, which with the grain size growth is reduced substantially: from G = 1.2-10° to 2-10° mm?
(U=250 V) and T = 1700 to 200 s (U =250 V) and from G = 7.2-10° to 1.8-10° mm?* and
T=770to T =270s (U =500 V). All this confirms the theoretical predictions that these values
are associated with cutting tool material physical and mathematical properties, which with the
grain size growth is reduced, that leads to these quantities dependence on the grain size. The
maximum processing performance for U = 250 V is realized at the grain size near 110 nm, while
for U = 500 V it realized at the grain size about 150 nm. Material removable volume over the
durability period, cutting tool durability and machining performance which can be used at the
processing by 0.2HfN + 0.8ZnN coated Sandvik Koromant tool may be estimated on these
dependencies.
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Fig. 37. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated Sandvik Koromant cutting tool durability at the displacement
potential (U = 250 V) and c) processing performance from the grain size
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Fig. 38. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated Sandvik Koromant cutting tool durability at the displacement
potential (U = 500 V) and c) processing performance from the grain size
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Fig. 39. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated MS221 cutting tool durability at the displacement
potential (U = 250 V) and c) processing performance from the grain size

Similar dependences for the case of the cast iron machining by 0.2HfN + 0.8ZnN coated
MS221 cutting tool at the displacement potential U = 250 V are shown in Fig. 39. Evidently that
the removable volume and productivity are reduced with the grain size growth, while the cutting
tool durability has maximum value, for nanostructured grain (a = 35 nm) productivity G reaches
2-10° mm? and then decreases to 7.5-10° mm? at the @ = 130 nm. Durability maximum is realized
at the 60 nm grain size, and at the smaller and larger grain size durability is somewhat lower.
Productivity for nanostructured grains is 10° mm?/s, i.e. presented dependences allow to evaluate
the performance of the coated MC221 tricarbidic hard alloy at the cast iron processing.

A similar dependences for processing of the of special cast iron by 0.2HfN + 0.8ZnN coated
K40 (Russia) cutting tool at the displacement potential U = 250 V are shown on the Fig. 40.
Evidently, that the removable volume is significantly reduced with increasing grain size and at the
130 nm grain size the cutting modes are almost unacceptable for processing. At the same time
durability dependence has nonmonotonic character: at first it reduced, then it rises, and the
minimum durability is realized at the 120 nm grain size. Productivity behaves similarly — it is
maximal both at the small grain size (80 nm) and large grain size (120 nm).
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Fig. 40. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated K40 (Russia) cutting tool durability at the displacement
potential (U = 250 V) and c) processing performance from the grain size
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Fig. 41. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated K40 (Russia) cutting tool durability at the displacement
potential (U = 500 V) and c) processing performance from the grain size

For the same cutting tool with the same coating but at the 500 V potential (Fig. 41) maximum
removable volume significantly decreased, although durability remained practically permanent.
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AlO3, durability and productivity changes have undulating character. The maximum grain size is
equal 120 nm.
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Fig. 42. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated K40 (Russia) cutting tool durability at the displacement
potential (U =110 V) and c) processing performance from the grain size
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Fig. 43. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated P40 cutting tool durability at the displacement
potential (U =250 V) and c) processing performance from the grain size
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Fig. 44. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated K40 (USSR) cutting tool durability at the displacement
potential (U = 250 V) and c) processing performance from the grain size

For similar conditions, but with displacement potential equal 110 V, removable volume
decreased, durability also decreases relatively smoothly and the productivity is reduced firstly and
then reaches to the maximum value at the 275 nm size — Fig. 42. The cast iron processing
effectiveness by P40 cutting tool with the same coating when the displacement potential is 250 V
is low, since removable volume is reduced to 8-10° mm?, the maximum durability is 660 s, but the
productivity is maintained at the high level in the grain sizes range from 70 to 180 nm and equal
7.4-10* mm?/s (ris.43). For the case of the special cast iron processing by K40 (USSR) cutting tool
with the same coating at the 250 V displacement potential results are shown on Figs. 42-44. It can
be seen that the removable volume is approximately the same as for P40 plate and decreases with
grain size increasing due to rather high grain size values. At the grain growth the durability at first
decreases and then slightly increases (minimum value at the 215 nm grain size), whereas
productivity in this case has maximum value (Fig. 44).

At the cast iron processing by the TH20 cutting tool with the same coating at 250 V
displacement potential the removable volume is relatively little, durability is low too and the
maximum productivity is realized at the 240-320 nm grain size and equal 9.3-10* mm?®/s, i.e. this
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mode is favorable for the maximum processing productivity case (Fig. 45).

Similar dependences for the special cast iron processing case by Al,O; + 0.2HfN + 0.8ZrN
coated Sandvik Koromant cutting tools show that the maximum removable volume increased by
more than an order of magnitude. This is due to the fact that the A1,O; coating (cutting tool outer
coating) has minimal adhesive interaction with cast iron, what provides minimum adhesive wear
and friction coefficient significant reduction, but even with the grain size growth in the
nanostructured range (from 37 to 95 nm), removed metal volume value still decreases. Durability
also decreases with grain size increasing, but productivity increases and reaches maximum value
at the 95 nm grain size. Obviously that the two-layer coating at the cast iron processing has large
advantages, since adhesive wear is the main wear form and Al,O; outer coating significantly
reduces its (Fig. 46).
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Fig. 45. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the 0.2HfN + 0.8ZrN coated TH20 cutting tool durability at the displacement
potential (U = 250 V) and c) processing performance from the grain size
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Fig. 46. Dependencies of a) the manufacturable special cast iron (NiW) removable volume for durability
period, b) the A2O3 + 0.2HfN + 0.8ZrN coated Sandvik Koromant cutting tool durability and
¢) processing performance from the grain size

It has been shown that at the cast iron processing the coating adhesive interaction with the
manufacturable material is an important characteristic which provide unique value of removable
volume for durability period of the 1.3:107-1.8 107 mm?® order. The maximum durability
(19,000-14,000 s) also realized in this case, maximum productivity is realized at the minimum G
and T values.

MS221 (U = 250 V), Sandvik Koromant (U = 250 V) and VK8 (Russia) (U = 250 V) cutting
tools have acceptable processing modes. All other cutting tools and coating deposition modes are
less effective.

Performed investigations allow to predict the removable material volume over the durability
period, cutting tool durability and processing productivity depending on the coating grain size. It
is important to select the cutting tool coating and processing mode.

5. Conclusions

The microhardness and yield strength decrease with grain size increasing for wide range of the
0.2HfN + 0.8ZrN coated materials (K40, Sandvik Koromant, MS221) was disclosed.

Two-layer Al,O3 + (0.2HfN + 0.8ZrN) coated Sandvik Koromant plate microhardness changes
slightly (due to the fact that almost always nanostructures implemented) with the grain growth
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(33.7-63.8 nm, H,, =16.08-17.14 GPa.

The coating effective application criterion will condition: the coating grain size should be less
than the cutting tool base material grain size.

Maximum microhardness is realized at the TiN concentrations in diborides from 50 to 80 %
and grain sizes range from 5 to 13 nm.

It is proved that modulus of elasticity increases with the grain size growth.

It is shown that at the effectiveness and efficiency assessing of the coated hard alloys at the
K19195 hardened materials and G10450 steel processing it is necessary to take into account the
coating grain size at that to the smaller grain size is generally (but not always) corresponds to more
effective processing (the maximum removable material volume for the durability period) and its
working capacity.

For G10450 steel effective processing can be used 0.18HfN + 0.82ZrN coated Sandvik
Koromant company solid alloy, MS221 and K40, which will be both effective and operable.

It found that at the cast iron processing the coating adhesive interaction with the
manufacturable material is an important characteristic which provide unique value of removable
volume for durability period of the 1.3 107-1.8 10" mm?® order. The maximum durability
(19,000-14,000 s) also realized in this case, maximum productivity is realized at the minimum G
and T values.

Performed investigations allow to predict the removable material volume over the durability
period, cutting tool durability and processing productivity depending on the coating grain size. It
is important to select the cutting tool coating and processing mode.
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Abstract. Effect of different technological factors on the electromagnetic wave (EMW) with
frequencies (3-10 GHz) absorbing properties of polymer composites based on epoxy and silicon
resin with electric conducting (carbon black, graphite) and magnetic (nickel, cobalt, ferrite)
nanofillers have been investigated. There are obtained the composites with one and binary fillers,
concentration of which changes in the wide range. Relatively high absorption is manifested for
composites containing 40-50 wt% filler. It is established that the high frequency absorption
capability of investigated materials essentially increases with the degree of homogeneity of
distribution of filler particles in the polymer matrix. For the composites with ferrite and graphite
so called synergistic effect (non-additive increasing of some parameters at definite proportion of
two or more fillers) was observed. By variation of the absorber profile the composite with maximal
absorption of EMW has been selected. Besides of the effect of electric and magnetic fields at
hardening of the composites on the wave absorbing capability has been investigated. It is
established that the level of the EMW absorption may be regulated by collection of the sandwich
type absorber contained several absorbing films with different distribution and content of these
films.

Keywords: polymer composite, electric and magnetic fillers, absorption of electromagnetic
waves, synergistic effect, sandwich type absorber.

1. Introduction

Currently a great interest causes the problem of the absorption of high and ultrahigh frequency
electromagnetic waves (from the range hundred millions to several ten milliards Herz) by different
materials, because this problem is significant at solution of many practical tasks [1, 2]. These
materials in the form of thin plates often are used in design of the cameras without echo with
radio-engineering destination. These materials are used also for the protection of communication
equipment’s and staff, etc. [2-4]. In general, the absorbers of EMW present the ceramic and
polymer composites filled with different effectively absorbing fine dispersed fillers or
constructions, at interaction with which the intensity of these waves decreases essentially [5]. The
absorbers of EMW waves are used widely for design of the complexes including antenna system
[6]. The materials absorbing EMW are used also in the sphere of sertification of compatibility
with electromagnetic waves [7].

The EMW absorbers on a physical basis divided on three groups:

1. Materials and installations, in which the decreasing of the reflected energy is reached by
their muffling near absorber surface because of interference, which are manufactured as the
package of thin plate like absorber films [8, 9].

2. Second group includes the materials, in which EMW energy translates to thermal energy on
the basis of dielectric loses and in result of muffling of waves in absorber with structural
inhomogeneity. This group includes also the absorbing coatings made from all organic and
inorganic material, by which the reflecting materials (usually metallic) are coated. In this case the
coatings absorb the amount of the EMW energy more than they rich to the reflective surface. The
absorbers of these groups have very high design, which is presented as the tubular cells, usual
cells, conical, pyramidal, honeycomb, wedge-shape, porous rubber carpets et al, the fundamental
principle of which is the monotonic increasing of the amount of included particles, which are
responsible in the absorbing-reflecting processes [10].

3. This group includes the ferromagnetic materials interacting with E and H fields of EMW
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and have the electric and magnetic losses. They are produced mainly as ferrite plates or the rubber
carpets. The creation of the absorbers on their basis now is very perspective and actual [11].

Classification of the radio-wave absorbing materials (RAM) has a conditional character. The
resonance or frequently tuned RAM provides the partial or full neutralization of the emitted
energy. The neutralization effect is importable for absorber, the thickness of which is equal to 1/4
of the wave length. In this case the waves reflected from absorber surface are in anti-phase to
incident wave and consequently in result of interference of these waves it takes place
neutralization of the waves (Yauman effect). Consequently, the considered phenomenon realized
only in the case of fixed frequency of EMW.

The absorbers on the basis of ferromagnetic fillers mainly included the fine dispersed magnetic
particles (the nanoparticles among them) are characterized with wide range of absorbed waves (in
result of absorption and reflection of the EMW). This absorption is based on increasing of both
dielectric and magnetic loses [12-14].

The RAM filled with different type ferromagnetic (shortly magnetic) high dispersive particles
at irradiation by EMW under effect of alternative magnetic fields take participation in the
oscillatory motion and the high frequency energy translates to the heat one. The heat energy
dissipates and disappeared. There are the RAM consisting electric conducting material and
dielectric layers. Weakening of the reflected wave is due to summation of the opposite phases of
the waves (interference) reflected from the object metal surface, dielectric and electric conducting
layer [15, 16]. Besides of today the works on the noted problem are sufficiently large, many
unresolved issues are stay, among which the mechanism of the absorption of the EMW in the
heterogeneous organic or inorganic systems is very essential. One of the main embarrassing
inhibitory reasons of widening the investigations on the given theme is the strong dependence of
the absorption energy on the frequency of EMW.

The aim of the presented work is creation of the materials effectively absorbing RW on the
basis of new polymer composites containing electric conducting and magnetic fine dispersed
powders.

2. Experimental

Experimental manipulations were provided in two directions: 1) Obtaining of the polymer
composites and 2) measurements for establishment of absorption of the EMW energy by
composite materials.

2.1. Research objects and methods of obtaining

The samples on the basis of diane epoxy resin and some inorganic (graphite, carbon black,
ferrite, cobalt micro-particles and nickel nano-particles) fillers were obtained. Polyethylene
polyamine was used as a hardener. In the second series the polydimethylmethylvinylsiloxane resin
as polymer matrix was used for obtaining the EMW absorber including the same fillers. The
composites were obtained by following manipulations of the procedures: 1) Mixing of ingredients
in the spatial mixer; 2) Placing of reaction blend to the cuvette with form of parallelepiped and
sizes 70x50x5 cm; 3) Solidification of blends; 4) 3-fold sandwich type absorbers preparation by
gluing the plates with thickness 1 mm.

With aim of study of the dependence of absorption properties of the composites the samples
with different geometrical shapes and surfaces were obtained (Fig. 1). There were obtained the
samples with following forms: a) saw type; b) rectangle sinusoidal and c) conic like. With this
aim it was prepared the cuvettes with corresponded profiles from Teflon: a) rectangular sinusoidal,
b) conical axial section and c) saw profile.
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2.2. Testify of the obtained composites on EMW absorption

The sample testing of the obtained composites on EMW absorption was provided on the
installation presented on the Fig. 1.

—+—s 8 6—1 ?

Fig. 1. Scheme of registration of the EMW reflected from samples: 1 — waveguide made from brass list,
2 — plunger — coordinator, 3 — its handle, 4 — the transmitting and receiving antennas (left contains the
detector), 5 — generator of super high frequency, 6 — coordinator of the reflected EMW intensity,

7 — substrate of waveguide, 8 — reflecting plate with sample (attached from below)

The principle of working on the device is the following: EMW generated on the generator 5
with use of the transmission transfers to the waveguide and falls on the reflector plate 7 (without
sample) and after reflection from it transfers to second wave guide, oriented in rectangular
direction to first one, from which transmits through the receiver antenna 4 to the detector 6 and
fixes as signal on the zero-indicator (is measured in the decibels). So, the device gives possibility
of measuring of EMW intensity of reflected waves of any frequencies from the range 3-10 GHz.
After that, they are placed on the surface of the reflector plate the sample and repeat the
manipulations described above. By comparison of the intensities (in decibels) reflected from
reflector without and with sample one estimates the ability of the absorption properties of the
composite. Testify was provided by following manipulations: 1) switching of the device; 2) after
15-20 min the measuring of the intensity of reflected waves intensity from plate without sample;
3) displacement of the sample on the plate; 4) measuring of the wave intensity reflected from
sample; 5) establishment of the absorption ability of the composite by comparison of intensities
reflected from plate without and with sample.

3. Results and discussion

There were conducted the experiments, main aim of which was the research of the EMW
absorbing ability of the obtained polymer composites taking into account of such factors, as the
type and composition of the investigated composites. Besides of it was interesting to define the
some features of composite structure after influence of different physical factors on the
microstructure during hardening of the material (effect of high electric and magnetic fields,
geometry of the samples).

3.1. Dependence of the EMW absorption on the recipe of composites

Experiments were conducted on the composites on the basis of diane epoxy resin and inorganic
fillers - graphite, carbon black, ferrite and some metal micro-powders.

From the character of the curves presented on Fig. 2 it is clear that if at low concentrations of
fillers, the curves have an ascendant character, after definite concentrations these curves become
descending. It is known that in general pure polymers, as a rule are transparent to radio waves and
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after introduction to them particles effectively reactive with EMW the value of absorption or
reflection processes increase. However, after definite concentration of such fillers the increasing
of the EMW slows down and at future increasing of the filler concentrations the absorption of
EMW decreases. The main reason of these phenomena is due to proportion of two processes —
absorption and reflection of the EMW after impact of them on the filler particles. If in composites
containing relatively low concentrations of fillers a process of absorption prevails the process of
reflection (absorption grows) at more high concentrations of the fillers the second process
(reflection) gradually grows because of increasing of the integral reflecting surface (a sum of the
part of filler particle surfaces located in perpendicular to waves falling on these surfaces of the
fillers) and at high concentrations already reflection is prevails the absorption, in result of which
the material becomes a reflector of EMW.
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Fig. 2. Dependence of the EMW absorption of composites containing different fillers: carbon black
of type P803 (1); carbon black of type P357 (2); synthetic graphite (3); natural graphite (4);
blend of synthetic and natural graphite (content 50/50 %) (5)

The analysis of the curves presented on the Fig. 2 shows that best result gives the composite
containing two types of fillers — the blend of synthetic and natural graphite. This fact leads to
opinion that the falling on the sample the EMW undergoes to diffraction and interference on the
two types filler particles in different ways with enhancing of these processes. The composites
containing natural graphite show also good absorption properties at definite filler concentrations.

3.2. Dependence of the absorption properties of composites on the homogeneity of filler
particles distribution in the polymer matrix

It was interesting to define the dependence of EMW absorption properties of composites on
the homogeneity of filler particles distribution in the polymeric matrixes. The experiment was
conducted on the composites based on epoxy resin and graphite high dispersive fillers. The
homogeneity of the composite plate was studied with estimation of the local elemental square
(5%5 mm) average electric resistivity on the plate. Definition of the ratio of average resistance of
the elemental squares on the average resistivity of the full plate gave the degree of homogeneity
of the material. From the Fig. 3 it is shown that the increasing of the structural homogeneity of the
polymer composite correspondingly stipulates EMW absorption. The explanation of this
phenomenon may be connected with existing of different resonance structures the polymer matrix,
in result of which the absorption process is conducted with gradual connecting of this structures
at different frequencies EMW.
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Fig. 3. Dependence of EMW absorption on the degree of homogeneity of the filler particles distribution
in the polymer matrix, C is filler concentration and dC/C the relative derivation
of the filler concentration from it average value

3.3. Dependence of EMW absorption of the composites on the EMW frequency

The curves on the Figs 4-7 show that the value of the RW absorption depends both on
composite composition and on the frequency of EMW. Here one can see the different extremes
on the curves. The location of the minimums on the curves and their depths are dependent on the
type and concentration of the fillers. Namely, the composite containing 20 wt% graphite is
characterized with one minimum near 6,2 GHz and 7.2 GHZ frequencies, which are correspond
to 5 and 3 Db, respectively. The composite with 30 wt% of graphite is characterized with
analogical minimum near 6.3 GHz (8 Db), while for composites with 40 and 50 wt% such
minimums (10.5 and 9.5 respectively) appear at one and same frequency (6.2 GHz). The sample
containing 50 % graphite shows the similar minimums (9.5 Db at 5.5 and 6.2 GHz respectively).
Composite with 40 wt% graphite appears the maximum of the EMW absorption (10.5 Db).
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Fig. 4. EMW absorption ability of the composites based on epoxy resin and graphite for following
concentrations of the filler (in wt%): 20 (1), 30 (2), 40 (3), 50 (4)

The character of considered dependences mainly is based on the well-known phenomenon,
which is responsible for the extremes of the properties at fixed concentration of the filler — on two
competing processes (absorption and reflection of EMW). One from them increases at relatively
low concentrations of the filler and second one — at relatively high concentrations, which is due to
gradation of the filler absorption — reflection processes: at high concentrations the proportion of
reflection in the reflected intensity increases, which leads to decreasing of the global absorbed
intensity EMW.
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The main reason of the absorption of the EMW can be ascribed to interference-diffraction
phenomena, which usually take place in the heterogeneous composites. In this case it must be
foreseen a high heterogeneity of the investigated materials and based on it the heterogeneous
character of the composite structure. Therefore, it is admissible that the separate region of the
composite can be differed structurally from the neighbor one. Respectively the physical properties
of lasts must be depended on the region coordinates. In this case it will be admissible that the
EMW absorption properties of separate regions will be differ one from another in result of
realization of the individual diffraction-interference processes in these regions. Therefore, the
absorption properties of one and same composition can be changed by monitoring of the material
microstructure, or, in other words by technological manipulations. The dependences of the
absorption properties on the frequency of EMW presented on the Figs. 4-7. This phenomenon
probably may be described in terms of difference in local microstructure, partially by the local
resonances of diffraction-interference phenomena.
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Fig. 5. EMW absorption ability of the composites based on epoxy resin and graphite for following
concentrations of the filler (in wt%): 20 (1), 30 (2), 40 (3), 50 (4)
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Fig. 6. EMW absorption ability of the composites based on epoxy resin and ferrite for following
concentrations of the filler (in wt%): 20 (1), 30 (2), 40 (3)

The data obtained from Figs 5-8 allow us to express the opinion that the EMW absorption
ability of the composites with binary filler is essentially depends not so much on filler
concentration but on the proportion of the components included to this combined filler. Here it
appears so called synergistic effect. The best result (maximal absorption EMW) is reached for
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composite with 25-25 wt% of the graphite and ferrite powders blend.

- ADb

F,GHz

Fig. 7. EMW absorption ability of the composites based on silicon rubber and graphite for following
concentrations of the filler (in wt%): 30 (1), 50 (2), 40 (3)

A,Db

f,GHz

Fig. 8. EMW absorption ability of the composites based on epoxy resin and binary fillers for following
proportions graphite/ferrite of the filler concentrations (in wt%): 15/35 (1); 30/20 (2); 25/25 (3)

3.4. Absorption of EMW by the package of the absorbing films

From a practical point of view, it is important a definition of the EMW absorbing properties
of the sandwich type packets constructed from the absorbing films with different types of the
fillers and their concentrations. The testing of such sandwiches was conducted on the films packets
contained three different films (both different concentrations of one type filler and different
concentration of these fillers) with one and same thickness.

On the Fig. 9 it is shown the schematic picture of different sandwiches, each of which contains
three different films (thickness 1 mm) located differently relative to each other. experiment on
revealing of the EMW absorption properties shows that the best result achieves for sandwich, in
which the films are located in order of ladder like increasing of the filler concentration if the EMW
is falling from film with lowest concentration of filler and vice versa at falling of EMW from
reverse side of the same sandwich the result is worse than all. These results may be described as
follows.

It is known [4] that protecting from EMW coatings are characterized with good absorbing
properties if it microstructure contains the absorbing fillers displaced in polymer matrix with
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gradient of particles distribution in perpendicular to the absorber surface direction. It must be
noted that the obtaining of such films is practically difficult for manufacture and consequently
expensive. However, there are some methods, by use of which it would be simplify the design of
such materials. With this aim it is possibility of obtaining of sandwich type material, made from
films with gradation of distribution of filler particles. The idea, which was realized by us partially
coincides with one expressed by German scientist Yauman in the middle years of XX century. for
the submarines. The thickness of experimental installation of this scientist was about 10 cm. Such
construction could be used on submarines, but not avia-cosmic fly apparatus. Recently it was
obtained by us the absorbers as sandwich made from thin absorbers as package of the thin films —
composites with different type and distribution of absorbing filler. On the scheme presented in the
Fig. 9 there are presented the packages, each of which contains 3 films with different types and
concentrations of the filler. Thickness of full package was about 1 mm. The testify shows that
from these packages the one with gradual increase of filler concentration in the row of the films
possesses higher coefficient of EMW absorption if the wave falls from the film with less
contenting of the filler. Such distribution of the films in the package is right on the basis of
following considerations: EMW after falling on the film with low concentration of the filler
particles will pass all the film with minimal losses of energy and with some derivation from start
direction. After the entrance to the second film contenting the filler with more high concentration
the EMW will pass all this film with energy losses higher than in first film and more derivation
from initial direction. This tendency of the EMW will by increased at passing through the third
film, after which it will reach to metal surface of the aircraft, reflected from which it will pass the
package in reverse direction, although this EMW will be very week in comparison with initial one
and deviated from start direction. The packages with other distribution of the films are less

effective than that described above.

I

a) b)
T

c) d)

| ‘
~

Fig. 9. Schema of sandwiches with variation of dislocation of the absorber films.
Rectangle with light color corresponds to films with relatively low filler concentration,
semi dark to middle and dark — high concentration of filler

On the Table 1 there are given the numerical data of the EMW absorption (in %) by packages
with three different distributions of the films.

Analogical dependences at frequencies 5.6 GHz are presented on the Table 2.

In accordance with the Table 2 data the maximal absorption shows the package with index A,
on which the wave falls from left side. The gradation of the absorption value presented in the
Table 1 is determined by following terms. In the first sample (package A) the wave will pass
relatively “easy” the package firstly through the plate with less content of the filler because of low
concentration of one (the processes of the wave absorption-reflection processes are relatively
weak). The passing of the waves through the second plate, containing more (in comparison with
first plate) concentration of the graphite will absorb more amount of the EMW energy. The passing
of EMW through the third plate will be characterized with more intensive absorption-reflection
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properties than previous plates. The waves falling on the metal surface (after passing through the
third plate) reflects with weakened energy from last and wundergoes to repeated
absorption-reflection processes and therefore the energy of the waves exited from package will be
essentially lower than that falling initially on the package. In case of wave falling on the package
from the reverse side the energy of waves exited from the package is more than in first case
because in the second case the wave falling on the third plate (with relatively high concentration
of the filler) reflects from it more intensively and therefore the part of absorbed energy is much
less than in first case.

Table 1. EMW absorption by sandwiches designed from films on the basis of epoxy resin
and graphite with different concentration of latter (f = 8.0 GHz)

# | Position of films Absorption of EMW, %
1 1-2-3 84.4
2 1-3-2 67.7
3 2-1-3 533
4 2-3-1 55.2
5 3-1-2 65.6
6 3-2-1 61.3

Film 1: Epoxy resin (80 Wt.%) + graphite (20 Wt.%)
Film 2: Epoxy resin (70 Wt.%) + graphite (30 Wt.%)
Film 3: Epoxy resin (60 Wt.%) + graphite (40 Wt.%)

Table 2. EMW absorption ability of the sandwich type absorbers (f = 5.6 GHz).
The sequence of the plates in the package (concentration of graphite in the plates)
(the wave falls on the package from left side-plate with less content of the filler)

Packing index | Position of films | Absorption of EMW, %
A 30-40-50 54.6
B 30-50-40 49.3
C 40-30-50 44.5
D 40-50-30 41.8
E 50-30-40 384
F 50-40-30 37.5

3.5. Effect of samples geometrical sizes on the absorption of EMW

There were conducted the experiments on the samples obtained with use the following way:
from the fluoroplast sheet (thickness 3 mm) it was obtained the plates with sizes 70x50 mm. In
these plates the holes with different profiles were made, which after were filled with composition
material (epoxy glue + 50 wt% graphite) for hardening. Vertical section of this sample is shown
on the Fig. 10 (top scheme corresponds to cylindrical holes, middle-conical and bottom-ladder
like).

The experimental data of Table 3 allow make the conclusion that the absorption capability of
the cover-protector can be regulated by change of configuration of the composite materials placed
in the dielectric cover.

Table 3. The absorption capability of the composites displaced in the holes with different profiles

# | Vertical section profile of the sample | Absorption of EMW, %
1 Cylindrical 84
2 Conical 91
3 Ladder like 78
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Fig. 10. Vertical sections of the forms with different shapes: cylindrical; b) conical; c) ladder like.
Black area — absorbent material, light color area — dielectric substrate (Teflon)

3.6. Effect of binary fillers in the EMW absorbing properties of polymer composites

Investigation of the EMW absorption properties of the polymer composites containing of
binary fillers present a definite interest because of here is the possibility of appearing of so called
synergistic effect of fillers — non-additive enhancing of some physical/chemical properties at
definite proportion of the ingredients in the fillers. The composites based on epoxy glue containing
of binary fillers (graphite + carbon black; graphite + ferrite; ferrite + carbon black) were used for
investigation of their EMW absorbing properties. On the Figs. 11-13 it is shown the dependence
of the EMW (10 GHz) absorption on the proportion of the components in binary fillers. From
these dependences it is clear that the absorption of EMW in binary systems one of the important
meaning has the proportion of the ingredients in composite materials. It may by proposed that
binary filler promotes to creation of resonance microstructures with different volumes, which will
be the basis of formation of interference-diffraction phenomena and enhancing of EMW
respectively. These proportions promote to synergistic effect noted above, in this case — maximal
absorption of EMW, which is unattainable at using of only one filler with any concentrations.

904

0 40 80
C,%
Fig. 11. Dependence of the EMW absorbing level on the proportion of fillers graphite/ ferrite

in the composite based on epoxy glue. On the x-axes — the concentration of graphite
in binary fillers for total concentration of fillers 50 (1), 40 (2) and 30 wt% (3)

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 1 93



4.3. EFFECT OF TECHNOLOGICAL FACTORS ON ELECTROMAGNETIC WAVE ABSORPTION PROPERTIES OF THE POLYMER COMPOSITES.
TAMAZ NATRIASHVILI, JIMSHER ANELI, LANA SHAMANAURI

90+
L}
L}
804 1
L]
°\°_ 704
< 3
60+
50 T T T T T
0 20 40 60 80 100
C,%

Fig. 12. Dependence of the EMW absorption on the proportion of ingredients of binary fillers
in the composite based on epoxy glue and binary filler (graphite/ carbon black)
for total concentrations of filler in the composites 40 (1), 50 (2) and 30 wt% (3);
on the x-axis — the concentration of the graphite in binary filler
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Fig. 13. Dependence of EMW absorbing processes in composites based on silicon rubber
with binary filler (ferrite/carbon black) on the content of fillers at their total concentrations
30 (1), 40 (2) and 50 wt% (3); on the x-axis — the concentration of the ferrite in binary filler

3.7. EMW absorption capability of the composites modified with constant electric and
magnetic fields

The composites with two types of the filler were selected as the research objects: natural
graphite and ferrite. These materials were tested on the EMW absorption capability for study of
the electric and magnetic field effect during hardening of the composites. The results of testify are
presented on the Fig. 14.

From the Fig. 14 one can see that the absorption capability of the both composites increases at
increasing of the electric field during process of composite hardening up to definite level, after
which stopped and transacted to the saturation state. The composite in labile state creates the
favorable medium for the molecular polarization, which leads to orientation of molecules. The
filler particles, which are interacted with lasts receive the orderly state respectively, decrease the
entropy of the system and increase the order of the particles in polymer matrix. It is one from
suitable conditions for increasing of EMW absorption. It is difficult to say that at higher electric
field absorption would be high, because saturation of the corresponding curve gives an opposite
result. At very high fields the dielectric it will be expected a breakthrough in the dielectric, in
result of which the irreversible structural transformations can be occurred.

Experiments on definition of the effect of the magnetic field were conducted on the composites
based on epoxy resin and synthetic graphite and cobalt. To testify the following samples were
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underwent: 1) epoxy resin + graphite (35 wt%), epoxy resin + cobalt (35 wt%). These composites
were obtained at hardening of composites in the constant magnetic fields from the range
0.1-0.6 Tesla. On the Fig. 15 there are presented the dependences of EMW absorption of the level
of “technological” magnetic field for both composites.

70
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/W
504

T

0 2 4 6
E.kV
Fig. 14. Dependence of the EMW absorption on the “technological” electric field for composites based on
epoxy glue with natural graphite (1) and ferrite (2) at filler concentration in samples 60 wt%
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Fig. 15. Dependence of EMW absorption level on the “technological” magnetic field for the
epoxy-composites containing a graphite (40 wt%) (1) and cobalt (40 wt%)

As in case of composites underwent to electric field, it must be foreseen the orientation role of
the magnetic field. It is clear that this effect will be effective for system including the magnetic
particles. From the curves presented on the Fig. 15 one can see that the magnetic field effect is
more significant for the system including ferromagnetic particles than for the system including
diamagnetic ones.

4. Conclusions

It is shown experimentally that the reception of composites and their obtaining methods are
the main factors, variation of which gives the possibility of regulation of their character of EMW
absorption. The dependence of the absorption of EMW (3 GHz) energy by polymer composites
on the concentration of the fillers (electric conducting or ferromagnetic particles) is extreme — has
a maximums at definite concentrations and type of lasts. Composites containing graphite and
ferrite filler with definite proportion are characterized with synergistic effect. It is established also
that the higher is the homogeneity of the degree of particles distribution in the polymer matrix the
higher is the EMW absorption level, which is due to exist of resonance structure of the noted
particles in the polymer medium. The composites EMW absorption may be regulated also by their
hardening under conditions of the strong constant electric and magnetic fields. Increasing of the
absorption of EMW by polymer composites can be reached with use of package of thin layers, in
which the type, composition and order of distribution of lasts change in perpendicular to the film
plane. One of the ways of change of the absorption of EMW by composites is also the regulation
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of the layers surface form. It is established that the absorption of the plate covered with low height
conical holes and filled with investigated composite is essentially higher than the analogical
material covered with holes with other (cylindrical or ladder-like) profiles.
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4.4. Studying of the seawater drops properties on
superhydrophobic surface

Tatiana Popoval!, Aleksei Ukolov?
Kerch State Marine Technological University, Kerch, Crimea
E-mail: 'tanap178@gmail.com, *ukolov_aleksei@mail.ru

Abstract. Superhydrophobic properties of the surface lead to the effect of non-wetting the liquid
of a solid and the formation of a contact angle close to 180°. The nature of this phenomenon is
explained by the features of the surface microrelief having an ordered texture consisting of
microprotrusions of the cavity between which they are filled with gas. This phenomenon is widely
studied and has already found its use in various practical applications where it is important that
the liquid does not interact completely with a solid surface.

In that work we give a brief review of the properties of superhydrophobic surfaces and the
directions of their use. The well-known methods are being analyzed for creating a
superhydrophobic layer in order to select the optimal method of coating deposition, on materials
in contact with the sea environment.

The results of a study of the drops of natural sea water in the Kerch Strait on the
superhydrophobic surface of A40S shipbuilding steel are considered. An experimental setup and
a technique for determining the droplet angle in the process of evaporation from a
superhydrophobic surface are described. An analysis of the stability of the superhydrophobic state
was performed with a droplet volume decrease and increase in the concentration of salt in the
liquid. The influence of the force of gravity on the drops shape is estimated.

It is shown that in the evaporation process the contact angle decreases, but before the
crystallization process begins, it exceeds 150°, thereby maintaining superhydrophobic properties
of the surface. Completion of evaporation of the droplet is accompanied by the formation of a
solid NaCl crystal, which is certainly an advantage when removing such impurities from the steel
surface. In addition, such an effect will not cause degradation of the microstructure of the surface,
its contamination with fine crystals, and block the gas channels providing superhydrophobic
properties.

The behavior of seawater drops on the superhydrophobic surface differs from the properties of
distilled water. While evaporating, the salt concentration enlarges, increasing the specific gravity
of the solution. Thus, there is no significant advantage of the surface tension force with respect to
the gravitational pull. This phenomenon involves the deviation of the drop’s shape from the
spherical in the process of evaporation, up to the point of time corresponding to the onset of
crystallization of the salt and further distortion of the droplet surface.

The obtained results contribute to the further research of the properties of superhydrophobic
coatings and expand the possibilities of their use in shipbuilding.

Keywords: wetting, superhydrophobic surface, surface tension, shipbuilding steel, contact angle,
seawater drop.

1. Introduction

In the 90s of the last century, the German botanist Wilhelm Barthlott explained the appearance
of the “lotus effect” — the phenomenon of low water wetting of the surface of leaves and petals of
plants (Fig. 1), insect claws (Fig. 2), etc. The botanist associated this effect with the features of
microstructure of surfaces interacting with water.

The microstructure of non-wetting surfaces has many microprotrusions or microvilli that
reduce the interaction forces between the molecules of the liquid and the surface. This feature
leads to the fact that on the surface the liquid forms globular droplets spontaneously rolling down
from it (Fig. 1), collecting dust and some contaminants, thereby creating a self-cleaning effect.
Thus, the “lotus effect” in nature acts as a “protector” of plants against microorganisms, fungal
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diseases, algae fouling, etc. In the case of a Gerridae, microvilli, creating non-wetting between the
legs of the insect and the surface of the water (Fig. 2), facilitate smooth sliding along its surface.
It should be noted that the surface of the wings of many other insects, butterflies have a similar
structure. Not getting wet, insects do not lose the ability to fly. Subsequently, water-repellent
surfaces were called superhydrophobic.

Fig. 1. Drops of water on top of the Geranium leaves Fig. 2. Insect Gerridae on top of the water surface

The examined properties of plant and insect surfaces led to the search for functionally different
superhydrophobic materials [1-3], which can be used in technology: to prevent fouling and
sedimentation [4], to obtain water repellent, self-cleaning surfaces [5], reduce friction of fluid flow
and increase thermal conductivity [6], in the electric power industry [7], and etc. Teflon surfaces
have already become famous for having superhydrophobic properties and are being used in
everyday life and production [8].

Superhydrophobic properties of surfaces depend on the characteristics, micro/nanorelief,
surface energy and chemical composition of the surface substance.

To key factors affecting superhydrophobicity of the surface, X. Yao, Y. L. Song, L. Jiang
include micro/nanostructures, hierarchical structures, low surface energy coatings that provide a
large surface-to-volume ratio of the microfluidic device, which affects behavior and significantly
increases the pressure loss of the flow to the superhydrophobic surface.

These factors are used in the manufacture of superhydrophobic surfaces on various substrates
of metal, which are gradually applied in industry and everyday life [9]. So, N. Rungraeng,
Y .-C. Cho, S. H. Yoon, and S. Jun have shown that plate heat exchangers with superhydrophobic
surfaces can effectively prevent contamination and reduce heat transfer during the pasteurization
process [10].

It is known that the effectiveness of solar panels and wind generators working in severe
weather conditions is drastically reduced by the accumulation of ice and snow. Methods of
removing ice from surfaces can be divided into two categories: active and passive. The active
method includes thermal procedures, mechanical scraping and the use of anti-ice chemical
reagents. R. Carriveau, F. Cucchiella, A. Edrisy and others consider a passive method that makes
it easy to remove ice by reducing the surface energy and low adhesion strength [11, 12].

The passive method has a huge potential for use — airplanes, wind turbines, photoelectric
devices, power lines. Using a metal surface with a superhydrophobic coating will make it possible
to detach the condensed droplets from the cooled surface even under the action of gravity.

Superhydrophobic surfaces show excellent characteristics that can be used in hydrodynamics,
heat engineering, power engineering, electrical and telecommunications. They have a huge
potential for use, their efficiency significantly exceeds their production costs as the price of
chemical reagents is not high and the methods of manufacturing such surfaces are relatively
simple. After the organization of a large-scale production of water-repellent surfaces, an economic
effect can be obtained.

Despite the fact that the study and production of superhydrophobic surfaces over the past
fifteen years have achieved great success, many problems associated with achieving real
technological applications are waiting to be solved.
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Studying the properties of superhydrophobic surfaces, we came to the possibility of their
application in shipbuilding, as well as in the real operating conditions of vessels in the waters of
the Black Sea [13]. We associate our research with this:

— properties of superhydrophobic states,

— interaction of such surfaces with the waters of the Black Sea,

— the development of more simple methods for creating superhydrophobic surfaces.

Our further plans lie in the direction of checking the reliability of surfaces under pressure, wear,
friction, immersion, pollution and under other conditions.

2. Main text

The liquid practically does not wet superhydrophobic surfaces because of the special relief of
these coatings. On a hard surface, there are irregularities (cavities, microprotrusions, villi) filled
with air. A drop of liquid, falling on such a surface, does not penetrate into the irregularities as a
result of air entrapment by microscopic irregularities.

2.1. Contact angle

The phenomena of wetting and non-wetting by liquid surfaces are characterized by the angle
of contact (the contact angle), determining its hydrophilic or hydrophobic properties. A liquid with
a hydrophilic surface forms a contact angle of less than 90° (Fig. 3), with a hydrophobic angle of
more than 90° (Fig. 4). Surfaces having a contact angle with a fluid angle of more than 150° are
called superhydrophobic (Fig. 5).

In 1805, Thomas Young was the first who described the concepts of contact angle and wetting.
During the next two centuries, many researchers conducted theoretical studies and developed
analytical methods for studying the properties of this phenomenon.

Fig. 3. Hydrophilic Fig. 4. Hydrophobic Fig. 5. Superhydrophobic
surface, 6 < 90° Surface, 6 > 90° surface, 8 > 150°

Scientists have demonstrated the various intermolecular interactions between a liquid and a
solid material lead to different wetting properties [14]. Significant progress was made in studying
the relationship between roughness and hydrophobicity, observing the hysteresis of the contact
angle (the difference between the contact angle on the horizontal surface and the slanting), the
discovery of superhydrophobicity induced by the micro- and nanoscale hierarchy [1].

The contact angle is the main index used to estimate the wetting of a solid surface. It usually
characterizes the behavior of a liquid drop on a solid surface in the air and is determined by the
angle between the tangent at the three-phase point and the solid surface. The relationship between
the contact angle and the surface tension coefficients of interface boundaries can be described by
the Young’s equation:

Ys¢ — VsL — Y1gcos6, = 0, (1

where 6, — contact angle, ys;, Vs, and y;; — surface tension coefficients of the solid/gas
boundary, solid/liquid, and liquid/gas, respectively.

Methods for measuring the contact angle, can be grouped into methods of tensiometry and
goniometry.
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Tensiometry methods determine the value of the contact angle using the Young Eq. (1). If the
coefficients of the surface tension of the interphase boundaries do not change, the contact angle is
constant and can be found from Eq. (1). Problems in measuring the edge by this method appear:
first, if the values of the surface tension coefficients are unknown, secondly, impurities, the
adsorption of the vapor on the solid phase, the electrostatic potential, the surface roughness,
heterogeneity and external forces lead to a change in the apparent contact angle 6.

In the methods of goniometry, the contact angle is observed and measured from the
two-dimensional image of drops on a solid surface (Figs. 3-5).

Modern methods for measuring the contact angle of droplets, described in the literature, can
be divided into two groups: analytical and exclusively image processing methods. Analytical
methods require some fluid properties (for example, the surface tension coefficient) to determine
the contact angle and usually cannot measure the contact angle of asymmetric drops (for example,
drops on inclined surfaces). Image processing methods do not have this limitation, so they are
related to common methods. But these and other methods contribute to a deeper study of the
properties of superhydrophobic surfaces.

2.2. Wentzel’s and Cassie-Baxter’s states

Unevenness on superhydrophobic surfaces can both be filled with liquid partially, and not
penetrate into the irregularities at all. In these cases, two states of water droplets on a solid surface
are distinguished: the Wentzel’s state (Fig. 6) and the Cassie-Baxter’s state (Fig. 7), as it is detailed
in work [7].

Fig. 6. Wentzel’s state [7] Fig. 7. Cassie-Baxter’s state [7]

In the Wentzel’s state, water penetrates into the structured surface, the droplets become spiked,
which prevents them from slipping easily. In the Cassie-Baxter state, the liquid lies on top of a
structured surface with a gas layer (as in the case of Insect Gerridae). This gas gap is an effective
boundary that ensures the glide of the droplet at the liquid-gas interface.

The nature of a solid superhydrophobic surface is explained by the influence of its roughness
on a drop of liquid. The wettability phenomenon of a solid surface can be interpreted using the
Wenzel’s and Cassie-Baxter’s models (Figs. 6, 7).

Assuming that the liquid fills the space between the protrusions on the surface (Fig. 6), the
Wenzel approach correlates with the apparent contact angle 6’ and the thermodynamic contact
angle 0 as:

cosf’ = rcosb, 2

where 7 is the coefficient of roughness, which determines the ratio between the true surface area
and its horizontal projection. When one of the values (6', 8, r) changes, a regular change (decrease
or increase) of the others occurs.

Cassie and Baxter put forward the idea that the surface captures air in hollow spaces of
roughness (Fig. 7), identifying cos8’ of the apparent angle’s contact 8’ on the superhydrophobic
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surface as follows:
cosf’ = figcos0 — fiy, (3)

where f; ¢ — the proportion of the area of the liquid which is in contact with the solid, f;;, — the
proportion of the area of the liquid which is in contact with trapped air. Wherein:

fis+ fiv=1 4)

Thus, the hysteresis of the contact angle can distinguish two states. With greater hysteresis,
the droplets will be considered to belong to the Wenzel’s solution entering the surface grooves.
Whereas with lower hysteresis values, the surface can be considered as a columnar structure
supporting the fluid and decreasing the available area.

Since superhydrophobicity mainly arises from the air trapped in the grooves by a solid surface
or coating, the presence of its volumes of very small nanoscopic scales (nanobubbles) is the subject
of a wide range of interpretations and observations. Despite the existence of nanobubbles on
hydrophobic surfaces, discussions still occur, where the authors compare conflicting results, and
also study the properties of nanobubbles (V. Graig, X. Zhang, J. Hu [15]). Theoretically, such
bubbles should dissolve under the action of their internal pressure for a short time, but
experimentally with the help of a highly sensitive surface method of atomic force microscopy,
unusual peculiar properties and forms of nanobubbles are found.

We have developed a technique for performing experimental studies to determine the contact
angle of water droplets on the natural, polished and superhydrophobic surface of A40S
(8x90x50 mm) ship steel using an installation that will be described later.

2.3. Mechanical properties of steel grades A40S

Steel grade A40S has high strength and ductility. It is intended for the manufacture of hulls or
other welding constructions of ships and floating structures. The chemical composition of steel
grade A40S is presented in Table 1.

Mechanical properties of steel grade A40S at t =20 °C: short-term strength limit 530-690 MPa,
yield stress for permanent deformation 390 MPa, elongation at break 19 %.

Table 1. Chemical composition of steel A40S in shares

C, PandS,
Grade not more than My, Si not more than Cr N; Cu A
A40S 0.12 0.5-0.8 | 0.8-1.1 0.035 0.6-0.9 | 0.5-0.8 | 0.4-0.6 | 0.015-0.06

Fig. 8. Surface of experimental Fig. 9. Surface of experimental
samples after rolling samples after polishing

The surface of the samples (Fig. 8) was previously ground with a decrease in the grain size of
the abrasive. Final mechanical polishing was carried out with a solution of chromium dioxide
Cr;0; in pure kerosene, until reaching a mirror surface (Fig. 9).
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The quality of the prepared surface is also confirmed by microscopic observations
(Figs. 10, 11) using an MBR-1 optical microscope with an OI-18A luminescent illuminator and a
Canon EOS550D digital camera conjugated with a microscope.

Despite the presence of processing defects (Fig. 10), the polished surface has a uniform relief
compared to the untreated sample (Fig. 11).

Drops of distilled water were applied to a natural (after rolled), polished and superhydrophobic
(water repellent) surface.

Fig. 10. Microstructure of untreated surface Fig. 11. Microstructure of polished surface
(steel A40S) (steel A40S)

2.4. Methods for creating superhydrophobic surfaces and choosing the optimal path for this
research

Methods for creating superhydrophobic surfaces by processing a material with a low surface
energy are mainly one-step processes and have the advantage of ease of implementation. There
are many ways to make textured surfaces: mechanical pulling, laser processing and plasma
processing, chemical etching, lithography, sol-gel method, layer by layer deposition and colloidal
mounting, electrical or chemical reactions.

Chemical precipitation through a surface chemical reaction forms a layer with nanoscale
topography, including nano-pins and nano-rods. It is convenient and quite easy to use various
methods, including chemical vapor deposition (CVD), which uses a gaseous base to deposit
particles or films. One can use chemical bottom desolutions (CBD) and electrochemical deposition
(ECD) that use wet chemical solutions or electrochemically conductive substrates to precipitate
hard metals and oxides.

We choose chemical vapor deposition (CVD) as a simple way to produce a superhydrophobic
surface on a sample of A40S steel.

Superhydrophobicity of the steel surface was created with the help of the easily accessible
superhydrophobic system NeverWet Base Coat. This is a new class of coatings, which causes
water droplets to form almost ideal spheres, while keeping objects dry and clean.

The water-repellent properties were imparted to the surface by the precipitation of a
hydrophobic solution by applying a two-layer coating. The first layer — the base layer — contains
methyl isobutyl ketone, butyl acetate and mineral alcohols applied by uniform spraying in 2-3
passes from a distance of about 15 cm for 3-4 seconds. The sample is then left to stand for
30 minutes under normal ambient conditions maintained in the laboratory. The second layer is
applied by depositing an upper coating containing silica nanoparticles. For approximately
12 hours, the surface is dried under normal laboratory conditions prior to the experiment and
measurement.
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2.5. Experimental setting

Observation and photoshooting of the drops were carried out on a specially designed apparatus
for determining the contact angle of the droplet (Fig. 12). On the optical bench (1), a specimen
holder (2), a light source (3), a collecting lens (4), a digital camera Canon EOS 550D (5), linked
to an ACER computer (6) are mounted to receive the image coaxiality. A drop of water after
deposition on the surface of a steel sample and optical magnification is fixed by means of a
viewfinder in real time by a computer.

The received images were analyzed using the sPlan 7.0 program and the built-in electronic
protractor.

Fig. 12. Experimental setting for determining of the contact angle of the drop

2.6. Results and discussion

The image of water droplets on a natural (after rolled), polished and superhydrophobic surface
of A40S steel is shown in the figures below (Figs. 13-15). The determination of the droplet angle
by means of a graphical analysis and an electronic protractor showed that its value depends on the
quality of the surface treatment. In the presence of a rough relief of the sample after steel rolling,
the drop passes into the Wentzel state, which enhances the wetting effect and reduces the contact
angle (Fig. 12).

Fig. 13. A drop of water on a natural Fig. 14. A drop of water
(after rolled) surface on a polished surface

Fig. 15. A drop of water on a superhydrophobic surface
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Polishing eliminates the influence of unevenness and leads to an increase in the contact angle
(Fig. 14).

The deposition of a microstructured (superhydrophobic) coating causes a transition to the
Cassie-Baxter state (Fig. 15). In this state, the liquid lies on top of the structured surface above the
gas layer. This gas gap is an effective medium that ensures the glide of the droplet at the liquid-gas
interface. The contact angle of the surface obtained exceeds 150°, which is confirmed by its
superhydrophobic properties.

The approbation of the method for determining the contact angle on samples of A40S
shipbuilding steel using the described installation showed good agreement with the previously
used scientific methods.

The superhydrophobic surfaces obtained, the images of drops on the natural (after rolling),
polished and superhydrophobic surfaces do not contradict the wetting theory, which makes it
possible to find ways to further extend the application of superhydrophobic coatings, including
marine technologies.

The change in the angle of contact between the drop and the surfaces is due to their different
processing and the presence of a superhydrophobic layer. The transition from the acute contact
angle to the blunt angle on the surface of the deposited layer indicates its hydrophobic properties
and the presence of the non-wetting effect, in contrast to the untreated and polished samples.

In the course of the subsequent experiment, drops of natural sea water from the Kerch Strait
were used, the salinity of which was determined by the salt meter and was 17 ppm
(17 g salt/1 kg water).

Precipitation of the drop onto the superhydrophobic surface was carried out by flowing from
the tip, which provided a drop of 10® m3. Next, there was a photoshooting of the droplets
evaporating (Fig. 16) in the laboratory. The interval between shots was reduced from 20 minutes
at the beginning of the evaporation process up to 2 minutes at the end of the measurements. The
total test time was about 4 hours (Table 2).

-
b)
5

d)
Fig. 16. A sea water drop on a superhydrophobic surface during evaporation: a) t = 0 min, b) t = 70 min,
c) t =161 min, d) t = 189 min, e) t = 198 min, f) t = 220 min; image magnification: x23

Fig. 16 sclectively shows the stages of evaporation of a drop of seawater on the
superhydrophobic surface of A40S steel. The data of some properties of these droplets are shown
in Table 2. Time after the droplet formation (Fig. 16(a)), after 1 hour of evaporation (Fig. 16(b))
and after 3 hours of evaporation (Fig. 15(c)), the drop gradually reduced the linear dimensions,
while remaining in this form. After more than 3 hours (Figs. 16(d), 16(e)), a precipitate appears
in the droplet, and the shape of the droplet is distorted, especially at the upper part. The process
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of evaporation of the salt crystal formation is completed (Fig. 16(f)). Attention is drawn to the fact
that even with multiple the repetition of such an experiment as a result of the crystallization of the
salt from the solution always produces a single, solid fragment of the solid phase. This
phenomenon is significantly different from the results of evaporation of a drop of NaCl solution
on hydrophilic surfaces, including shipbuilding steels. Under such conditions, a number of
individual crystals arise, the size and concentration, which increases closer to the perimeter of the
contour of the precipitated drop. On the superhydrophobic surface, the resultant force acting on
the impurity will be directed into the droplet during evaporation, which leads to a uniform growth
of the crystal during evaporation.

Table 2. Some a sea waters drops properties dependence on the evaporation time
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Bl g || Bs|SIS| S5 B 88| 28| EYER
S| £ | g Ex S| ES | 8F | EY | 52| 28 58
>
2| S | 2 a S & < < 85| 2% 538
> a g 8 =l ©3
0 | 168.0 | 69.0 | 540 | 1.278 | 1.500 | 1.174 | 1.337 | 10.00 | 33.30 | 3.32 | 0.17
28 | 165.6 | 63.5 | 507 | 1.252 | 1.380 | 1.102 | 1.242 | 8.01 | 26.60 | 3.32 | 0.22
52 | 165.5 | 584 | 47.3 | 1.235 | 1.270 | 1.028 | 1.145 | 635 | 21.10 | 3.32 | 0.28

163.4 | 54.6 44.5 | 1.270 | 1.187 | 0.967 | 1.077 | 523 | 17.30 | 3.31 | 0.33
94 | 167.9 | 49.1 41.1 1.195 | 1.067 | 0.893 | 0.980 | 3.95 | 13.00 | 3.30 | 0.44
108 | 162.8 | 47.5 38.7 | 1.228 | 1.033 | 0.841 | 0.937 | 3.44 | 11.30 | 3.29 | 0.51
127 | 158.9 | 40.7 35.5 1.146 | 0.885 | 0.772 | 0.828 | 2.38 7.78 |3.27 | 0.74
150 | 161.6 35 30.8 | 1.136 | 0.760 | 0.670 | 0.715 | 1.53 495 1323 ] 1.14
161 | 155.1 | 31.8 282 | 1.128 | 0.691 | 0.613 | 0.652 | 1.16 3.71 [3.19 | 1.51
188 | 152.7 | 24.7 212 | 1.165 | 0.537 | 0.461 | 0.499 | 0.52 1.56 | 3.01 | 3.37
189 | 154.1 | 24.1 20.6 | 1.170 | 0.524 | 0.448 | 0.486 | 0.48 143 | 298 | 3.64
195 | 1429 | 243 20.8 1.168 | 0.528 | 0.452 | 0.491 | 0.49 1.48 | 2.99 | 3.55
198 | 1304 | 23.0 18.8 | 1.223 | 0.500 | 0.409 | 0.454 | 0.39 1.14 | 2.90 | 446
200 | 135.0 | 22.8 18.2 | 1.253 | 0.496 | 0.396 | 0.446 | 0.37 1.06 | 2.87 | 4.72
202 | 135.0 | 21.7 172 | 1.262 | 0472 | 0.374 | 0423 | 0.32 0.88 | 2.79 | 5.53
204 | 137.5 | 21.6 16.5 1.309 | 0.470 | 0.359 | 0.414 | 0.30 0.82 | 2.76 | 5.88
206 | 136.0 | 21.1 15.8 | 1.335 | 0.459 | 0.343 | 0.401 | 0.27 0.73 12.70 | 6.48
208 | 1429 | 20.7 14.7 | 1.408 | 0.450 | 0.320 | 0.385 | 0.24 0.62 | 2.61 | 7.34
210 | 142.6 | 20.8 142 | 1.465 | 0.452 | 0.309 | 0.380 | 0.23 0.60 | 2.59 | 7.60
213 | 135.0 | 20.7 13.2 | 1.568 | 0.450 | 0.287 | 0.368 | 0.21 0.53 | 2.51 | 8.35
216 | 145.0 | 21.2 11.5 1.843 | 0.461 | 0.250 | 0.355 | 0.191 | 0.45 | 2.41 | 9.31
220 | 137.5 | 21.2 10.9 | 1.945 | 0.461 | 0.237 | 0.349 | 0.18 042 | 2.36 | 9.84
223 | 135.0 | 21.2 11.1 1.910 | 0.461 | 0.241 | 0.351 | 0.18 0.43 | 2.38 | 9.66
226 | 1395 | 214 11.1 1.928 | 0.465 | 0.241 | 0353 | 0.18 0.44 | 2.40 ] 948

~
(=)

The stability of the hydrophobic state of a drop of seawater on a structured surface was studied
by measuring the contact angle (Table 2) for each observation stage. The graph of the variation of
the contact angle versus the evaporation time is shown in Fig. 17.

Contact angle is defined by equation:

Ys¢ — Vst

cosf, =
Yig

)

where 8. — contact angle, ys;, ¥s;, and y;; —surface tension coefficients of the solid/gas boundary,
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solid/liquid, and liquid/gas, respectively.

Despite the increase in salt concentration due to evaporation of water, the contact angle at the
initial stage varies slightly (150° < 8, < 168°), thus maintaining the superhydrophobic state of the
drop.

= =

[N ~

o o
L

Contact angle (°)
=
v
o

140 -

130 4 .

120 T )
0 50 100 150 200 250

Evaporation time (min)
Fig. 17. The graph of the contact angles and evaporation times dependence

After 3 hours of testing, the value of the contact angle decreases. However, this evaporation
stage already corresponds to the distortion of the drop-shaped form (Figs. 16(d), 16(e)), which
indicates the onset of crystallization of the NaCl-salt, which undoubtedly introduces a change in
Eq. (5).

Approximately, the dependence of the surface tension y;; on the temperature T, the fluid
density p, and the molar mass p of the substance is expressed by the equality:

Y =BT —T—1)- <§)§ (6)

where B — a constant coefficient, T, — the critical temperature, and T — the magnitude of the
temperature dimension. Under the isothermal conditions of the experiment, the main contribution
to the change in y;; will be made by the factor p/u Eq. (6), which in turn can be represented for
a mixture of substances:

p mv,+vy) n,+n, 7
no Vm N, @
where m — the mixture weight, V — the drop volume, v — the amount of the substance, n — the
concentration of the components, and N, — the Avogadro number. At the initial stage of the
experiment, the ratio (n,)/(n,) ~ 10% and the value of the ratio Eq. (7) is mainly determined by
the number of water molecules in the droplet volume. Evaporation of water leads to a decrease in
its concentration and an increase in the concentration of salt in the drop. Decay n, occurs faster
than n,, which in time leads to an increase in their sum, and consequently to a decrease in 6,
Eq. (1). At the end of evaporation, n; ~ 0, while the calculated value of n, = 2:10?® m™ coincides
with the concentration of molecules in the NaCl crystal.

In most cases, in the studies of droplets on a superhydrophobic surface, accurate analysis of
the contact angle is made difficult by distortion of their shape due to gravity. According to the
research [16], the droplet volume should be within 0.5-10 pl. In general, the use of small droplets
avoids the deformation of water droplets caused by gravity. However, due to the lack of proper
wetting of the superhydrophobic surface, it is very difficult to create drops of water with a volume
of less than 4 pl on them.

In the general case, while studying liquid droplets, the actions of capillary (oL) and
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gravitational (gpL?) forces are compared, calculating the Bond’s number (E6tvds number) by the
formula:

LZ
B, =29~ (8)
Y

where L — the characteristic size of the liquid drop, for example, the height at its center, y — the
surface tension of the liquid, g — the acceleration due to gravity, p — the density of the liquid.

However, the process of evaporation of seawater drop causes variability in the density and
surface tension of the liquid, which disrupts the dependence Eq. (8). Therefore, in the given work,
to estimate the effect of gravity on the shape of a drop of seawater during evaporation on a
superhydrophobic surface, the ratio of the horizontal radius 1y, of the droplet to the vertical 1;,,,-
in the middle section of the drop was calculated. The graph of the relationship (1,0y/7er) VErsus
the evaporation time is shown in Fig. 18.

0 50 100 150 200 250
Evaporation time (min)

Fig. 18. The graph of the contact angles and 1y, /7, ratios dependence

A new method for measuring the contact angles of superhydrophobic surfaces was proposed
in [17]. A5 pl drop of water was placed on the sample, and the contact angle was measured after
the droplet had decreased in volume to 0.3 ul after evaporation for 40 min under ambient
conditions.

The initial volume of droplets was V = 10 ul, and 73,5, /7per = 1.3. In the process of
evaporation, the difference in the radii of the droplet decreases, reaching its minimum at the level
of Thor/Tyer = 1.16; volume V = 0.5 ul. The minimum deviation from the spherical shape
coincides with the onset of the active crystallization of salt in the droplet volume, which leads to
an increase in the 1y,,,. /1, ratio and further coarsening of the contour. Further nucleation of the
solid phase leads to an even greater discrepancy between the horizontal and vertical radii, but the
predominance of salt crystals in the volume no longer makes it possible to determine the resulting
formation as a drop.

In the general case, the change in the volume of the droplet from time (Fig. 19), before the
onset of the phase transformation, is inversely proportional, the character of which is related to
the external conditions of evaporation (humidity, saturated vapor pressure). The onset of the
crystallization process is indicated by a decrease in the rate of evaporation and an equalization of
the graph of V = f(t) after 190 minutes of testing. At the same time, the concentration of salt in
the droplet volume increases sharply (Fig. 20).

The process of phase transition takes about 30 minutes. In this case, the main contribution to
volume reduction is made by the vertical component of the linear dimensions of the droplet cross
section. The horizontal radius after 190 minutes of evaporation and until the time of full hardening
decreases no more than 13 %.

The saturation concentration of NaCl is 35 % and will be achieved when the volume is reduced
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to 0.2 pl. After that, the horizontal size of the droplet practically remains constant (Table 2), which
causes a sharp increase in the 1y, /7y,er ratio (Fig. 18) and the formation of an elongated crystal
on the surface after evaporation of the droplet (Fig. 16(f)).

12

o o 3

Average volume, Va, (mcl)

©

0 50 100 150 200 250
Evaporation time (min)

Fig. 19. The graph of the average volume and evaporation time dependence

T T T T
0 50 100 150 200 250

Concentration of salt molecules, ns (*10*” m?)

Evaporation time (min)

Fig. 20. The graph of the concentration of NaCl molecules and evaporation time dependence

Using the data of Table 2, the concentration of salt in the evaporating drop of sea water was
determined by the following method. If we take the salinity of 17 pro mil (the figure characteristic
of the Kerch Strait), i.e. in 1 kg of water contains 17 g of NaCl-salt, then the salt concentration is
determined by the formula:

N m

no=y = ©)

where m = 17 g — mass of salt, m, = 58.44 amu molecules NaCl, V = 1, [ =103 m? (it is kilo of
the substance); and will be equal to:

17-10°3

— — 25 -
= = 17.510% m?,
58.44-1.66:10°7-10

No
The number of salt molecules in the drop:

Ny =ng - Vo = 17.5:10%-10% = 17.5-10",

where V, = 108 m? — the initial volume of the drop (experimentally determined).

To calculate the water concentration in the drop, the number of molecules in the volume was
first determined without the presence of an impurity:
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mN, pVN,
NOB=T= uw (10)

and subtracted the number of salt molecules:

_PVNy

N
T

— N,. (11)

Water molecules concentration:

Ng
=— 12
np =7 (12)
NaCl concentration in the crystal was determined theoretically:
2165
n = Phact _ =2,23-10% m. (13)

my  58.44-1.66-1077

The obtained theoretical data are conformed with our calculations on the experimentally
obtained data.

Of course, it is difficult to affirm quantitatively good accuracy on such a scale. However, some
qualitative conclusions can be made.

3. Conclusions

The review of the properties and methods of creating superhydrophobic surfaces is aimed at
finding possible ways of implementing their various applications in the shipbuilding industry.

The work deals with the conditions of non-wetting by a liquid of hard surfaces, the dependence
of the contact angle on the surface type, methods of its calculation or determination. Attention is
paid to the physical mechanism of the stable state of Cassie-Baxter with air trapped by the
superhydrophobic surface between the drop and its roughness.

A technique for performing experimental studies to determine the contact angle of water
droplets on the natural, polished and superhydrophobic surface of A40S steel is developed. The
choice of steel-type was since this steel is widely used in the world shipbuilding industry.

Superhydrophobicity of the surface on the steel was achieved by chemical vapor deposition
(CVD) using the NeverWet Base Coat superhydrophobic system. The adequacy and correctness
of the described and implemented technique for surface preparation and application of the
superhydrophobic layer are confirmed by optical observations of water droplets and the drop
contact angle analysis.

The scheme of the installation for graphical determination of the contact angle of a liquid drop
on the surface of a solid is described. The images were analyzed using sPlan 7.0. The contact angle
was measured by the electronic protractor built into the program. The results gave good agreement
with previously used scientific methods.

In the experiment, drops of natural sea water (the Kerch Strait) were used. The determination
of the contact angle of the drops showed that its value depends on the quality of the surface
treatment. In the presence of a rough relief of the sample after steel rolling, the drop passes into
the Wentzel’s state, which enhances the wetting effect and reduces the contact angle. The change
in the angle of contact between the drop and the surfaces is due to their different processing and
the presence of a superhydrophobic layer. The transition from the acute contact angle to the blunt
angle on the surface of the deposited layer indicates its hydrophobic properties and the presence
of the non-wetting effect, in contrast to the untreated and polished samples.

The obtained superhydrophobic surfaces, the images of drops on the natural (after rolling),
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polished and superhydrophobic surfaces do not contradict the wetting theory, which makes it
possible to search for ways to further extend the use of superhydrophobic coatings, including in
marine technologies.

The phenomenon of evaporation of seawater drops was studied. The research of the behavior
of natural sea water droplets on the created superhydrophobic surfaces on samples of A40S
shipbuilding steel showed that in the process of evaporation the contact angle decreases, but before
the crystallization process remains 6, > 150°, thereby retaining the superhydrophobic properties
of the surface. Completion of evaporation of the drop is accompanied by the formation of a solid
NaCl crystal, which, of course, facilitates the removal of such impurities from the steel surface.
In addition, such an effect will not cause degradation of the microstructure of the surface, its
contamination with fine crystals, and block the gas channels providing superhydrophobic
properties.

Reducing the volume during evaporation does not completely eliminate the effect of gravity
on the shape of the droplet, but reaches its minimum for volumes of 0.5 pl.

Thus, the obtained results contribute to the evaluation of the capabilities of superhydrophobic
coatings in interaction with seawater, expand their application for self-cleaning and protection
from various natural formations of surfaces of materials used by the marine industry.

The results provide an opportunity to obtain and further study protective coatings for structures
and mechanisms used in the marine environment, the performance of which depends on the
phenomenon of absolute non-wetting of a solid surface, including shipbuilding steel. It is
necessary to conduct a thorough characterization of the mechanical and thermodynamic stability
of the superhydrophobic state in real operating conditions. It is important to develop simpler and
more standardized methods for creating and verifying the reliability of surfaces under pressure,
wear, friction, immersion, pollution and other conditions.
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5.1. Acoustic emission diagnostics of solder joints on
printed circuit boards
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Abstract. The paper represents technical diagnostics of printed circuit boards in particular the
solder joints performed by commonly used through-hole and surface mount technologies. The
research methods involved mechanical tensile and bend tests and acoustic emission method
application with simultaneous monitoring both mechanical characteristics and acoustic emission
parameters in order to find their correlation. On the base of conducted experiments method for
solder joint technical diagnostics by using method of acoustic emission in pure bending cycling
tests has been designed.

Keywords: solder joint, printed circuit board, technical diagnostics, electronic component,
acoustic emission, tensile test, pure bending.

1. Introduction

Complexity and micro-miniaturization in electronic and computer production technologies
constantly increase quality and reliability standards for their components. Printed circuit boards
(PCB) are considered the main building blocks of modern electronics, which represent assemblies
purposed to electrically connect and, what is also important, mechanically support electronic
components. However, operation and even technology cause mechanical interactions and forces,
acting between PCB substrate and electronic components, and spreading through their links. Such
tensile, shear, bending or torque forces cause strain and stress in substrates, which are
subsequently transmitted to bodies of components through the contact joints that appear to be the
weakest links in the assembly. The damages of the joints cause failures of the whole electronic
units and therefore require detailed studying.

The general technology for components installation (e.g. capacitors, resistors or active devices)
on PCBs remains soldering although quality of soldered joints (SJ) is not always achievable due
to numerous defects. Therefore, one of the primary tasks to provide reliability to SJs is to apply
and improve their testing methods. The range of methods for non-destructive or destructive SJ
tests provided by the state standard [1, 2] does not always provide proper quality selection. Since
soldered joint strength is one of the indicators applied to assess its quality, development of methods
for strength diagnostics of soldered joints on PCBs is the objective for the current research.

The diagnostics of SJs wad performed for two commonly used technologies: through-hole
technology (THT) and surface mount technology (SMT). The research methods involved static
mechanical tensile and bend tests and acoustic emission (AE) method application with
simultaneous monitoring both mechanical characteristics and acoustic emission parameters.

2. Nondestructive evaluation methods

Application of electrical and physical methods for SJ quality control attracts close attention in
nowadays. In accordance to [2] these methods include: electro-parametric, noise, acoustic
emission, exoelectronic emission, photovoltaic and recombinant radiation methods. Among these
methods, the most of which have range of intrinsic disadvantages such as high cost and complexity
of measuring instrumentation, the method of acoustic emission has recently hastened its growth
due to its high applicability for nondestructive diagnostics and prediction of strength of technical
objects in general and of solder joints in particular. Table 1 shows the list of characteristics
represented for comparison of acoustic emission methods with another nondestructive evaluation
(NDE) methods.
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Table 1. Comparative characteristics of acoustic emission methods against other NDE methods

Acoustic emission method Other NDE methods
Detects defects in progression Detect geometry of defects
Requires load testing Does not require load testing
Each test is unique Tests are replicable
Sensitive to material consistency Less sensitive to material consistency
Less sensitive to geometry of tested object More sensitive to geometry of tested
object
Simplicity of application Complexity of application
Transducers require minor contact area for attachment on the Require reach to the full surface of
tested object tested object
. . . Subsequent monitoring parts of the
The object is completely monitored by the single test object
Difficulties: sensitive to noise Difficulties: object geometry dependent

Comparative analysis of NDE indicates in favor of acoustic emission method as versatile,
simple and inexpensive method applicable to assessment of health conditions of the structures.

By the definition, acoustic emissions are pressure waves generated due to transient release of
energy when a material is subjected to mechanical (in this case), thermal or chemical changes
causing irreversible deformations or changes in atomic arrangement. The energy released travels
as a spherical wavefront and is converted to electrical signal by transducers placed on the surface
of the material (Fig. 1). The transducer output is filtered and amplified to eliminate ambient noise
and increase the signal-to-noise ratio.

AE signal
|
s
i Recording and
processing AE
Transducer Pre-amplifier
Load | Spherical Load

\~~ wave it

Source of AE —"

Fig. 1. The basic principle of acoustic emission generation and recording

The output signal of transducer represents high frequency oscillation (Fig. 2). The single and
unique signal is named as the event of acoustic emission and assumed as the total amount of all

oscillations received within time interval of 1 ms.

i
i

Fig. 2. Acoustic emission event image
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1 ms

Every event is approximated by the expression:

U = Ae ™sinwt, (1)
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where A — amplitude; n — attenuation factor (factor which is determined by damping
characteristics of the structure); w — cycling frequency; t — time:

w = +/p? —n?, 2)

where:
p=c/m, (3)

where ¢ — rigidity (static force that causes single displacement); m — reduced mass. Normally
n<mandw =p.
Oscillation is characterized by its period:

T = 2m 2m
A @

For the analysis high frequency signal (Fig. 3(a)) received from the transducer is then
processed to select oscillations (Fig. 3(b)), whose amplitudes exceed discrimination threshold of
the amplifier, and then events. An event is considered as collection of oscillations, received within
time period of 1 ms, and then converted into one impulse (Fig. 3(c)) of amplitude equal to maximal
amplitude of oscillations collected.

The common parameters obtained by processing AE are: cumulative count of oscillations; time
rate of oscillation count (count rate); cumulative count of events (total count); time rate of events
count (activity) Eq. (5); amplitude of events; linear coordinate of events, which is calculated by
using Doppler effect of time difference in signal arrivals to two transducers
At = t,-t; (Fig. 3(d)); power of events Eq. (7) and energy of events Eq. (8).

Use
(' Fm A 2 ﬂ ﬂ. o
thr —‘—vw—'—\—ﬁr*—vw%—
t
a)
i
= Fa A f\ i
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& [] M
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c)
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T— YA ;
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d)

Fig. 3. Acoustic emission processing: a) high frequency oscillation, b) oscillations selected,
¢) events converted, d) using Doppler effect for linear location

Acoustic emission activity represents time rate of signals count:
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N == (5)

where N, — signals count; T — time.
Power or electric power of events transduced by the piezoelectric sensor is expressed by
formula:

T
1
— : _ 2
W= leer(}o 7 f U%(t)dt, (6)
0

where k — proportionality factor; T — time interval; U(t) — amplitude of event.
Power of event is processed by measuring instrument as:

W = U?N,, (7N

where U — amplitude of event, N, — oscillation count per event, which is directly proportional to
event duration.
Acoustic emission energy is defined by the formula:

Z?’—C1 W (
—2i=1" 8)
E=k T

where k — proportionality factor; W; — power of event.
3. Acoustic emission measuring station

Acoustic emission station was designed in experimental laboratory of the static and dynamic
strength in electronics in Khmelnytsky National University [3]. The station structure is shown in
Fig. 4.

The station is created to perform online reading, saving and processing of acoustic emission
parameters, received due to static and dynamic mechanical tests of the structures.

In the represented research the station was used for experimental and applied diagnostics and
predicting strength of solder joints on printed circuit boards subjected to the following tests:

« Static tests conducted by tension test machine IR 5057-50;

* Dynamic tests conducted by the shaker VEDS 200;

* Thermal tests conducted in climatic chamber Feitron 3526/51.

Reading and initial processing of acoustic emission signals is performed by acoustic emission
measuring instrument AF-15. Signals are transduced by the piezoelectric sensors. Final processing
of the data is performed by personal computer connected to AF-15 via the designed unit of parallel
input/output interface.

The following improvements have been made to create AE measuring station:

» Modification of sub-units of linear coordinates, amplitude and adder in measuring instrument
AF-15;

* Design of parallel input/output interface;

* Development of the software for processing acoustic emission data.

4. Solder joint defects
Soldering, in which two or more items are joined together by melting and putting a filler metal

(solder) into the joint, is a complex technology involving physical and chemical processes, which
pass through solid, liquid and gaseous phases [1, 2]. The objectives of represented research are
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two commonly used technologies: through-hole technology (THT) and surface mount technology
(SMT).
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‘ r . " : output 7 Oscillations
Acoustic | Amplifier/ | 1 Adder
emission -;F’reamplwﬁeh—«} filter M1 1A subunit Events
| sensor | \ sub-unit  + | t +
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‘ Input jSynchronized coordinates
\sub-unit | sub-unit
l I
Acoustic Amplifier/ 1 & : Amplitude
= . |
emission | Preamplifier —— filter H- menui?e 1
| sensor | sub-unit 4 Y
12V TV A2V sy ? | :
| T | ! High-frequency
‘ ! output
220v_|Commutation| ‘ Power Control |
5qu‘]5ub~unil } supply generator
Computer

Controller]
@
— g
g i~
] g 2
e PEEE
(=%
Buffer 1 <@l 2 =
> (=9
2] ]
(=]
=
=3
Q
=

Buffer 2

Fig. 4. Acoustic emission measuring station structure

Through-hole technology consists in mounting electronic components by leads inserted
through holes on one side of the board and soldered onto copper traces on the other side. Boards
may be single-sided, with an unplated component side, or more compact double-sided boards,
with components soldered on both sides. Horizontal installation of through-hole parts with two
axial leads (such as resistors, capacitors, and diodes) is done by bending the leads 90 degrees in
the same direction, inserting the part in the board (often bending leads located on the back of the
board in opposite directions to improve the part's mechanical strength), soldering the leads, and
trimming off the ends. Leads may be soldered either manually or by a wave soldering machine.

In surface-mount technology components are mechanically redesigned to have small metal
tabs or end caps that could be soldered directly onto the PCB surface, instead of wire leads to pass
through holes. Components are much smaller and component placement on both sides of the board
is more common than with through-hole mounting, allowing much smaller PCB assemblies with
much higher circuit densities.

Solder joints remain the general technology for components installation, although their quality
is not always achievable due to numerous defects.

One of the main parameters used to assess quality of solder joints is the mechanical
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characteristics — strength, in particular tensile and shear ultimate strength. The strength of solder
joints depends on large amount of design and technology factors and thus is determined by ability
of the weakest link in the structure to resist destruction. The majority of solder joint defects are
represented in Table 2.

Table 2. Types of solder joint defects

Defect Description
Absence of solder | Solder is absent in a joint
Underheated solder | Underheating solder while joining
Cold joint Leads mechanical displacement while solidifying
Grainy joint Solder contamination causing grains

Excessive solder

Excessive amount of solder what complicates applying SJ tests

Solder starved

Solder amount is insufficient for reliable joint

Low wetting pad

Solder fail to wet to the contact pad

Low wetting pin

Solder fail to wet to the lead

Solder icicle Sharp peaks on the solder surface

Piercing Small holes on the solder concave surface

Hollows Large holes in solder to expose on the surface

Recess Holes or other solder damages penetrating down to joint bottom
Oil inclusions Oil drops in the joint
Solder bridge Unintended connection between pins
Solder beads Solder beads of various diameter on PCB surface

Solder spatters
Internal hollows
Contamination and
foreign particles
Flux remainders
Low-quality pins

Solder spatters on PCB surface
Hollows inside a solder not exposed to surface

Solder surface is contaminated what limits its control

Flux remainders on the solder surface what worsens connection
Leads are too short or long, improperly bent (deformed), not coplanar

Low filling The contact hole is completely or partially unfilled with the solder
Low adhesion The solder is completely or partially not adhered to the basic material
Porousness Residual, soldering, diffusive porousness
Solder erosion Dissolving basic material by contacts with liquid solder
Solder notch Local erosion
Solder tear The foil is detached from PCB substrate as overheated; contact is torn a part
Solder jumpers Short connection between elements as soldered

Accumulation of foreign inclusions in soldering tab
Area to be soldered is insufficiently covered with solder (depends on surface
preparation)

Solder contamination

Low solder area

Solder joint

0 Solder and contact pad are detached from PCB substrate as overheated
exfoliation

5. Through-hole technology

Solder joints of MLT2 resistors produced by THT technology were the objectives for the
research. The research was conducted in progress of strain analysis presented in [4] and aimed at
assessing SJs strength by using tensile tests and acoustic emission method.

In order to assess acoustic emission signals against types of defects and find their possible
correlation tests were performed for solder joints, part of which was soldered with implemented
defects.

Static mechanical tensile tests were conducted for SJs installed on the PCBs into 2 mm contact
pads. For experiments the tensile machine IP-5057-50 with 500 N ultimate load was used. The
load measurement tolerance was under 1 % of maximal load. To perform the test one lead of a
resistor was soldered to metallized hole in PCB with tin-lead alloy and fixed in the upper clamps
of tensile machine. PCB was firmly fixed in custom lower clamps of the machine. The load scheme
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is shown in Fig. 5.

60 solder joints were tested: 20 SJs had no defects; 20 SJs had “cold solder” defect; 20 SJs had
“low solder adhesion” defect. The load was applied with the constant speed at 0.1 mm per minute.
During the test the following AE parameters were recorded: amplitude; activity; total count.

Lead P
Solder

Pa0a0, 0.0, 0.0, 0. 99,99
S

Fig. 5. Load application in solder joint tensile test

<

First experiments indicated the lowest tensile strength for SJs having “low solder adhesion”
defect. The ultimate load for the joints with such defects was 30-40 N. Fatal damages of these
joints occurred when the leads were pulled out of the solder with no acoustic emission detected.
Since the case when leads are not wetted completely is very unlikely, further studying SJs with
partly wetted leads were considered to be more reasonable.

The averaged results of the experiments are given in Table 3. Statistical analysis of
experimental data testified of significant decreasing ultimate load for defective SJs with 95 %
confidence probability.

Table 3. Tensile test results for soldered joints of 60 resistors MLT 2

Group | Solder joint condition | Average ultimate load, N | Average strength decrease, %
1 No defect joint 116.2 —
2 Cold joint 44.5 62
3 Low adhesion joint 75.9 35

During the tests AE parameters were recorded along with the load progression. AE data
analysis resulted in total count N (impulses, imp) and maximal activity Amax (impulses per
second, imp/s) measured for different types of SJs during their tensile tests. Acoustic emission
parameters were recorded in the load range from 0 to 44 N what corresponds to average ultimate
load for the cold joints and makes 40 % of ultimate load for no defect joints (Table 4, Fig. 6).

Table 4. Acoustic emission parameters under 40 % of solder joint ultimate tensile load

Group | Solder joint condition | Total count, imp | Maximal activity, imp/s
1 No defect joint 34 51
2 Cold joint 70 210
3 Low adhesion joint 22 40

As foreseen, the AE character differed for different defects. Fig. 6 demonstrates acoustic
emission diagrams produced by the load progression applied during tensile tests for three groups
of SJs with mentioned types of defects.

Analysis of acoustic emission detected along the tests shows sensitivity and applicability of
this method to detect defects in SJs and even assess their strength. Besides, it holds potential for
nondestructive diagnostics of solder joints long before the final destruction.

6. Surface mount technology

The metallic ceramic capacitors K10-17B and K10-50B, which are surface mount devices
(SMD), were objectives for the next research. Nowadays SMD technology gains popularity due
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to range of advantages before THT. Exploring, assembling and testing these capacitors are likely
to cause damages in form of contact pads defoliation and detachments or even capacitor
destruction [5]. Preliminary shear strength tests revealed that ultimate shear loads 2-4 times exceed
tensile ones. Therefore, capacitors K10-17B and K10-50B were subjected to the tensile tests aimed
at defining: ultimate loads that cause mentioned damages; tensile strain of capacitors; difference
in ultimate loads for overheated solder and cold solder joints of K10-50B capacitors; correlation
between AE signals and solder joint strength for varied technological conditions.

N, imp | A, imp/s |

0 10 20 30 40 60 P, E 0
a)
Fig. 6. Acoustic emission — load diagrams during tensile tests of three types of solder joints:
1 — cold joints, 2 — low solder adhesion joints, 3 — solder joints without defects

ey

In order to minimize errors in measuring small loads for tensile tests the special appliance was
designed (Fig. 7).

" A

Strain Gauge

b) ¢)
Fig. 7. Manual tensile test appliance: a) structure, b) strain gauge attachment, ¢) capacitor installation:
1 —base; 2 — support, 3 — lever, 4 — dynamometer, 5 — capacitor, 6 — traction, 7 — drum; 8 — handle

The measuring train used in the test consisted of electro-tensometry and acoustic emission
instruments. Two batches of 100 capacitors K10-17B and K10-50B were tested. Capacitors 5
(Fig. 7) were soldered by their termination caps to the ends of two strips, cut out of the PCB
substrate, which were then clamped in between the lever 3 and the base 1. Turning handle 8
revolved the drum 7 and through the traction 6 pulled the left side of the lever 3 so as to apply
load to capacitors; load was indicated by dynamometer 4. To increase measurement accuracy for
smaller loads the testing appliance is designed so that lever shoulders can be varied if needed.

Tests were conducted with simultaneous records of acoustic emission and loads. In all the
cases destruction occurred as defoliation of a contact pad. Strain gauges were attached to
capacitors (Fig. 7) with purpose to define strain versus load dependences (Fig. 8). The average
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ultimate loads measured for batches of capacitors K10-17B and K10-50B made P; = 23.7 N and
P, = 31.8 N correspondently.

P,N I

50

1
40
30 2
3
201 ‘ . | 6
5 i /
0 10 2 3 a0 50 60 0 g ;b'E

Fig. 8. Strain versus tensile load dependences for capacitors K10-17B (1) and K10-50B (2, 3-6)

The next experiment was conducted to verify the overheating effect to ultimate load of solder
joints. Two groups of capacitors K10-50B that differed in soldering technologies were subjected
to tensile tests. In the first group soldering was conducted at 220-270 °C temperature during 10 s
with standard alloy POS-61, in the second group — at 94-120 °C temperature with rosin alloy.

Data analysis (table 1) testified that overheating of solder joints improves their adherence to
the contact pads and increases their tensile strength.

Significant difference between cold solder and overheated joints was indicated by acoustic
emission recorded (Fig. 9) during experiment. For the cold solder AE signals appeared earlier;
their total count was 1.5 times and activity — 2.5 times higher than for overheated ones. Average
strains recorded for cold solder and overheated joints were & = 70x107° and &, = 45x10°
correspondently.

N, imp |

40

32 t 1/

1 e B
o O

0 10 20 30 40 50 60 n g 70°
Fig. 9. Acoustic emission total count versus strain diagrams:
1 — cold solder joints with ROSE alloy, 2 — overheated joints with POS-61 alloy

The next experiment was made with conjecture that contact joint strength depends on soldering
temperature. The experiment was arranged with account for limitations posed by complexity to
measure solder temperature either theoretically or practically. The decision was made to remain
soldering technology unchanged with an exception for contact joint temperature, which was
considered to increase by preliminary heating the capacitors.

The experiment was conducted for two groups of capacitors. 1st group was soldered at the
standard temperature. 2nd group was preheated before soldering in thermostat within 1 hour at the
discrete temperatures: 150 °C, 180 °C, 200 °C, 215 °C, 230 °C, 250 °C. After preheating
capacitors were soldered and subjected to tensile tests by the method explained above.

Data analysis (Table 5) indicated that preheating of solder joint at 200 °C increased its strength
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by 50 %. Moreover, optimal preheating temperature, producing maximal strengthening effect was
defined in interval of 180-200 °C.

Table 5. Tensile ultimate loads of K10-50B capacitor solder joints for different temperature modes
Soldering technology modes

Duration: 10 s Duration: 3 s
POS 61 Rosin alloy Standard Preheated in ttlzrrlmeorsattal:r:;ltggl 1 hour at the
t = (220-270) °C| t = (94-120) °C| 150 | P 200 2 | 750
Average tensile ultimate loads, N
59.7 [ 36.2 [ 306 | 40.3 | 47.6 | 229

7. Pure bending theoretical model

Conducting tensile tests with simultaneous recording acoustic emission showed perspectives
for nondestructive strength diagnostics of components solder joints installed on PCB, although
practical application of the method was limited by monitoring only the single component joints at
the time. In order to overcome this limitation and conduct tests for entire PCB with all components
installed the pure bending technique was applied (Fig. 10). The pure bending was designed to
provide equal testing stress over the PCB area as applied in between two supports. Thus, all SJs
installed within the tested area can be monitored simultaneously.

Fig. 10. Pure bending load scheme

PCBs populated with components installed by SMD technology were now the research
objectives. SJ strength assessment considers solder mechanical characteristics, which are specified
with consideration of design and technology of the joint. The strength of low-melting solders in
cast phase is less than that of SJ. The lowest level of ultimate strength for solder POS40 in the cast
phase is g,, = 40 MPa [6].

The ultimate strength for fiberglass substrate is g,, = 45-100 MPa.

Assuming ultimate strength of the solder as the reference value the test stress is calculated by
the formula:

40
o] = =75 = 16 MPa. )
where a,, — ultimate strength, n = 2.5 — safety factor.

The possible inaccuracy entailed by no account for design and technology of the joint will
deposit into the safety factor. Obtained safety factor is sufficient to provide safe testing stress Gtest
within proportionality strain area of solder material, so that solder is subjected to only elastic
deformations, which do not reduce its strength.

Then the load P applied to PCB is specified for the nondestructive tests. Load application
scheme for PCB test is shown in Fig. 11.

Maximal stress [6] is produced in dangerous part of PCB cross section — in peripheral layer,
where bending moments are maximal M = M,,,, . In pure bending area with length L which is
created by and lays in between two supports A and B, maximal stress is found by formula:
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M
s ymax' (10)

Iax

Gmax -

where M,,,,, — maximal bending moment produced by load P; I, — axial moment of inertia;
Ymax— maximal distance from the neutral line of the cross-section to the peripheral layer (fibers);
Ymax = R/2, where h — thickness of PCB substrate.

P R, c Ry |P c-C
] A H_I B . B3
AN VN b
- e - =
/ I

[T
M,

max

Fig. 11. Load application and diagram of internal bending moments in PCB

I . . .
. %< represents axial moment of resistance W, Eq. (2) will be shortened
max

Since ratio I,/ Ymax
to:
Mmax

Omax = W (11)
ax

As required by strength condition of normal stress under bending load — maximal stress
produced by the applied load should comply with acceptable standard [o]:

o-max [O-]' (12’)

Performing nondestructive tests to PCBs requires maximal acceptable load estimation.
Using Egs. (3) and (4) for which in accordance to load application scheme (Fig. 11) maximal
bending moment equals:

Mpax =P -1, (13)
and axial moment of resistance of rectangular section [6] is expressed as:

b-h?
Wox = —— (14)

Maximal acceptable load for nondestructive bending tests of PCBs should comply with
condition:

b-h?

PT==27

[o]. (15)

8. Pure bending static tests

Pure bending tests conducted by tensile machine IP-5057-50 indicated that the activity of
acoustic emission responds to the loading speed. Since AE data analysis requires its essential
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amount the decision was made to conduct tests at maximal acceptable loading speed 100
millimeters per minute. The load was applied under acceptable limit calculated by Eq. (3)
Piese = 36 N.

However single load did not produce considerable activity of AE signals yet and testing was
considered to conduct in multiple load and unload cycles. Each PCB was tested in 5 cycles.
Minimal and maximal stresses in cycles equaled 0,,;, =0 MPa and 0,,,, = 16 MPa
correspondently. Acoustic emission was recorded during all the tests by piezoelectric gauges and
via pre-amplifiers at frequency band of 0.02-0.2 MHz. The gauges were attached to PCB surface
through the layer of acoustic paste.

The tests were conducted for 60 double sided fiberglass foil laminated PCBs
(320%120%1.5%0.1 mm size). For the experiment PCBs were prepared and sorted into three equal
groups by defects embedded into their solder joints: 1) PCBs with no defects; 2) PCBs with cold
joint defects; 3) PCBs with low solder adhesion defects. Each PCB was populated with one
component — resistor MLT-2. In group 1 resistors were installed in compliance with technological
standard [7]. In group 2 one of the resistors’ leads was mounted to PCB as a cold joint, in particular
as “circle crack” joint which is likely for soldering technology. In the group 3 low solder adhesion
defects were embedded into solder joints for what resistors’ leads had not been wetted before
soldering.

During the tests the following AE parameters [8] were recorded: amplitude; activity; total
count. The test results indicated that PCBs with no defect solder joints do not radiate acoustic
emission during all cycles. The total count of SJs with low solder adhesion defects made
10-15 imp with amplitude 1 mV. Normally such signals are radiated at load progression and in
the moments of maximal load. Signals radiated by cold joint defects are characterized by
considerably higher total count (30-40 imp) with amplitude up to 3 mV. The specificity of cold
joints is that AE appears on load discharging phase of cycles, what can be explained by cracks
converging their edges. Figs. 12, 13 demonstrate acoustic emission — cycling load diagrams
recorded during pure bending tests of PCBs with embedded solder joint defects.

U, mv o, MPa
3.0

0.6 |
03
l]i 10 20 30 40 50 60 70 80
ts

Fig. 12. Acoustic emission amplitude — cycling load diagram:
solid line — low solder adhesion, dash line — cold joint

N, imp o, MPa

50 60 70 80

s
Fig. 13. Acoustic emission total count — cycling load diagram: 1 — cold joint, 2 — low solder adhesion
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AE data analysis indicated total count as the most informative parameter to correlate with
various types of solder joint defects. Conducted experiments give the reason to use identified
character of acoustic emission to develop methods for strength diagnostics of solder joints on
printed circuit boards.

9. Theoretical model of planar defect location

The location accuracy of acoustic emission is strongly effected by acoustic characteristics of
the transmitting medium and becomes complicated problem for a medium which is heterogeneous.
So, AE spreading and location in PCBs is strongly complicated due to structural complexity of
PCBs, that consist of THT or SMD components, conductive tracks, pads and other features etched
from copper sheets laminated onto a non-conductive substrate, whose acoustic characteristics
(Table 6) are different. The task of the current research was to develop method for planar location
of AE whose sources are defects progressing in stressed PCBs when exposed to external forces.

Table 6. Acoustic characteristics of PCB structural materials
Wave speed v-10°, m/s

Material | Density p-103, kg/m? Longitudinal | Cross | Surface Attenuation constant §, m!
Textolite 1.2-1.3 2.63 - — > 100

Lead 11.4 2.16 0.70 0.63 1-10
Copper 8.9 4.66 2.26 2.12 10-100

The idea of the method developed for planar location consisted in remote detection of AE by
piezoelectric transducers through the volume of homogeneous medium [10, 11] such as water,
unlike detecting AE on the PCB surface where AE signal is likely to be distorted or even lost.
Water retains the most acceptable attenuation constant § = 2.5 as compared to other homogeneous
mediums.

The testing installation represents load appliance for PCBs and 4 piezoelectric sensors installed
inside the water chamber. PESs were installed on the plane parallel to PCB at the specified
distance, so that their receiving side faced the tested PCB. Acoustic waves generated by defects
in PCB spread through the volume of water and reach the sensors with negligible loss or distortion.

‘2

K% Yi.Ze)
P

D(x,.y5.25)

E{X; Ya.Zo)

——

) &

Fig. 14. Planar location scheme in acoustically transparent medium:
K —source of AE; A, B, C, D — piezoelectric sensors

The planar location in Cartesian coordinates is calculated in the space coordinate system XY Z.
4 PESs are installed on the axes X and Y in z = 0 plane (Fig. 14).

The monitored PCB lays in the plane z = zK, where zK is distance between the PCB and
PESs. The 4 channel acoustic emission system detects two time differences 7, and 7, of signal
arrivals to two pairs of opposite sensors in two orthogonal axes. Time differences 7, and T, is
related to distance differences from AE source K to PESs in correspondent pair:
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{BK — AK = 1,9,

CK — DK = 1,9. (16)

where 7; — time difference of signal arrivals to PESs in points A and B; 7, — time difference of
signal arrivals to PESs in points C and D; v — ultrasonic speed in water.
The final expressions for AE coordinate calculation are represented as:

[ 1 [c2920202(1202 — 1202 + 4x2 — 4y2) + 4T202y2 (1202 — 4x2 — 422)
X =15 2922 29222 _ 1fv22 ,
2 4179%y5 + 4t79%x5 — 16x5 Y5
(17)
1 [t2927592(139% — 1292 + 4xZ — 4y}) + 41292x2 (1292 — 4yF — 4z}7)
Ye=1< 2.02,2 2922 _ 2.2 :
2 4789%y7 + 4t59x; — 16x5Y;

In Eq. (9) positive or negative signs are selected regarding sings of 7; and 7,.

The experimental verification of the offered method was conducted in testing installation with
PESs installed at 70 mm distance from the tested PCB. The AE planar location diagrams obtained
by regular surface location performed on the PCB surface and by the developed method are shown
in Fig. 15(a) and Fig. 15(b) correspondently.

Y, mm 300 Y, mm 300

Fig. 15. Acoustic emission planar diagrams recorder during PCB bending tests:
a) location on PCB surface, b) location in acoustically transparent medium

The application of developed method in acoustically transparent medium indicated that located
area of the defect makes about 1 % of the total PCB area, what provides accuracy 2-4 time higher
than by the regular surface location.

10. Method for technical diagnostics

1. Printed circuit boards are tested by pure bending load under acceptable limit specified by
the safety factor for solder material n = 2.5.

2. In case acoustic emission is detected, test is repeated in 5 load/unload cycles. Acoustic
emission progression during cycle test indicates of solder joint defect and such PCB is rejected
and classified as joint with growing defect.

3. When required defect location is performed in order to repair it.

The developed method has been tested out on the batch of industrial printed circuit boards.
The tests were conducted for 32 single sided fiberglass foil laminated PCBs (120%140 mm size).
During tests acoustic emission was detected for three PCBs what indicated progressing defects.
Analysis of AE character identified type of the detected defects — low solder adhesion, which was
then proved by detailed optical 10x zoom revision of rejected PCBs in places where AE was
located. Defects were also tested by passing electric current through the defected solder joints and

VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5 227



5.1. ACOUSTIC EMISSION DIAGNOSTICS OF SOLDER JOINTS ON PRINTED CIRCUIT BOARDS.
1GOR KOVTUN, VILEN ROYZMAN, ANDRIY VOZNYAK

measuring their electric resistance. Since PCBs had been used for a long time before the tests and
identified defects had remained hidden so they can have developed during their further operation
and would have caused a failure of the whole electronic unit.

11. Conclusions

Strength diagnostics conducted for solder joints performed by through-hole and surface mount
technologies on printed circuit boards by using methods of mechanical tensile and pure bending
tests and method of acoustic emission with simultaneous monitoring both mechanical
characteristics and acoustic emission parameters allowed to find the relationship between
parameters of acoustic emission and such defects of solder joints as “cold joint” and “low solder
adhesion”.

Surface mount technology has been optimized by introducing solder joints preheating that
results in 50 % strengthening effect in the temperature interval of 180-200 °C.

The theoretical model of pure bending condition for printed circuit boards has been developed
in order to provide equal testing stress condition over the printed circuit board and calculate
maximal acceptable load for nondestructive bending tests.

Theoretical model for planar location has been developed for defect location in printed circuit
boards. The application of developed method in acoustically transparent medium indicated that
located area of the defect makes about 1 % of the total PCB area, what provides accuracy 2-4 time
higher than that by the regular surface location.

Method for nondestructive strength diagnostics of solder joints on printed circuit boards based
on pure bending cycling tests with method of acoustic emission has been developed.
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5.2. Modified method of spectral analysis of the
reflection signal for damage detection systems in power
lines
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Abstract. The work is devoted to the aspects of using phase methods for measuring distances to
faults in a power line. The existing phase methods are shown and discussed. It is established that
spectral leakage is one of the problems of spectral analysis. An algorithm for spectral analysis
based on a change in the width of the analysis window is proposed. It is shown that the proposed
method provides an increase in the accuracy of determining the amplitudes of the total signal
components.

Keywords: power line, phase angle shift, spectral analysis, spectral leakage.
1. Introduction
1.1. The problem of measuring of parameters of power lines

Controlling of power lines state is a well-known problem. Usually measuring of parameters of
such lines requires two categories of actions [12]:

1) The first category is a global analysis. Global analysis consists in determination of the state
of the whole power line. As a result, we have information about state of whole line. In compare
with previously measured data, detailed measuring can be required.

2) The second category is a local analysis. Analysis consists in measuring of parameters from
point to point. Many methods used to do such measuring. However, each of them has advantages
and disadvantages.

The presented categories connected to each other, but they do not interchangeable. The
methods in the first category put on an aim verification of readiness to work or accordance of the
already on-the-road system to the further use. Therefore, we have information about state of all
power line. The methods in the second category used not only with the aim of measuring of
parameters of power lines. A principal difference is ability for determination of current state of
each part of power line. As a result, we can control local damages at any distance in line.

Measuring of parameters of the power line or system of power lines is a difficult process which
require the use of one or a few simultaneously technologies.

A lot modern methodologies used for implementation of measuring [3, 6, 12]:

1. Time Domain Reflectometry, TDR.

2. Partial Discharge, PD (working frequencies varies from 50/60 Hz down-to 0.02 Hz (VLF)).

3. tgd (tand), analysis of the dielectric penetrating on different frequencies.

4. Measuring of recovery Voltage.

5. DC Leakage Current.

6. Application of combinations of methods.

Many from these measuring methods already used in measuring devices, others are not yet
accepted [10]. The use of various methods of measuring in power lines in the USA [12] are shown
on Fig. 1.

For practical use only VLF, tgé and TDR accepted. Other methods are on the stage of research
or do not have commercial use. We have two fundamental groups:

a) The destructive measuring methods based on use of over-voltages. Such methods not only
detect defects, they speed-up destruction of power lines.

b) The non-destructive measuring methods based on use of low and nominal voltages. Those
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methods can be used without interrupting normal work of power lines.

TanDelta

NO USE

Use from time to time
Intensive use

In test

] =] |

Fig. 1. The methods of measuring: VLF — very low frequency, DC — direct current,
Tan Delta (tgd) — measuring of dielectric losses, PD On and PD — partial discharge methods,
TDR — time domain reflectometry, IRC — Isothermal Relaxation Current, DAC — Damped AC

1.2. Known phase measuring methods for distance measuring
1.2.1. Classic phase measuring method

Phase measuring methods based on measuring of phase shift [19-21] between applied test
signal wy = U, cosg, and returned signal from reflection:

wo1 = Up1c0s(Qmt + @o1), (1)

where U,,,; — an amplitude of test signal; Q,, — a frequency of scale frequency, in simplest case
O, = wy; Qo1 — a phase angle shift on frequency w, for the same object in line.
The returned signal looks like:

5 (t) = Uppcosp, = UmZCOS(Qm(t —tg) + Qo1 t+ Pap + (pret) (2

where Up,, — amplitude of returned signal; ¢y, — an initial angle; @, — a angle shift in the
apparatus; ¢,.; — a phase angle shift at the reflection.
Distance to reflection in air determined as [19, 20, 22]:

— C(q)A + (pap + q)ret) R = C((pA + q)ap + (pret) (3)

R
20, 2w,

where ¢ — speed of signal in air.
For a physical environment with speed of distribution v distance will be determined as:

— U((pA + (pap + (pret). (4)

R
2w,

A value of phase angle shift ¢, can be eliminated by calibration. The phase angle shift at the
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reflection of signal @,,; strongly influence with result — distance. That is why for measuring
distance by phase angle shift method value of ¢,..¢ is only £180° (Fig. 2).

Use of classical phase measuring method based on the following principles in case of two or
more reflections in any electrical line [18]:

* All signals pass through environments without fading;

* Speeds of wave distribution in all environments are identical;

* A signal is reflected in accordance with to the reflection coefficient of this object;

* Size of damage as small as possible, a zero-size of damage used as a rule;

* Signals passes power line pass without distortions.

Fig. 2. Phase angle shift method

Simple case of two objects is shown on Fig. 3. Objects are located at distances [; and [, from
the start of line. Accord to shown principles, a signal from the first object will be reflected with a
phase angle shift ¢;. A phase angle shift can be expected after a formula:

l
@1 =221 ! (5)
Lmax
Set L mox
L
WJ-I
- — — — — — - \R_ -+ - - It
ﬁl" ! - — _1"‘2._///
iy
I3
Fig. 3. Phase angle sift in case of existence of two objects
For the second object a phase angle shift ¢, will be:
ly
@, =221 : (6)

Lmax

Amplitudes of signals from every object depend on reflection coefficients I'; , T', and
amplitudes of input signal a. Thus, we have:

a, = Fla, a, = an. (7)
All signals are harmonious with one frequency and different phase changes. Thus:
Srep1 £(t) = aycos(wt + @) + acos(wt + @,). (8)
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In this case, from Eq.(10) with use of Eq.(4) we will receive signal like
Srep1z(t) = Agcos(wt + @y) — signal from imaginary one object. And this object not at distance
l; or ;. This expression shows the most problem of classic phase distance measuring method —
no possibility to separate objects in the process of measuring.

Other problem we have is a case of vagueness of distance measuring when a wave-length 4
less than length of line L. Distance:

_AQ2m-n+¢)

l 21

where n is integer from 0 to[L/A].

For the measuring with higher accuracy used so-called multiscale method [16, 17]. This
method based on forming of set of frequencies from the lowest frequency, wave-length of which
will be greater than length of line which is tested.

Advantages of that method:

* High exactness of determination of change of phases allows to get high exactness of
distance-finding to the damage;

* Using of low frequencies allows to simplify construction of measuring device and diminishes
a sensitivity to the external factors;

* Measuring phase angle shift is possibly during long time which improves overall accuracy.

1.3. Modern phase angle shift measuring methods and devices

With grow of electronic devices with large memories and high speeds new methods of distance
measuring were developed. Those methods are based on use of sine wave signals and measuring
of frequency of beating, as functions of distances [4, 8, 14]. Unlike TDR, new methods belong to
frequency dimension reflectometry (FDR).

There are three types of frequency dimension reflectometry that use for measuring distances
to damages. To such methods belong:

1) Frequency Modulated Continuous Wave (FMCW) [5, 9, 15];

2) Phase Detection Frequency Domain Reflectometry (PD-FDR) [9, 15];

3) Standing Wave Reflectometry (SWR).

Let consider shortly each of them.

1.3.1. Frequency modulated continuous wave (FMCW)

FMCW change frequency of sine wave signal very quickly. As a result, frequency shift
measured between test and reflection signals converted to a corresponding delay equivalent to
distance to the object. However, this method did not find application in power lines through
limitation on speed in which a signal can spread in a line. Insufficient accuracy in which the
frequency shift can be determined [8] is also determined.

1.3.2. Phase detection frequency domain reflectometry (PD-FDR)

System of measuring of distance which is based on measuring of phase angle shift shown in
Fig. 4 [5-7], measures a phase angle shift between entrance and initial signals.

A voltage-controlled generator (VCO) provides a sine wave signal which steps in a line
through the signal divider with a separation weak by —10 dB signal of the so-called “copy” of test
signal (first mixer), and returns back in a device through the second mixer.

A mixer mixes together two sine wave that gives a sum and difference of these two frequencies.
After that, analogue signals transformed to digital ones for fast Fourier transformation. This is a
first method offered the use of accumulation of measuring information and treatment of them in a
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single informative block.
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Fig. 4. Flow-chart of PD — FDR [7]
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Fig. 5. Result of PD-FDR for the coaxial cable of RG-58 (50 ohm):
a) result on the exit of mixer; b) result of FFT [7]

FFT of the accumulated signal give a peak signals. Places of peaks in spectrum of FFT will
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give distances to each of them. Distance can be found as [7]:

Peak — Peak(O)) _1 (Peak - Peak(O)) (NF — 1) Uy, ©)

IVFFT_1 IVFFT_1 f2_f1

2
where Peak — location of peak of delta function in FFT (integer value): v, — speed of distribution

in a cable (m/s); f; — initial frequency of FDR (Hz); f, — eventual frequency of FDR (Hz); Ny —
number of frequencies in FDR, usually unit from Int (fZA;ffl); Af — size of step of frequency for
FDR (Hz); L. — maximal length, shown below; Nppr — number of points in FFT (integer value,
on the whole 1024, 2048, 4096 or 8192).

The fundamental problem of PD-FDR is very high count of points for FFT, low separation
ability of objects and large range of frequencies. The typical set of answers of different lengths
(on the example of wire as M27500-24SE2S23, [7]) is shown on Fig. 5.

PD-FDR has lower cost and uses simpler electronic base in compare with TDR. Components
for PD-FDR could be integrated in a single chip. In addition, PD-FDR is able to work with
re-reflections.

Like to the method of TDR of diminishing to distance to the object from the beginning of line
requires minimisation of test signal frequency. But this is not possible to very low frequencies
[2,5,13].

L= ZLmaX<

1.3.3. Standing wave reflectometry (SWR)

Standing Wave Reflectometry measure the size of standing wave, created by imposition of test
and reflected signals from line. A sum of these signals is two sinewave signals (see Eq. (10))
which usually identical amplitude. However, the problem of SWR is a detection of signals with
low level of reflection. Therefore, the method of SWR used in case of short circuit or break.

Advantages of SWF are exactness, similar to PD-FDR in case of short circuit or break, where
test and reflected signals approximately the same size. The reflected wave will be partly less,
depending on distance, but require frequencies in kHz for measure.

1.3.4. Mixed signal reflectometry (MSR)

Mixed signal reflectometry (Fig. 6) is similar to PD-FDR without direction couplers or to
SWR, which measures the size of standing wave. Like PD-FDR, voltage-controlled oscillator
(VCO) provides a sine wave signal which steps above the given size of step. Combination of test
and reflected signals passes through attenuator, which prevent the overload of mixer.

VCO

Wire Under Test
+ Attenuator

Mixer

()

l DC Mixer Output
Fig. 6. Scheme diagram of MSR [7]

The method of MSR is more exact, than SWR for small reflections. However, this advantage
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does not have practical application, because it does not allow analysing very little anomalies. MSR
is less expensive and less cost than PD-FDR. For the lines with interconnections, reflected signal
of MSR includes reflections plus their sums and differences, which does the answer more difficult
for a calculation than PD-FDR. MSR have the same limitation on the use on live wires identically
to PD-FDR.

1.4. Phase method for measuring distances of simultaneous objects in power line

Classic phase measuring method based on determination of phase angle shift ¢ between test
input signal and reflection of the known frequency f; [19, 20, 22].

A vector diagram (Fig. 7) serves for explanation of problem of phase methods. Diagram shows
forming of summary signal Uscosgs [18]. An analogical diagram can be created for 3rd, 4th or
other amount of damages. A result is an signal of reflection with the corresponding summary phase
angle shift ¢y.

Multiscale method of measuring of distances to the damages leading and optical to the flow
line it is known from works of such scientists as Maevsky S. M., Bajenov V. H., Baturevich E. K.
The multifrequency phase measuring method is used practically for measuring.

On Fig. 8 presented reflecting in the case of two objects with zero-size damages. Distances to
the damages accordingly [; = 1000 m, [, = 2000 m. Amplitude of the first reflection has a level
a 1.0 units (vector A), second is 0.5 units (vector B).

U,cosp,

- Uscoso, U, cosoy

Fig. 7. Forming of reflection signal. Here: Uy, U, are amplitudes of reflections from 1st and 2nd objects,
@1, @, are corners of change of phase; U cosg, U,cos¢g, are corresponding reflections;
Us it is summary amplitude and Uscosgsy is a summary signal

As shown on Fig. 8, at the change of test signal frequency in 2, 4 or 20 times, the angle shift
changes gradually too. A change of the phase angle shift is proportional to frequency change.

Will pay attention to dynamics of change of vector A and vector B separately (Table 1).
Especially interesting situation for understanding processes with frequencies 12w and 20w. On
these frequencies is observed transition through 2m and 4.

As seen from the Table 1, the increase of frequency and phase angle shift characterize every
reflection. Let assume that measuring device consist of the generator of variable frequency w(t;).
w(t;) is a frequency of signal during timet;, t; € [t;1,t;2]. During time t; from t;; to t;,
frequency w(t;) held unchanged and duration of interval [t;;,t;,] is enough for stabilizing of
transients in a power line. As a result, we have change of phase angle shift for i reflection:

do; = pi((t2) — gi(w(t)),
what takes place at the change of test frequency dw; = w(t;) — w(ty) .
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Fig. 8. To explain process of phase angle shift changes for two reflections on distances [, [,
at the increases of frequency w, wy, = 4-103 Hz

Table 1. Values of phase shift angles

Frequency, w @1, grad @, grad

lw 19.2 38.4
2w 38.4 76.8
4w 76.8 153.6
8w 153.6 307.2
460.8

120 23041 (360+100.8)
200 384.0 768.0

(360+24.0) | (2x360+48)

Thus will enter a term “rotation of phase angle shift” Q; (¢ (z,),0(£,)]

q _ 9i(0(ty) = pi(w(t) __doi
ilw(t1),w(t2)] w(ty) — w(ty) dwtz—tl’

(10)

where t,, t, are certain physical time domains at which a value of frequency of measuring signal
is became.

A value of Q; [4(£,),w(¢,)] 15 @ function of only frequencies and differences between the phase
shift and frequencies.

In comparing with PD-FDR, value of Q; [¢(t,),w(t,)] 1S more prediction and give ability to work
with low and high frequencies. It allows utilizing several intervals of frequencies in comparing
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with PD-FDR where wide range of frequencies required.
Let assume phase angle shift for ith damage is determined from the known expression as:

21 - le
gal = /'{ ’

or in more comfortable form circular frequency w; of test signal:

27T‘2li li li
¢ = ']3=2;-(27t-f,')=2wj;. (11)

where [; — a distance to ith object which a reflection is from; v — a speed of distribution of signal
in an environment; w; — a jth frequency of testing signal.

In addition, expression what connect “rotation” €; (4 (t,)w(t,)] Of reflection vector with
distance to the damage will be:

Li l;
0, = (2aya5) - (20,3) _l ek (12)
Wjy1 — Wy v Wjt1 — Wj v

By limitation of frequencies from w,,i, t0 Wy,q, the turn-down of phases will lay down:

o~
o~

i

U.

Pimin = 2Wmin ;l' ®imax = 2Wmax (13)
From (15) there is fundamental possibility not only to define frequency of reflections vectors
rotation, and it is possible to define and amount of turns of vectors of phase angle shift for the ith

reflection in this range:

_ Pimax — Pimin

N; = =, (14)
or:
21; 2l; 21;
TL [wmax - wmin] TL [anmax - anmin] 2 TL [fmax - fmin]
Ni turn = o = 21 = 21 (15)
21,

= T[ max — fminl-

The analysis of the expression Eq. (14) will give an expression for recognition Eq. (15). As a
result, we receive the following: value of Eq. (15) gave to us ability to work practically with any
frequency range Eq. (15). The second feature of Eq. (15) is that N; ;y,,-, Will not be always an
integer value only.

In addition, limitation of working range of frequencies is also equivalent to additional value of
phase angle shift for each of signals. At f,,;, = 0, an initial phase angle is always ¢; = 0. In
common case of f;,,;, > 0 we will also have ¢; > 0 (clearly, that except those cases, when
@; =21 - n).

In real power cables, frequencies lower then 10-20 kHz does not allow to archive acceptable
qualify of measuring due to variable parameters of power line on low frequencies.

For example, on Fig. 9 shown code in Wolfram Mathematica for modelling power line from
0.001 Hz to 600 kHz.

After that will be received figures of phase shift f[w] (Fig. 10), real and imaging parts of wave
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impedance Zimp [w] (Fig. 11). Parameters of power line are stable for measuring only at high
frequencies.

fL=0.5*107-3

£fR=20

£C=0.25*10"-6

£G=0.1*10"-6

fmin=0.001

fmax=600000

a[®_]1=Sqrt[l/2* ((®"2) *£L*fC-

fR*£G+Sqrt[ (fR*2+ (0"2) * (fL72) ) * (£G"2+ (®*2) * (£C*2)) 1) ]

/-2. ><10'6—1.25><10'10L/2—\/11.><10'“—6.25><10'“ w?) (400 +2.5x10°7 w?)

\
V2

Blo_l=Sqrt[1/2* (ER*£G-
(0"2) *EL*£C+Sqrt [ (ER"2+ (072) * (£L42) ) * (£G*2+ (0"2) * (£C*2)) 1) ]

\/2.x10'6-1.25x10'1° W[ (1. %107 = 6.25% 102 w?) (400 +2.5%10"7 w?)
V2
Z[o_l=Sqrt[ (fR+I*0*fL) / (£G+I*®*£C) ]
/ 20+ (0. +0.0005i) w
\V 1.x107 + (0. +2.5%x107 i) w
Ylo_1=Blo]+I*a[w]

\/2. x10°6 - 1.25x10710 02 + \[ (1. x 10714 + 6.25x10-14 02) (400 + 2.5x 107 w?)
V2

i\/-z. %1076 +1.25x10710 w2 + [ (1. x 10714 + 6.25x 1014 w2) (400 + 2.5x 107 &?)
V2

Plot[a[w] ,{w,fmin, fmax} , PlotLegends—"Expressions"]

Plot [B[w], {w, fmin , fmax } , Plotlegends - "Expressions "]

Plot [{Re[Z[w]], Im[Z[w]]}, {w, fmin , fmax } , Plotlegends - "Expressions "]

Fig. 9. Code for modelling power line from 0.001 Hz to 600 kHz in Wolfram Mathematica

Bov)
01340 | 100
01335 oI\ Re@w)
01330 -
‘ ‘ ‘ ‘ ‘ Lw
0 200000 300000 400000 500000 600000
01325 - Im(Z(w))
_50
- ‘ ‘ . ‘ Ly
100000 200000 300000 400000 500000 600000

Fig. 10. Phase shift f{w] Fig. 11. real and imaging parts of
wave impedance Zi,[w]

2. Signal modelling

On Fig. 12 it s shown distribution of  the  reflected signals
0.5cos(6¢) + 0.7cos(8¢) + 0.9cos(10¢) for the range ¢ = 0.2m. That signal for modelling
power line with 3 objects in it with distance 6:8:10 respectively. As were shown on Fig. 5(a) high
frequency belong to far object. Limitation in a frequency range taken from Fig. 10 and Fig. 11. As
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evidently, the initial phase of signals in allowed zone are different on such condition.

A spectral analysis of reflection signal with use of Fourier transformation with variable
window size.

As were specified early, signal in phase measuring methods is sum of harmonics signals of the
same frequency but with different phase angle shifts (see (10)). Due to different values of ¢;
values of Q; 1,(¢,),w(t,)] are different too. So, the object of analysis is a set of ; [, (t,),w(t,)]-

Among the existent methods used for signal analysis, the most used methods are [1, 22, 23]:

* Fourier transformation;

* Wavelet analysis;

* Other methods of analysis.

Working frequencies range
Amplitude

Frequency

Fig. 12. Distribution of projections of vectors from the signals of reflections
(signal 0.5cos(6¢) + 0.7cos(8¢) + 0.9cos(10¢))

Fourier transformation is the well-known basic instrument of signals analysis in a frequency
area. It is known that the periodic signals of kind x(t) = x(t + mT,) appear as a row of a sum of
harmonic constituents.

In practice of spectral analysis of the real signals does not operate a continuous signal x(t)
and only by the eventual sequence of their selections x(7). For this reason, in the technique of
digital analysis of signals, discrete Fourier transformation is used.

The one of the main problem of FFT is analysing periodical signal limited in time. There are
signals with period match analysis window size. And others are not equal to analysis window.
Thus, if a periodical signal does not match with FFT window size additional components appear
in a spectrum. This phenomenon named spectrum leakage. Spectrum leakage is possible to
illustrate with the calculation of spectrum of discrete harmonic signal (Fig. 13) on an example.
Discrete signal contains 16 points of harmonic signal with own period even to a 4 point (Fig. 13(a))
the periodically continued signal is periodic to FFT window.

If signal does not periodic to FFT window spectrum leakage will be observed (Fig. 13(b)).
Spectrum of signal consists of additional harmonics. For PD-FDR or any equivalent method this
mean additional objects in line.

To determine the methods for controlling the spread of the spectrum of the input signal, it is
necessary to establish the factors that lead to the occurrence of this phenomenon.

Understanding the causes of the phenomenon in this case will allow taking a number of
measures to eliminate the spread of the spectrum.

As were shown above, the phenomenon of the spectrum leakage is the appearance of additional
harmonics in the spectrum. Moreover, these additional harmonics complicate the process of
identifying harmonics from the real components of the signal. That is, there is a process of
“masking” the signals. In order to deal with the spectrum leakage in the practice of digital analysis,
it is known that window functions are used, but in this case, they do not give us the result we need
because they reduce the phenomenon associated with the non-periodicity of the signal for analysis.

Window functions are used to reduce signal at beginning and ending of FFT window. For
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example, Fig. 13 show use of Hann window function and result spectrum.

Given the complexity of the introduction of wavelet analysis and the need to create application
software that would allow simple mathematical transformations, it would be able to transfer to
32-bit or 8-bit computing environment of small and medium computing power, proposed the
creation of an algorithm for spectral analysis on based on the modified Fourier transform
algorithm. Software implementations of the Fourier transformation are known for a large number
of hardware and software environments.

1

8
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Fig. 13. FFT for periodical signal: a) unperiodical signal and spectrum leakage,
b) reducing spectrum leakage with Hann window function

2.1. A flow-chart of spectral analysis algorithm

However, existing implementations does not allow detect signals with such incomplete period,
since according to the FFT, the total signal represents a series of whole-periodic functions. Thus,
if we change the number of points for FFT, it is quite clear that a signal with a non-integer period
can transform into a signal with an integer number of periods, at the same time. But at the same
time signals with integer number of periods will become signals with non-integer periods.

As a result of this, it is suggested to produce multiple analyses of the same signal by FFT.
However, every next time of analysis the same signal point for FFT will be reduced. Since our
signal represents a sum of harmonic signals, changing the window width will be in the coincidence
of the whole number of periods. Accordingly, such signals in the output of FFT will have the
highest amplitudes at a certain value of the window width. Consequently, the gradual decrease in
the width of the window will lead to the discovery of various spectral components in the total
signal.

Since there will be a rise and fall in the spectrograph, then it is proposed to highlight the largest
and smallest values for each spectrogram in a single array. The aim of this is to determine the
harmonics that have reached the highest value in the process of spectral analysis of our signal.

The algorithm for determining the spectral components of the total signal by manipulating the
width of the window FFT is as follows:

1) Measuring of the input signal with the definition of N points.
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2) A FFT cycle is performed. Result stored in arrays of maximal and minimal values.

3) Determine the spectral components with the greatest and smallest amplitudes. The result is
remembered by adding to the result to the results of the previous cycles of the FFT.

4) Reduce the width of the FFT window by dropping one point from the end.

5) If the number of readings is greater than the minimum value of N,,;,,, go to paragraph 2.

Conditionally, the flow-chart of algorithm of spectral analysis of signal with the change of
width of window is shown on Fig. 14.

Software was created in the MatLab using the proposed algorithm.

M(n],
Nmax » Mo = Mmax
‘i'<
A [n]=FFT (M [no] )
v
Max [ng] = Max (A [ng] )
Min [ng] = Min (A [ny])

v

ng=mny—1

NO

Fig. 14. Flow-chart of algorithm of spectral analysis with the change of width of window. Here M [n]
is an array of input data from measuring; 1, it is a number of the last element in an array M[n];
FFT it is a function of transformation of Fourier; A[n] — the array of accordions is got on the ith step
of transformation; Max[n,] and Min[n,] are arrays of most and the least amplitudes of accordions

2.2. Result of proposed algorithm
Consider the work of the proposed algorithm for spectral analysis of the signal with the change

in the width of the FFT window. A signal is taken as a test signal (Fig. 15(a))
—20cos(64t + 0.7m) — 32cos(74.3t + 1.2m) + 49co0s(106.2t + 3.2m).
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Fig. 15. a) Signal, b) spectral transformation for the signal of kind
S(t) = —20cos(64t + 0.7m) — 32cos(74.3t + 1.2m) + 49co0s(106.2t + 3.2m)

Fig. 16 shows the dynamics of changes of spectral components at the terms of FFT window
width changed. It stipulates the necessity of setting of norms of the got result for a coercion to the
only dimension to the landmark of frequency. At the same time, such setting of norms introduces
error setting of norms, as spectral components, which have a whole number N; gy led to the
corresponding rationed whole numbers:

Fs 1
Njper = round | 5= Trem

NFFT
-k], k=1,..,NFFT', NFFT' = T,...,NFFT,

where Fs is frequency of input signal discretization; NFFT it is an amount of points of FFT.

For comfort of analysis, the result after normalization is shown on Fig. 17.

After FFT as shown on Fig. 15, amplitudes are only 12.1, 19.3, 16,1. After comparing result
of FFT from Fig. 15 and from Fig. 17 can be noted following: the presence of three signals with
amplitudes by modules 7.2, 13.1 and 17,4. Correlation between those amplitudes are closer to
original ones in test signal.

Amplitude

Step Frequency

Fig. 16. Result in a 3-dimension view

Thus, offered method of determination of spectral component signals, which consist of
harmonious signals with variables periods in compare to FFT window width allows to set both the
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presence of spectral components and pick up correct amplitudes of these components. After FFT
as shown on Fig. 15, amplitudes are only 12.1, 19.3, 16,1.

20

amplitude

Rotation frequency

15 ! L L L | | L
0 20 40 60 80 100 120 140 160

Fig. 17. Result of selection of spectral components by
determination of maximal and minimum values of amplitudes of spectrums

3. Conclusions

There are a huge number of methods of spectral analysis, but they have properties that
complicate their use in practice. Fast Fourier transform is a simple analysis method. However, the
Fourier transform has errors in determining the frequencies and amplitudes of the components
when the width of the analysis window and the period of the input signal are not identical. Spectral
analysis based on wavelet analysis is a powerful tool, but complex and not sufficiently convenient
for transfer to automated measuring systems.

The algorithm of the spectral analysis of the signal with the change in the width of the window
is proposed. A simulation has been performed. Application of a variable width of a window allows
reduce the influence of the spectrum leakage.

It is established that existing phase measuring methods have fundamental frequency
constraints, especially at low frequencies below 100 kHz. Therefore, phase measuring methods
have additional difficulties in practical application, since one of the key properties is considered
to be the measurement at frequencies close to zero. At the same time, the frequency limitation is
not principle for the presented phase-frequency method.
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Abstract. The monograph considers the problems of efficient use of energy resources. The
question of application of the technocenological approach for optimal management of energy
consumption with the use of rank analysis, which includes procedures of interval estimation,
parametric rationing, forecasting and standardization of consumption of resources is considered.
The paper presents an algorithm for conducting rank analysis for forecasting power consumption
and technocenose optimization. The practical example of technocenose optimization is presented
and the rank-parametric distribution of technocenosis is shown on the parameter of electric
consumption.

Keywords: energy efficiency, technocenosis, rank analysis, optimization of technocenosis.
1. Introduction

At present, energy consumption in the world has been increasing and fossil fuels comprise
large proportion to the overall energy use. In addition to the concerned issue on future exhaustion
of resources, global warming is also becoming a serious concern due to higher concentration of
CO2 emissions in the air through the use of these resources. In regard to effective countermeasures
against these global issues, the international community has actively made efforts on the
promotion of energy conservation such as building the international framework in accordance with
the Kyoto Protocol. On the other hand, countries still tend to focus on economic development
rather than environmental countermeasures. Especially in developing countries, demand for
energy has continuously increased due to the population growth and industrialization. It is
expected that the world energy consumption will significantly increase, mainly in developing
countries in the 21st century. It is necessary for both developed and developing countries to
promote energy conservation in order to resolve the global issues for the future.

The basis of energy conservation in power systems is the planned implementation of a complex
of technical and technological measures and optimization of energy consumption of their
individual elements at the system level. The purpose of optimization is to streamline the energy
consumption of the power system objects, to save energy resources received from the consumed
primarily through organizational measures, as well as to create scientifically grounded
assumptions for conducting targeted energy surveys, followed by the implementation of technical
and technological measures for energy conservation [1].

Describing processes in the energy system, we use the following definitions:

Technical power system (TPS) — the summation of numbers of equipment and enterprises that
interact with each other for the production, consumption or transformation, storage, transportation
or processing of energy products.

Energy product — finished product, which is used mainly for the production of mechanical
work.

Natural resources are used as inputs to TPS, in other words the summation of equipment and
enterprises, the main outputs of which are products and services, but which also produce
by-products and emissions. Natural resources of other energy sources such as solar radiation, tidal
energy, geothermal energy, wind and heat are also used for direct conversion into mechanical,
thermal or electrical energy.

Products that are outputs of the technical power system are inputs to other technical power
systems or are used to provide services. At the end of their exploitation, they are reused within the
technosphere or returned to the environment as emissions. Thus, inputs to the technosphere are
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natural resources, and the outputs of services provided to society, emissions and operational
influences [2, 3].
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Fig. 1. The general model of the technical power system
2. The theoretical part

The general methodology of research and implementation in the field of energy conservation,
according to the classification introduced in [4, 5], can be conditionally divided into three levels
(Fig. 2):

1) The first level corresponds to activities aimed at specific technical and technological
developments that contribute to reducing energy consumption (improvement of heat supply
systems, replacement of outdated lighting devices, introduction of energy-efficient frequency
controlled electric drives, modernization of internal equipment of buildings and structures, etc.).

2) At the second level, optimization of energy consumption of TPS as a whole is carried out.
As a methodological basis at this level, a rank analysis based on the technocenological approach,
Zipf mathematical statistics and the theory of hyperbolic infinitely divisive distributions is widely
used. Given the conceptual and methodological differences that underlie research at the second
level, it is considered to be systemic in relation to the level of research relating to specific technical
and technological solutions in the field of energy conservation [6].

3) Strategic planning and forecasting of the TPS is carried out at the third level of activity
(maneuvering of the maximum load, reduction of losses in the lines, effective control, etc.).

Real management of technocenosis is possible only in the conditions of correct understanding
the object of management, as well as the introduction of correct methods for optimal management
of this object.

Biological terminology is used to describe the technocenosis [7]:

« individual — an integral part of the cenosis — are personified TPS, which carry out unique
activities, have an individual name, are taxpayers, independently distribute and consume resources;
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* view — a group of elements, systematized by the nature of the activity, size;
* population — a group of individuals of the same species;
* caste — a group in which each species is represented by an equal number of individuals.
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Fig. 2. Levels of research in the field of energy saving TPS

The main properties of technocenosis [8]:

1) The name and number of all available (winding transformer wire, fasteners, tools,
instruments, etc.) cannot be listed. Each of the objects is discretely allocated as an individual, but
at the same time it can be described by a variable parameter (costs, electricity consumption) from
a continuous series of positive integers. The discreteness and finiteness of the elements forming
the technocenose, as well as the continuity and possible change of the cenosis parameter in
general, allow it to be formalized to describe it for evaluation of the past, management of the
current state and forecast of development;

2) Uncertainty of the boundaries of electricity supply. They are not limited only to the master
plan: own electric networks go beyond its limits, which feed on third-party consumers (the same
thing - inside).

Speaking about the indicators that characterize the technocenosis (regardless of their verbal or
formal representation), one should bear in mind:

1) The price cannot be adequately described by a system of indicators, any system is fuzzy and
incomplete, an increase in the number of indicators and an increase in accuracy (reliability) does
not approach to the selection of the technocenosis;

2) Two cenoses, described by one system of indicators, which coincide within the limits of
accuracy adopted for this class, may differ in essence (characteristics, parameters,
representations) [8].

Technocenosis has the following pronounced specific properties [4, 5, 9]:

1) interconnectedness — the individual objects of technocenose are statistically significantly
related to a single system, but the type of connections in this case is special — these are so-called
“weak” connections that are not reduced to the Newton’s law, Ohm’s law, Kirchhoff’s law et al.;

2) “Gaussless” — statistical samples of the parameters of individuals (objects) have Zipf
properties (the dependence of the mean and variance on the sample size is significant), that is, the
law of large numbers is not executed, which consists in the fact that the average statistical value
should converge on the probability of mathematical expectation. This suggests that, before starting
to manage the infrastructure object, it is necessary to find out whether it is a technocenosis and,
consequently, in general, whether it is possible to apply it to the technocenological methodology.

The main instrument of the technocenological approach in the study of complex technical
systems is the rank analysis — the method of research of large technical systems (infrastructure),
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which aims at their statistical analysis, as well as optimization, and uses the form of generic and
rank distributions as the main criterion. Hyperbolic H -distributions are used to describe
technocenosis.

Ranked distribution refers to the downward sequence of parameter values, arranged in such a
way that each subsequent number is smaller than the previous one, and is brought into line with
the rank (number in order, number of integers, arranged in ascending order) [3].

The structure of the cenosis is described by species distribution — the dependence of the number
of species on the number of individuals in the form, ranked species distribution and rank
distribution by parameter [7].

The mathematical apparatus of the cenological method is represented by three models of
hyperbolic H-distribution (Fig. 3) [1, 8]:

1) Species:
Wo
Q(x) = W’ (1)

where x € (1; ] — a continuous analogue of population numbers i, (i — always a discrete
value, i = [x]); a > 0 — characteristic index; constant distribution y=1+a; Wy =4"§,
W, = [W,], where W, — the theoretical, not necessarily discrete value, and W; — actual
(experimental) value of the first point; A— constant distribution, which is found from the
conditions of valuation.

2) Ranked:

B U, - )

A ==, 0@ =T, U= u, @
r=1

where u, — the number of species of species (the population of the s, species), which corresponds

to rank r in the total number of individuals U. Rank of the species s = 1,2, ..., s;., ..., S —is a serial

number (line number). 1 > B > 0, f > 0 — constants of a rank-like H-distribution.

The species and rank distribution are used to study and manage the structure of installed
equipment and equipment that is being repaired (electrical installations), that is, for discrete
quantities. But the power supply system is characterized by continuous quantities (electricity
consumption, heat consumption, capacity, cost, costs). In this case, the hyperbolic rank
H-distribution by parameter [10] is used.

3) Ranked by parameter.

Let set of objects that form a certain integrity (all units of a single enterprise) and which
correspond to cenological criteria. Each object is characterized by one or more parameters that are
expressed numerically. After defining the parameter, you can arrange the set, placing all objects
in order of decreasing the parameter, and obtain a hyperbolic rank H-distribution by parameter.
The area under the curve of the rank H -distribution by parameter characterizes the energy
consumption of the enterprise as a whole:

W(x) = % 3)

where r — the rank of the object; § — an indicator that determines the degree of steepness of the
distribution curve; W; = W, (x) — the constant for which the maximum value of the energy
consumption of the largest consumer is taken:

Wy
B = log, Wi “4)
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The ranking by parameter allows us to talk about the optimality, the effectiveness of the cenosa
as a whole. Next it is necessary to investigate the structure of the cenosis. The best is the state of
technocenosis, in which the parameter is within range 0.5 < f < 1.5.

Ny r
|

. . o o —

a) b)

number

Fig. 3. Types of H-distributions: a) species distribution,
b) rank distribution, ¢) ranked by parameter distribution

Removal of abnormal variations in the species distribution is based on the analysis of
deviations from the approximating curve: upwards — indicate a lack of unification of species, and
downward — on the contrary, excessive. Parametric optimization determines the detailed
mechanism of the process of improving the structure of the cenosis on the basis of characteristic
indicators.

The energy consumption of a separate TPS using a technosenological approach is considered
not in isolation but correlated with other consumers, hierarchically systematized. Detection of the
tendency of the electricity consumption of the power system of the region, analysis of the
parameters of rank distributions creates the basis for optimizing the management of the electricity
consumption of the infrastructure region, enabling more accurately predict the further
development of the energy complex, assess its stability [11].

3. Materials and research results

Investigating cenosis as an integrity reduces to their systematic description of the hierarchical
system of indicators (which is necessary for the identification of the cenosis) and to the structural
cenological description. Consider the technocenosis of the TPS on the example of the specific
energy consumption by technoenese individuals. This cenosis is limited in space — the total
number includes many functionally isolated individuals, not connected with each other by strong
ties. There is also a single infrastructure that includes a power supply system, as well as a control
system for operation and operation.

Energy consumption of the power system is described by analytical dependence:

W, 501316.2
W(x) = T'_'B = rOTS = ﬁ = (0.725. (5)

According to the above expression, one can determine some range of optimal states of the
system and graphically display it as a certain band on the rank distribution graph (Fig. 4).
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Fig. 4. The parametric distribution of the technocenosis of the TPS:
a) points — empirical data, b) solid line — approximation curve

Fig. 4 shows that the specific power consumption is not optimal enough and needs to be
significantly improved. The parameter of the H-distribution is not within the range, the energy
consumption curve is far removed from the optimal approximation curve, which indicates the
inadequate performance of the system as a whole. Needed additional work with technocenose:
nomenclature optimization; purposeful removal of abnormal individuals; parametric optimization;
improvement of parameters of abnormal individuals, etc.

Rank analysis never ends with the approximation of the relevant technocenose distributions.
It always follows optimization, because our main task is to determine the directions and criteria
for improving the existing technocenose. The procedure for optimizing any cenosis is aimed at
eliminating abnormal deviations in rank distribution. After the detection of anomalies in the
graphical distribution of the tabulated distribution, individuals are identified, “responsible” for the
anomaly, and identified the priority measures to eliminate them.

The algorithm for conducting rank analysis for optimizing technocenosis includes the
following steps:

Step 1. Selection of the cenosis.

Selection of technocenosis is accompanied by its description. For this purpose, a special
database is provided, which includes systematized and standardized, sufficiently complete and at
the same time, without unnecessary details, information on the types and individuals of
technocenosis.

Step 2. Setting of the shaping parameters.

Elements technocenose are allocated on the basis of the database. For each item there must be
some documentation in the database. If we consider the case with TPS, then the database should
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contain data on monthly energy consumption.

Step 3. Ranking — parametric description of the cenosis.

The first rank is assigned to an object with the highest energy consumption, further decreasing.

Step 4. Construction of the tabulated rank distribution and the graphical rank parametric
distribution of the existing technocenosis.

Step 5. Calculation of the degree of steepness of the hyperbolic H -distribution curve.
Approximation of distributions.

Step 6: Optimize the technocenosis.

Block 1 — view of the cenosis
Object 1
Object 2
Object (n-1)
Object n

Block 2 — choice of the form-
forming parameters:
Wi — energy consumption of the
—> object;
i=1...n —number of objects;
r —rank of the object.

A

Block 3 — rank-parametric
description of the coenosis: Block 4 — tabulated
i > distribution of
— tech i
VVI(V) - r/; echnocenosis

Y

Block 5 — Approximation of

distributions: Block 6 - graphical
i —> distribution of
ﬁ. = ]og — technocenosis
I " W(r)

Y

Block 7 — estimation of the
potential of energy saving (area
under the rank surface)

y

Block 8 — Technocenosis .| Block 9 - the output of
optimization 7 the calculation results

Fig. 5. Block-diagram of algorithm for conducting rank analysis for optimization of technocenosis

The best known technocenosis, which is a set of technical products, individuals who, on the
one hand, their combined functional parameters provides performance tasks, and on the other —
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has a maximum entropy, so the total energy resources embodied in technical products for their
manufacturing, distributed evenly according to the populations types of equipment. Optimal
improvement of the structure proposed tehnotsenozu carried out in two phases: the first phase to
determine and optimize the basic types, and the second — to form a species diversity of species
and parameters of technical products that meet the requirements dictated by law optimal
construction technocenosis.

After this analysis it is possible to proceed with the forecasting of energy consumption on the
basis of technocenological approach. The block diagram of the algorithm for conducting rank
analysis for the optimization of technocenosis is presented in the Fig. 5.

4. Conclusions

The advantage of technocenological method and rank analysis is the optimal reflection of the
process of functioning of technocenous objects in the future, taking into account possible changes
in technology, infrastructure, and the use of resources. It is a disadvantage to note that the method
based on a statistical model, as well as similar methods, with high accuracy calculates the value
of short-term forecasting (according to studies, the exact forecast can be obtained for 1 to 2 years,
after which the error is sharply increasing). Another disadvantage is the inability to implement
criteria based on comparing power management options. These disadvantages can be eliminated.
This requires the creation of a dynamic adaptive model that reflects the process of power
consumption at a depth of 5 to 7 years or more.

This algorithm can be widely used for solving actual tasks of design, construction and
operation of power systems, as well as for improving the quality and reliability of energy supply
and implementation of energy saving measures, as well as new projects in the field of alternative
energy.
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Abstract. The paper represents principles of developing invariant to disturbing factors
piezoresonance units with controlled dynamics, which are assumed to be the adaptive control
system with predictive reference model. There are formulated the objectives and criteria for
terminal control and given results of research of piezoresonance three-frequency oscillation
system dynamics on the base of developed mathematical model, containing generalized reduced
differential equations, describing character of oscillations’ amplitude, phases and voltages of
auto-bias in excitation channels. On the base of modified method of simplexes the oscillation
system parameter optimization is performed by minimum time criterion for three-frequency
oscillation mode setup.

Keywords: quartz resonator, quartz crystal oscillator, multi-frequency oscillation system,
frequency instability, destabilizing impact factors.

1. Introduction

The intensive progress in radio-electronics and measuring technology based on implementing
digital and microprocessor technology increases the role of electronic components providing
generation of high-stability clock frequency oscillations. The most common sources of reference
oscillations are crystal oscillator (XO). Due to high stability of oscillation frequency, minor mass
and size parameters and relatively low cost XOs are widely applied to systems for data
transmission and radio communication, radio location and radio navigation, radio engineering
measurements and telemetry, in computer technology and domestic radio devices. Also,
piezoresonance (quartz) auto-generating sensors of physical parameters such as pressure, strain,
acceleration, temperature, humidity and others are traditionally applied.

At the same time the further development in functionality of piezorasonance devices (PRD),
quartz resonators (QR) and crystal oscillators, filters, piezoresonance transducers of physical
parameters, which are undetectable parts of telecommunication and measuring systems, requires
improving accuracy of their characteristics: stability of resonance frequency, bandwidth,
parameters of generated oscillations and characteristics of physical measure transformations.
Design, technological and functional methods (concerning compensation of destabilizing factors)
are likely to meet difficult contradiction with modern requirements to microminiaturization,
reliability, energy consumption, readiness time and costs.

One of the perspective ways along this line represent functional and algorithmic approaches
to provide invariance of PRD to destabilizing factors. It refers to multi-frequency excitation mode
of quartz resonator, what allows combining its basic function — frequency determining
(stabilizing) function and additional (measuring) function to improve accuracy of the current QR
condition identification.

However, proceeding to multi-frequency oscillation mode (MOM) of QR, because of
competition of oscillations in excitation channels of QR, significantly complicates PRD dynamics,
what may cause a loss of oscillation stability and essential increasing of transition processes in
comparison with single-frequency mode. This fact significantly increases requirements to
multi-frequency PRD parameter optimization to provide high sustainability and stability of
oscillations and also decreasing its readiness time [1-6].
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2. The multi-frequency functional-algorithmic methods to ensure invariant piezoresonance
devices

It is known [7], that the absolute coordinates y; of the invariance of influence x;:

yi(p) = ®@)xi(), i=1n, j=1m. )
Necessary that:
®y(p) = (Ayjgp” + Ayj,p" " + -+ Ay, ) B 05,071 p) =0, )
Aij, =0, vVi=0,r, r<s.
Having presented 4;;, = Agl) + AEZ) (principle of dual channel), we get invariance condition
Eq. (2) for passive differential (without identification) system:
AD = 2@, )

which is satisfied by the selection of parameters of channel, for example, using two
piezoresonance oscillation system (POS), which opposite in sign to the temperature coefficient of
frequency. In the ideal case y;(t) = g;(t), that the real movement of system is corresponds
exactly to the desired.

In practice, however y;(t) — g;(t) = ¢, so further considered invariance PRD with accuracy
to € (the technical invariance). Beside this, because j > 1, is introduced the concept of
multivariate.

In accordance with Eq. (1), PRD represented as multilateral multi-frequency transducer (MFT),
which includes m destabilizing channels and n control channels.

It should be noted that the separation of all control channels to control and destabilizing it is a
conditional. For example, the invariance of quartz oscillator requires fulfillment of Eq. (2) for all
m + n channels, but also the invariance of piezoresonance sensor the one physical quantity
requires fulfillment of conditions for m + n — 1 channels. This choice allows the model with the
same position is solve the problem of invariance of all existing PRD [7, 8].

3. Generalized formalized model of invariant PRD with current identification of impacts

Generalized invariant structure PRD with current identification impacts is developed on the
basis of multiply system with combined management [5, 6], there are two regulation contours by
the disturbance and the deflection (open-circuited and closed) can be synthesized separately,
which is so important for solving the problem of invariance of piezoresonance devices. Given that
the question of synthesis of closed circuit is well-researched of modern theory's automatic control,
must pay attention to the synthesis of open circuit and solving insufficiently known its main tasks
for formation of multi-frequency (multidimensional) information signal and for to control POS
and identification of destabilizing impact factors (DIF). In the methodical plan is also important
that the system is controlled with a combined basis for synthesis adaptive of systems without
search, so that is the proposed approach has the possibility for further development [6].

The principal difference between the proposed formal model (Fig. 1) and traditional method
is to measure the vector DIF X. The sensor unit S is connected directly to the input of controlled
perturbations MFT (multi-dimensional object to control) (point a) in the traditional system.

In the proposed system are measurements DIF of carried by identifier I for directly observed
vector Yo and a priori known characteristics A of the converter CCP (converter controlled
perturbations). Without considering the vector's uncontrolled effects © is actually observed vector
AY. =AYy + AYypc, that is leading to identification errors DIF.
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Fig. 1. The formalized model of invariant PRD: CCP — converter controlled perturbations,
CCS — converter control signal, CUP — converter uncontrolled perturbation,
I —identifier, C — compensator, R — regulator, S — sensor unit

We write the condition of invariance of the traditional system to:
KCO = W—lASal' (4)

where are K., S, — the matrixes of the coefficient of transfer compensator (C) and the ideal
sensor (S); W — the matrixes of the coefficient of signal for controlling.

In fact, there is always uncertainty S = S, + AS, which is equivalent to the uncertainty
compensator AKg. Then:

Ko + AKg = WTA(S, + AS) L. %)
As (So + AS)™! = [So(E + S5tAS)] ™1 = (E + S;1AS)1S;t, where E — identity matrix,

if [[SgtAS|| < [|AS|| - lISg |l < 1, than (E + S3*AS)™* = E + Y7, (—S;1AS)* . Confining the

first order of smallness in AS, we get:

AKg = —WAS;1ASS; . (6)
The condition of invariance of the proposed system by X is written as:

K, =Wt @)
Acting similarly, we get

AK; = —W~lI51AIL; Y, (3)

where Al characterizes the uncertainty identification of impact factor.
Introducing the Euclidean norm and relative compensation uncertainty 8, = ||AK;|[/||K ]|,
ks = II1AK I/ 1Kgoll, we get:

ks = IISg Il - 1AS]l, 8k, = II1g™1I - [|AT]]. ©)

Given that fact, as Iy = Eand S, = E, we get from Eqs. (6), (8) for the actual value of the
system [|AS|| >> [[Al||, and therefore &k, >> &, [6].

4. Developing invariant piezoresonance units with controlled dynamics

The architecture of invariant multi-frequency piezoresonance units (PRU) with controlled
dynamics (IMPRU/CD) represented as adaptive controlling system with predictive reference
model (Fig. 2) is considered. Its main component is the PRU core — multi-frequency
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piezoresonance oscillatory system (MPOS) with supporting control circuits, interfacing, thermal
and vibrational stabilization which is exposed to destabilizing disturbing factors. On the base of
monitoring signals vector Y the system of optimal (suboptimal) assessment and identification
accomplishes assessment of condition vector X, and assessment of parameters’ vector X, of PRU
mathematical model (parametric identification). The optimal control system, basing on reference
model and current assessment of PRU condition vector, forms the vector of control signals u,
thereby providing the system to move in accordance to specified optimization criteria and limits
L related to distinguished physical implementation of MPOS. The control signal u’ is also used
by the optimal assessment and identification system (Fig. 2).

ﬁ
~———

Y Optimal Y
PRU Core :> Assessmentsigfe:entification :‘>

EASIEAS !

G
Optimal Control System L
cohom | PRUMods <=

Fig. 2. The generalized architecture of IMPRU/CD

To identify optimal control criteria in accordance to the offered concept for creating
IMPRU/CD the control process will be divided into two stages. At the first stage of the setting
oscillation the control signal is formed in each excitation channel, which provides coming onto
stationary mode for the shortest reachable time to set stable multi-frequency oscillation mode. At
the second stage of the stabilizing oscillation the control signal is formed to support stability of
generated oscillations in condition of destabilizing factors (providing technical invariance) [9-11].

The problem of control is defined as followed. The mathematical model of the system is
specified as the differential equation system:

X = ®(x,u), (10)
at initial condition:
x(0) = x,, (11)

where @ = (¢,,...,$,)T — vector function of the right part of the Eq. (10) of n dimension;
X = (xq,...,x,) — vector of phase coordinate of n dimension; u = (u4, ..., u;) — vector of control
signals of k dimension.

The optimal control signal u(t) is to be found within t € [0, T] time period for system Eq. (10)
at initial condition Eq. (11), providing for each excited oscillation mode the movement x;(t) at
needed accuracy on the pass x; (t):

lx; () —x; (D <&, i=1n, (12)

where ¢; — specified tracking accuracy.

The movement pass x; (t) is defined by PRU reference model of the optimal control system
(Fig. 2), which allows, on the basis of priori and current information of IMPRU/CD condition,
defining the final time T* and optimal pass for coming onto stationary mode of multi-frequency
oscillations in accordance to criteria of time setting minimum [10, 11]:
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t
P

stat — munmax Tstati' (1 3)

PeD 1<isn

D={P€RY:Djmin <P < Pjmar 1<j <N},

where Tq, — time for setting stationary oscillation of mode i, defined by the specified longtime
stability of oscillations §; , assuming structural specificity of PRU and its functionality;

Prin = (Pimins -+ » Pnmint > Prmax = {Pimaxs++-» Pnmax} — specified vectors of minimal and
maximal acceptable values of IMPRU/CD core parameters.

The problem Egs. (10)-(13) may be considered as a problem of the terminal control according
to which within the time T~ the system is to transit from initial condition X, to terminal one:

X(T*) = X7+:Xy = Xp=. (14)

In this case the optimal control algorithm is defined on the basis of minimizing the functional,
which represents energy consumption of acceleration:

1 n
G(u) = 52(55; © - &6w) (5@ - 5@ w). (15)
i,j

From condition of reaching proximity to absolute minimum:

minG (w) = G(u") = 0. (16)

On control signals u [6].

Solving problems Eq. (13)-(16) in accordance to characteristics (physical properties) of PRU
and its functionality is followed by limitations to oscillation amplitude U;, initial frequency
run-out Aw;, maximal power of quartz resonator excitation Py, and its increasing rate on the
stage of setting multi-frequency mode for reducing thermal and dynamical instability of oscillation
frequency:

Umin < UL' < Umax'

Aw; < Awyeim, 1= 1,1, (17)
excit; P
Pexcitg < Pultimt TX < th ).

Upon reaching terminal condition Eq. (14) the system location relative to set condition X+ is
stabilized. At this stage the minimizing functional Eq. (15) becomes:

n
1
G(u) = Ez (xTi* —x;(t, u)) <ij,* —x;(t, u)). (18)
ij
Providing minimizing deviation of the system Ax; = |xT_* —x(twl,i=1n
3
5. Strategy of optimal control for software trajectory motion of PRD with predictive model
The designed concept for invariant PRD like adaptive system with predictive standard requires
solving inverse dynamics problem. It requires determination of the dynamic system motion and
its parameters under a condition of performing of the motion corresponding to given trajectory. In
accordance to specificity of development and exploiting IMPRU/CD control process is performed

by two stages.
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The first stage is the oscillation forming. Control impacts are formed in each exciting channels.
The impacts provide the output to the stationary mode under a minimum time of set of stable
multi-frequency oscillatory mode.

Second stage is the oscillation stabilization. Control of IMPRU/CD is directed to support of
generated oscillations stability under influence of destabilizing factors, i.e. providing technical
invariance [6].

We will carry out the construction of optimal or sub-optimal control law according to
generalized work criterion that has good results at the stage of analytical construction during a
designing period. Using this approach allows not only simplifier the procedure of obtaining the
optimal control laws, but often do not obtain the functional dependences due to the
cumbersomeness and complexity related to control laws. In such case, solving a problem comes
to an end with an algorithm which performs optimization during system functioning and it is
convenient from the point of view of a realization of microprocessor control.

Let us consider controlled process in the form of:

Vit filxn, X Y Y t) = 0, X = u, (19)

where f; is differentiable or piecewise differentiable functions; X = (x4, ..., x,) is the state vector
of the control elements; y = (yq,...,V,) is the state vector of the control object;
u = (uy,...,Uy,) is the control vector, i = 1,n, j = 1,m.
In considered case, the control of the rates related to the variations of controlled elements is
performed. Object non-stationarity can be taken into account by extension its state vector.
Equation of system free movement Eq. (16) can be written as:

y+ f(xyt)=0 x=0. (20)

E.g. free system movement is the movement under fixed locations of the control elements.
For the task formulated by using an Eq. (19), we have expanded state vector (X,y). According
to optimal controlling the minimum of the functional [11]:

I = Voo (x(22) y(tz))+fo(x y, e+ fzu o g, e

Provides the control of the form of:

av

— 2
uj - ujopt - k] ax] (22)

where V = V(y, t), is the solving the following equation:

v o, dv
E_Zﬁ.d_y_=_q. (23)

i=1

Under boundary condition of Vi—y, = Ve 5 fi, @, where Vg, are given uninterrupted
functions; ka > 0 are given coefficients.

In order to provide prediction of object behavior, model of free movement must operate in
faster mode as t' = t/y, where y = const > 1. Then, the equation of prediction model can be
written as:
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dyy dxy

X )= = 24
dtl +X f(XM'yM:Xt) 0: dt’ 0. ( )

A prediction model has to provide the integration of free movement during total optimization
interval from t = t; till to t, by using faster rate under initial conditions given by control
(estimation) system. Integration rate that defined by y value is selected in such a manner that for
each cycle of At, (in many times less than t, — t) several runs of a free movement were performed
during the interval of t, — t. The latter procedures are necessary for numerical evaluation the
partial derivations dV /dy;. Because of this, the values y in real-life control of a process must be
of the value equal to dozens, hundreds and even thousands units.

The beginning of each cycle coincides with current time moment ¢ with accuracy equal to At,.
At the beginning of each cycle, control and estimation system operating with real-life controlled
process defines the state vector x(t) and gives initial conditions for free movement model
Eq. (22). As a result, the following equality is provided for beginning of each cycle:

yu (t) = y(©). (25)

Under free movement of the system, the left part of Eq. (23) transforms to the total derivative
under time as:

V=—-0. (26)

Therefore, we obtain:

t

Vy(©)) = V(w(@)) = - | Qw0 @7)
t1

and for a terminal task:

V(YM(tZ)) = Vset(YM(tZ))- (28)

Thus, for free movement system mode under predictive model, the following computations
must be performed:

ty=ta/x

V= Vset(XM (tlz).YM(tlz)) +X j QXp, Y, xtHdt'. (29)
t'=t/x

In order to evaluate by using numerical technique the partial derivations dV/dx;, the
variability of initial requirement related to X,, is performed for each run of the model Eq. (24).

Let us consider the features necessary for selection of integrand for minimizing functional
Q(e) given in the form Eq. (21). The features depend on the difference between output vector y,,
contained in the model Eq. (24) and the estimate of the control process state ¥:

Q=0Q0Um—9. (30)
Let us introduce the square functional as:
Q=Uu=-N"Bonu—-9, (€

where f3 is the diagonal matrix contained the elements that are proportional to the maximum errors
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related to the corresponding coordinates (principle of the contribution of the errors).
By exploiting the optimal Kalman filter or suboptimal estimation procedure, it is necessary to
define the following:

B=R7, (32)

where R is the error covariance matrix or their estimates R.
It is also interesting an approach to forming the sequence of quality functional which describes
the energy of system movement, for example, the minimum of acceleration energy as:

Q= (YM - SA’)T B(YM - }A’) (33)

This approach allows improving the dynamic accuracy for control of transmission processes
in IMPRU/CD on the stage of oscillation reconstruction [6].

Several limitations exist for solving the task Egs. (19)-(24) according to physical peculiarities
and functional assignment of PRD (Eq. (17)).

In order to give limitations, expanded state vector (X, y) can be represented in the form of some
space state domain G, which we will consider as enclosed and simply-connected. Let us give the
penalty function Q¢(x,y), which is equal to zero inside and on the borders of the domain G and
rather fast accrue in given domain. Assuming that the domain G is described by the equation
Qr(x,y) = 0, we represent the integrand function of the functional of quality related to
generalized work Eq. (21) as:

Q= Qopt + Qf- (34)

For what inside the domain of limitations @ = Q.. The function Q,,, is determined by the
limitations of Egs. (31)-(33) given inside the domain G, and the limitations of Eq. (34) are given
for the minimized functional (21) with help of the penalty function Qf Eq. (34).

It should be noted that described above algorithm corresponds to the terminal (quasi-terminal)
control state Vi, = V. which is related to the first control stage, e.g. forming stable and
multi-frequency oscillating mode in IMPRU/CD. However, it can be simply transformed to the
non-terminal algorithm of control by using transition to “sliding” optimization interval for which
optimization interval is given as t, =t + Tger, Where T, is the given optimization interval.
According to that, predictive model performs integration of the Eq. (24) within the interval from
t/x till to (t + Tger)/x. As the function of V,,, can be selected, an arbitrary function, including
Vser = 0.

After achievement the terminal state Eq. (28), stabilization of location of the system relatively
given state is performed Vy = V. For this reason, transition to the “sliding” optimization interval
Tgr is executed.

Let us define productivity of control microprocessor system necessary for realization of
technical invariance principle in PRD using adaptive system with predictive standard. If under
condition of single-entry numerical integration for optimization interval equal to T necessary N
operations, then performance of microprocessor device can be approximately estimated as follows:

_m+1
™= oA,

(35)

It was assumed here that number of components of influence vector which give control process
is equal to m and binary system of numerical differentiation is exploited. Value of At is defined
by a necessary velocity of the update for given influences. For example, form = 3, At, = 0.5 s,
N = 2-10° microprocessor device must provide productivity in the level of ny, = 8-10° operations
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per one second [6, 11].
6. Mathematical model of multi-frequency piezoresonance oscillation system

High effectiveness of multi-frequency oscillating mode is provided by condition of high
stability in generated oscillations. This is possible only with using filtering schemes in which QR
is embedded in feedback circuit (FC) and is excited in the frequencies close to those of its own
consequent resonances. At limited quantity of generated oscillations the other oscillator schemes
can be used, for example those of oscillating type [12, 13].

The basic IMPRU/CD core architecture represents MPOS to have principles of creating
filtering schemes implemented (Fig. 3). It incorporates passive multi-frequency quartz quadripole
unit (MQU) on the base of quartz resonator with m-frequencies generating Zq, and n excitation

channels embedding the generalized non-linear component (NLC) and phasing selective feedback
circuit (FBC). The automatic bias circuits with complex equivalent resistance z,, are used for

stabilizing NLCi operational mode. The selective non-linear circuits FBC with gain Kj; (jw, Uy, T),

j=1,m,i=1,n, except for their function to set required amplitude-phase ratio in excitation
channels, provide significant reducing competition in oscillations due to their own selective
properties Kj; (jw) and also automatic adjustment Kji(uz) of oscillation amplitudes for fixing the
specified (ultimately acceptable) power dissipation on QR.

Fig. 3 has the following symbols’ identifications:

* Zipy = Rin):/(l +jwrin2), R = ZiR;lli, Cing = 2i Cin; — the complex equivalent total
resistance of partial FC input circuits;

¢ Zout;; = Routz/(l +jWToutg): Ro_&tz = Zi O_‘l}t,"rcout): = Zi Couti — the COIl’lplCX equivalent
total resistance of output NLC; circuits;

* Zap; = Rabi/(l + jwrabi) — complex resistance of auto-bias circuit i;

*Tap; = RabiCabi’ Ting = RiTL): Cing’ Touty = Routg Coutz — time constants;

* iy = Xilous,(€;) — total current of NLCi; e; (1) = X;v;(7) + E; + E;(t) — control voltage
in NLCi input, whereE;, E;(t)— constant and variable components of auto-bias voltage;

*us (1) = Up(7) + X; U;(7) - cos[w;t + @;(7)]- the total voltage in FC circuit input, where
Ui(r) , w; and @;(t) — envelope, frequency and phase of oscillation j correspondently,
T =t — t, — time interval from initial moment t, (MPOS startup moment) [6].

MPOS operation (Fig. 3) is described by the system of differential equations:

up = 26) ) four, | ) K-uz EuE |, (36)
{ J
B = =20, @) - foue, | Y Kz B ), (7)
J
where:
Z; Z
Z(p) = mz(p) outsy ®» (38)

Zins, ) + Zouts, () + Zq (P)’

Is symbolic gain of MQU, representing control resistance of MPOS; p = d/dt.
Representing control resistance Z(p) Eq. (12) as the ratio:
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_6-P(p,0)
Z(p) = 00,0) (39)

where P(p,8), Q(p,8) — polynomials of p; § — low parameter, physically determined for

resonance systems as damping ratio, and taking into account that in the general case solving
system Eq. (36) is as sum of oscillations with frequencies close to resonance ones of QR Wy

Uy = z Uj(‘r)cos(wqjt + ¢;(1)), (40)
j=1

where U;(7) and @;(7) — slowly changing parameters, the output current of NLCi with low
parameter § accuracy can be written as:

iouti(ei) = I ]l' Eu E ) + Z ]l' Ei' Ei)cos[a)qjt + Iz[}ji(t)]' (41)

where I,; — constant component; I;; = S”( ”,EL,E Wi = S”( iis E, E; WiKii; Y0 = @ + Agji;
K, Apj; — gain and phase Shlft of circuit i of FC for resonance frequency j of QR;
Sii(Vii, Ei, EY) L[lout v i1 Es E‘L)] — mean slope for oscillation j; L[] — mean operator.

j

Feedback !
Circuit : r— - _Z_ -
= _ ", | MQU il 2o I
S ] L |

< A, ! |

V(@ l = : I luzl z Zus |
.\,} L | | I in% out |

= r |
ML — o—
| 1 I. ______ d

Fig. 3. The basic IMPRU/CD core architecture

Having entered complex amplitudes U =U; exp(/q)]), ;i = Iyexp(jyj;) and complex FC
gain Kﬂ Kjiexp(jAgj;), and split real and imaginary units the reduced equations for amplitudes,
MPOS oscillation phases and auto-bias voltages become [6, 12, 13]:

n
au _ -
T}d_t] = RejK¢j Z Sji(VjiJ Ei!Ei) . I{jiCOS(A(pﬁ + A¢j) -1 U], (42)

i=1
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n
do; = ~ .
fd_t] =R¢ Ky, z SjiVii, Ei, ;) - Kjisin(A@j; + Ay ) — Aw; Ty, (43)
i=1
dE _
TabiE —[Rav;1oi(Vji, Ei ) + Ei, (44)

or as generalized matrix:

dU
= [Gg R —E(mm] - U, (45)
dCD
TE =[G, R—A]-Egny), (46)
dE
Tap o = —(Rgp - I +E), (47)

where T = diag(Ty,...,T) , Tap = diag(Tap,,--- Tap,) — time constant matrixes of partial
oscillation system T; = 2/ wq;6; of m X m dimensions and auto-bias circuits NLCi of n X n
dimensions; U= (Uy,...,U,)T , ® = (¢4,...,9,)" and E=(E,...,E,)T — vectors of
oscillation amplitudes and phases of m dimension and vector of auto-bias voltage of n dimension;
Gy = ReG = |G|COSA(,0T, G, = ImG = |G|SinA(pT — matrixes of real and imaginary units of

equivalent complex conductance of active part of MPOS |G| = (_-- --)r_trllizl of mXxn
dimensions; R = R, - Ky — matrix of reduced resistances; R, = dlag(Rel, Rem) — matrix of

equivalent resistances Re]. = Ring * Routy/(Ring + Rou,tz + R j) of mXm dimensions,

Ky = diag(l(¢1, . ..,K¢m) — matrix of equivalent phase link gains K¢j =1/ ’1 + (a)qj . T¢j)2,

T¢ % Ring (Co + Cing) + Roues (Co + Couey) — time constant of equivalent phase link, providing
phase shift A(p¢ —arctg((uq Td,].) between immediate values of voltage u(t) and current

mn
i(t); Wq;» C, — resonance frequency and parallel capacity of QR; Ap = (Agoﬁ + A(p¢j)j=1 o

matrix of m X n dimensions, which provides phase relations in excitation channels of MPOS;
A= diag (Aw4Ty,..., Aw,T) — matrix of generalized detuning,
Aw; = a)q] (Rmz‘rm): + Routz‘[outz) / ZQq] — frequency adjustment to oscillation j explained
by the fact that reduction was produced relatlve to natural frequencies of QR wy; with no respect
to phase-shift in FC circuits; qu., qu. — quality factor and dynamic resistance of QR for oscillation
frequency j; Ry = diag(Rap,, - -+, Rap,) — matrix of auto-bias resistance of n X n dimensions;
Iy = oy Ion)T — vector of constant components of output currents ioye;(€;) 5 Egmm) »
E(m1) — unit matrix of m X m dimensions and unit column vectorm X 1; m — quantity of
generating frequencies, n — quantity of excitation channels.

7. Dynamics of multi-frequency piezoresonance oscillation system

The case considers three-frequency excitation of the main mode of oscillations of
multi-frequency QR and two additional ones — informative: temperature and vibration
(m =n = 3) [6, 14]. At polynomial approximation the output current of NLCi (Fig. 2) can be
represented as:

fout,(€1) = I i=1n, k=35 (48)

k
do + Z &, (0 + Xp)" |,
r=1
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where D; = v; - So/I; — normalized control voltage; X, = X, + Xy, , X, = (E; — Es) - So /I,
Xp, = E;-So/I; — constant and variable components of normalized bias; @y = a,/I;,
a, = ar-Is(r_l)/Sg — normalized coefficients of approximating polynomial; I, , E; — the
coordinates of the point in the center of volt-amps diagram (VAD) with maximal gain slope S,.

Having used trigonometry formulas of multiple argument and averaging accordantly to
Eq. (41), the spectral components in NLCi input at approximation by polynomial of the third
degree will be written as:

Iii =Vji - Sji = Vji - So[Ay; + 0,75 - @3By, (49)

Ip, = Is[A,; +0,5(a, + 3a3Xy,)Bs,. (50)

Having substituted the expressions (49), (50) into reduced Egs. (42)-(44) and assuming
K¢j ~ 1 and Ag0¢j ~ 0, the three-frequency MPOS (m = 3) motion equation with three

non-linear components (n = 3) will be obtained:

dU; , Ku 1
fj ’E: = SORe]'IgJ U Z(Al +0 75a3Bl ) ]/]l ' SR—K , (51)
= ]] 0e;
£ = SoRe, Ky Z(A1 +0,7583B,,) - ¥ji |1~ Vi = §ihay, (52)
]J
dXy, _
iz = =SoRap, - ( Az + 5 R +0,5(a, + 3a3Xp,)By, | + %, (53)
0ab;

The correspondent Eqs. (51)-(53) at approximating transfer characteristics by polynomial of
the fifth degree (48) are given in [6].
The following symbols used in Egs. (51)-(53) stand for:

3 3

A1i=Zrar'X(r_1)' A2'=a°+ZdT'X;’
—KZme, 0z, le—KZZy,l 02,

by;j = vZ , for k=j and by;j = 2vE, fork #j; Vji = L= = cosA@j; — coefficients of
suppressing inter-channel 1nterference (parasite) oscillations (j qt l); U} = SoU; /I — normalized

voltage in MQU output; &; =

— s W = - — normalized time constants of partial
1<]a<3 1sjs3 J

oscillation system j and bias circuit i; £ =

‘ - normalized time; j = 1,_3, i= ﬁ
1=j<3 J
Activity of excited oscillations is determined by regeneration parameter to be found from (51)

when 171 =0:

3 3,5
K..
A -1
K70 = R KSy, = R KyiSo x ) [ Y ran xS |yt (54)
i=1 \r=1 1

where Ss]. — gain slope of volt-amps diagram in still point for oscillation j; X i~ bias in the still
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point for NLCi, being the solution for non-linear equation:

3
Xy,
So * Rap, ao+$+2ar-xg_ — %p, = 0. (55)
SO ) Rabi — ¢

Figs. 4, 5 shows distinguished case of stabilizing oscillations in three-frequency MPOS, as
result of numerical integrating Eqs. (51)-(53). The bipolar transistors KT368 (2SC9018) are used
as active components (NLCi), which have average statistical values of VAD parameters:
So = 0.1 A/V; a, = 095; @, = 0.55; @, = 0.051; d; = —0.054, when approximation error
€ <5 %. Initial values of low-varying parameters made: T; = 0.1 s; Typ, = 1-10%s; Rap, = 1 kO

=-20dB; X, = 30.

+ e MRt i A
10 U3 = 10 / \‘ Us
I 10"

10
a) b)
Fig. 4. Distinguished case of appearing competition of oscillations in excitation channels
of MPOS: a) suppressing energetically less active oscillations,
b) suppressing energetically more active oscillation by less active one

~)
~)

It’s obvious that high competition in excitation channels (y;; = —6 dB) can bring to situations
when oscillations with low energetic activity (oscillation U, Fig. 4(a), (b)) can be suppressed by
more active oscillations (with high regeneration coefficient Kjreg ). At the same time the overly

. . . . re . .
high increasing regeneration parameter K; 9 can cause a breakdown of more energetically active

oscillations (oscillation U;, Fig. 4(b)) in excitation channels of MPOS. Reducing competition of
oscillations due to increasing selective properties of FC circuits down to y;; = —12 dB provides
stable three-frequency mode of oscillation (Fig. 5 (a)) even when regeneration coefficient values
K% =1.25,K,% = 1.5K;“ are growing significantly [6, 14, 15].

In this case it assumes using the term of low or high active oscillation (oscillations) in relation
to the other oscillations of MPOS, which, being energetically all-sufficient in one-frequency mode,
may fade on transiting to multi-frequency mode of oscillations in the certain conditions.

Fig. 6(a) represents approximated relationships of oscillation stabilizing time
Tstat = 1r<njei)1(n Tstat; at various partial coefficients of FC. It also has bifurcation curve that

determines a range of stable MOM. Evidently, at high values of variations

re re . . o
x = max K/*// min K/* = maxR, / mln R, of regeneration coefficients the oscillation
1<]<m 1<]<m J 1<]<m

stabilizing time Tg,, is significantly i 1ncreas1ng (by an order and more!). Compensation of this
events when having the great scatter of equivalent resistances Re]. is possible by selecting

appropriate coefficients K;; of partial FC (increasing energy of oscillations), what it’s not only
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improving dynamic properties of MPOS, but also brings to extending range of stable MOM
(Fig. 6(a)).

Smijcl

08

06

04

)

Fig. 5. Stable three-frequency oscillation mode: a) setting oscillation amplitudes
and auto-bias voltages, b) initial run-out of oscillation frequencies,
caused by amplitude and phase conversion in excitation channels

Tstat max (50,-Qe;)
J

NN K,=30
w0l N MOM \/ 7

breakdown area = 8

2
1
0

N _ - = K.=25
Kj=s  Ky=10 K15 K20 &y

1 2 3 4 5 6 7 8 X
b)
Fig. 6. a) Dependences of normalized oscillation stabilizing time
and b) initial frequency run-out on MPOS parameters

The quite important characteristic of MPOS dynamics is group run-out of oscillation
frequencies dw; er, which is defined according to Eq. (52). The modeling results indicate that

amplitude-phase conversion slightly exhibits for energetically “weak” oscillations (Fig. 5(b)). At

joint control of oscillation amplitude and voltage of auto-bias the relative run-out of frequencies
-1 N -1 4p; . .

Sw; = (wqj) “Aw;(f) = (a)qi) -%may reach values from 107 to 106, and significantly

reduce on increasing coefficients Kj; of partial circuits of FC (Fig. 6(b)).

8. Strategy ground for optimal parameters search in MPOS
A. General statement of PRD parametric synthesis.

In the general statement of MPOS parametric synthesis the required solution will be found by
criterion Eq. (13):
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T.S(‘)eptt = I’/{leilgl‘[set(l), (56)
D = {A € RN:Aimin S Ai S Aimax’l S l S N}

where duration of transient process Tg,; is determined by solving Egs. (51)-(53);
Amin = (llmm, .. .,lein) y Amax = (/’leax’ .. ";tNmax) — vectors set for minimally and
maximally acceptable values of parameters of MPOS circuits.

Taking into account that the requirements to expanding stable oscillation range and shortening
transient process duration become in contradiction with requirements to stability of generated
oscillations poses additional limitations to values of oscillation amplitudes and initial frequency
deflections 17} and dw; Eq. (17):

max U; < Uy,

1<jsm
max U;/ min U; <1
1<jsm J/lsjsm ;=" (57)

max dw; < dwy;
1sjsm tims

where max U;, min U; — maximal, minimal values of MPOS oscillation amplitudes; Uy, —
1gjsm 7 1gj=m J ’ > Tam

maximal limit of oscillation amplitudes, which is determined by maximally acceptable dissipation
power in QR; [ — coefficient that defines maximally acceptable amplitude difference L7j, normally
l=(.5,...,3)[13-15].

To solve synthesis problem (56), (57) the following circumstances are considered:

—high complexity of the optimization object, that often prevents analytical finding
interconnection between oscillation setup time 74, and MPOS parameters vector A;

— complex, non-linear and possibly multi-extreme character of the objective function at the
large number of limitations;

— large number of possible vector A parameters, wide diapason of their vibration, therewith
initial values of parameters can be outlying the optimal range;

— necessity of considering parameter scatter for real elements and calculation errors, and
providing physical realization of MPOS.

B. Method for optimal parameter search in MPOS.

All existing methods for solving optimization problems can actually be divided into two
groups: methods based on using as values of function to be minimized so its derivatives (gradient,
first or second order methods); and algorithms, which use only values of function to be minimized
(non-gradient or direct search methods).

Considering specificity of MPOS (51)-(53) dynamics equations for solving parametric
optimization problem the most acceptable methods are direct search methods (non-gradient),
which are based on calculation of only values of objective function. Ones of the most effective
direct search methods are simplex methods, which can be easily modified for solution of
conditional optimization problems (for example, S? — method or Hooke-Jeeves method) [16].

For parametric synthesis of PRD in the mode of quartz resonator multi-frequency excitation
the modified method of S? or method of complexes is used. The basis of this method is building
regular simplex, which is represented in N-dimensional space as polyhedron built by N + 1 points
— vertexes equally distanced from one another. For example, in case of two variables the correct
simplex is equilateral triangle, and in three-dimensional space — tetrahedron.

To build new simplex on the plane the vertex with highest value of the objective function is
moved to the needed distance along the line, which is drawn through the gravity center of other
vertexes of simplex. The point obtained in this way is the vertex of new simplex, and the vertex
selected in initial simplex is excluded. Therewith only one additional value of objective function
is to be calculated. The search is finalized when simplex dimensions or differences in function
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values in vertexes become quite small values, which are determined by maximally acceptable error
tolerance.

Realization of complex method requires the following operations. The rigid acceptable point
Ao, reflection parameter f (recommended value § = 1.3) and calculation errors € and § are set in
advance.

C. Building initial complex.

1) Finding coordinate AY:

A=+ i=1,5, (58)

where ZV — vector-row of evenly distributed numbers of N dimension, for each the following is
true ||Z2°]| < R; R — radius of gravity hyperbole of the objective function minimum; S = N + 1.

2) Finding center of gravity: if A¥ — unacceptable point, then center of gravity is found for
previously found points:

.~ 1
i= ?Z v, (59)

and assumption is made that:

AN

lnew

= +05(1-4Y). (60)

Procedure is repeated until /111-\; oy DECOmeEs acceptable.

The operations (C1, C2) are repeated until sufficient number of points is obtained (i = S), then
the setup time is defined as ‘rseti(lliv ).

D. Complex reflection.

1) Point selection AY, ;.

Tmax = Tset(lglax) = miaXTseti(A?])- (61)
2) Finding gravity center 1 and next point:
Agyepl =1+ .B(i - Aglax)- (62)

3) Verification of the conditions: if A’rvepl — acceptable point and ‘rset(lyepl) < Tpax» the
verification of conditions (E) is proceeded;

4) Verification of the conditions: if Ay,,; — unacceptable point or Tser(ANepr) = Tmax, the
distance between Ayepl and gravity center A is two times reduced, the search is continued until
condition (D3) is fulfilled.

E. Verification of the conditions of finalizing calculations.

1) Definitions:

N

) =5 Ty G =5Y Y (63)
Tset) = S i1 Tseti' - S 1 i

i=

2) Verification of the conditions; if:

S
Z._l(fseti —(r.)) <& 12 - (M <5, (64)
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then calculation is completed; otherwise transition to (D1) is proceeded [6].
9. Finding optimal parameter vector of MPOS

The parametric optimization of MPOS will be performed, so that three-frequency quartz
resonator is realized as AT-cut of resonator with basic resonance frequency f,, = 10009987 Hz,

quality factor Q,, = 103000, dynamic resistance R,, = 24 Q, frequencies of two anharmonics
fq, = 10197018 Hz andf,, = 10268125 Hz, quality factors Q,, = 84000, Q4, = 61000 and
dynamic resistances R,, = 60 Q and R;, = 120 Q correspondently.

The optimization parameter vector 1 = (X,, Kj;) will be embedded by values, which
determine direct current operation mode for non-linear elements and amplifying partial circuits of
the feedback (FB). The selected features of FB circuits are fixed at level y;; = 10 dB, what
provides acceptable stability for multi-frequency generation mode. The variation diapason for
value X, € [-0.6;-1.5] is selected by design considerations, what is equivalent to changes of Ry,
in diapason (650, ..., 2500) Q.

The initial approach point (Fig. 7) is selected to the point which corresponds to generator
nominal parameters: Ao = (—1; 20); Tser, (Ag) = 34.31. According to optimization algorithm the
problem of dimension N = 2 requires building three points of initial simplex, each of which

A = (/1?), /'lg)) can be obtained from the following relations:
A =-15+09-¢0, AP =5425.¢0, (65)

where fl(i) and {2(0 —random numbers, which are evenly distributed in the interval [0; 1].

The assumption is made that random numbers generator generates 51(1) =0.9and 52(1) =0.5.
Then A; = (-0.69; 17.5). This point is acceptable and memorized as the first point.

The next assumption is made that sensor generates 51(2) =0.27 and 62(2) =0.2. Then

A, = (-1.26; 10). This point is unacceptable, so moving towards to gravity center of already found
vertexes gives:

1o = 054 + 1;) = (—0.845;18.75). (66)

New point 4, . is acceptable and memorized.

Final assumption is made that 51(3) = 0.33, 62(3) = 0.7. Then A3 = (-1.2; 22.5). Next point is
found by reflection:

Ay =M +13(1; — 2y,,,) = (—0.843; 27.31). (67)

This point is unacceptable. Therefore, consequently moving towards to gravity center A; new
point is found as 4, , = (-0.93; 21.82), which is acceptable and memorized (Fig. 7).

Next operations return optimal parameter vector of generator A*. Continuing iteration
processes does not result in changes of gravity center location (Fig. 7). Stopping calculations for
the value € = 0.01 results in vector of optimal values for MPOS 1* = (X;i, K]’;) =(-1.157;26.61)
and values 75, (1*) = 11.27.

Thus, as result of two-directional optimization of MPOS parameters the multi-frequency
oscillations mode setup process duration reduced from 0.082 s to 0.0225 s (more than by three
times in comparison with input value). At the same time changing only one parameter (increasing
K;; to value 23.7 or X, to —0.6) the gain is obtained only by two times or at 95 % correspondently.

The gravity center movement trajectory and also rapid convergence of the iterative process to
the point of MPOS parameter optimal values approves high efficiency of applied optimization
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method. Noteworthy is that efficiency of parametric optimization significantly increases if the
preliminary study of objective function is performed, for example, by brute-force search
method [6, 12-15].
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Fig. 7. Finding optimal parameter vector of MPOS: 1, 2 — break areas of multi-frequency oscillation mode

10. Conclusions

The offered approach to developing piezoresonance units with controlled dynamics, which are
represented as the adaptive control system with predictive reference model, allows creating the
new class of PRU to be invariant to disturbing destabilizing factors. This approach grounds on the
principle of using natural redundancy in multi-frequency basis of PRU core — multi-frequency
piezoresonance oscillation system what allows on the base of invariance theory not only
synthesizing system with current identification of disturbing factors, but also adapting PRU
relative to their effect.

The presented model invariant formalized PRD involves review in linear approximation.
Accounting anisochronism and parametric phenomena POS calls for the use of non-linear
approach, which is in the part of invariance has a number of significant features.

In particular, the terms of compensation for nonlinear combined system must perform more
complex functions than linear. You need to take into account not only the influence of perturbing
factors, and some coordinate system. This requirement cannot be nominated if in the invariant
device the linear object only in relation to perturbation. In this case compensator must contain the
same nonlinearity, as direct circle of influence disturbance, that circle of the direct influence of
perturbation. Conditions invariance is to provide symmetry impact perturbation X on vector
output Y, and it is determined almost the same as in linear systems.

Using of suggested conceptual states related to design invariant multi-frequency
piezo-resonance devices with controlled dynamics in the form of adaptive-self-tuning systems
with the fast operating predictive standard provided creation of novel class invariant PRD which
accuracy performance is of maximum close to potentially possible level. Control the trajectory
operating in a real-time environment is performed on the basis of predictive numerical analysis of
the core dynamics in IMPRU. Model parameters are given corresponding to the results of
identification of current state QR under multi-mode excitation and taking into account the
constructive peculiarities of PRD concrete type.

In order to provide given system operation mode under its incomplete parametrical distinctness
(robustness), two-stage interval-approximation control law has been developed. The law provides
dividing the process into the sequence interval-local approximation tasks within the limits of two
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stages for restoration and stabilization of multi-mode oscillation mode. During the first stage,
adaptive control task is solved for each separate mode of IMPRU in order to provide operating the
system under stationary oscillation mode in minimum time. During the second stage, control
influences are formed. The latter ones are directed to the system stabilization under influence of
destabilizing factors, i.e. providing technical invariance. Criteria for an optimal control in
IMPRU/CD are analytically designed. That provides for each stage the minimization of energy
expenses for optimal system operating trajectory. Local and global stability of
interval-approximation control technique IMPRU/CD is demonstrated. Estimate of productivity
of digital control system in IMPRU/CD confirms opportunity of physical realization of given
conception by using wide spread ARM processes.

Using the developed mathematical model MPOS having in its base reduced differential
equations for amplitudes, phases and voltages of auto-bias as predictive reference model of PRU
core allows accomplishing effective controlling IMPRU/CD in accordance to the criteria of
minimum of energy consumption as at the stage of setting multi-frequency oscillation mode so at
the stage of stabilizing multi-frequency oscillations.

Method of complexes, which is related to direct search methods can be effectively used for
parametric optimization of MPOS as in the project stage so in the stage of system functioning with
purpose of its adaptation to external destabilizing factors. This method has certain advantages:

— logical structure of the method and necessary calculations are distinguished by simplicity
and therefore its software realization is not complicated;

—low level of requirements to memory size of microcomputer and minor quantity of
preliminary parameters to be installed;

— efficiency of the method is provided even when objective function calculation error is high,
because while reflecting of the complex the highest value of objective function and gravity center
A, which is obtained by averaging, are used.

Nevertheless, application of method of complexes is to consider some of its features:

— because all coordinates of complex vertexes depend on the same scale factor — reflection
parameter [, the variable scaling is reasonable for practical problems in order to obtain
comparable values;

— although the method of complexes does not require objective function continuity since it
does not use derivative values, the function definition area needs to be convex, otherwise in some
cases converging of the method is not provided. Such cases are unlikely in practice and using
method normally gives good results.
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Abstract. The condition of the building industry and the building materials industry in Ukraine is
considered, production and sale of building materials are shown in dynamics. Modern building
materials displace from the market obsolete inefficient products.

Keywords: brick (ceramic, silicate), autoclaved aerated concrete, dry building systems, thermal
insulation products.

The building industry of Ukraine has evolved considerably during the years of independence.
The large state-owned monopolies (ministries, republican and regional associations, etc.) have
disintegrated or corporatized, state enterprises turned into LLCs, JSCs and others, there is
practically no state order for housing construction, requirements for thermal protective
characteristics of buildings and structures have significantly increased. All this, as well as the
appearance of world-famous companies and technologies in Ukraine, has changed the vector of
the development of the building materials industry. In this paper, we analyze the dynamics of
production of the main types of building materials over the past 27 years.

Previous studies [1] found that builders during the crisis dramatically reduce the volume of
construction and increase them just before the next economic downturn. The indicated dependence
is particularly clearly observed in housing construction. If we recall that the vast majority of
residential multi-apartment construction projects last about 3 years, it becomes clear that the
implementation of the vast majority of such projects begins at the peak of demand during
economic growth, and the time of their completion falls at the bottom of demand during the
economic crisis, and forces organization to stop construction and threatens them with bankruptcy.
So, during the economic downturns of 2002 and 2008, the rate of commissioning of housing has
fallen sharply (because during a crisis it is possible to realize apartments only in completed
facilities). In 2016, the volume of housing commissioning fell to 9367 ths sq. meters (Fig. 1).
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Fig. 1. Commissioning of housing in Ukraine in 2001-2016, in % to the previous year

The paper examines three markets for building materials, which determine the current level of
construction.

1. Structural materials for the building of outer walls and inter-apartment/interior partitions,
which include: brick (ceramic and silicate), ceramic blocks, blocks from autoclaved aerated
concrete and products of house-building combines wall panels.
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2. Dry building mixtures and plate materials for interior decoration of premises. This market
includes building mortars, dry building systems (plasterboard), other plate materials (chipboard,
fiberboard, magnesite).

3. Heat and sound insulation materials and products. This market includes the following
groups of products: products based on mineral, silicate and glass wool, expanded polystyrene,
foam plastics, insulating products based on expanded perlite.

Brick is one of the most common building materials used in the construction of buildings and
structures, laying foundations, facing facades and when building internal partitions. The material
successfully competes with cheaper for today concrete products, cinder blocks and wooden
structures.

By composition and method of production, the brick is divided into ceramic and silicate.

In 1990, the volume of production of ceramic bricks was 7 billion pieces conv. bricks/year,
about half of which was produced in factories with outdated seasonal technology and provided the
production of M75 bricks (of rather poor quality). In the 90s, production at almost all these plants
was stopped. In the new millennium, modern technologies for the production of ceramic bricks
have come to Ukraine, plants have been built and reconstructed: Slobozhanska Budivelna
Keramika (SBK., Romny, Sumy region), Kerameya (Sumy), Euroton (Yavoriv, Lviv region),
Zagvizdiansky brick factory (Ivano-Frankivsk), “Rusinia” (Mukachevo, Zakarpattia region), a
brick factory of the Kolomoyskyi plant office of building materials (Ivano-Frankivsk region),
Novoaleksandrovsky brick factory (Dnepropetrovsk region), Belotserkovsky brick factory
(Kyivs’ka obl.). These enterprises produce high-quality ceramic bricks: facial, clinker and ceramic
blocks.

Perspective wall material - ceramic blocks are made from natural raw materials - clay. In order
to obtain a porous structure in the process of production, crushed wooden sawdust or other organic
components are added to the clay mass, which burn out during brick burning, forming a large
number of closed micro-cavities. Ceramic blocks have high thermal insulation properties and are
more economically more profitable than conventional brick. In this case, the ceramic block retains
the stability and strength of a conventional brick. According to the classification of the State
Statistic Service adopted in Ukraine, ceramic brick as a construction material for wall making
refers to the code “Ceramic brick, non-refractory, building”. The dynamics of production of
ceramic non-refractory brick is shown in Fig. 2.
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Fig. 2. Manufacture of ceramic non-refractory building brick in years 2003-2016, mln. conv. bricks

During the period 2003-2016, the production of building bricks ranged from 1.5-2.3 billion
pcs. conv. bricks/year, but the last 10 years the production volumes are less than 1 billion pcs.
conv. brick/year.

Thus, it can be concluded that over the years of Ukraine's independence, the volumes of
ceramic bricks production have decreased 8 times, and almost half of the brick volumes are
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represented by high-tech products.

The silica brick is made of sand, lime and a small fraction of additives with the addition of
water. Silica bricks are not subjected to roasting, but it is treated with steam in an autoclave. The
process of production of silicate brick can be briefly described as follows: a moist mixture of 90 %
sand, 10 % lime is poured into a press where a raw brick is formed, then it is loaded into an
autoclave and exposed to saturated steam at a temperature of 170-200°C and pressure of 8-12
atmospheres. If weather-resistant, alkali-resistant pigments are added to this mixture, a colored
silica brick is obtained. The water resistance of the silica brick is lower than that of the ceramic
brick. Silica brick is recommended for use in laying load-bearing walls and various partitions, but
it is strictly forbidden to use it when laying foundations, in laying ovens, fireplaces, pipes, socles,
etc. The advantage of silica brick in front of ceramic is its increased sound insulation
characteristics, which is important for erection inter-apartment or interior walls.

In 1990, the volume of production of silica bricks amounted to 2 billion pcs. conv. bricks per
year. Considering the quite high technological level and significantly lower energy consumption
of the technology, its production has decreased significantly less than the production of ceramic —
up to 550 million pcs conv. bricks per year.

The most popular from the point of view of energy efficiency of buildings and structures are
modern products made from autoclaved aerated concrete, which provide the normative heat
resistance of the walls when laying the blocks in one row (single-layer wall structure, wall width
400-500 mm at a material density of 300-400 kg/m?).

Aerated concrete is an energy-saving building material of the porous structure. Its pores
contain from 50 to 90 % of air, which distinguishes concrete from other building products by the
properties of the material. With a change in the porosity of the material, there is a logical change
in its performance indicators - density, heat conductivity, strength.

Aerated concrete is an artificial stone, which is formed during the hardening of a porous
mixture, including finely dispersed filler, blowing agent and water. Aerated concrete has the
properties, on the one hand, of stone, on the other - of wood. The combination of these properties
makes it an excellent building material.

Residential buildings, industrial and public buildings, as well as various agricultural premises,
are being built from aerated concrete:

- aerated concrete with a porosity of 50-60 % (density of 1000-800 kg/m?) has a sufficiently
high strength and can be used as a structural material in low-rise buildings (buildings up to 5
floors), replacing silica and ceramic bricks, lightweight concrete;

- aerated concrete with a porosity of 75-80 % (density of 600-300 kg/m?) is approaching to
wood by operational parameters, a combination of high thermal insulation and strength
characteristics in the material allows it to be used in single-layer outer walls of a building up to 3
floors. Walls from aerated concrete can be used separately, as well as in combination with brick,
concrete (prefabricated, monolithic) and other types of products;

- aerated concrete with a porosity of more than 80 % (density 300-200 kg/m?) belongs to the
class of heat-insulating materials and can be used for erecting interior partitions. At low density,
it has many advantages over other types of organic and mineral heat-insulating materials: stiffness,
non-combustibility, bio-stability, environmental cleanliness, preservation of physical and
technical parameters during long-term operation, durability, and availability of own raw material
base for manufacturing of the products (cement, lime, sand).

The dynamics of production of this material is impressive. In 1990, Ukraine produced
400 ths. m*® of products from autoclaved acrated concrete per year (which corresponds to
400 mln. pcs. conv. bricks/year), and already in 2017 — the volume of its production exceeded
3.6 mln. m*/year (corresponding to 3.6 billion pcs. conv. bricks/year)
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Table 1. Characteristics of technological lines and sales volumes of small blocks of producers of ANB

Maximum | Sales volume in
Manufacturer Equipment Location production 2016, ths. m3>  |Change %
line power |m®/day|ths. m%/year
WEHRHAHN o
. . Obukhiv city
AEROC (Obukhiv) Universal-|, 4 oo ancity| 3200 | 1000| 1033 | +12%
(2 plants) 60 (Obukhiv) Hess . 8
Kyivs’ka oblast
(Berezan)
Oriyentyr- Hetten (modernized | Brovary city 4190
Budelement line) Kyivs’ka oblast’ 3630 1300 1349 19%
UDK Masa-Henke Dnipro city 1500 430 412 +27 %
Nova Kakhovka
Energy Product Durox city Kherson 1300 380 383 +16 %
Oblast
Voznesensk city
- . + 0,
Ju-Ton WKB Systems Mykolaiv Oblast 850 280 175 17 %
TBK Wuxi Mettle Kherson city 400 120 0 —
PE Universal-60 Kupyans’k city o
Budtehnologiya-N (2 lines) Kharkiv Oblast 600 200 1 4%
KBM Corporation Hetten Kharkiv city 600 200 150 +4 %
Ukrainian equipment | Bershad town
PE Autocraft | pp N TeRBudMa) |Vinnytsia Oblast]  2>° 80 0 B
Zhytomyr silicate Universal-60 . o
products factory WEHRHAHN Zhytomyr city 250 80 46 0%
Dnieper Plant of . . o
Building Materials Extra block Dniepro city 150 50 40 +100 %
Silikatobeton China Sumy city 400 150 1 -
Teplobud- USSR Chernihiv city 20 5 4 -
Siverschyna
Total] 13710 4275 3604 +15%

In 1990, more than half of the housing was built from claydite-concrete panels, which,
according to the State Statistic Service of Ukraine, refer to “elements of the construction of
prefabricated buildings for housing and civil construction from cement, concrete or artificial
stone”. In recent years, the share of these products accounted for less than 15 % of the total volume
of wall materials and only in 2016 reached almost 25 %.

The greatest development during the years of Ukraine independence has received the subsector
of dry construction [2-5].

Dry construction is the installation of billets, building products and materials produced by
industry, with the exception of the so-called “wet” processes (preparation of masonry, plaster
solutions, concrete, etc.). Dry construction includes non-load-bearing structures that limit space
(interior partitions), as well as interior finishing and covering of load-bearing walls, ceiling, and
the installation of floors.

The development of the method of dry construction is closely related to the industrial
production of gypsum boards. Since the late 50-ies in construction started to use in large volumes
of building parts from plasterboards for light partitions and wall cladding. However, then the
construction was much easier in comparison with the complexity and capabilities of today's dry
construction. At the moment, this method is rapidly spreading and has an increasing influence on
all spheres of construction: high-performance combined materials, heating and air conditioning
systems integrated into dry construction, systems of ceiling, walls and floors with high sound
insulation properties, board materials with wooden, glass, steel and aluminum -coating,
plasterboards with high heat accumulation are the several examples of development when
technical and design innovation potential is almost unlimited. Plate materials in composition and
design can meet almost all requirements due to structural changes and special additives.
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Fig. 3. Production of elements of the prefabricated structures for construction from cement,
concrete or artificial stone for 2007-2016 ths. m3

The implementation of dry construction systems, allows you to abandon the “wet” processes,
increases in several times labor productivity and provides an opportunity to perform interior
design of premises more better. The main material of dry construction is plasterboards.

Plasterboards are sheet products, consisting of a non-combustible gypsum core, the surface of
which, besides the end edges, is faced with cardboard that glued to the core.

Plates are designed for facing walls, partition making, fire retardant structures, manufacturing
of decorative and sound-absorbing products.

Depending on the properties and area of application, the plasterboards are divided into the
following types:

- conventional (PB),

- moisture-resistant (PBM),

- increased resistance to open flame (PBIR),

- moisture-resistant increased resistance to open flame (PBMIR).

PB and PBIR are used in buildings and premises with dry and normal humidity regime.

PBM and PBMIR are used in buildings and premises with an increased humidity regime.

PBIR and PBMIR it is appropriate to use for cladding of structures with the purpose of
increasing their limit of fire resistance in premises with increased fire danger.

Dimensions of plates, mm: length from 2000 to 4000 in increments of 500 mm; width 600 and
1200; thickness 6.5; 8.0; 9.5; 12.5; 14.0; 16.0; 18.0; 20.0; 24.0. Plates should have a rectangular
shape in the plan.

PB produce with different in form longitudinal edges, glued with cardboard, which determine
the way and quality of sealing joints between neighboring PBs.

Dynamics of plasterboard production in Ukraine is shown in Fig. 4.

In 1990, Ukraine produced about 6 min. sq. m. of plasterboards. During 2003-2008, the
production of plasterboards increased from 27.0 min. sq. m. to 91.5 min. sq. m. That is, in five
years the volume of production has grown 3.4 times. The greatest growth occurred in 2007, mainly
due to the commissioning of new capacities by a group of KNAUF companies. In 2009 there was
a drop-in production by almost a third, but in 2010-2011 production volumes gradually increased
and almost reached the 2007 levels, but in 2012 the figures decreased, and in 2013-2016 the
production of the PB remained at the level of 2006.

Chipboard — this is the most common material in the production of furniture and construction.
It was first started to produce in the city of Bremen (Germany) in July 1941 at the factory of the
TORFITWERKE G.A. HASEKE Company. The main advantages of particle board are ease of
processing, economy, reliability and high practicality, in addition, it is environmentally friendly
material.

Modern production technologies make it possible to achieve a sufficiently high quality and
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safety of particle board products. The particle board is produced by way of hot pressing of large-
dispersed chips, which obtained from technical wood of any kind and from waste of woodworking
enterprises with the simultaneous introduction of thermosetting synthetic resin, as well as
hydrophobizing (such increasing the water-repellent properties), antiseptic and other additives,
due to which the plate acquires a special strength and durability.
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Fig. 4. Manufacture of gypsum products for construction (plasterboards) in 2003-2016 years ths. m?

The use properties of the particle board depend mostly on their density, the shape and size of
the chips, and the quantity and quality of the binder component. There are plates with a very small
density (350-450 kg/m®), small (450-650 kg/m®), medium (650-750 kg/m®) and high
(700-800 kg/m?) density. There are single-, three- and five-layer boards.

Fiberboards are made by hot pressing of pulp, consisting of organic, mainly cellulose, fibers,
water, fillers, synthetic polymers and some special additives. The raw material for the production
of boards is waste of woodworking industries and logging (cod, fines), stalks of bulrush, flax hurds
and other plant materials. Depending on the pressure while pressing and the type of further
processing, the wood fiber boards are divided into super-hard, hard, semi-solid and soft
(insulation-finishing and insulating). For interior decoration of buildings rigid boards are used,
super-hard is used for covering floors.

Fiberboard is used in housing and industrial construction for heat and sound insulation of the
roof, interfloor ceilings, walls, for finishing premises, etc. Fiberboard is especially widely used in
low-rise, cottage and rural construction, in standard house-building, and also in the production of
furniture and packaging.

OSB (Oriented Strand Board) - boards from oriented shavings of coniferous trees, are pressed
under high pressure into three layers and seep with adhesive waterproof resin. OSB-plates are
produced in a format up to 3.6x7.2 meters, with a thickness from 6 mm to 30 mm. In Ukraine, the
most common are OSB-boards measuring 1.25%2.5 m and thickness of 10 mm and 12 mm. They
are used for wall covering, roofing, as supporting surfaces for floors, supporting structures,
formwork for concrete construction and the like. They are used, next to plywood, for the
manufacture of strong elements of building structures, containers, packaging, furniture and so on.

Their density is 600-660 kg/m?. The flexural strength is 25 N/mm? along the fibers, 14 N/mm?
across the fibers. The thermal conductivity is 0.13 W/(mK).

OSB on 90 % consists of natural wood, has all the characteristics of the array, but does not
have knots and other defects. When working with the OSB, the tools are subjected to less wear.

According to the classification of the State Statistic Service adopted in Ukraine, board
materials (plasterboards, fiberboards) as a structural material for making partitions refer to the
code “Particle boards unprocessed” and “Panels, plates, blocks and similar articles of vegetable
fibers or wood waste, agglomerated with mineral binders”.

The dynamics of production of wood-based panels is shown in Fig. 5.
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The market of dry building mixtures directly depends on the production of binders: cement,
gypsum, lime. The volume of cement production in 1990 exceeded 20 million t/year. In the 90’s,
the volume of production and consumption of cement fell to 5 million t/year. In the 2000s, cement
production began to grow and reached its peak in year 2007 of 15 million t/year.
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Fig. 6. Manufacture of cement by the enterprises of the association “Ukrcement”,
in 2001-2016 thousand tons

However, already 2008 is characterized by a decrease of 1.5 %. Due to the economic crisis
during 2009-2010, there was a rapid decline in the volume of cement production (by about 37 %).
In 2011, the cement industry was gradually emerging from the crisis, production volumes reached
the level of 2004, but in 2012-2015 the production rates fell somewhat, and in 2016 they increased
on 500 thousand t. (Fig. 6).

Information on the main producers and volumes of cement production in Ukraine is given in
Table 2.

In 2014, 34 rotary kilns operated in the cement industry of Ukraine against 41 in 2013, 6 of
them by dry method of production, 28 by wet ones. The production potential for clinker output
was 15 million 133 thousand t/year, including 5 million 401 thousand t/year on dry production
method or 35.7 % of total production capacity. Loading of the rotary kilns in 2015-2016 is
amounted to 40.1 %, while the use of cement production capacities was 45.2 %.

As can be seen from the table below, almost all Ukrainian cement plants are owned by leading
foreign firms. Considering the high energy production costs and the high cost of natural gas,
almost all these plants have been converted to cement clinker firing by the pulverized coal mixture.
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Table 2. Manufacturers of cement in Ukraine
Owner Enterprise
Dyckerhoff (Germany) “Volyn-Cement”
“Yugcement”
CRH (Ireland) “Mykolaivcement”
“Podilsky Cement”
“Cement Odessa”
HeidelbergCement (Germany) “Kryvyi Rih Cement”
“Dnieprocement”
“Doncement”
“Cement of Donbass”
Eurocement (Russia) “Pushka” Kramatorsk Cement Plant
“Balcem”
Ukrainian owners “Bakhchisaray combine “Budindustriya”
“Ivano-Frankivsk Cement”
“Promcement”

In the second half of the 1990s, in Ukraine started the production of dry construction mixtures
[6, 7].

Dry mixtures, in comparison with traditional solutions and concrete, have a number of
advantages:

- a minimum of technological operations to bring dry mixtures into operation (mixing with
water)

- reduction by 5-7 % in solution waste as a result of batch dosing;

- saving of 10-15 % of cement due to the use of plasticizing and water-retaining additives;

- stability of the composition of dry mixtures as a result of precise dosing of components and
the effectiveness of their mixing;

- increasing the productivity of workers in 1.5 to 3 times due to the achievement of high
technological properties of mortar mixtures and their mechanized application to finishing surfaces;

- decreasing of 10-15 % of transportation costs and an improvement in the quality of work,
while reducing the labor intensity of technological processes.

Due to above advantages and unique properties, dry mixes have a wide range of applications
in construction. Dry building mixtures (hereinafter-mixtures) are classified by:

- type of binder used;

- the largest size of aggregates or fillers;

- the main purpose. Depending on the type of binder used, the mixture is divided into cement,
gypsum, calcareous, polymeric and complex.

Dry building mixtures modified on a cement basis of all groups should:

- when performing external works, ensure high resistance of coatings to moisture and various
climatic factors, including negative and elevated temperatures;

- when performing external works, the water absorption coefficient should not exceed
0.2 kg/m?xh 0.5 (group I113)

- easy to apply and to level.

Dry building mixes modified on a cement basis are a traditional finishing material, which is
widely used for interior and exterior decoration. According to the classification of the State
Statistic Service of Ukraine “Dry mortars modified on cement basis” refer to the code “Building
mortars and concretes (dry), except concrete ready mix”. Below are the changes that occurred in
this segment during 2004-2016.

Next, consider the dynamics of production of dry building mixtures on a cement basis (Fig. 7).

As can be seen from the chart, after the fall in 2009, in 2010-2013, this segment of the market
not only recovered, but also significantly exceeded pre-crisis indicators. In 2014-2015 the
production of the building mixtures on a cement basis significantly decreased, and in 2016 the
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production volumes increased by about 45 %.

The commodity structure of the building mixtures on a cement basis in 2016 is shown in Fig. 8.
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Fig. 7. Dynamics of the building mixtures on a cement basis market for 2004-2016, ths. t
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Fig. 8. Commodity structure of the building mixtures on a cement basis in 2016, %

Table 3. The main operators in the market of dry construction mixtures in 2016

Trade Mark | Volume of production, ths.t. %
Ceresit 360 39.2
Siltek 80.4 5.7
Anserglob 53.6 6.1
Majster 91.7 6.5
Polimin 175 12.4
Kreisel 101.6 7.2
Ferozit 56.5 4.0
BudMajster 59.3 4.2
Baumit 67.7 4.8
Artisan 31.0 2.2
others 108.7 7.7

Gypsum mixes (group I112) are intended for finishing of interior surfaces of premises. They
include gypsum, lime, fillers, polymer modifying components, a setting retardant and other
impurity.

Gypsum mixtures must:

- not be destroyed during periodic short-term humidification;

- provide the ability to control the setting process in a wide time range (1-2 hours).
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Mixtures for surface preparing are the systems containing mineral binders, fillers and various
impurities, including those that reduce adherence of the mortar mixture to the tool.

Mixtures for surface preparing for finishing should:

- have adhesion with the base not less than 0.5 MPa;

- have a vapor permeability of not less than 0.1 mg/(mxhxPa)

- be frost-resistant (for outdoor work), to withstand at least 50 freeze-thaw cycles;

- easily fit on the basis, not leave strips, lumps and not follow the tool;

- have resistance to cracking and minimal shrinkage, should not exceed 0.2 %;

- be polished and be painted, including paints on organic solvents;

- not be dripping down from the vertical surfaces;

- be water resistant.

According to the classification of the State Statistic Service of Ukraine, production, export and
import of dry building mixes on a gypsum basis fall under the codes 26.53.10 “Gypsum binders”,
2520201000 “Gypsum building” and 2520209000 “Gypsum other”.
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Fig. 9. Production of construction gypsum and gypsum binders for 2003-2016, ths. t

During the period of 2003-2008, the production of construction gypsum and gypsum binders
increased in 3.6 times. The greatest growth occurred in 2007 and 2008, the increase was about
60 %. Mainly due to the commissioning of new capacities by a group of KNAUF companies. Due
to the crisis in 2009, production volumes decreased by 25 %, and already in 2010-2011 production
growth resumed and it almost reached the pre-crisis level, but in 2012 production volumes
decreased. The production of gypsum binders in 2012-2013 was 1260-1280 ths. t, and in
2014-2016 it was 900-1100 ths. t.

The main suppliers are Knauf Marketing (TM Knauf), Helios (Lviv, TM Ferozit),
Fomalhaut-Polimin (Kyiv, TM Polimin), Polirem-Center (Kiev, TM “Polirem™), "Factory of the
building mixtures “BudMajster” (Pavlograd, TM “BudMajster”’), “KREISEL-Building Materials”
(TM “Kreisel”), “Terminal M” (TM “Siltek™), “Akvalit” (TM “Akvalit”).

The requirements for the thermal efficiency of buildings and structures in Ukraine are
constantly growing. In 1960, the standard resistance to heat transfer R was 0.7 m-K/W. In 1995,
it increased to 1.8-2.2 (m-K)/W, in 2006 — up to 2.8 (m-K)/W, the current norm from 2015 R is
equal to 3.3 (m-K)/W.

One of the main reserves of energy saving is the reduction of thermal and sound insulation
properties of housing and civil facilities to the modern European level, which, along with saving
energy resources, will solve the problem of ensuring the normative level of comfort in the
residential environment, the absence of which has become a serious social problem for residents
of multi-family housing.

Modern systems for home heat insulation make it possible to reduce the cost of heating, and
also have optimal sound-absorbing properties, protect against vibration. For the production of
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systems are used heat and sound insulation materials such as mineral wool products, extrusion and
beaded expanded polystyrene and the like [8].

Each of the materials has its advantages and their engineering justified combination makes it
possible to make the construction of thermal insulation at home as efficient and durable as possible.

The main types of heat and sound insulation used in Ukraine today are polystyrene and other
foam plastics, their share is more than 35 %, mineral wool and glass wool products occupy 35 %
and 25 % respectively, and about 1 % fall on other types of heat-insulating materials (see the
following diagrams). In general, the market of thermal insulation materials in Ukraine is quite
stable.

At the same time, it should be determined that the volume of the rock wool segment showed a
positive trend and increased by 0.3 % compared to 2012, while the segment of the expanded
polystyrene foam market increased by 0.9 %. This trend indicates that the participants of the
building materials market prefer the products of stone wool as safer and non-combustible and
cheaper products made of expanded polystyrene.

The world and domestic construction industry today offers a wide choice of heat and sound
insulation materials, each of which has its own technical characteristics and scope.

In the general balance of the use of heat and sound insulation in Ukraine, which has developed
today, about 65 to 70 % of materials are used in enclosing structures, about 15-17 % are used for
installation insulation, 8-10 % for heat insulation of pipelines, 4-5 % for sound insulation, and for
the refrigeration industry — about 0.6 %.

Nomenclature and classification of heat-insulating and acoustic products.

Extruded
polystyrene 5,7%

Expanded
polystyrene 30,1%

Glass wool 26,9%

Rock wool 37,3%
Fig. 10. Market structure of heat and sound insulation materials of Ukraine in 2016, thousand cubic meters

Heat-insulating and soundproof materials according to GOST B16381: 2011, are classified
according to form, appearance, structure, type of raw material, density, stiffness (relative
deformation of compression), thermal conductivity, flammability.

In terms of form and appearance, the materials are divided into:

- piece products (plates, blocks, brick, cylinders, semi-cylinders, segments);

- rolled and corded (mats, cords, tows);

- loose materials (mineral wool and glass, expanded perlite and vermiculite).

cotton wool and products based on it

One of the main types of heat and sound insulation materials in our country and abroad today
is silicate wool and products based on it. This production accounts for more than 50 % of the total
volume of thermal insulation materials.

The use of fibrous products in construction during the warming of brick walls reduces by 50 %
the demand for bricks, reduces the consumption of cement and lime by 2.5-3 times, labor costs at
construction sites and the estimated cost of construction with the same heat resistance of enclosing
structures.
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Silicate wool (the general name of glass and mineral wool) and products made of it are the
most common form of heat and sound insulation materials. Silicate wool consists of fibers of
microscopic thickness, which in most cases are placed chaotically, and the particles of solidified
melt that have not formed into fibers (so called “korolki”). The quality of melt processing in fiber
is determined by the presence of “korolki” contained in the resulting silicate wool, and thus, by
the purity and insulation characteristics of silicate wool.

The main property of silicate wool is incombustibility in combination with high heat and sound
insulating ability, resistance to temperature deformation, non-hygroscopicity, chemical and
biological resistance, environmental friendliness and ease of installation work.

Products made of these materials retain thermal insulation and mechanical properties at the
initial level for decades.

In addition, the use of products from these materials provides a good sound insulation of
enclosing structures. Mineral and glass wool significantly reduce the risk of standing sound waves
inside the enclosing structures, providing an increase in the insulation index from air noise.

The advantages of mineral wool and fiberglass insulation are the ability to apply them
depending on their technical characteristics not only in the form of solid and semi-solid slabs in
the facade structures, but also in the form of soft slabs and mats in frame structures, for example,
in panels of the type “sandwich”.

Production of silicate wool and products from it shows a positive dynamics: from 370 ths. m?
in 1990 to 5.2 mln. m?, while the presence of basalt deposits in Ukraine allowed producing of
stone wool at a higher pace in comparison with glass wool.

Table 4. Market of heat insulation materials of Ukraine

2015 2016 Growth
Thermal insulation material | Volume, | Share, % | Volume, | Share, % | 2015/2016, %
ths. m? ths. m?

Rock wool 29434 37.2 3024.9 37.3 2.8
Glass wool 2122.0 26.8 2176.1 26.9 2.5
Expanded polystyrene EPS | 2480.2 31.2 2442.4 30.1 -1.5
Extruded polystyrene XPS 376.6 4.8 461.0 5.7 22.4
TOTAL 7922.2 100.0 8104.4 100.0 2.3

The segment of mineral wool insulation in 2016 grew by more than 2.5 % compared to 2015.
If we consider the thermal insulation markets on the basis of glass fiber and basalt separately, then
the consumption of fiberglass insulation increased by 2.5 %, based on basalt by 2.8 %. According
to the forecasts of some experts, in the future, these growth rates should be maintained.

More than 95 % of the needs of the Ukrainian market of thermal insulation on the basis of
fiberglass is satisfied by the products of four manufacturers of mineral wool insulation
“TechnoNicol”, “Knauf Insulation”, URSA, ISOVER.
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Fig. 11. Distribution of the market of fibrous thermal insulating materials of Ukraine in 2006-2016, %
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Fig. 12. The market structure of the mineral wool (stone wool + glass wool) of Ukraine 2016 ths. m?, %
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Fig. 13. The market structure of the expanded polystyrene
thermal insulation EPS of Ukraine 2016, ths. m?, %
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Fig. 14. The market structure of the expanded polystyrene
thermal insulation XPS of Ukraine 2016, ths. m?, %

The market structure of the expanded polystyrene thermal insulation EPS of Ukraine 2016 is
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presented in Fig. 13. The market structure of the expanded polystyrene thermal insulation XPS of
Ukraine 2016 is presented in Fig. 14.

By the results of 2016, it is evident that the tightening of the requirements for energy efficiency
of buildings and the introduction of a regime of increased energy savings and the economic crisis
have led to changes in the market of TIM, but those changes will further activate the Ukrainian
market as early as 2017. Forecasting trends for 2018, it should be noted that the segment of light
positions of mineral wool will further develop.

In 2016, a new thermal insulation material produced by BASF Neopor appeared on the thermal
insulation market.

Neopor® is the newest technical solution offered by BASF for effective thermal insulation in
the construction of new and reconstruction of existing buildings. BASF represents Neopor® as an
innovative development based on polystyrene with the trade name Styropor®, has been
successfully applied for thermal insulation and packaging for many years. Neopor® is a polymer
(EPS) granulate of expanded polystyrene. Expanded polystyrene based on Neopor® is of
silvery-gray color, because it contains graphite, which significantly increases the thermal
insulation properties of the material. Expanded polystyrene based on Neopor® significantly
exceeds other insulation materials, because compared to the latter it has much higher thermal
insulation properties. This decisive advantage reduces the cost of heating the house and increases
the value of housing, taking into account the growing environmental requirements. As a result:
Neopor® is a contribution to resource saving and the opportunity to create a favorable
microclimate in a residential area.

Excellent efficiency of thermal insulation made of Neopor® material is a significant advantage
in practical construction for architects, engineers, builders and developers. Absorption or
reflection of infrared radiation with Neopor® material significantly reduces the thermal
conductivity of the building. The material to a lesser extent than conventional thermal insulation
boards, allows the heat to pass through.

Absorption and reflection of infrared radiation can significantly reduce the heat outflow caused
by radiation. Using of Neopor® is most advantageous where, with a low absolute density of
thermal insulation, you need to achieve maximum efficiency of thermal insulation. Neopor®
thermal insulation with a density of 15 kg/m® are provided, for example, with a thermal
conductivity of < 0.032 W/(m'K). For a typical EPS of comparable density, the thermal
conductivity parameter is > 0.037 W/(m-K).

The production of thermal insulating products based on expanded perlite is successfully
developing in Ukraine.

Expanded perlite is the basis of effective heat and sound insulation materials. One of the
significant advantages of perlite is that it reduces fire hazard and increases the fire resistance of
structures. Perlite is part of flame retardant paints, pastes, fire retardant plaster, it is used as fillers
for light concrete. Perlite materials are capable of improving the physical properties of existing
structures. The regulation of the humidity of constructions and of the microclimate of premises is
one of the peculiarities of materials based on perlite. This material is biologically stable, such that
it cannot be decomposed and rotten under the action of microorganisms, is not a favorable
environment for insects and rodents. Chemically inert - neutral to alkali and weak acids. Perlite is
environmentally friendly and sterile material, non-toxic, does not contain heavy metals.

Expanded perlite is a porous material obtained by thermal treatment of crushed volcanic
water-containing rocks. After firing, expanded perlite is divided into sand (< 5 mm) and crushed
stone (5-20 mm), depending on the grain size.

Expanded perlite sand DSTU BV. 2.7-157: 2011 (GOST 10832-2009). Building materials.
The expanded perlite sand and crushed stone. Technical specifications. Divide into ordinary PSO
— with grains of any fractions in the size from 0.16 mm to 0.5 mm, large PSL — with grains of the
fraction (1.25-5) mm, the average PSA — (0.16-2.5) mm, small PSS — (0.16-1.25) mm, powdered
PSP — less than 0.16 mm.
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Designation Metrics for insulation products made
Property Unit code acc. to of Neopor® EPS® Standard
EN 13163 EPS 70 EPS 100 EPS 150
Thermal W/(m'K) - >0.031 | >0.030 | >0030 |ENI3163
conductivity, 4,
Thermal Deutsche
conductivity, rated | W/(m-K) - >0.032 >0.031 >0.031 ab.Z
value "
Compressive
strength at 10 % kPa CS (10) >70 >100 >150 EN 826
deformation
Tensile strength
perpendicular to kPa TR >100 >150 >200 EN 1607
plane of board
Flexural strength kPa BS > 115 =150 >200 EN 12089
Shear strength kPa t >35 > 60 >85 EN 12090
Dimensional
stability after 48 h % DS (70, -) <1 <1 <1 EN 1604
at 70°C
Deformation after
48 h at 20 kPa and % DLT (1) 5 - <5 <5 EN 1605
80°C
Deformation after
168 h at 40 kPa % DLT (2)5 - - <5 EN 1605
and 70°C
Water vapor
diffusion - - 20-40 30-70 30-70 EN 12086
resistance factor y
Thermal linear 1 106 06 06 DIN
change coefficient K - 60-80-10 60-80-10 60-80-10 53752
. EN
Reaction to fire Euroclass - E E E 13501-1

Chemical Insensitive to water, most acids, and lyes. Sensitive to organic solvents.
resistance

Biological No influence on microorganisms. Does not decay or rot. Chemically neutral, not
behavior soluble in water. No known health hazards.

Perlite-cement dry mixtures. Used in Europe and Ukraine in the form of heat-insulating plaster
mixtures, lightweight billets for the floor and solutions for masonry. They can be used both for
the construction of new and for the reconstruction of old buildings that do not meet the current
requirements for thermal protection.
Perlite-concrete wall blocks. Full-walled blocks with the density of 500-700 kg/m® are
manufactured using the vibration-pressing method and are used in Ukraine for the construction of
low-rise, multi-storey and high-rise buildings. Due to the granular structure and the presence of a
glassy phase of perlite filler, perlite concrete has better thermal-technical characteristics than

autoclaved cellular concrete of similar density.

Thermal-insulated plates in the shell. Promising development of NDIBMV — non-flammable
thermal-insulated plates made of expanded perlite on an inorganic binder in a shell with the effect
of reflective insulation.

Characteristics:

- density — 200-250 kg/m>;
- thermal conductivity (piped products) — 0.05-0.06 W/(mK);
- thermal conductivity (using vacuum or modified gas medium) — 0.02-0.03 W/(mK);
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- compressive strength is 0.2-0.3 MPa.

Perlite products on liquid glass are produced of two types — perlitephosphogel and perlite
calcine lightweight.

Perlitephosphogel products consist of perlite expanded sand (60-70 %) and liquid glass
(40-30 %). Products are used for fire protection and thermal insulation of building structures,
equipment, pipelines at temperatures up to 600°C.

When installing a waterproofing coating, plates, on which paper is fixed with the help of
bitumen, are used to insulate structures, equipment and tanks.

The products are manufactured in the form of plates, shells (semicylinders) and segments with
a length of 450-1000 mm, width (for plates) — 250-500 mm and internal diameter (for shells and
segments) — 57-426 mm, thickness 40-100 mm.

Perlite-ceramic products are made of a mixture of expanded perlite sand and plastic refractory
clay.

The products are intended for thermal insulation of industrial equipment, furnaces and
pipelines at a temperature of no more than 8§75°C.

Perlite-ceramic products are divided according to the density into brands: 200, 220, 250, 300,
350, 400. Products are produced in the form of plates, bricks, shells and segments.

Lightweight refractory perlite-chamotte products consist of expanded perlite sand (3-13 %),
refractory clay (16 %) and chamotte (71-81 %).

Based on the above, we can conclude that the building materials industry of Ukraine is a
powerful player in the market of building materials and products and a leading country in the
post-Soviet space in attracting of modern foreign technologies.

It can be predicted that by 2025 traditional building materials, ceramic and silicate bricks will
be replaced with clinker bricks and products made from autoclaved aerated concrete. The segment
of dry building mixtures will significantly increase its presence in the total production of binders.
With an increase in construction volumes, dry construction systems (plasterboards), whose
production capacity can reach 200 mln. m?/year, will be increasingly in demand.
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Abstract. The modern digital technique and software give the ability that the sound absorption
coefficient was measured by the method of the sound amplitudes decay in a closed chamber,
namely in the impedance tube, by means of the ratio of the subsequent attenuating reflected waves.
Taking into account the influence of the length and diameter of the impedance tube on the process
of decay of sound waves, a new study of sound propagation in an impedance tube is presented, on
the basis of which the sound absorption coefficient is determined much easier.

Keywords: sound, wave, reflection, reverberation, decay, absorption, measurement, vibration.
1. Introduction

Sound, a form of energy, is caused by molecules vibrating in a gas, liquid or solid and it
propagates in the air as waves by changing of atmospheric pressure i.e. by disturbance of the air
pressure. Sound after exposure to solid materials is converted into vibration and thus spreads into
them. The frequency or pitch of the noise, measured in hertz, is the number of sound waves emitted
per second.

Noise can be described as unwanted sound, the intensity of sound depends on pressure levels
which are measured in decibels (dB). Previous studies have shown that the results for an
absorption coefficient test are dependent on the testing method, that is, the absorption coefficients
of the same material with the same properties will vary depending on the testing method. Sound
insulation refers to the ability of the building material to resist the transmission of airborne and
impact sound. Some existed typical noise levels are given in Table 1. It should be noted that all
the noise levels presented in Table 1 are different for different countries, for example, the highly
developed countries have more stringent requirements.

Table 1. noise levels in pascals and decibels

Noise Explanations Pascal dB
Lower threshold of audibility Sound is not heard 2-10° 0
A quiet rustle of leaves Is heard at a distance of 1 m 6.32-10° 10
At night The sound pressure level provided for by the 6.3-10* 30
In the afternoon standards for living rooms 0.002 40
In the workplace intermittent The sound level should not exceed 6.3 110
noise
Impulse noise at the workplace Permissible for a short period in the form of 35.1 125
impulse noise
Jet plane at the start Feeling of pain in the ears at a distance of 1 m 63 130
The environment in which high Even for a short period of time it is 112.5 135
sound pressure inadmissible to remain
Excessive sound pressure Causes a rupture of the septum of the ear can 2000 160
even lead to death
Epicenter of the explosion Causes death of a person 200000 200

2. The new heat and sound-insulation building materials

To solve the problem necessary the creation of low-cost building materials based on local
resources. Creation of such materials in the local area makes it possible to improve, as the sound
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insulation so heat insulating characteristics, which is connected with the decision of very
important social and economic problems. It should be noted soundproofing material has very good
heat insulation characteristics as well.

Sound insulation and heat proofing characteristic of building wall partitions are improved
greatly when foam concrete is used in it as a layer of the sandwich. For obtaining foam concrete
is used soon spoiling organic components that are very uneasy (clumsy) for little and serial
enterprises in terms of storage and transportation costs. The foam material created by us on the
basis of local raw materials is cheap and durable because it is based on inorganic materials and
they are rosin and glue. The noted technological process is new and, possibly, promising in our
market.

To develop a new production technology for relatively cheap sound-proof building materials
and to determine the acoustic and heat non-conductive characteristics for the materials obtained,
it is necessary to simplify the method of determining the absorption coefficient of materials, so
that in practice it is widely used in production and at homes by citizens.

3. Theory of propagation and reflection sound waves.

Measureless and frequency dependent the sound absorption coefficient a presents the main
acoustical characteristic of materials and in agreement of the determination is the ratio of the
absorbed E; and the incident E;,,. energies [1-3].

Eabs
a = =abs, (1)
Einc

Though in some cases « is determined as a relation all not reflected energies with incident
energy:

E Eps + E
a=1- ref — abs tran’ (2)
Einc Einc

where in a consent of the conservation energy Eine = Erer + Eqps + Etran.

Besides of the vacuum, the sound is propagated in any materials. The sound is appeared by
any disturbance of the air pressure p; density p; environment particles speed v and temperature t.
The functional connection between air pressure and density is expressed by adiabatic equation
p = f(p). The differentiation of which gives the sound composition equation [4-6]:

dp 10p

= 3
ox c2ot ®)

where ¢ — the speed of sound propagation
The solution of the equation of (1) may be presented by two periodic and harmonic propagating
waves [6]:

p = Acos(wt — kx) + B cos(wt + kx). 4

For periodic oscillations (4) takes view:

c c
p=f, [5 (wt — kx)] +/, [5 (wt + kx)], (5)
where k = % = ? = 2711 waves oscillations, 4 = %— is length of waves.

For harmonic waves, Eq. (5) takes the following form:
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p= Acos% (ct — x) + B(ct + x) = Acos(wt — kx) + Bcos(wt + kx). (6)

The Eq. (6) frequently is presented in a complex form for simplifying summing calculation
operations of different frequency waves:

p= (Ze—jkx + Ee—jkx)e—jkx — Ze—jkx—jkx + Ee—jkx—jkx_ (7)

In accordance with equations of (6) and (7) the incident and reflected flat waves are summed
that is, depending on the phase of the waves, the corresponding amplitudes increase or decrease.
In accordance with equations of (4) p = X (x)T(t) if there will be taken two private solutions and
they will be supplied in Eq. (3) then will be obtained equations which left and right parts will
equal [6]. There may be such solution where they will equal to —k?:

1 0°T 02 10%X
A N 2 (8)
C2ot2 0dt?2 X ox2

From Eq. (8) are obtained two equations with following solutions, which are analogous of
oscillation of material [6]:

%X 5 a%T 5 5 . ©)
Pl =—k*X, X = Acos(kx + ¢,), FTE3 = —k?c?T = w*T, T = Bcos(wt + ¢,),
where w? = k2c?.

The solution of wave equations is equal:

p = XT = C cos(kx + ¢,) cos(wt + @,). (10)

The obtained equation describes free oscillation of standing waves. So private solution of the
equation p = X(x)T(t) gives us possibility from endless solutions were searched the standing
waves equation. The solution of plane waves can be represented as in form standing waves so
moving waves. Moving plain waves are characteristic for unstable processes and standing waves
for periodic and stable processes [6, 7].

Usually, « is in a functional dependence with the sound incidence angle of 8;,,.. When sound
waves are fallen on the materials by the right angle the absorption ability of the materials are
denoted by aN. So, the simplest method evaluation of materials absorption ability aN and surface
impedances dN are to use the impendance tube in which are generating plane waves [3-5].

When a simple wave falls at a right angle at the point x = 0 on the body of separation of two
media (Figure 1), then a part of the wave is reflected, and the other part is transmitted into the
second environment. The propagation of sound in both media is described by the wave equation
and they can be integrated independently of each other [3, 6].

AN
Ale_j‘r‘:lx Ele—jki.‘x ﬁze_jklx
—{== -] —_—
x=0
—
X

Fig. 1. Sound reflection, transition and two media separating barrier
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The solution of the incident and reflected wave equations is equal to:

p, = Aje x4+ B e ikax, (11)
But the solution of the transmitted equation is equal to:

p, = Aye I, (12)

Since the second environment is presented as endless that B, = 0 so the sum of incident and
reflected sounds pressures P1 located at left side of dividing barrier must be equal to penetrated
sound pressure P2 located at the right side of the barrier [6]:

(ﬁl)x:O = (ﬁz)x:O: Zl + §1 = Z2- (13)

Theoretical analysis of the above-described sound equations shows that the sound wave in
materials behaves similarly to the vibration wave, which makes it possible for the absorption
coefficient to be determined by the decay process of the reverberating amplitudes, as in the case
of the theory of oscillations. Moreover, the sound in the materials is spread in the form of vibration
and vibration is the source of the creation and propagation of sound waves in the atmosphere.

The full period of propagation plane waves from one side covers of the tube to another and
back, i.e. one full cycle T},,, is a ratio of the double length of the tube to the speed of sound
propagation in air. If the length of the tube is more than 4 diameters, stable flat and standing waves
form in the tube in the longitudinal direction [3, 4, 7]. When the noise source is turned off, in the
tube, the amplitudes of the standing and plane waves are fallen at the same speed. In accordance
with formula (1), the value of decay of sound amplitudes in each cycle is equal to the transmitted
and absorbed sound energy by the materials on the side covers of the tube.

White and octave waves emitted by a sound source create very complexly and unstable
reverberating waves in the impedance tube when simple (coherent) sound waves of frequency f
create simple waves oscillating with a frequency f'in the tube. Sound waves, circulating in a closed
impedance tube, are repeatedly reflected from the side covers of the tube. The resulting
reverberating plane waves act on each other, are summed up and create stable standing waves in
the tube (Fig. 2). The absorbent material, that is fixed to the side end of the tube (Fig. 2), causes a
change in the amplitude of the standing waves [3, 8, 9]. Experimental investigation showed that
little appreciable differences are obtained in the results from using the short and long tubes.

=0 dense material y=

e il o

absorbed by
absotbing
material

absorptiog by
cyli lateral
walls of'the tube

Fig. 2. Standing waves in the impedance tube
4. Experimental investigation and obtained results

Performed theoretical and experimental studies, by the help of modern digital technologies,
have shown that the propagation of the waves of white noise in a closed tube creates and
establishes a complex unstable reverberating oscillation (Fig. 3(a)). It should be noted that in the
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case of white noise and an impedance tube with a length L = 0.63 m, along the tube side, covers
clearly are visible longitudinal reverberating sound waves oscillations with the frequency of
fion = 300 Hz, whose frequency is equal to the ratio of the sound speed s to the double length of
the tube 2L, i.e. fio, = s/2L [3, 13]. If the sound source is coherent, for example with a frequency
0f 2000 Hz, coherent waves with a frequency of 2000 Hz are also installed in the tube, but in this
case, practically, noticeable longitudinal oscillations with frequency f;,, = 300 Hz are not
detected (Fig. 3(b)).

I:I.S1 ny 1 1T

0.4

0 ?
0.4 HH
¥ 771 g ts 3082 3.036 309 is
a) f; =300 Hz; T = 0.0033 sec b) f = 2000 Hz; 7, = 0.0005 sec; T = 0.0036 sec

Fig. 3. Reverberating white a) and coherent b) sound waves in the impedance tube

In the tube, since the moment the sound source is turned off, a transient process of decay of
the reverberating amplitudes occurs until the sound waves completely disappear (Fig. 4(a)).
Approximately the frequency of the decay of longitudinal waves with white noise is equal to
fion = 300 Hz, and for a coherent noise source Fig. 4(b), fion = 285 Hz (t = 0.0036 sec), and
both are related to the length of the impedance tube.

?-.!?-3 ?!“-3 T4 Ts 3] 669 7674 3679 3684 3689 s
a) fion = 300 Hz, T = 0.0033 sec b) fion = 285 Hz, 7, = 0.0005 sec, f = 2000 Hz
Fig. 4. Decay processes of white a) and coherent b) reverberating sound waves

According to Fig. 4(b), the period T and the frequency f of the decay reverberant sound
amplitudes can be calculated as follows. The period of coherent sound waves 7y is equal to time

mark interval dividled by the number of amplitudes of this interval
T = (3.689-3.684)/11 = 0.0005 sec. Thus, in accordance with the period 7¢, the frequency of the
noise source is f = 1/7, =1/0.0005 = 2000 Hz. Consequently, the period and frequency of
longitudinal oscillations will be T = nt; = 7:0.0005 = 0.0035 sec. fj,, = 1/7 = 285 Hz. Where
n is the number of amplitudes in the period t. The curve ab in Fig. 4(a) shows the average rate of
the decay process of group amplitudes of longitudinally reverberating waves.
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Fig. 5. Sound decay exited frequency f = 2000 Hz, decay frequency f;,, =200 Hz, L = 0.8 m

It should be noted that in any process of decaying waves, in conjunction with the frequency f
emitted by the sound source, frequencies of longitudinal waves are observed, which are created in
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a long tube by frequent reflections from the side covers of the tube (Figs. 5-7).

To improve the accuracy of measurement, the sound reflection coefficient of the tube wall
should be close to 1, i.e. material for the tube should be bronze, with a minimum wall thickness
of 5 mm, although the tube material may be steel [5, 10, 11].

Thus, in an impedance tube, two types of waves are simultaneously generated: 1) waves with
a frequency f emitted by the sound source, and 2) longitudinally reflecting waves produced in the
tube. The process of decay standing waves in an impedance tube are combinations of sums of
frequencies f and fj,,, which decay at different frequencies and times.

2.99 is

e L T £ ) 353 3.54 355 3.56 is 293 255 297
Fig. 6. Sound decay, exited frequency f =2000 Hz, Fig. 7. Sound decay, exited frequency f = 2000 Hz,
decay frequency f;,, =250 Hz, L = 60 cm decay frequency fjo, = 150 Hz, L=1m

The fact that the ability of a material to absorb sound energy is related to the frequency of
sound is clearly visible in Figs. 6 and 7, where high-frequency f waves emitted from a sound
source are absorbed faster than longitudinally reverberating low-frequency sound waves f,,
excited in an impedance tube, although at a given frequency, in the presence of another absorbent
material (e.g., a cork tree), they can decay simultaneously (Fig. 5).

Each longitudinally oscillating amplitude (wave), reflected by the side covers during the decay,
contains a set of white noise amplitudes emitted by the noise source (Fig. 4(a)), and in the case of
coherent noise, it contains only a few amplitudes [12,13]. The number of coherent amplitudes
contained in longitudinally oscillating waves is directly related to the tube length and is equal to
n=1L-2-f/s. Fig. 6 shows that one longitudinal wave of 2000 Hz contains 7 radiated waves
when the tube length is 0.6 m, but with a tube length of 1 m, one amplitude contains 13 emitted
coherent amplitudes from the noise source Fig. 7.

In accordance with formula (1), the absorption coefficient &, in the case of amplitudes decay
of complex form, also can be determined by the ratios of reflected amplitudes Figs. 5-7.

Figs. 8 and 9 show the processes of decay in the presence of coherent sounds of 100 and
2000 Hz, occurring in an impedance tube of length L = 0.585 m. In Fig. 8, we see the process of
decay of a sound with a frequency f = 100 Hz, whose decay frequency is f,, = 47 Hz which
contains 5.7 waves, the decay frequency of which is fj,,, = 285 Hz. Since the length of the sound
wave of 100 Hertz is 334-0.01 = 3.34 m and 5.8 times the length of the tube L = 0.585, then for
one full period of the 100 Hz wave, the tube reflects 5.8 times in lengthwise direction, so
L,, = (1/285)-6 ~ 47 Hz.

As for Fig. 9, the length of one sound wave of 2000 Hz is 0.167 m and 3.5 times less than the
length of the tube L = 0.585 m. A very interesting process takes place in an impedance tube when
the source of coherent noise is cut off. In the process of sound attenuation, because of the absence
of waves emitted by the sound source, the previous reflected waves assume the role of a sound
source, so in this case standing waves are created by additional reflected waves, otherwise standing
waves will not be created in the tube (Egs. (6), (7)). Thus, in the decay process, in closed spaces,
twice reflected two waves moving in opposite directions create standing waves which frequency
is increased two times Fig. 9. Therefore, out of 3.5 longitudinally oscillating amplitudes, 7
standing oscillating amplitudes are obtained.

To achieve standing waves, it is necessary that the length of the tube is more than 3-4 diameters,
and above 1700 Hz the diameter of the tube should not exceed 30 mm. Since the decay of sound
waves at 2000 Hz recorded in Figure 9 was performed by a tube 100 mm in diameter, so the shape
of the decay differs from the decay mode shown in Fig. 10 where the decay process was made by
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means of a tube with a diameter of 25 mm. So high-frequency sound waves emitted by a noise
source during the decay process at each longitudinal reverberating amplitude (wave) do not
practically change in magnitude.

o U _ ! ! ! g _ 1/ : i i
S ¥ I ¥ T ¥ R i3 ts 5075 3083 3091 309 3107 35 is
Fig. 8. Sound decay, exited frequency f = 100 Hz, Fig. 9. Sound decay, exited frequency f = 2000 Hz,
decay frequency fj,, =285 Hz, f,, =47, L =58.5 cm decay frequency fj,,, =285 Hz, L = 58.5 cm

Fig. 11 shows the process of decay of waves in an impedance tube, when high-frequency sound
waves emitted by a noise source have f = 200 Hz. and the frequency of standing waves created
in the impedance tube has f;,, = 285 Hz. In this case, the amplitudes of the longitudinal
oscillations, as compared with Fig. 8, increase significantly since the indicated frequency is closer
to each other, i.e. a resonant phenomenon is created in the tube and when the source of noise is
turned off, the decay of the amplitudes of the longitudinal oscillations occurs almost at the
frequency that has a coherent noise source.

osFTHHT
04 i
0
04 ]
133 iw 15 e 1% s S oo T v s
Fig. 10. Sound decay, exited frequency f = 5000 Hz, decay Fig. 11. Exited frequency f = 200 Hz, decay

frequency fjy, =415 Hz, L =40 cm frequency fj,, =285 Hz, L = 58.5 cm

The program VT RTA-168 makes it possible to look for such a deployment scale when the
longitudinal decay waves (Fig. 12(a)) will be represented in a clean longitudinal reverberating
form without shown of waves emitted from the sound source (Fig. 12(b)). The curve ab on both
oscillograms shows the time duration and the attenuation rate of the longitudinal oscillation
amplitudes in Fig. 8(a) in the expanded form and in Fig. 8(b) in compressed form.
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Fig. 12. Sound decay processes, a) exited f = 1000 Hz, decay f;,, = 150 Hz, b) Waveform is compressed

The rate of decay of plane waves in an impedance tube is determined by the imperfect
reflection of sound from both sides, the propagation of sound in the air, and the resistance of the
side walls to the sound waves propagating along the length of the tube, as confirmed by
experimental studies. If one side tube cover is replaced by a sample material that has a different
absorbent capacity, the sound decay rate in the tube will be changed accordingly Fig. 13.
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Fig. 13. Sound decay of concrete and marble, exited f =200 Hz, decay f;,, =250 Hz, L = 65 cm

On the basis of experiments, a theoretical point of view was proved that by the selection of the
tube length, the wave frequency created in the tube maybe coincided with the frequency of the
coherent wave radiated from the sound source i.e., when the length of the tube coincides with a
certain wavelength of sound. When the sound frequencies f and f;,, are the same, the wave
attenuation is determined mainly by the absorbing capacity of the material situated from the
longitudinal side of the tube.

But it should be noted that in all the cases considered, we are dealing with the absorption
coefficient associated with the frequency of longitudinal oscillations arising in the tube itself,
rather than the frequency emitted by the noise source. But on the basis of the conducted
experiments it can be concluded that for a certain ratio of the length of the tube and the length of
the exciting coherent wave, the frequencies f and f;,,, can coincide with each other Fig. 14.

Fig. 13. Sound decay, exited frequency f = 500 Hz, decay frequency f;,, = 500 Hz

So, the equality of frequencies f;,,, and f is reached by regulating of changing the tube length.
To achieve this, the length of the tube should be 1/4 of the length of the sound waves. In addition,
to ensure flat waves, the length of the tube should be more than 3/4 tube diameters.

Fig. 15 shows the recorded waveforms in which the damped frequency processes of 200, 500,
1000, 2000, 5000 and 10,000 Hz emitted by the sound sources and the frequency of the decay
waves generated in the impedance tube are equal, and this was achieved by adjusting the length
of the tube for each frequency. Using the oscillograms obtained in this way, the absorption
coefficients of the materials studied for any spectrum were determined. The exception was
10,000 Hz, where, during the decay, the frequency was 10,000 Hz at a frequency of 3,000 Hz.
According to the calculation, the length of the tube should be 17 mm in order for the decay of the
amplitudes to occur at a frequency of 10,000 Hz Since the length of the microphone was 20 mm,
we had to use a tube 25 mm long. Thus, in the process of damping together 10,000 Hz, the
attenuation frequency of 3000 Hz is also allocated. The waveforms of decay shown in Fig. 15 are
obtained for the case when the sample of the test was the cork tree installed at the side end of the
tube.

300 VOL. 2. QUALITY AND RELIABILITY OF TECHNICAL SYSTEMS: THEORY AND PRACTICE. ISBN 978-609-96036-0-5



6.2. A NEW METHOD FOR DETERMINING AN ACOUSTICAL CHARACTERISTIC OF BUILDING MATERIALS.

TAMAZ NATRIASHVILI, MERAB CHELIDZE, DAVID NIZHARADZE, JEMAL JAVAKHISHVILI

f=200 Hz 1=0435 m

At

=500 Hz, =0.167m

"ZIHZZI..H-JZIEZZ

I

k- c 2]

f=2000 Hz. 1=0.041 m

T
v
[

e "

i

2317

f=5000 Hz, 1=0.033 m

v T

3331

3333

ts

98T

BT

£210000 Hz, 1=0.025m (1=0.017 m)

B2 LS

T

5082 5083

Fig. 15. Achievement of equality of excitement and fading frequencies by
means of regulation of the tube length (sample material is cork)
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Theoretically, at low power, in a closed space, in particular in an impedance tube, the
amplitudes of sound waves should increase gradually and also gradually decrease, i.e. have an
antipolar form, which is fully proved by experimental studies. Fig. 16 shows the processes of
increasing and decreasing amplitudes of standing waves in a closed space at the time of the
switching on and turn off the low-level noise source. With a low-power sound source during the
study, it was also found that in closed chambers (in the tube), the growth and decay of the sound
amplitudes occurs at the same rate and they have the form of mirror images (Fig. 16).

The mirror images of processes of forming and attenuation of sound standing waves once more
confirm that the presented method is correct, perspective and new, furthermore sound absorption
coefficient can be determined also by the process of increase of reverberating sound amplitudes.
Especially it should be noted that the process of decay of the reverberating sound amplitudes
obtained by the method described above is very stable. In addition, the accuracy of the
measurement of decay rates is practically independent of the measurement conditions, types of
measuring instruments and their accuracy.

Experimental studies show that the amplitudes of reverberating sounds decay nonlinearly [4],
which corresponds to the def curve shown on the oscillogram of Fig. 17. The rate of decay on the
intervals de and e is different and consequently different absorption coefficient will be obtained.
If we intend that de and ey are linear intervals in conformity with linear intervals ac and ¢, than
the formula for calculation sound absorption coefficient will be simplified. According to
oscillograms of the decay of reverberating sound waves, the sound absorption coefficient can be
calculated from the following simple Eq. (14), in a manner analogous of calculation the damping
coefficient in the theory of oscillations [10, 14, 15].

o0 L) 3567 T ts
Fig. 17. Determination of sound absorption coefficient by decay of reverberation amplitudes

Aa_Ab

di =
mA,

) (14)

where A, and 4, — maximal and minimal amplitudes on the calculation interval accordingly, m —
the number of amplitudes of decay, or increase on the calculation interval. Evidently, that average
value of absorbing coefficient, entirely for def curve, will be the average mathematical sum of
separated ac and ¢, linear intervals. At least from a practical point of view, it is desirable that a
certain absorption coefficient indicates a high sound pressure at a level of 120-70 dB. In Fig. 14,
such an interval is represented by the nonlinear curve de and linear ac. In the theory of vibration,
the absorption coefficient for ac range is calculated using [a, b] interval by adding 2 in the Eq. (15):

_24,- A,

a =
m A,

(15)
In such cases, it is desirable that the lengths of high inclination curves a.(d,) and low
inclination curves ¢, (ef) were approximately equal.
Theoretically, when the length of the radiated wave is bigger than the length of the tube the

length of the tube must be increased otherwise the frequency of generating of the plain waves
become higher i.e. in the tube will be created high-frequency standing waves.
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Fig. 18. The tube length and reverberation sound frequency

Figure 18 shows the processes of creation and attenuation of frequency waves of 2500 Hz,
when 200, 500, 1000 and 2000 frequency waves excited from a noise source are acted in a tube
with a length of 35 mm. At the beginning of short periods of growth and decay of amplitudes, i.e.,
pulses of 0.0004 sec. appear during periods of unstable processes. For all waves, the fundamental
attenuation frequency is 300 Hz, and it is accompanied by a frequency of 2500 Hz.

Based on numerous experimental studies, a new method for measuring the sound absorption
coefficient showed a greater sensitivity to the measurement of the acoustic properties of materials.
Fig. 19 shows some oscillograms of the decay of the sound amplitudes, the absorption coefficients
of which were calculated from Eq. (14). In addition, the method for determining the sound
absorption coefficient, based on the decay of the sound amplitudes, proved to be very stable and
accurate in spite of the measurement requirements, measuring devices accuracy and types were
violated.
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Fig. 19. Oscillograms of attenuation amplitudes at 500 Hz ~ Fig. 20. Oscillograms a) a tightly closed lid,
with samples of a) water, b) tiles, b) an incomplete lid on the side
¢) plywood and d) cotton of the noise source
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For example, Fig. 20 shows the entering and decay waveforms that were obtained for a wet
porcelain plate when, in one case, the tube cover was tightly closed a; = 0.125 and in another
case, the cover on the side of the noise source was practically open aj = 0.128. Since the
absorption coefficient is determined by the ratio of the subtraction of the maximum and minimum
amplitudes (4, — 4;) to the maximum amplitude Aa of the given interval, therefore errors that
appearing due to inaccuracies of the measuring devices, instability of measurement conditions and
the environment are not great, unlike the existing methods in which they greatly affect the obtained
results. If equal values appear in the numerator and denominator simultaneously, in our case the
measurement errors, they will not cause the change of the fraction. Here the main thing is that
during the decay of the sound amplitude (approximately 0.01 sec.), no changes occurred on the
background sound.

On the basis of theoretical and experimental studies shown that the sound absorption
coefficient for various materials possible to determine in the open space without an impedance
tube by means of conventional measuring instruments in acceptable accuracy for wide consumers.
As studies have shown for carrying out measuring operations, a test material of approximately
1 m? area and a reflecting wall is required and the possibility to vary the distance from 0.03 to 1
m. The microphone should be installed in the center next to the test material and the loudspeaker
at the wall also in the center. Other reflective materials should be removed at least 3-5 m that
during the attenuation of the reverberating amplitudes, sound reflected from other materials was
not penetrated into the work area.

Fig. 21 shows the process of decay of reverberant sound amplitudes when the distance between
the sample and the reflecting wall is L = 0.93 m. On the basis of investigation may be said the
process of decay sound waves in the open space is identical to the process that takes place in the
closed tube, but in order to achieve the same sound pressure level in open space, it is necessary to
increase the loudspeaker capacity by more than 70-80 units in comparison to the tube where it was
1-2 units. When the distance from other reflective materials was more than 3 m, the effect of the
reflective waves of the spectra of 500 and 5000 Hz was minimal, but the condition was broken for
the 2000 Hz oscillogram.

1 da
o_si., Tt

= e

H H H g H H H
927 928 529 930 931 246 247 248 249
Fig. 21. Determination sound absorption coefficient in the open space

The oscillograms a) and b) of figure 21 are obtained at the condition of the distance L = 0.9 m.
At this distance, about 5 waves with a frequency of 1000 Hz are placed. Indeed
334/2-1000 = 0.167 m and 0.9/0.167 = 5.4 that clearly is seen on the decay regimes oscillograms.
Each stage (step) of the decay contains almost five amplitudes. The oscillogram of the decay mode
of the sound shown in Fig. 21(b), differs from the oscillogram Fig. 21(a) only in that the distances
between plywood and the wall was changed insignificantly, which caused every second half-wave
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of the sound wave to enter the antiphase state, i.e., on the basis of Egs. (6), (7), the amplitudes of
the corresponding periods are suppressed.

Although the average decay rate of the amplitudes is the same in both cases. The oscillogram
showed in Fig. 18(c) was obtained when the distance was a = 0.20 m. In this case, we have two
amplitudes at each level (stages). But oscillogram d) was obtained when the distance was 9 mm
i.e. 1/4 the part of the length of 1000 Hz of sound wave frequency. In this case, the decay process
proceeds at the same frequency, which has a source of coherent noise i.e. the decay process of
reverberating waves is analogous that happens in the impedance tube shown in Figs. 13, 15. It
should be specially noted that all four oscillograms obtained by the decay processes performed on
the plywood have approximately equal attenuation rate and absorption coefficient ¢ = 0.27-0.29,
calculated by the Eq. (14). Each oscillogram has three and a half steps of the amplitudes of decay.

As seen when calculating the absorption coefficient using the presented method, the time factor
does not play any real role since the damping times a) and b) of the oscillogram are 2.5 times
larger than the decay time of the regime c) and 5 times of the regime d) but obtained sound
absorption coefficient for four cases are practically is equal.

When the sound incident on the material, it is reflected, absorbed and transmitted, as shown in
Fig. 22.
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Fig. 22. Sound incident on a material

Ideally, the sound absorption coefficient defined as the fraction of the randomly incident sound
power absorbed by the surface, but in the practice (experimentally) it is operationally defined as
a collection of absorbed and transmitted parts of the sound. In this sense an open window is
considered a “perfect” absorber, but is really a perfect transmitter. The coefficients determined are
based on this conception; that is, that what is not reflected is “absorbed”. The open window is
taken as the standard absorber with a coefficient of 1.00, or 100 per cent absorption [4].

As practice shows, in a number of cases, it is necessary to know the absorbing capacity of
materials, regardless of the determination of transmitted energy, which is still difficult to
determine. It can be said that today used method for this purpose is based on the simultaneous use
of four microphones in an impedance tube which requires quite complicated calculations, high-
precision measuring types of equipment and so on. This method is based on the theory of transfer
function method for sound propagating in a tube where the acoustic transfer function is calculated
as a substitute of the spectral densities. This method requires a four-channel FFT analyzer and
four spaced microphones and working with the convolution integrals and their Fourier transforms.

The obtained results of the decay process of complex and coherent reverberation sound waves
performed in closed spaces showed that the determination of the sound absorption coefficient can
be greatly simplified. This method allows that instead of a tube with four microphones, a tube
with two microphones were used, where the sample separates the cameras. Theoretically, if the
sound is not transmitted completely through the test material, the absorbed energy will be equal
to the energy not reflected, that is, subtraction of the incident and reflected energies, and
coefficient of absorption by material will equal a;, = 1 — a.

But in the case when a part of the sound waves is transmitted through the test material, then
the energy absorbed by the material is equal to the subtraction of the energy of the incident and
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transmitted energy, ie, the damping factor will be equal to the ratio of the subtraction of the sound
energy of the incident and transmitted amplitudes of the first and second cameras by a fixed
corresponding amplitude of the first camera. Since the values of the incident and the transmitted
sound amplitudes are measured in different chambers, it is obvious that in such cases it is
necessary to increase the requirements for the accuracy of the measuring instruments and the
correct installation of the test material in the measurement work.

Fig. 23 shows the processes of decay and transmission of sound waves in the presence of test
materials mouse pad and cotton.
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Fig. 23. Decay and transmited processes at the Fig. 24. Decay and transmited processes at the

presence of mouse pad testing material presence of cotton testing material
The presented oscillogram makes it possible to measure the damping coefficient of the material

according to the Eq. (16):

A —A
1= 4z (16)

a, =
Ay

In Figs. 23 and 24, Al and B1 denote the sound amplitudes of the decay in the room of the
sound source and A2, B2 — the sound amplitudes in the sound receiving room.

Although a clean cotton fabric has a higher sound absorption capacity than a mouse pad, a
clean cotton fabric lets more sound energy into the receiving chamber than a mouse pad i.e. mouse
pad directly absorbs more sound energy than cotton fabric.

It should be noted that when coherent sound passes through the materials, in some cases
additional spectral components appear Fig. 25, which in principle makes it possible to investigate
the structural state and damage of some materials.

;;‘ 2‘4 2‘4 ‘:H
Fig. 25. Amplitude-frequency features of 500 Hz transmitting coherent sound source waves
The conducted studies showed that, according to the proposed method, the results of the test
of the study and determination of the absorption coefficient do not depend on the test condition,

i.e. the absorption coefficients of the same material with the same properties do not depend on the
test condition, accuracy, and type of measuring instruments. The method of determination of the
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absorption coefficient by means of decay of the reverberating waves is sufficiently stable,
demonstrates a high sensitivity to the materials acoustic characteristics and a low sensitivity to
errors admitted during the measurement. Therefore, may be concluded that after some further
improvement, the presented method has a good prospect of wide use.

More than 200 the scientific literature, which was considered and analyzed by us, that cover
period of 1927-2014 years, among them 6 fundamental monographs, did not contain calculations
of absorption coefficient by the presented method and are not shown waveforms in which clearly
are shown decay and rate tempo of reverberation amplitudes in the materials. By noted waveforms,
graphically, may be determined absorption coefficient in the materials that are a new method and
must be perspective for further elaboration and refinement.

5. Conclusions

The method of determining the absorption coefficient in materials by the decay of standing
waves with the help of an impedance tube allows, with the help of cheap and low-current devices,
the measured value of the coefficient was practically acceptable and accurate, which gives a wide
possibility of its use in practice.

The method of determining the absorption coefficient using the process of reverberating decay
waves is fairly stable and shows a low sensitivity for all made errors in the measurement process.

The wide dissemination of modern digital technologies, PCs and software allows measuring
the ability of sound absorption of materials and absorption coefficient with the necessary accuracy
without special laboratories in conditions of wide consumptions.

The conducted studies showed that, according to the proposed method, the results of the test
for the absorption coefficient do not depend on the condition of performing test, that is, the
absorption coefficients of the same material with the same properties do not depend on the test
condition, accuracy, and type of measuring instruments.

If we do not take into account the sound attenuation in the air, the time factor plays no real role
in calculating the absorption coefficient by the presented method.

Since the absorption coefficient is determined by the ratio of the subtraction of the maximum
and minimum amplitudes to the maximum amplitude of this interval, errors resulting from
inaccuracies in measuring devices, instability of the measurement conditions and the environment
are small, since the errors occurring in the numerator and denominator simultaneously, in our case
measurement errors, they do not cause a change in the fraction, only here is necessary that the
measuring devices were linear in the measuring ranges.
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