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THEMATIC FIELDS

—

. Non-destructive inspection methods

- Non-destructive testing methods (ultrasonic, penetrant, magnetic, visual,
infrared thermography, radiography, leek, etc.);

- Non-destructive and destructive inspection of the integrity, structure and
physico-mechanical properties of materials;

- Application of non-destructive and destructive testing methods for
inspection in energy, transport, engineering, construction, chemical
industry, etc.;

- Structural health monitoring of equipment and structures with non-
destructive testing methods (vibration diagnostics, acoustic emission,
infrared thermography, etc.);

- Advanced non-destructive testing methods and techniques (phased array,
TOFD, computer and digital radiography, tomography, automatic
system for inspection, etc.);

- Training, certification, accreditation and standardization in scope of non-

destructive inspection and conformity assessment of materials,

equipment and structures.

2. Techniques for material processing and condition monitoring of

equipment

- Design and construction;

- Life cycle condition monitoring;

- Material sciences;

- Manufacturing, exploitation, maintenance and repair;

- Innovation methods and techniques for modernization;

- Metal casting, welding, soldering bonding, machining,
treatment;

- Mathematical modeling of technological processes;

- Load treatment and deformation;

- Training.
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Abstract

In recent years, interest in the use and applications of supercapacitors for electric vehicles has increased
significantly. The advantage of capacitor ceramics over other dielectric materials for the production of super
capacitors is its environmental and high economic efficiency. The present study presents the results of a study of
condensation ceramics from titanium phases, synthesized by the low-temperature sol-gel method with subsequent
calcination up to 800°C. Layer thicknesses were determined, a schematic of a supercapacitor module, and a block
diagram for the building blocks of an electric car.

Keywords:thin films, supercapacitors, zol-gel, electronic components
1. Introduction

Thickness is one of the main characteristics of thin films and affects their electrical,
mechanical, and optical properties. Thin film thickness analysis is a critical part of product
development in various industries and applications such as semiconductors, displays, medical
devices and electronics.|[1]

Thickness can be analyzed by several different methods, such as XRR (X-ray
reflectometry), cross-sectional SEM (scanning electron microscopy), cross-sectional TEM
(transmission electron microscopy), and ellipsometry. The choice is not always easy. The
complexity of method selection comes from the limitations of the methods and their different
abilities to answer different research questions about the material. Therefore, there is rarely a
single correct answer as to which method is best, but instead depends on what methods are
appropriate for the material in question, what additional information beyond film thickness
needs to be determined by the analysis, and what the budget is.

Factors that influence which methods are acceptable for the material are film surface
roughness, thickness range, film material, and substrate. Therefore, these things should be
known at least approximately when choosing the method. [1-3]

For successful measurements, the material thickness must be at least an order of
magnitude greater than the film surface roughness.

An important factor related to XRR is that the expected composition and structure of the
sample must be known for the analysis to be accurate. Since the method relies on fitting the
experimental XRR curve to the corresponding layer model using simulation, the analysis can
lead to large errors if the sample composition is unknown.

Scanning electron microscopy is a great method for analyzing the thickness of
semiconductor thin films. SEM works on both single-layer and multi-layer materials and can,
in addition to thickness, also provide information on the surface morphology and elemental
composition of the sample. [4-6]
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The method is suitable for conductive and semi-conductive materials with a thickness
between 100 nm and 100 pum. Non-conductive materials can be analyzed by the method if the
sample is prepared by applying a thin layer of conductive material to the surface.

It is worth noting that results on the elemental composition of the film require a SEM
equipped with an EDS detector (Energy Dispersive Spectroscopy). The EDS detector measures
the X-rays emitted by the sample when electrons interact with it. As the detector analyzes the
X-ray spectrum, it recognizes the spectra of individual elements and compounds, and allows
their identification and quantification.

Transmission electron microscopy is another commonly used method for analyzing
conducting and semiconducting films. This method also works for both monolayer and
multilayer materials in the thickness range from a few nanometers to 100 nm. Appropriate
sample thickness can be achieved using a focused ion beam (FIB).

Like a cross-sectional SEM, an EDS detector can also be attached to a TEM to obtain
information on the elemental composition of the sample. With TEM, you can also gain valuable
insight into the structure of the sample. Therefore, the method offers a lot of information about
the material, but the analyzes are also clearly more expensive than the measurements made with
SEM. [8-10]

An important risk to be aware of with TEM is that the high voltage beam can burn and
damage some materials. For example, for polymeric and organic materials, the suitability of the
material should be carefully considered before starting the analysis.

In conclusion, there are several factors that influence the choice of thin film thickness
measurement method, and there are no absolute rules about when to choose which one. Film
thickness is one clear factor that limits the methods available, but otherwise the choice depends
largely on the context of the analysis. [7-11]

2. Experimental Part and Discussion

In this publication, a method for determining thicknesses of layers with a profilometer is
considered.

Thickness measurement with a profilometer occupies one of the first places among
thickness measurement methods, both due to the simplicity of its implementation and due to
the accuracy and reproducibility of the results. This method is particularly suitable for the
measurement of thin-film elements, since the requirements for the properties of the measured
objects are reduced to a minimum.

The essence of the method consists in registering the profile of a given surface by
scanning with an indicator needle and converting the vertical displacement of the needle into
electrical signals, which are then amplified and fed to a recording device. When examining
surface finish quality (e.g. roughness after polishing), the needle should have a very small blade
to reproduce the profile accurately, and small weight and pressure to limit penetration into the
material as well. When measuring the thickness of a thin layer deposited on a substrate, it is
necessary to form a step in advance so that the thickness is determined as the difference in the
records when the needle moves on the surface of the substrate and on the surface of the thin
layer. A step can be formed either by masking a portion of the substrate during deposition or
by removing a portion of the layer through lithography. Suitable off-the-shelf microstructures
can also be used.

Many trials and research were done until successful deposition of BaTiOs and BaSnO3
was achieved. The layering method is by dipping.

To measure the thicknesses, three samples were prepared on a smooth surface at different
time intervals. It was formed by applying a silicon mask during deposition. The mask covered
about half the area of each specimen so that the step was formed along the entire length and
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perpendicular to the target plane. This allows the thickness to be measured at several points at
different distances from the surface of the target and to assess the non-uniformity in thickness
resulting from the mutually perpendicular arrangement of the target and the substrate holder.
The results are plotted in tables 1, 2.

Tablel. Measure the thicknesses for the layers obtained from the system 50%BaTiO3-50% BaSnOs at
different time

Sample Thickness Average quadratic deviation
(hours) (nm) (nm)

4 1000 120

2 400 60

1 130 25

Table 2. Measure the thicknesses for the layers obtained from the system 85%BaTiO3-15% BaSnOs3 at
different time

Sample Thickness (nm) Average quadratic deviation (nm)
(hours)

4 1110 120

2 500 60

1 25

160
_\\W”’H -
f.r?f.-ﬁf .

"H".

"'l.
=

Fig. 1 View of layers for building a single supercapacitor module

The description of Figure 1 is set out below as:

1) and 3) Electrodes. Al foil strips between 10-12pum thick

2) Dielectric. Ceramic coating with high dielectric permittivity
4) insulating tape with a thickness of 50-60 um.
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A block diagram with the building blocks of an electric car is presented, where the
supercapacitor plays an important role.

Legend:

AB — Accumulator battery for powering the
electric motor

EM — Electric motor

SK—  Supercapacitor

EC — Electronic controller

SC

Fig.2Block diagram of the building blocks of an electric car

The relationship between EM and AB and SC are two-way, i.e. one case is when electrical
energy is transmitted from AB or SC to ED, and the second case — when a braking process
occurs, ED switches to generator mode and returns electrical energy first to SC until it is fully
charged and then to AB.

The connection between AB and SC is unidirectional, because the voltage on SC is either
equal to the voltage on AB or, most often, it is slightly lower than it by tenths of a volt or a few
volts. EC serves to monitor, compare and control the voltage levels of AB, ED and SC. The EC
includes several electronic “matching circuits” and level “comparator” circuits, and
corresponding executive devices with one-way and two-way electronic switches.

3. Conclusion

Thickness measurement with a profilometer occupies one of the first places among
thickness measurement methods, both because of the simplicity of its implementation and
because of the accuracy and reproducibility of the results. This method is particularly suitable
for the measurement of thin-film elements, since the requirements for the properties of the
measured objects are reduced to a minimum.
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Abstract:
The paper considers investigation by means of the internal friction method of the dynamic relaxation spectra of
beryllium bronze. Operation diagrams of the damping ability and oscillation absorption coefficient are built for

massive specimens in vibration range of frequencies above 2,5Hz, relative deformation € = 2.102 — 1.10° in
temperature range 20-600°C. It was found that the area of the beginning of the “high” damping, related to the high
temperature part of the background of internal friction for beryllium bronze is about 200°C. In the beryllium bronze
a resonance relaxation maximum is observed about 380°C. There are also energy dynamic losses of a hysteresis
nature, typical for the amplitude-dependent area. The largest hysteresis energy losses are found in the region of
the high-temperature background of internal friction.

Keywords: high damping alloys, internal friction, dynamic relaxation spectra, oscillation absorption coefficient,
damping ability

1. Introduction
The beryllium bronze [1-3] find more application as alloys of high damping properties. The

purpose of the present efforts is to study the damping abilities of beryllium bronze,
manufactured by standard technology and after standard high temperature treatment,

2. Material and method

Object of investigation is beryllium bronze EN CuCoNiBe with certified chemical composition
given in Table 1.

Table 1. Chemical composition of the investigated alloy (in weight %)

Designation according EN Be Ni Co Cu
CuCoNiBe 0,59 1,14 1,05 rest

Specimens for internal friction experiments with the following size- 0,5 x 0,5 x 50 mm are made
using electro-eroding machine. After enclosing in vacuum glass tubes they are subjected to
standard heat treatment regimens of quenching and ageing. The parameters of the regimes are
as follows: quenching temperature — 940°C, holding time — 10 min., quenching media — water,
ageing temperature — 480°C and holding time — 120 min.

It is well known that the internal friction value at certain frequency, relative deformation and
temperature is directly proportional to the damping properties of the alloys at these conditions

[1].
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To define the damping abilities of both alloys the temperature dependencies of the dynamic
relaxation spectra are recorded. Fully computerized apparatus is used for investigation, built on
the principle of reverse balanced pendulum at operational frequency of 0, 5-7 Hz. The relaxation
spectra of the specimens are recorded in the temperature range of 20-600°C, at heating rate of
3°/min. At each studied temperature the internal friction values are recorded for ten amplitudes
per relative operational from 2.102 to 1.10°.

3. Experimental results and discussion

Fig.1 presents the dynamic relaxation spectra of the specimens. The dependencies shown refer
to the maximum degree of relative deformation in the amplitude dependent area of the internal
friction ADIF (amplitude dependent internal friction) — 2.102 and the minimum in the
amplitude independent area of internal friction AIIF (amplitude independent internal friction)
- 1.10°.

According to the published literature, the absorption coefficient ¥ (also known as specific
damping capability or loss spectrum) is proportional to the value of internal friction [1] — Y%=
k.Q1.100, where k=2.1t — for low values of internal friction, k=1.08.® — in cases of high
damping, as it is in the alloys studied by us.

Fig.2 shows the calculated values of the temperature dependences of the absorption coefficients
Y for the investigated alloys. The shaded areas demonstrate the entire spectrum of energy losses
from oscillations in the material.

Q" x 1000

0 100 200 300 400 500 600
TC .

dipl-Stojan/BeBr5S.org

Fig.1. Dynamic relaxation spectra of internal friction
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Fig.3. Comparison of the temperature dependences of the absorption coefficients of the beryllium bronze
and two Mn-Cu alloys [4]

The obtained relaxation spectra and absorption coefficient are characterized by the following
features:

— They are typical of metals and alloys — a low- and high-temperature background of the
internal friction and resonant relaxation maximum, which is superimposed on the
background (Fig.1-2) [5].

— From the values of absorption coefficients of the investigated alloy, it was established
that the beryllium bronze has maximum damping property compared to the two
manganese alloys (Fig. 3).

— The area of the beginning of the “high” damping, related to the high temperature part
of the background of internal friction for beryllium bronze is about 200°C.
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— For all studied alloys the values of the high-temperature background of internal
friction, which are proportional to the dissipated energy caused by the non-
conservative movement of dislocations, increase sharply.

— In the beryllium bronze a resonance relaxation maxima is observed about 380°C.

— In the beryllium bronze there are also energy dynamic losses of a hysteresis nature,
typical for the amplitude-dependent area of internal friction (Fig. 1-2). It was found
that they depend on the temperature and the strain amplitude, but do not depend on the
measurement frequency.

— The largest hysteresis energy losses are found in the beryllium bronze in the region of
the high-temperature background of internal friction (Fig.1-2).

— The most thermally unstable is the dislocation structure of beryllium bronze, where
significant damping values are observed even at temperatures of the order of 150-
200°C (Fig.1-2).

Acknowledgement: The authors are grateful to the financial support of Bulgarian National
Science Fund at the Ministry of Education and Science, Contract No KP 06H67/7 /12.12.2022/.
All equipment and experimental units used in this work was funded by the European Regional
Development Fund within the OP “Science and Education for Smart Growth 2014 — 20207,
project CoE “National center of mechatronics and clean technologies”, Ne BGO5SM20P001-
1.001-0008-COS8.

4. References

1. Favstov U., U. Shulga, A. Rahstadt, Metalovedenie visokodempferirashaih splavov, M,
Metalurgia, 1988.

2. Riehemann W., Metallische Werkstoffe mit extremer innerer Reibung und deren Messung,
Habilitationsschrift, Papierflieger, Clausthal-Zellerfeld, 1996, ISBN3-931443-73-6.

3. Saha B., V. Nimbalkar, D. B. Anant Sagar, M. Sai Krishna Rao, V. P., Deshmukh, Aerospace
Materials and Material Technologies, Chapter, Bronzes for Aerospace Applications, 2021, pp
247-266.

4. Parshorov, S. Valkov, M. Ormanova, S. Gurov, I. Parshorov, Dynamic Relaxation Spectra in High
Damping Mn-Cu Alloys, Bulgarian Society for NDT, International Journal “NDT Days”, 2023,
v.VI, ISSN: 2603-4646, in the same volume.

5. Nowick A.S., B.S. Berry, Anelastic Relaxation in Cristalline Solids, Academic press New York
and London, 1972.

193



Bulgarian Society for NDT
International Journal “NDT Days” ISSN: 2603-4018
Volume VI, Issue 4, Year 2023 eISSN: 2603-4646

Using the RedPitaya Platform in Automated Eddy Current Testing
Oleksandr LEVCHENKO!, Alexander ALEXIEV?, Yurii KUTS!, Iuliia LYSENKO!

'gor Sikorsky Kyiv Polytechnic Institute, Kyiv, Ukraine
e-mail: j.lysenko@kpi.ua

2 Institute of Mechanics at the Bulgarian Academy of Sciences, Sofia, Bulgaria

e-mail: AL68@abv.bg

Abstract

This study highlights the use of the RedPitaya platform for developing prototypes of automated eddy current
testing systems. The platform's flexibility, robustness, and affordability make it an ideal tool for such development.
The versatility of RedPitaya allows for the integration of various programming environments like MATLAB,
Python, and LabVIEW, efficient data processing, feature extraction, and decision-making algorithms. However,
the lack of input commutators limits the use of matrix probes. The study suggests RedPitaya-based eddy current
systems can serve dual roles, performing specific inspection tasks and facilitating research into new data
processing methods and algorithms. Despite some limitations, RedPitaya offers promising opportunities for the
evolution of eddy current testing systems.

Keywords: automated eddy current testing, RedPitaya, system prototyping
1. Introduction

Modern trends in the development of automated eddy current testing (ECT) require the
use of new technologies and signal processing methodologies to improve its efficiency. One of
the key trends is the improvement of eddy current probes and devices. For example, the use of
matrix sensors makes it possible to measure eddy current fields over large areas of the inspected
objects, increasing the probability of detecting defects [1-8]. Periodically, researchers return to
the use of pulsed eddy current inspection technology, explore its new capabilities, and use it in
automated eddy current NDT systems [9-10].

The use of pattern recognition, machine learning, and artificial intelligence methods in
ECT is becoming increasingly common. These methods make it possible to automate the
analysis of eddy current testing data and the process of making diagnostic decisions [11].

Developers of ECT tools pay special attention to feature extraction and feature selection
technologies. They allow identifying the key information characteristics of eddy current signals,
which facilitates defect recognition. Machine learning algorithms can detect complex patterns
in the data that correspond to certain defects and that may be missed in traditional analysis [12-
15].

The development of automated ECT has its challenges. One of the most important of
these is the development of reliable and flexible software that can effectively solve a set of tasks
of data processing, information feature extraction, and real-time diagnostic decision-making.
The development of such software requires a deep understanding of the physical principles of
ECT, knowledge of information and measurement technologies, digital signal processing and
modelling methods, and machine learning algorithms.

These challenges have a direct impact on the design, development, and use of eddy
current NDT systems. To increase efficiency, systems must be able to process large amounts of
data and provide high processing speeds. In addition, to support the automation of the
production process, systems must be able to perform measurement and control operations
without direct human intervention and integrate with other systems.
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Implementing this ideology of ECT systems requires the use of powerful hardware and
software. The RedPitaya platform has significant potential for solving automated ECT tasks.
Its unique capabilities are due to the successful combination of powerful computing resources
and software flexibility. Below are several examples of RedPitaya platform use in various fields
of research and technology that illustrate its wide range of capabilities.

Paper [16] describes the development and implementation of a blocking amplifier on the
open source RedPitaya platform. The development process was carried out in the Xilinx Vivado
environment using the VHDL programming language. The use of embedded blocks based on
the principle of smart blocks in accordance with the Xilinx paradigm allowed us to create a
modular system. Such an amplifier makes it possible to distinguish information signals against
the background of significant noise.

Article [18] describes the process of developing the open source software package
PyRPL. This package is designed to perform experiments in quantum optics. The user interface
and all high-level programs are developed in Python. Part of the PyRPL software implements
various digital signal processing modules, which confirms the flexibility and wide range of
capabilities of the RedPitaya platform.

Article [19] demonstrates the development of software for a capacitive biosensor. The
software was created in the LabView environment, which allowed developers to easily integrate
RedPitaya and other components into a single system. This environment allowed the use of a
high level of abstraction, which simplifies the programming and testing process. The software
created as part of this work allows for the measurement of bioimpedance parameters. The
measurement results are processed to detect specific DNA sequences, confirming RedPitaya's
ability to perform complex tasks in the field of biomedical engineering.

In the context of Industrial Revolution 4.0, automated eddy current NDT systems have
great potential for further development. Possible directions include increasing the level of
automation, using the latest data processing technologies, and integrating with cloud services
for remote monitoring and inspection. [20-21]

The purpose of the report is to analyse the possibility of the RedPitaya platform for use
in automated ECT systems.

2. Overview of the RedPitaya platform

The RedPitaya is a powerful computing platform and an excellent choice for automated
eddy current NDT systems. However, there are other platforms such as LabJack, BeagleBone,
Raspberry Pi and others that can also be used in this context. So what are the advantages of
RedPitaya over other platforms? To answer this question, we have performed a comparative
analysis of RedPitaya with other similar platforms. Their main characteristics are shown in
Table 1.

All of these platforms differ in key features and capabilities, including computing power,
number of input/output ports, connectivity, signal processing quality, vendor support, and user
community activity. RedPitaya has a significant advantage in real-time signal processing and
FPGA support. However, other platforms may have advantages in other areas.

In regards to cost, the RedPitaya may be more expensive than a Raspberry Pi, but cheaper
than some LabJack models. However, given potential expansion or maintenance costs, the total
cost can vary significantly.

Analog Devices ADALM-PLUTO (PlutoSDR). This platform is designed to build a
digital radio (SDR) containing high-quality ADCs and DACs. PlutoSDR is especially useful
for working with radio signals.
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Table 1. Main technical characteristics of a number of platforms for the implementation of measurement
and control tools

Platform Processing ADC DAC Communication Memory
performance interfaces

RedPitaya 125- | Xilinx ~ Zyng-7010 | 2x  14-bit, | 2x  14-bit, | Ethernet, USB, | 512MB
14 (ARM Cortex-A9) 125 MSPS, | no 125 | HDMI, GPIO DDR3

+1V MSPS, £1V 256MB
LabJack T7-Pro | 1 GHz ARM Cortex- | 24-bit, 14-bit, o | Ethernet, USB, | 16MB RAM

A9 50 kSPS, | 128 kSPS, | Modbus TCP, SPI,

+10V +10V 12C, GPIO 4MB
Analog Devices | ARM Cortex-A9 | 12-bit, 12-bit, USB, Ethernet, | 512MB RAM
ADALM- (Zyng-7010) 61.44 61.44 GPIO
PLUTO MSPS, MSPS, 4GB

+1V +1V
Texas TMS320F28377S 12-bit, 12-bit, USB, JTAG, SCI, | IMB RAM
Instruments (ARM Cortex-M3) 1 MSPS, | 1 MSPS, | SPI, I12C, GPIO
Delfino +3.3V +3.3V 2MB
F28377S
LaunchPad
Microchip PIC32MZ2048EF 12-bit, 12-bit, USB, Ethernet, | 512KB RAM
PIC32MZ EF | (MIPS M14K) 1 MSPS, | 1 MSPS, | CAN, SPI, I2C,
Development +3.3V +3.3V GPIO 2MB
Board
Raspberry Pi 4 | Broadcom BCM2711 | 12-bit, 12-bit, USB, Ethernet, | 8GB
Model B 8GB (ARM Cortex-A72) 100 kSPS, | 100 kSPS, | HDMI, GPIO LPDDR4-
+ +2.048V 0-2.048V 3200
ADC-DAC Pi
Zero MicroSD

Card

Texas Instruments Delfino F28377S LaunchPad. This microcontroller platform has built-
in ADCs and DACs and is used in a wide range of systems, including automated NDT systems.

Microchip PIC32MZ EF Development Board. This board contains a 12-bit ADC and can
be used to develop NDT systems.

Raspberry Pi.Although the standard Raspberry Pi board does not have built-in ADCs or
DAUC:s, it can be easily extended with additional modules (e.g. HATs or Hardware Attached on
Top) that have these functions.

The RedPitaya is therefore a high-performance platform that is ideally suited to the
requirements of automated eddy current NDT systems. In addition, this platform supports
various programming environments (Matlab, C/C++, SciLab, Labview, Python), which allows
scientists and engineers to choose the most convenient tool for their projects.

The developer has already created a number of measurement tools that are part of the
standard Red Pitaya package, including an oscilloscope, signal generator, spectrum analyser,
LRC meter, logic analyser, and Bode analyzer [21].

The core of Red Pitaya's architecture is the Xilinx Zyng-7010 chip, which is a system-on-
chip (SoC). It consists of two complementary subsystems: a processor subsystem responsible
for data processing and a programmable logic subsystem that provides high flexibility in
configuring the chip's functionality (Fig. 1). This architecture makes it possible to effectively
perform various tasks using a combination of these two subsystems.

The central advantage of RedPitaya is the possibility of flexible configuration and
programming, which allows scientists to adapt the platform to specific research requirements.

These advantages make RedPitaya an attractive platform for developing flexible software
systems for automated ECT systems, implementing complex information processing
algorithms, including feature extraction, decision making, and data mining.
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Fig. 1. The Xilinx Zynq7010 chip in Red Pitaya

Below are more complete technical specifications of the RedPitaya board.

- FPGA: The Red Pitaya features a Xilinx Zyng-7010 FPGA (programmable logic
integrated circuit) that can be used for digital signal processing, real-time monitoring,
and other applications.

- ADC and DAC: The Red Pitaya has two 14-bit analogue-to-digital converters and two
14-bit digital-to-analogue converters, enabling high-resolution sampling and signal
generation.

- Peripherals: Red Pitaya has multiple communication options including Ethernet, USB,
and Wi-Fi. This makes it easy to integrate the platform into existing information and
telecommunication networks and systems.

- Software support: Red Pitaya supports multiple programming environments, including
MATLAB, Python, C/C++, and LabVIEW. This allows you to easily develop and
implement your own applications.

- Size and power: Red Pitaya has a compact size of 11 cm x 7 cm, which makes it easy
to integrate into a variety of devices and systems. The platform is also very powerful,
with a quad-core ARM Cortex-A9 processor clocked at 667 MHz and 512 MB of
RAM.

- Open source: Red Pitaya is an open source platform. This means that its hardware and
software are freely available and allows you to customise and modify the platform to
meet your specific needs.

The Red Pitaya OS operating system is pre-installed on an external MicroSD card, so no
programming tool is required to configure the software codes. The boards can be programmed
via an Ethernet port thanks to the interface in the Zynqg-7000 chip. This solution allows you to
connect to the platform immediately without installing additional drivers. The boards allow you
to use most of the chip pins in external circuits.

- FPGA: Red Pitaya has a Xilinx Zyng-7010 FPGA (programmable logic integrated
circuit) that can be used for digital signal processing, real-time control and other
applications.

- ADC and DAC: The Red Pitaya has two 14-bit analogue-to-digital converters and two
14-bit digital-to-analogue converters, enabling high-resolution sampling and signal
generation.

- Peripherals: Red Pitaya has multiple communication options including Ethernet, USB,
and Wi-Fi. This makes it easy to integrate the platform into existing information and
telecommunication networks and systems.
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- Software support: Red Pitaya supports multiple programming environments, including
MATLAB, Python, C/C++, and LabVIEW. This allows you to easily develop and
implement your own applications.

- Size and power: Red Pitaya has a compact size of 11 cm x 7 cm, which makes it easy
to integrate into a variety of devices and systems. The platform is also very powerful,
with a quad-core ARM Cortex-A9 processor clocked at 667 MHz and 512 MB of
RAM.

- Open source: Red Pitaya is an open-source platform. This means that its hardware and
software are freely available and allows you to customise and modify the platform to
meet your specific needs.

The Red Pitaya OS operating system is pre-installed on an external MicroSD card, so no
programming tool is required to configure the software codes. The boards can be programmed
via an Ethernet port thanks to the interface in the Zynqg-7000 chip. This solution allows you to
connect to the platform immediately without installing additional drivers. The boards allow the
use of most of the chip pins in external circuits.

2.1 Software flexibility

In the context of a software development system, “flexibility” often means the ability of
the system to adapt to changing requirements and conditions of use without the need for
significant modifications to the code. In this sense, RedPitaya proves to be an extremely useful
platform. It enables the development of flexible software that can be tailored to the specific
requirements of NDT eddy current testing. With a wide range of built-in tools and support for
various programming languages, RedPitaya allows developers to respond quickly and
efficiently to new challenges and needs in automated NDT.

2.2 Feature extraction

Feature Extraction is a critical step in signal processing and ECT data analysis. This
process involves identifying and extracting useful information from ECT signals for further
analysis and decision-making. The concept of building such an automated ECT system is shown
in Fig. 2.

i
i Deterministic amplitude characteristics
\ D sona b

uft, p) aDc b et =8 Deterministic phase characteristics siﬁ::“h; Meural _:' #
Transform g Sample statistics Metwork |
Module Madule — Pm

i Sample circular statistics

Fig. 2. The concept of ECT system

During the scanning of the controlled object by the eddy current sensor, a signal is
obtained u(t, p), t €T,, where ¢ — time, 7, — signal analysis time, p = ( D pn) — vector of

parameters of the controlled object. The list of these parameters and the range of their possible
changes are determined by specific inspection tasks. This signal is sent to the ADC. The
Discrete Hilbert Transform Module extracts the envelope and phase of the signal, which depend
on both time and the vector. The elements of the vector have different effects on the envelope
and phase of the signal. In order to increase the measurement information, different modes of
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operation of the eddy current sensor can be used, as well as various secondary deterministic and
statistical parameters of the signal obtained from its amplitude and phase [22]. Feature Selection
takes out some of the most informative features necessary to obtain a vector of estimates

(%1...%}1), m<n of the parameters of the monitored objects. The vector (%1...99,1), m<n

obtained at the output of the Neural Network, which has previously passed the stage of training
on a series of test samples.

The RedPitaya platform can perform a crucial role in the feature extraction process in
ECT. Thanks to its flexible programming capabilities and a wide range of signal processing
tools, RedPitaya can be configured to perform complex feature extraction tasks. This process
can include the use of digital signal processing, statistical signal characterisation, spectral
analysis, signal filtering, machine learning algorithms and other methods to identify useful
features in ECT data.

Thus, the use of the RedPitaya platform opens up wide opportunities for the
implementation of innovative functions in automatic eddy current inspection, namely:

- high-speed signal acquisition and analysis, processing of large amounts of data and

recognition of complex patterns;

- application of artificial intelligence; the use of machine learning algorithms makes it
possible to create automatic recognition, classification and forecasting systems based
on eddy current inspection data;

- integration with cloud platforms, which opens up new opportunities for storing,
processing and analysing data in the cloud environment; this will make it possible to
create distributed systems and provide access to data and analysis results from different
locations; expanding the capabilities and functionality of existing ECT tools by
incorporating the RedPitaya platform into them.

3. Conclusion

Automated eddy current non-destructive testing systems have an important role in
industry, including aviation, nuclear industry, automotive and many other industries. Increasing
the reliability of testing, its implementation in real time, and automating the process of making
diagnostic decisions require the use of more sophisticated testing technologies and algorithms
for processing experimental data.

The RedPitaya platform has wide functionality, reliability, and accessibility, which makes
it a convenient tool for implementing projects to create automated ECT systems.

An automated ECT system based on RedPitaya can perform not only specific control
tasks, but also be a convenient tool for researching new methods and algorithms for processing
information in ECT, performing their comparative analysis, and quickly and efficiently
debugging their software implementations.

A certain limitation for use in ECT is the absence of input commutators, which makes it
impossible to use matrix sensors.
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Abstract

New modular devices for non-destructive control of the composition and physico-mechanical characteristics of
engineering materials used in laboratory and production conditions are presented. These devices can be used
independently or as part of an automated system for complex non-destructive testing. Transducers are presented
for precise measurement of ultrasound parameters, magneto-noise and magneto-acoustic characteristics of
Barkhausen magnetic noise in non-destructive determination of physico-mechanical properties of materials. The
research was done to test the applicability of the presented devices for complex non-destructive testing of the
mechanical properties of structural steel samples and gray iron castings.

Keywords: complex non-destructive testing, non-destructive information parameters
Introduction

Modern industry requires research, development and implementation of devices and automated
systems for non-destructive quality control and diagnostics of the physical-mechanical
properties and structure of materials and equipment used in practice. The complex research and
assessment of the properties of materials and products, carried out through the simultaneous
use of several non-destructive methods, combines and complements each other's capabilities
for rapid evaluation of the physico-mechanical characteristics and structure of controllable
materials [4,6,7,8,9].

2. Purpose of work

The aim of the present work is to test a system for complex non-destructive testing of materials.
Two new devices are presented — a modular device for complex magnetonoise and magneto-
acoustic control “MULTITEST-MC 10” and a modular device “MULTITEST-CD 10” for
complex measurement of speed and attenuation of ultrasound in the controlled material. They
can work as stand-alone devices for non-destructive control of engineering materials, as well
as engage in synchronous operation for multi-parameter control [8,9]. Tested devices are also
presented — testing pliers DK100O.

3. Means, methods and materials for research

The automated system “MULTITEST” consists of 2 parts — Personal computer for automated
processing, visualization and evaluation of data from the control, as well as management of the
characteristics; Modular devices and devices (testing tongs, robots, manipulators) for
measuring the non-destructive information parameters and for gripping, moving and classifying
the measured samples, products and materials. The modular devices have an autonomous power
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supply and can work independently or in a single automated system depending on the tasks set
[2,3]. For the development of the “MULTITEST-MC 10” module methods based on the
Barkhausen effect, Magnetic noise method, and the magnetoacoustic emission method were
used [10]. The measured information parameters are the magnetic noise voltage Ens, the
magnetoacoustic pressure Enr and their dependences on the frequency fz of the magnetic noise
and on the magnetizing current /z. The principal diagram and the method of operation of the
device “MULTITEST — MS 10 are presented in more detail in [6,7,8]. For the “MULTITEST
— CD 10” module, methods based on the attenuation effect and change in the speed CI of
propagation of bulk ultrasonic waves in solid materials were used with method of operation
described in [3]. The appearance of the modular devices is presented in Fig.1. Two non-
consumer programs have been developed for work in an automated system for the devices
described above:

— Program mc04.m. It is intended for research work with MatLab. The device is
connected via a serial port, and the data is saved in binary format in mat-files. It is
started from the MatLab command line. at which the main panel appears with function
buttons, through which the necessary actions are performed. If necessary, additional
dialog windows and menus appear, and both graphical windows and the command
window are used to enter information.

— Program for working with LabVIEW graphics software. It has been developed to allow
online visualization and evaluation of results. This expands the capabilities of the
system to measure and evaluate not only individual data, but also ongoing processes
online through a graphical GUI interface [5].

Fig.2 represents a schematic diagram of the testing pliers for complex non-destructive control
with two informative parameters. The modification for complex measurement of the two
informative parameters magnetic noise voltage and magneto-acoustic voltage is shown in
Fig.2.a). In this configuration the appliance works as follows. When releasing the trigger 1, the
spring 6 and the manipulator arm 2 press with constant force the tested material 4 to the
magnetic noise transducer 5 and the piezo-transducer 3.

-

MULTITEST

a b

Fig.1. View of the modular devices: a) “MULTITEST CD 010”; b) “MULTITEST MC 010”

203



Fig.2. Appliance (testing pliers) for complex measurement of non-destructive informative parameters: a)
magnetic noise voltage and magneto-acoustic voltage; b) velocity and damping of ultrasound.

Fig.2.b) is a schematic diagram of the other configuration — for measuring informative
parameters speed and attenuation of the ultrasound. It operates with the modular devices for
measurement of velocity and damping of ultrasound MULTITEST — CD 10 as follows. The
material to be tested is placed between the tempered center 7 and the ultrasound detector 8.
When releasing the trigger 1, the spring 6 and the manipulator arm 2 press with constant force
the tested material to the optoelectronic transducer 9 and ultrasound detector 8. The relative
thickness of the material d) (measured with the ultrasound detector 8) is provided
simultaneously with the real thickness do (measured by the optoelectronic transducer 9) and the

q
|
|

N

1

a

b

velocity and damping of the ultrasound are determined [3].

Table 1. Mechanical properties of reference samples of steel and cast iron.

Groups of samples from steel

40X, according to BSS

Groups of samples from grey cast iron (CY) and
ductile iron (BY), according to BSS

No Brinnel hardness HB No Tensility Rm, MPa
1 380-410 1 120 — 157 CUls
2 360 —390 2 300-337 CU30
3 330 -365 3 450-500 BY50
4 300 -310 4 590-630 BUY60
- 5 640-675 BY60-2

Table 1 presents the mechanical properties of the studied steel and cast iron samples.
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4. Analysis of the experimental results

Fig.3.a) shows the results of the measurements of the hardness of the reference samples of steel
40X from Table 1. It shows the mean values of the span of the obtained values of HB for each
group. Fig.3.b) presents the span of the values of the measured magnetic noise voltage Ens in
the same samples with a different level of heat treatment (Table 1, left column).

Fig.3 shows the choice of group 3 from Table 1 as good in terms of heat treatment. For this
group, the span of the measurement values of the hardness HB and the magnetic noise voltage
Ens is marked with a surrounding square. The samples to the left are considered “hard” and to
the right — “soft”. The HB analysis of the steel 40X samples with equal heat treatment shows
more samples classified in group 2 than should be and less samples classified in group 3 than
should be. The Eng analysis, on the other hand, shows less samples classified in group 2 than
should be. Therefore, another non-destructive informative parameter is required for correct
classification.

450 108
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] N W] T
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Erpmy

! 2 3 Yroups 1 2 3 4groups

Fig.3. Confidence intervals and mean values of the measurement of HB and the magnetic noise voltage in
the groups of reference samples from steel 40X.

Fig.4 illustrates graphically the characteristic areas of the groups of reference samples of steel
40X, formed by means of complex measurement of the two informative parameters Ens and
Ewmae. The overlapping of the areas is a criterion for indistinguished areas of the groups of
samples. As can be seen, if only the informative parameter Ens is used, the characteristic areas
3 and 2 overlap, therefore they are undistinguishable, while the use of only the parameter Eyur
makes the areas 4 and 3 undistinguishable. When both informative parameters are used, the
characteristic areas do not overlap, thus increasing the probability for correct classification of
the tested material with respect to its structure or mechanical properties. After the characteristic
areas are defined on the basis of the reference samples, details and materials with unknown
parameters can be tested. In Fig.4 such measurements of materials with unknown properties are
shown with a cross sign. Materials whose measurements lie outside the characteristic area 3, do
not possess the necessary hardness. Similar is the methodology for comparative analysis of the
results from the non-destructive testing of the groups of foundry cast iron samples (Table 1,
right column), where the informative parameters are the velocity and damping of ultrasound in
cast iron mouldings. The measurements and analyses are described in more detail in works
[3,8].
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Fig.4. Characteristic areas of the steel 40X samples obtained after complex measurement of the two non-
destructive informative parameters Exp and E max

5. Conclusions

The developed devices “MULTITEST-MC 10” (for complex measurement of the non-
destructive informative parameters magnetic noise voltage Ens and magneto-acoustic voltage
Ewmar) and “MULTITEST-CD 10 (for fast measurement of the speed of volume ultrasound
waves in solid materials) can be used for performing non-destructive testing of the structure
and mechanical properties of metal materials and details, both in laboratory and industrial
conditions. For this purpose, it is necessary to have preliminary measurements and correlations
of the magneto-noise characteristics, speed and attenuation of the ultrasound through
comparative samples with referenced structural-mechanical properties of the tested material.
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Abstract

The purpose of this work is to develop an optical sensor for measuring the concentration of carbon monoxide in
the air of industrial enterprises, which implements the method of laser absorption spectrometry and has a high
sensitivity. A feature of this sensor is the use of two radiation receivers in the design, which register different
wavelengths. The achieved resolution of the sensor when determining the CO concentration is 3 ppm.

Keywords: carbon monoxide, laser absorption spectrometry, gas sensor.

OnTuueckui AATYUK YrapHoro rasa AJs IPpOMbIINIJICHHOCTH

lNanuna BOI'TAH, Muxann F.HYH_[EHKOLAHE[TOJII/Iﬁ I[TPOTACOB,
Anexcannp MYPABHOB

1. BBenenue

Momnookcua yriepoza (yrapusiii raz) CO — 370 ra3, KOTOpbIA HE UMEET 3araxa, I[BeTa 1
BKycCa, OOBIYHO MPHUCYTCTBYET B atMocdepe B Hu3kux koHueHTpauusax (0,03-0,20 gacreii Ha
MWUINOH). YBenuueHue KoHueHTpauuu CO B BO3lyXe HEMOCPEACTBEHHO CBSI3aHO C aKTUBHOMN
JESTEIbHOCTBIO MPOMBINUICHHBIX HNPEANPUATHHA, H3-3a OOJBIIUX OOBEMOB CKUTAHUU
NPUPOAHOTO raza (MeTaHa WM MPOoIaHa), YTo ABJISETCS OCHOBHBIM HCTOUHHUKOM 0Opa3oBaHuUs
yrapHoro rasa. Kak mokaseiBatot cratuctTuueckue aaHHsie [1-2] coBokymHas 3a007eBaeMOCThb
u cMepTHOCTh OT oTpaBieHuss CO B 2017 rogy nmo Bcemy mupy coctaBuid 137 ciayuyaeB Ha
MWUIMOH U 4,6 cMepTel Ha MWIIMOH COOTBETCTBEHHO. CHIIbHAsE TOKCHYHOCTh MOHOOKCH[A
yriepoja AJis Ye0BeKa BbI3BaHa €ro BHICOKOH CKOPOCTHIO B3aUMOACHCTBUEM C TEMOTIIOOMHOM
(IpUMEpHO B JI€CATH pa3 BbIIIE CKOPOCTH MPUCOEIMHEHUS KUCIOPOAA), U HU3KOM CKOPOCThIO
JMCCOLMALIUN (pacmienieHus) 00pa30BaHHOTO XUMHUYECKOTO COEIMHEHUS
kapOokcuremorsoobuna [1]. Veenuuennn konueHtpaiuu CO B OKPY’KalOIIEM BO3AYyXE 10
1,28% mnpUBOAUT K CMEPTH YellOBeKa B TE€UEHHUU 1-3 MUHYT, HO Jaxe HeOOoJbIIMEe 03B
yrapHOTo ra3a NpuBOJAT K HEIPUATHBIM MOCJIECTBUAM AJI OpraHu3Ma: TOIHOTA, YCTaJI0CTh,
rojoBHas 0oy, moTeps co3HaHUsA. Kpome TOro, 3HAYUTEIbHOE KOJUYECTBO JIIOJIEH,
nepexuBmnx  orpaieHue CO, cTpagaloT  JUIMTENbHBIMM ~ HEBPOJIOTMYECKMMHM U
appextuBHbIMU ocnokHeHHsMH [3]. Kpome HaHeceHHs Bpena oOpraHuzMy 4YeloBeKa,
COeJIMHEHUE yrapHoro rasza ¢ rugpokcuiioM (OH) B Bo3ayxe, BbI3bIBas IN100AIBHOE MOTEMIICHUE
[4]. TlosTomMy BaxkHOH 3amaueil sBisieTcss pa3pabOTKa YYBCTBUTENIBHBIX HAACKHBIX H
Henoporux natuyukoB CO [1s1 aBTOMAaTU3UPOBAHHBIX CUCTEM MOHUTOPUHIA KayecTBa BO3AyXa
Ha MPOMBIIIUICHHBIX MTPEIIPUATHIX.

Hnst mamepenus coaepxxanus CO B BO3AyXe MPOMBIIUICHHBIX TPEATPUATHN UCTIOTB3YIOT
pa3nuuHble MeToAbl [5-6], Takme Kak: WH(GpPaKpacHas CHEKTPOCKONUs, BaKyyMHas
ynbTpaduosieToBass pe3oHaHCHas (GIyOpECIEeHIns, AWOJHO Jla3epHas aOcopOIMoHHAs
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CHEKTPOCKONHs, WHPpakpacHoe moriomenne ¢ Dypbe-npeoOpa3oBaHUEM IO 3aMKHYTOMY
MyTH, Ta3oBas Xxpomarorpadus B COUYETaHWU C JAETEKTOPOM Ha OCHOBE OKCHIA PTYTH WU
TUTAMEHHO-HOHU3AIMOHHBIM JICTEKTOPOM, (POTOMETPUICCKUE METOIBI U JIP.

B mocnennee Bpems, npu paspadotke gatunkoB CO Bce mupe HAYMHAIOT MPUMEHSTh
ONTHYECKUE METOMABI Ja3epHod abcopOmmonHoi crnektpomerpun (JIAC) [7-10]. HanubIi
MeTo]T a0COPOIIMOHHOM CIEKTPOCKOINH, MCIIONB3YET Jia3ep B KauecTBE MCTOYHHKA CBETa U
u3MepsieT konneHTpanuto CO B BO3yXe Ha OCHOBE OOHAPYKCHHS N3MEHEHUS MHTCHCHBHOCTH
Ja3epHOro Jiyya MOCie MPOXOXKIAEHUS BIONb omnTudeckoro mytu. Meton JIAC oaun u3
HanbOoJIee YyBCTBUTEIBHBIX JJIs ONIPEACTICHUS KOHIIEHTPAIUA XUMHUYECKUX BEIIECTB B Ta30BOM
daze, MOCKOJNBKY TMOYTH KaxkJas MOJEKyJa HMEeT YHHUKAIbHBIH CHEKTPOCKOIMNYECKUI
OTIe4YaTok B MH(pakpacHOil obmactu crektpa [8]. K mpeumymiectBaM JaHHOTO MeETOAA
OTHOCSIT: BO3MOKHOCTbh ONpeesaTh KoHleHTpauuioo CO B BO31yXxe OECKOHTAKTHBIM METOO0M,
OBICTpOE BpeMsl OTKIWKA, BBICOKAs YYBCTBUTEIHHOCTh W HW30MPATEIBHOCTh, HE TpedyeT
KaJTUOpPOBKH, MPOCTOTAa B OOCIyXHBaHHE, JUIUTEIbHOE BpeMs paboThl. JaTuMku, mpuHIUI
paboThl KOTOPBIX ocHOBaH Ha Metozae JIAC, Xopomo COBMECTHMBI C aBTOMAaTH3UPOBAHHBIMH
CHUCTEeMaMH MOHUTOPHHTA BO3[yXa Ha MPOMBIIUICHHBIX MPEINPHUITHIX, KOTOPblE CHUMAIOT
MOKa3aHUsl B PealbHOM BpEMEHHU.

Llenbto naHHON paboOTHI, ABIsAETCS pa3paboTKa ONTHUECKOIro JaT4MKa, JJIs U3MEpPEHUs
KOHIICHTPAIlMd MOHOOKCH[IA YTJIEpOJa B BO3JyXe MPOMBIIUICHHBIX MPEANPUATUN, KOTOPHII
peanuszyeT MeToj Ja3epHoM aOCOPOIIMOHHOW CIEKTPOMETPUHM H  00JaJaeT BBICOKOM
YyBCTBUTEIHHOCTHIO.

2. KoHCcTpyKIUs JaTYMKA YTapHOIO ra3a

KoncTpykuus pazpaboTaHHOTO AaTYMKA [Tl OTIPEAETICHUS] KOHIIEHTPALlMK YTapHOTO Ta3a
noka3ana Ha Puc. 1

Puc. 1. KoncTpykuusi onTHYECKOr0 JaTYHKA /s onpeaeneHust koHneHTpanuu CO B Bo3ayxe:
1, 2 — npueMHUKH U3JIy4eHHus; 3 — (pUKCATOP AKTHBHBIX ONITHYECKHX 3JICMEHTOB; 4 — H3JIy4YaTelb;
5 — cuuKoOHOBas MPOKJIAAKA /ISl NPMEMHHKA; 6 — 3epKajo; 7 — 3alUTHBINA Kopmnyc; 8 — pukcaTop
NMACCHBHBIX ONTHYECKHUX JIEMEHTOB; 9 — paccenBaromas Jun3a; 10 — cHIMKOHOBAsI MPOKJIAIKA ISl
maay4datens; 11 — monocoBoii puabtp, 2000 HM; 12 — moJtocoBoii puabTp, 2300 um; 13 — kopmyc
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[Ipomiecc paboTHl maTumka CIAEAYIOMIMM: H3My4daTenb (4) TeHEepUpYyeT H3IyuYeHUe C
JUTMHOM BOJIHBI, KOTOpasi COOTBETCTBYET abcopOuuu yrapHoro rasza (Puc. 2). 9to uznydenue
MPOXOJIUT Yepe3 BO3AYIIHYIO Cpely BHYTPH JATUWKa, KOTOpas WACHTUYIHA BO3IAYXY B MECTE
KOHTPOJIsI. BBIOOP JUIMHBI BOJIHBI, JJIs1 CIIEKTPOCKOMMYESCKOTO TAaTYMKA YTapHOTO ra3a, OCHOBAaH
Ha abcopOumoHHBIX cBoicTBax CO, CIIOCOOHOCTH K YyBCTBHTEIBHOMY OOHApYKECHUIO WU
HAJIGKHOMY U3MEPEHUIO, a TAK)KE TEXHHUECKUM BO3MOXKHOCTSM JUIsl pabOThI ¢ 3TOM JUITMHOU
BOJIHBL. /{7151 yITydIIIeHUs] TEXHUYSCKUX XapaKTEPUCTUK JTaTIMKa MPEAMOYTUTEIIbHEH paboTaTh
Ha jyuHe BoJHbBI 4,5 — 5 HM (Puc. 2), e cBoicTBa MOTJIONICHUS U3TYUYCHUS YTapHBIM T'a30M
BBIIIIE, HO B CBSI3U C BBICOKON CTOMMOCTBIO M3JTydaTelied, CIIOCOOHBIX T€HEpUPOBATh TaKUE
cUTHaJIBI, Obl1a BeIOpaHa JymHa BoJHBI 2300 HM.

. —— CO(0.2s)

abscoeff (cm™)
=)

T T T T T T T T T T T T T T
2500 5000 7500 10000 12500 15000 17500 20000
Wavelength (nm)

Puc. 2. Tunosple AJTUHBI BOJH AJ1s1 00HAPYKEeHUSI MOHOOKCH/A yrJiepoaa

[Tpuemuuku wm3nydenus (1,2) MpUHUMAIOT CUTHAI, MPONICANINN Yepe3 BO3AYLIHYIO
Cpeiy BHYTpH U3MEPUTENIbHON KaMmepsbl natunka. [lepBoriit npuemHuk usnydenus (1), apisercs
OCHOBHBIM, MPUKPHIT IOJOCOBBIM ONTHYECKUM (HIBTPOM, IMPOIMYCKAIOIIUM H3ITyuYeHUE C
qnuHo BoiHBL 2300 HM (12), mM3MepsieT MHTEHCHMBHOCTb CUTHANIA, MPOXOJSIIETO Yepe3
BO3IYIIHYIO cpeay. Eciau MoHOOKcH7 yriepoja MPUCYTCTBYET B MCCIIEIYyEMON BO3AYIIHON
cpele, TO MPOUCXOAMT Iporecc adCOopOIUN HEKOTOPOW YacTW M3IYYEHHOTO CHrHaja, uTo
MPUBOJIUT K MOHMKEHUIO €r0 MHTEHCUBHOCTU. OCHOBHOM MpHeMoIepe1aTYuK PEerucTpupyeT
YMEHBIIICHHE WHTCHCUBHOCTH HM3JIYYCHHSI U TiepeaeT 3Ty WHpopMmamuio s JadbHEeHIero
aHau3a.

Bropoii mnpuemHuk (2) sBuseTcss pedepeHCHBIM U TaKkKe IMPHUKPHIT TOJIOCOBBIM
ONTHYECKUM (UIBTPOM, HACTPOCHHBIM Ha JuIMHY BOiHBI 2000 M (11) (mimHA BOJHBI
U3Iy4YeHUs] KOTOPOE He MOTJIOMIAeTCsl YrapHbIM ra3oM). Ero rimaBHast GyHKIHS 3aKITI0YaeTCs B
U3MEPEHUHN HA4YaJlbHOIO YpPOBHS WHTEHCHUBHOCTH W3Iy4ye€HHOro curHama. OH CIyXHUT IS
KOMIICHCAIIUKM BIIMSHUS W3MEHEHUW HHTEHCUBHOCTH CBETa, KOTOPHIE MOTYT BO3HHUKHYTH B
pe3ynbrare (hakTOpOB, HE CBSI3aHHBIX C MIPUCYTCTBHEM YTapHOTO Ia3a (Hampumep, U3MEHEHUS
B UCTOYHHUKE CBETA WM ONITUYECKUX CBOMCTB BO3AYLIHON CPEJIBI).

C nomorpio pedepeHCHOTO NMPUEMHUKA TaTYUK MOXKET KOMIIEHCUPOBATh U3MEHEHHS B
0a30BOM YpPOBHE U3TYYEHHOT'0 CUTHAJIA, YTO ITO3BOJISIET O0JIee TOUHO ONPEAETUTh YMEHbIIICHHE

210



HHTCHCUBHOCTH, BBISBAHHOC YT'apHBIM I'a30M. ITo AHAJIOTMH, U3SMCPCHHBIC 3HAYCHW A OCHOBHOTI'O
NpUEMHUKAa MOXHO OTKaJIMOpOBaTh M KOPPEKTHPOBATh B 3aBHCUMOCTH OT 3HAYCHUH
pedepeHCHOTo MPUEeMHHKA.

CunukoHoBble nipoknanku (5, 10) mpeqHasHaveHbl: 11 OTBOJIA TETUIA BBIIEIISIOMIETOCS
npu pabote m3iydaTens; o0ecrnedeHus] TePMETUYHOCTH CHCTEMBI, YTO TIO3BOJISIET 3aIIUTHTH
KOMITOHEHTHI JJaTYMKa OT TOMAJaHus BIIaTd M TEM CaMbIM YMEHBIIUTH KOJUYECTBO JIOKHBIX
Cpa6aTBIBaHPII>i; KOMIICHCaIlM1 HETOYHOCTH U3TOTOBJICHHU 3JICMCHTOB JaTUYHKaA.

[Mpennoxennas ¢opma 3epkama (6) yBEeIMYMBACT PABHOMEPHOCTH PAaCCCHBAHUS
U3JTy4eHHs BHYTPU U3MEPUTEIBHON KaMephl JaT4YHKa.

3. Pe3yabTaThl MOAEIMPOBAHUS

Jns  ompeneneHus TEXHUYECKUX BO3MOXKHOCTEH pa3pabOTaHHOrO JaTdyvka ObLIo
npoBeaeHo MozenupoBanue B cpeae Ansys SPEOS (Puc. 3).

[ Speos - Extended map [Direct.1.rradiance.2”] = m] X

File Edit Miew Tools Filtering Operation Help

N ERIGECE

?‘i ‘ ﬂ @ |Blacktuwhite (colar) ;"Userdeﬁned ;]

[Flusx: 0.111838 Im [x= [illuminance = [Filter=2 |

Puc. 2. MopeaupoBanne padotsl faTunka B cpege Ansys SPEOS npun nanmuuu B Bo3gyxe CO

B mpouiecce monenupoBanue ObUTH yUTEHBI Pa3HbIC ONTUYECKUE MapaMeTphl CEHCOpa
(oTpakeHue, MPOIMyCKAaHUE U pacCesHUE CBETa B ONTUYECKUX AJIEMEHTaX JaTyuKa); CBOMCTBA
MaTepuaioB, U3 KOTOPBIX M3TOTOBJICHBI JIEMEHTHI JaTyuKa (ONTHUYECKas MPOHUIAEMOCTD,
UHJCKCHI MPEJIOMICHHUS U KO3(PUIIMEHTH! MOTJIOUICHHs); CBOMCTBA MCTOYHHUKA H3ITYUYCHHS
(cexTpanbHBIA TPO(GUITH, MOIITHOCTh M MMPOCTPAHCTBEHHOE PACIIPEICIICHHE).

KonnenTpanus MOHOOKCHA YTIiIepo/ia ONpeesisyiach 0 YMEHBIICHHIO HHTEHCUBHOCTH
u3nydeHus. MojenupoBaHue IMokas3ajao, 4To MUHMMalibHas KoHueHTpanus CO B Bo3ayxe,
KOTOPYIO CIIOCOOCH yJIaBIMBAaTh JaHHBIN 1aTduk paBHa 0.3 ppm.

4. BeIBOABI
P 33pa6OTaHHBII71 OHTI/I‘-ICCKI/Iﬁ JaT4YuK, OJI1 OHpeI[eJICHI/ISI KOHI_ICHTpaI_II/II/I yr apHoro ra3a B

BO3/yX€ MPOMBIIIICHHBIX MPEANPUATHI, C OAHUM U3Ty4yaTesIeM U ABYMs IPUEMHUKaAMHU UMEEeT
PAIl IPEUMYILECTB:
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1. Boicokast wyBCTBUTENBHOCTH (onpeaenseT Hanuure CO B BO3AyxXe Mpu KOHLEHTPAIUU
0.3 ppm).

2. CenekTuBHOCTH. briaronapst HCMob30BaHUIO ONITUYECKOTO (DUITBTPA, MIPOITYCKAIOIIETO
TOJIKO CBET C JJIMHOW BOJHBI, crenuUYHON A abcopOuuu yrapHoro rasa, JaTduK
BOCIIPUUMYMB UCKIIOUnTENbHO K CO. DTO 03HAYaeT, YTO OH CIIOCOOEH OTJINYATh yrapHBIi ras
OT JpPYTHX, COCTaBJISIONIMX CpPEIbl, YTO MOXXET OBITh MOJIE3HBIM Ha MPOMBIIUIEHHBIX
TPEITPUSTHSIX.

3. KammbpoBka u kommeHcanusi. Hammunme pedepeHCHOro MpHEMHHKA IO3BOJSET
KOMIICHCHUPOBaTh (POHOBHIC HM3MEHEHHS MHTEHCUBHOCTH CBETa, HE CBSI3aHHBIC C YTapHBIM
ra3oM. JTO MO3BOJIAET MOIYYUTh OOJee TOYHbIE M3MEPEHHUS U 00eCledYUTh CTaOUILHOCTH
paboThI JaTYHKA B PA3HBIX YCIOBUSIX.

4. Cxkopocth OTKIMKAa. CHEKTPOCKOMUYECKUE MAaTYUKH OOBIYHO O00JIaIal0T BBICOKOM
CKOPOCTBIO OTKJIIMKA, YTO TMO3BOJIIET MTHOBEHHO OOHAPYKHBATh M3MEHEHUS KOHIICHTPAIIUU
yrapHOro rasa.

5. JIoAroBE€YHOCTh M HaJACKHOCTb.

6. COBMECTUMOCTh C aBTOMATU3HUPOBAHHBIMU CUCTEMAMU MOHUTOPHHIA OKPY KaIOIIEH
Cpepbl.
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Abstract

The article examines the different types of main gas pipeline routes as one of the most critical and vulnerable parts
of the gas infrastructure, ensuring energy sustainability and security. The main methods of non-destructive testing,
possibly applicable to the specific maintenance activities and the removal of accidents on the transit routes during
operation, are summarized. The moments surrounding the good production practices were considered and the great
importance of performing an engineering critical assessment was touched upon, the results of which are directly
related to the operational suitability of the gas pipeline under different technical conditions, which are also the
main starting data for determining the residual resource of the facility.
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KonBeH1InoHAJIHU MeTOIM 32 Ge3pa3pylInTeIeH KOHTPOJ HA MATrHCTPAJIHU
ra3onpoBoau

Lsetomup BOPHCOB, Hopran MUPYEB
1. YBoa

JKV3HEHHMAT UMKBI Ha JaJeHO MArucTpaaHO TPHOOMPOBOIHO Tpace 3amouBa OIIE OT
MPOU3BOJCTBOTO M MOHTa)ka Ha TpbOHHUTE Tpodwian. JKU3HEHHAT LUKBI MO BpeMe Ha
eKCIIoaTalus Ha TPBHOOMPOBOJA 3aBUCH OT CTETNEHTa Ha KAauyecTBO Ha M3padoTKaTa Ha
TphOHHUTE MPOGUIN U KJaca Ha Ka4eCTBO Ha M3PAOOTEHUTE YCIIHM 3aBAPEHU CHEAMHEHUSI.
HnexxmHOTO OTKpHBaHE M MPABUIHOTO OICHSBAHE HAa CHIIECTBYBAIIUTE HECHBBPIICHCTBA B
npoaykTuTe (TpbOEH MpOoPMI W YETHO 3aBapeHO CHEIWHEHHE) Ha TPHOOIPOBOIUTE,
npenonpeieNiss KaueCTBOTO Ha EKCIUIOATAIIMOHHUSAT JKUBOT Ha TphOompoBona. IlpaBuiHOTO
MPUJIaraHeTO Ha METOAM 3a Oe3pa3pylIUTeIeH KOHTPOJI 32 OTKpUBAaHE HA HECHBBPIICHCTBA U
Clie/leHe Ha CHCTOSHUETO HAa BEU€ M3BECTHHUTE JOMYCTUMH HECHBBPIICHCTBA IO BpeME Ha
MIPOU3BOJICTBO, MOHTAX U €KCIUIOATAIMsl Ha MarucTpalHUTE TPHOOIMPOBOAM HamallsgBa pHCKa
OT aBapuil U HeXxeNaHu cnupanus [1 +4].

[Toeto Ha MNPUIOKUMOCT Ha Oe3pa3pyLIUTENIHOTO M3MUTBAaHE € MHOIO IIUPOKO,
UHTEPIUCIUIUIMHAPHO, KOSTO M3MCKBA 3HAYUTEIHW TMO3HAHUS OT CIEIUATHCTUTE 3a Jla Ce
non0epar MpaBUIHUTE METOAM U TEXHOJOTMH 3a M3MUTBAaHE HAa OOEKTHTE B 3aBUCUMOCT OT
MaTepuasa U BUJa, Pa3MOJI0KESHUETO 1 ToJIEMUHATA HAa U3IUTBAHUTE N€(PEKTH B TAX.

IeaTa Ha HacTosimaTa padoTa e 1a ce IPeICTaBsAT Bb3MOXKHUTE Ae(PEKTH TP MPOU3BOACTBO,
MOHTa)X W EKCIUIOATallls W METOIUTE 3a TAXHOTO Oe3pa3pyIIMTETHO HM3MHUTBAHE, KAKTO U
BUJIOBETE KPUTEPUUTE 3a OLIEHKA Ha MaruCTPaJIHU TPHOOIIPOBOIH.
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2. lepexTn B TPHOONIPOBOANTE

JlepexTure BB3HUKBAT IO BpeMe Ha PA3JIMYHUTE €TalM Ha MPOM3BOJACTBO, MOHTAX U
eKCILIoaTalusl Ha MarucTpajiHu razonpoBoau. [IpuynHuTe 32 TSIXHATa MOsIBA CE ONpPEAEs OT
Ka4eCTBOTO Ha TEXHOJOIMYHHUTE HPOLIECH 3a MPOU3BOACTBO HAa OTACITHHUTE MPOIYKTH, JIOII
MOHTa)X U YCJIOBUSATA 32 €KCIUIOATALUs Ha Fa30IPOBOIUTE.

O0600111eH aHaNK3 Ha BUI0BETE JePEeKTH, Bb3HUKBAIIN Ha pa3IMyeH €Tanu OT KU3HEHUS
IIUKBJ Ha Ta30IPOBOANTE, € JaleHO Ha ¢ur. 1.

Aedextn
B rasonpoeoau

Dedexrtn Bedextn Aedektn
npv NPpoOM3BOACTEOTO npu MOHTama npuv eKcnaoarauua
M CTPOUTENICTBOTO

Pascnoi Oedextn MexaHn4HO
Ha meTana Ha KPbroBMA LWEB nospeXpaHe
Dedektn HapylweHo KoposuoHHun
Ha saBapb4yHMUA WEeB nonaraHe Ha Tpbbute AedeKrTn
HemeTtanHu BKAOYBAHMA HapylieHue Dedextn
B SaBapb4YHMA LWIEeB B M30MaLMOHHOTO OT NpHUpPOAHM
NoKkpwuTHe Bb3gercTBMA
OTHNOHEeHMA MexXaHM4YHO Dedextn
BbB PUIUKO-MEXaHUYHUTE nospemaane npu ymopa
XapaKTepucTUKM npM TpaHcnopTupaHe Ha meTana

®ur.1. Bugose HECHBBBLPUICHCTBA U OTKJIOHCHUS B I'a30IIpoOBOAM.

ITonoBuHaTa OT OTKa3UTE Ha ra3ornpoBoOAUTC CC€ ObJDKAT Ha PA3JIMYHUA HOPUYHUHHU 34
BB3HUKBAHE W/WJIM pa3BUTHE Ha AePEKTH MO BpeMe Ha paboTa Ha razomnpoBoaute. [ledexture
KONTO HE ca OTKPHUTH IO BpeMe Ha MPOU3BOJICTBO M MOHTAXK MOTAT Jia C€ Pa3BHAT [0 BpeMe Ha
eKCIUIoaTalus 1 J1a IpUYUHSAT aBapuu.

PaSHpeﬂeHGHI/ICTO Ha OTKA3UTC B ra30lpOBOJU, MO NpHUYMHA HA TAXHOTO IOABABAHC €
npejcTaBeHa B Tabymia 1, KaTo ce u3Mmo3BarT JaHHU, IPUBEACHH B [4].

Taoanua 1. Pa3npenenerme Ha OTKAa3uTE B ra3onpoBOaM.

Ne Bunore oTka3u B ra3zonpoBoau Pasnpenenenne
1 Brrpemrna kopo3us U epo3us 25%

2 BrbHIIIHA KOPO3US ¥ KOPO3HUS N0 HATPEKEHUE 29%

3 IloBpeau npu excroaTanus 16%

4 HecnsBbprnencrsa B TprouTE Tipy N3pabOTBAHETO UM 14%

5 HecwBBpieHcTBa Ha 000PYABAHETO IIPH TOCTaBKATA 1%

6 HapyaBane Ha pexxuma Ha eKCIuioaTaus 1.5%

7 HecnBobpIencTsa mpy MOHTaX Ha 000PYIBAHETO 23%

8 CruxwifHu 6e/ICTBUS 7%

9 Hpyru npuuuHu 5%
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IIpouszeoocmeenume Oegexmu ce TMONy4daBaT MO BPEMEHA TEXHOJIOTUYHH MPOIIECH 3a
o0paboTBaHEe HA MeETalIHMTEe, KAaTO JIECHE, BaJIlyBaHEe, 3aBapsBaHe, TEPMOOOPAOOTBaHE U P.
Crnen Bceku TEXHOJIOTHYEH MPOILIEC 3a MPOU3BOJCTBO HAa CHOTBETHUS MIPOAYKT MPOKAT, TPHOEH
npouJI WM 3aBapeHO ChEIWHEHHE CE TMPOBEXaa Oe3pa3pyIIMTENIeH KOHTPOJI 3a OIICHKA
HAJIMYUETO Ha Ne(eKTH.

OCHOBHUTE OTKa3M 0 BpeMe Ha eKCII0ATAIHs Ha Fa30IIPEHOCHATa MepKa ca BCIICICTBHIE
Ha pa3BUTUE HA Odegexmu no 8peme HA MOHMAdMNC 8 3asapeHume cveouHenus — 23 %.
HecobBbpiieHCTBa B 3aBapeHUTE CheIUHEHUs ca knacuduuupanu B ctangapt EN ISO 6520-1
[S], a TAXHATaA OLIEHKA 332 KA4€CTBO HA 3aBAPEHOTO ChelnHeHue ce npoexaa nmo EN ISO 5817
[6] ¢ MOMBIHUTETHU W3WCKBAHUS NAJCHH B TMPOAYKTOBUTE CTHAAPTH 3a IMPOU3BOJICTOB U
MOHTaX Ha TpbOompoBomu. Enuna mpumep 3a 00001IeHHe Ha BUIOBETE HECHBBHPIICHCTBA B
3aBapeHU ChEeIMHEHUS € JafieH Ha (ur.2.

®ur.2. OcHOBHH BUA0B€ HECHOBBPIICHCTBA B 3aBAPCHU CHECIUHCHUS.

HecbBbpiieHcTBata, 1ajjleHd Ha QUr. 2, ce k1acuuuupar B CIEIHUTE TPYIU CHIIACHO
EN ISO 6520-1:

- rpyna 100 — myKHaTHUHH;

- rpyna 200 — KyXuHu (ra30BU BKJIIOYBaHUA);

- rpyna 300 — TBBpAM BKIIOYBAHMUS;

- rpyna 400 — HecriIaBsBaHUA U HENPOBAPSIBAHE;

- rpyna 500 — nedekTH mpu MOHTaXKa;

- rpyna 600 — npyru.

KagecTBOTO Ha 3aBapeHOTO CBEJMHEHHUS 3a CBOTBETHaTa Ipyna U MOArpymna
HECHBBPIIEHCTBA CE€ ONpeeNs chrulacHO Tpu HuBa naaeHu B EN ISO 5817. Kinac 3a kauectBo
e B, C u D, xaro kj1aca Ha kadecTBO HaMajsgBa oT B xpM D. 3a oneHsBane Ki1aca Ha KaueCTBO
Ce U3ION3BaT pe3yiTaTh IIOJyuYeHH OT METOIU 3a Oe3pa3pyIIMTENIHO H3MUTBaHE Ha
TPHOOIIPOBOIUTE.

IIpeHoCHT Ha MPUPOJEH ra3 Npe3 LsiiaTa IbJKMHA Ha MaruCTPaIHUS IIPEHOCEH HAIIOPEH
TpBOOIPOBOJ € HENPEKbCHAT Ipe3 BPEMETO MpPOLEC M3BBPIIBAIL CE€ IHPU MHMOCTOSHHO
MIOJIOKUTEIHO, BUCOKO HaJSITaHE Ha TPAHCHOPTHUPYEMMST ra3. B pasnuunuTe ydacTbuu
HaJIATAHETO Bapupa B U3BECTHU IPAHULIM, HO BBIIPEKHU TE3H SBJICHHS HAJIATAHETO € B AMaIa30Ha
50-100 Bar. HaGmromaBaT ce M UMKIMYHU HEMOCTOSIHHUM MOJOXHUTETHH (IyKTyanuu B
HAJIATAHETO B PA3JIMYHUTE y4yacThLUU Ha TPBHOONPOBOAA, KOUTO CE€ XapaKTepHU3HpaT, KaTo
BPEIHU U BOJMAT 10 NMPSKO BIUSHUE BbPXY MEXAaHUYHUTE CBOMCTBA HAa MeTaja, yBeJINYaBailku
BB3MOKHOCTTA 3@ Pa3BUTHUETO HA CTPYKTYPHM M3MEHEHHUS B HEro M IosBaTa Ha yMmopa B
MaTepHaia. BCHUKO TOBa BOIM /10 passumue Ha HeCb8bpuleHcmeama 00 oegheKmu no epeme
HA eKCNIoamayusl.
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3HaunTeIeH 00EM OT BCHUKH HCECBHBBPIICHCTBA B IPOUCHTHO CHbOTHOUMICHUEC CC IMaaa Ha
HECHBBPIICHCTBATa CBbP3aHU C BBHIIIHA KOPO3Ws Ha TaszompoBoga — 29 %. Haii-onacHu ca
HECHBBPIIICHCTBATA, CBBP3aHU C KOPO3HS TOJI HAIPSIKEHNE, KOUTO HAPYIIaBaT MEJI0CTTa Ha
TpHOONPOBOJIA, KOETO BOAU W A0 aBapuu. Haii-uecto mecrarta, KbJIETO C€ MOSIBIBAT TE3H
MOpaXCHUA, KaTO KOMIIJICKCH OT ITOBPEIH, Ca O6J'IaCTI/IT€, B KOUTO Bb3HMKBAa KOHICHTPAIHA Ha
MEXaHUYHUTE HATIPEIKCHUSI.

[To BpemMe Ha TpaHCTIOPT Ha Pa3IMYHU TUIIOBE MPHUPOJCH Ta3 (CHOTBETHO C pa3iMdHa
KOHIICHTpAIUsI HA BKIIOYCHHUAT BOAOPO) Mpe3 TPHOOMPOBOIHOTO TpPace, KaTO ChIIBTCTBAIIL
IpHUMec B Ta3a ce HaOJl01aBa U HATMYMETO Ha ra3 Boopoa. HebmaronpusaTHOTO pa3nagaHe Ha
MOJIEKyJIaTa My BOJH JI0 TIOsIBaTa HAa aTOMEH BOJOPOJ, B CIIEJICTBUE HA KOETO ce HaOJro/1aBa
nosiBaTa Ha BOJIOPOJHA KPEXKOCT B MeTana. KpaifHo HexellaHo sSBICHHE BOJEIIO 10 IPOMSHA
Ha MEXaHUYHUTE CBOMCTBA Ha MeTaja, KOETO € CBBP3aHO € MO-0bp30 pa3BUTHE HA Ne(EKTH IPU
ycCjioBUsA”Ta Ha MCXAaHUYHH HW TCPMHUYHHU HATOBApPBaHMA Ha MaTCpuaia IO BpPEMC Ha
EKCILTOATaITHsl.

B 3aBucumoct ot BUJa U MCCTOIIOJIOKCHUCTO Ha HCCHBBPHICHCTBATA CC H3IOJ3BAT
pa3iMyHK METOAM W TEXHOJOTMH 3a Oe3pa3pylIuTeNTHO W3NMUTBaHe. Pa3paboTeHum ca
JOCTAaThYHO TEXHMYECKH CIeMU(HUKAIMK 32 MpUaraHe Ha METOAUTE 3a Oe3pa3pyIuTesTHO
M3MHUTBAHE 32 KOHTPOJI Ha TPHOOIPOBOIN 3a MpeHOoC Ha ra3 u HedT [7 + 11].

2. Metoan

B Ttabmmma 2 ca mageHW HW3MONI3BAaHUTE METOAU M CTAHAAPTH 3a Oe3pa3pylIuTeNeH
KOHTPOJI B 3aBapeHHM CheIWHEHUs Ha EBporeiicku oQuopHH Ta3ompoBOaM 3a MPEHOC Ha
npupojieH ras [12 + 19].

Ta6auua 2. MeToau u CTAaHAAPTH, IPUJIATAaHU NPH 0e3pa3pylINTeTHO H3MUTBAHE HA 3aBapapeHu
cbequHenus B EBponeiickn oguiopHu ra3onpoBoau 3a NpUPoOAEH ra3s

Metoa 3a H3nNUTBaHE

Cranpapr 3a M3NUTBaHe

0CE3aTCIn

Buszyanen ISO 17637 u ISO 5817
MarauTHO-paxoB ISO 17638
Kanunspen ISO 3452-1
Paguorpadguuen ISO 17636-1

PbueH ynTpa3ByKoB ISO 17640

Pruen wunm aBromarusupan c ¢asupanm | [SO 13588

ABTOMaTu3upaH c¢ ¢asupaiy oce3aTeny,
TEXHOJIUTHs 33 30HAJHO pa3JelisiHe

ASTM E-1961-16
ISO 13847, Annex G

YaTpa3ByKoB 3a pa3ciion

ISO 10893-8

Bpeme-nudpakunonen (TOFD)

ISO 10863

MCTO,Z[I/ITC 3a 6e3pa3pym1/ITeJ1H0 HU3NHUTBAHEC CC pa3JACIAT Ha IBC OCHOBHU I'DYIIH, 00eMHHU
U INOBBPXHOCTHH. OOUKHOBEHO 3a IMMoJIydyaBaHC Ha LAJIOCTHA HH(bOpMaHHH 3a U3INHUTBAHUAT
TpL6OHpOBOI[ CC HU3II0JI3BAaT B KOM6I/IHaI_II/IH obeMeH U NOBBPXHOCTCH METOA.

2.1 Iloévpxnocmuu memoou 3a 6e3pa3pyuiumenno u3numeane
ToBa ca MeroauTe, KOMTO C€ TpWiaraT 3a H3NUTBAHE HAa IOBBPXHOCTHUS H

HOJIMTOBBPXHOCTHUS CJION Ha 00EKTa:
- BU3yaJeH;
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- KaluJsIpeH;

— MAarHUTHO-IIPAXOB;

IIoBBEPXHOCTEH METOJA € CBIIO Taka BUXPOBOTOKOBHAT, HO TOW HE C€ pasliiek]aa B
HacTosmaTta padoTa, MOHEXE He ce Mpuiiara 3a M3MUTBaHE B NPOAYKTOBUTE CTAHAAPTH 3a
U3rpaXkJIaHe Ha ra30MpOBOJIH.

Bcekn OT NMOBBPXHOCTHUTE METOAMTE MMa CBOUTE INPEAMMCTBA U HENOCTAThLUU B
3aBUCHMOCT OT MW3NMWTBAaHUSA MaTepual, BHJI W pa3NOJOKEHUE HA H3IMUTBAHUTE
HechbBbpLIeHCTBA. Ha ocHOBaTa Ha (PM3MUHUTE MPUHIIMITY Ha IPUJIaraHUTE METOAM, HAa TEXHUTE
IIPEAMMCTBA U HEIOCTATBIM CE ONpEeis KO OT METOAUTE € MO-IOAXOAI 3a pellaBaHe Ha
KOHKpEeTHaTa 3ajjaya 3a 0e3pa3pylinuTeHO U3UTBAHE Ha TPHOOIIPOBOIUTE.

BusyanHusaT METON pPETUCTpUpA HECHBBPILICHCTBA C IIO-TOJIEMH pa3sMEPU  CIPSAMO
OCTaHAJIUTE NMOBBPXHOCTU METOAM, HO € MO-Obp3 3a MPOBEXkAaHE M HE U3UCKBA TEXHUYECKU
cpeicTBa 3a 0e3pa3pylIMTETHO M3MUTBAHE a CaMO TaKUBa 3a OCBETJICHHE, M3MEpBaHE U
yBenuuenue. IIpu BusyasieH KOHTPOJI ¢e U3I0I3BaT OCBETUTEIICHU TEJa, YBEINIUTEIHU JTyIIN
U U3MEPUTEIIHM TEXHUYECKH CpeACTBa, Karo IIyOsjep, KpaeluHH MEpKH, INaOJIOHH U
KOMIIapaTOpH.

KanuisapHuat MeTo[ € ¢ Hali-roJisiMa 4yBCTBUTEIHOCT KbM OTKPHBAHE HA MAJIKU JE€PEKTH
CIPSMO OCTAHAJIUTE IOBBPXHOCTHU MeTOMU. lIpenuMcTBO Ha KANMWIAPHUS METOJ INpen
MarHUTHO-TIPAXOBHUAT € Y€ MOXE Ja C€ M3M0J3Ba 3a H3MUTBaHE Ha He(pepoOMarHUTHU
MaTepHaal, KaTo ayCTCHUTHAa cTomMaHa. HemocTarek Ha KanWwIsIpHUSA CIPSMO MAarHUTHO-
NPaxoBUsl METOJI €, Y€ HECHBBPILIEHCTBOTO TPsIOBaA Aa ObJe C pa3KpUTHE HA MOBBPXHOCTTA U /1A
HE € 3aIbJIHEHO CBhC 3aMbPCSABAHUA.

Tpsi6Ba 1a ce 0TOENeKN Y€ MarHUTHO-IIPAXOBUAT METO]T IMa Bb3MOXKHOCTTA /12 OTKPUBA
U NOANOBBPXHOCTHHU HEISUIOCTHOCTH, € IBJIOOYMHA HA 3ajsiraHe 70 NPUOIM3UTETHO 2 mm B
3aBUCHUMOCT OT Cbh3/1aBaHOTO MAarHUTHO I10JI€ B U3IIUTBAHUSA MaTEpHUal.

2.2. Obemnu memoou 3a 6e3pa3pyuiumento u3numeane

ToBa ca METOIUTE, KOUTO C€ MPHUJIATaT 3a U3MUTBAHE HA IPHOIU3UTEIIHO IeNus 00eM Ha
00€eKTa, KaTo PETUCTPUPAHUTE OTKIOHEHHUS OT CTaHJAPTHUTE WIM 33JaJ€HUTE HOPMH O[T
dbopMaTa Ha MHIUKAUUA OT HEISLIOCTHOCTH M HECHBBHPILIECHCTBA, CE OTHACAT MHIUPEKTHO 3a
CBHCTOSIHUETO Ha 00eMa Ha U3MUTBAaHMsI 00EKT, Upe3 UHTEepIIpeTalrs Ha MOJyYeHUTE CUTHAIN U
WHIMKAIIH IOCPEICTBOM (PU3UYHHUTE XapaKTEPUCTUKH HAa CHOTBETHUS METO/I;

- panuorpadus;

- YATpa3BYK.

Bronpeku, de ce sBsiBaT 00€MHH, IBaTa METOJIa HE MOTaT HambJIHO Aa u3nutat 100% ot
o0OeMa 3a U3MUTBaHE HA OOEKTa.

Panuorpadckust MeTos 3a U3NMUTAHUE HE € JOCTaThYHO MPELU3EH NPU PETUCTPUPAHETO
Ha JIMHEHHU HECHBBPILIECHCTBA U HECHBBPIICHCTBA, IEPIICHIUKYISIPHU HA HAMIPABICHUETO HA
MPOTbYBAHE.

YATpa3BYKOBHUAT METOJI 32 M3MUTAHKUE HE € JOCTATHYHO MPELU3CH MPU PETUCTPUPAHETO
Ha JIMHEHMHM HECHBBPIICHCTBA M HECHBBPUICHCTBA, CHBMAJALIM C HAMpaBICHUETO Ha
npo3By4yaBaHe. EnuH oOmIUpeH mperiea Ha YATPa3BYKOBUTE METOIM 3a KOHTPON Ha
MarucTpaJiHi TPHOOIIPOBOIM 3a MPEHOC Ha Ta3 U HedT € majzeH B [3].

B®3 ocHOBa Ha criomeHara mo-rope uHdopmanus ce Hajlara KOMOMHHPAHO U3IOJI3BAHE
HAa HSKOJIKO ChILIECTBYBAIIM METOAM 3a Oe3pa3pylIUTENIHO U3NIUTBAHE, 3a 1a MOXKeE Jla Ce U3IMNTa
HenusaT 06eM Ha 00eKTa U J1a ce SIIMMUHHpPAT CIa0UTe CTPAaHU Ha METO/IUTE.
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3. Kpurepumu 3a ouieHka

TpaauLMOHHUTE KPUTEPHM 3a OLICHKA C M3IOJ3BaHE HA Pe3yJTaTU 4ype3 U3MUTBAHE C
0e3pa3pylINTeTHH METO/M Ce OCHOBATa Ha J00paTa MpOM3BOJICTBeHA MpakTHKa (workmanship
criteria). ['onsiMa 4acT OT cTaHAapTUTE 3a OLEHKA 4Ype3 Oe3pa3pylinuTesieH KOHTpoa, B T.4 EN
ISO 5817 ca pa3paboTeHu Ha OCHOBAaTa Ha KPUTEPUUTE 3a J0Opa MPOM3BOJCTBEHA MPAKTHUKA
(u3pabotka). Kpurepunte 3a 106pa Npou3BOACTBEHA IPAKTUKA ca Pa3padOTEHH ¢ OrpaHUYEHO
BJIMSIHUE Ha XapaKTEPUCTUKUTE HA MaTepHaa U HE B3eMa I0Jl BHUMaHUE MPHUIIOKEHHUETO TI0
npennasHayenue (fitness for service) Ha oLeHSABaHMAT MPOIYKT WM ChOpbKeHHe. Biera e
IpeBHU/I CaMO IBDKUHATA Ha Ja/ieH Ne()eKT Ha 3aBapbUHHS LICB.

B pesyarar Ha ocrapenute pa3OupaHus 3a HpPOLIECUTE, C BPEMETO, KPUTEPUUTE 3a
n3paboTKa cTaBaT BCE MO-KOHCEPBATUBHU. T03M KOHCEPBATU3HM BOJHU 10 HEHYXHH PEMOHTH,
KOMTO MOTaT Jla yBEeJIU4YaT pa3XxoAUTe 3a MPOU3BOJCTBO HA MPOIYKTA, ChIIO TaKa BOJAT U 10
HE)KEJTaHW OCTaThYHM 3aBapbUHHM HANPEXKEHHS W jAedopManiy B MSCTOTO HA M3BBPLICHUS
PEMOHT, KOETO € HEXKEIATEIHO.

IIpe3 70-te no Hayanoto Ha 80-Te rOAMHM Ha MUHAIMS BEK MHXEHEpHaTa KpUTHYHA
oleHka (engineering critical assessment — ECA) 3amouBa J1a ce nosiBsiBa KaTo alTepHAaTUBA HA
TPaJUIIMOHHUTE KPUTEpHUU 3a A00pa mpom3BoAcTBeHa npaktuka. ECA pasumra 10 romsma
CTETEH Ha MOCJIeAHNUTE pa3pabOTKH U HHOBALIMHU B 00JIaCTTa Ha MEXaHUKaTa Ha pa3pyllaBaHe.
IMpu ECA xpurepun 3a mpuemMaHe Ha HECHBBPIIECHCTBA CE€ B3eMAT MPEABH[ JIOMBIHUTEIHH
(akTOpH OTHOCHO NMPHJIOKEHUETO T10 MpeIHa3HAau€HUE Ha OLEHSIBAHOTO ChbOPBKEHUETO KaTo:

— HWCTOpHS HAa HATOBAPBAHETO HA 3aBapPbUYHMS IIEB, BKIIOUUTEIHO BCHUKUA IUKIMYHU U
CTAaTUYHM HANpPEKEHHs, OYaKBAaHM Mpe3 LEeNus >KU3HEH IUKBJI Ha 3aBapeHaTa
KOHCTPYKIIUS;

— SKOCT Ha OCHOBHHUS METaJ U 3aBapbyHMsI MaTepual ;

- SKOCT Ha pa3zpyllaBaHe Ha OCHOBHHS METaJl M 3aBapbuHUs MaTepua;

— OpHUEHTaLUs Ha HEChBBPIICHCTBOTO (HANp. W3MEPBAHE HA HETOBUTE [BJIKHUHA,
BUCOYMHA M 0OeMHHMs My BHJA, 3a pa3Idka camMo OT Jb/DKMHATa Ha
HECHBBPIICHCTBOTO).

3aeHO aHATM3UPAHU, TE3U TOMBIHUTEIHN (GAKTOPH MO3BOJISABAT MTO-TOYHU KPUTEPUH 32
npueMaHe Ha HECHBBPIICHCTBA, KOETO BOJM JIO TOJEPAHTHOCT KbM jedekTtute (damage
tolerance) 1 Mo-MaJIKO HEHYKHO PEMOHTHPAHU 3aBAPEHU ChEIHMHEHUS.

3aapn0oueH aHaau3 Ha mpeauMmcTBara U Hegoctarbiute Mexxay ECA n Workmanship
criteria 3a OIIEHKAa HAa U3MUTBAHUTE C O€3pa3pyLIUTETHH METOJH MPOIYKTH M CHOPHKEHHS €
HamnpaseH B [20].

Kpurepuure 3a npuemane Ha JedekTH, Oa3upaHu Ha WH)KEHEpHATa KPUTHYHA OICHKA,
YCIIELIHO C€ M3I0J3BaT B HE(pTEHaTa M ra30BaTa NPOMMIIUIEHOCT, 0OCOOEHO 0 OTHOIIEHUE Ha
OLIEHKaTa Ha YeJHO 3aBapEHUTE CHEIMHEHHUS Ha TPHOOMPOBOIM 3a MAruCTpPaJleH MPEHOC Ha
He(dT u ra3. [To-necHo ce mpmnara ECA 3a onieHka Ha 3aBapeHU ChEIUHEHUS Ha MaruCTpaIHU
TpBOOIPOBOIM, 3aIIOTO TE3M CBBP3BAIIM 3aBapeHH CHEIUHEHHUS Ca €JHAKBU IO IslaTa
IbJDKMHA, KOETO IO3BOJISIBA Jla C€ M3I0JI3Ba AaBTOMATH3UPAHO 3aBapsiBaHE, KOETO T'M INPaBH
€HOTHUIIHU 110 CBOMCTBA €JIEMEHTH, YacT OT cTpykTypara. [Ipunaranero Ha ECA 3a oneHka Ha
3aBapeHU ChEIMHEHNS B MArMCTPAIHU TPHOOIIPOBOIHM 3a IPEHOC Ha I'a3 U METPOJI € BATUIUPAHO
B cbe ctangaptu EN 12732 [7] u ISO 13847 [9].

4. U3Boau
AHamu3bT HaA IMMPOBCACHUTC HU3CJICABAHUA 34 BUJOBC ,HG(I)GKTI/I B Ira30npoBOJU U OTKA3U

IIOKa3Ba, 4 HaN-TOJISIM MIPOUCHT OT BCUYKHU IMPHUYMHHU 3a aBapuH Ca BCJIICACTBHUC HAa BBHHIIHA
KOpO3Hud U KOPO3HA IO HAIIPCIKCHUEC, KAKTO U BCICACTBUC HA HCCHhbBBPIICHCTBA, Bb3HUKHAJIN
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Ipd MOHTaX Ha OOOpYJIBAaHETO upe3 3aBapsBaHe. B pesynraT Ha aHaiM3a € TPOBENEHO
JOMBIHUTETTHO U3CTIEIBAHE 32 Bh3MOKHOCTHUTE Ha MpUilaraHe Ha METOu 3a 0e3pa3pyluTesieH
KOHTPOJI Ha HECHBBPIIICHCTBA B 3aBaAPCHU ChEIMHEHUS Ha TPHOOTIPOBOJIH.

AHanu3bT Ha TOPOBEACHUTE W3CIEIBAaHUA 3a TMpUIAaraHe Ha METOAUTE 3a
0e3pa3pylInTeTHO M3NUTBaHE MOKa3Ba, Ue 3a IUIOCTHA OIICHKA Ha 3aBaPEHOTO CHEIUHECHUS
TpsiOBa Ja ce mpujiaraT MUHUMYM MO €IuH 00eMeH W eJMH MOBLPXHOCTeH MeTon. ToBa 1e
rapaHTUpa MOKPHUBAHE Ha IENUsl 00eM M0 BpeMe Ha M3muTBaHeTo. OT pasriielaHuTe Mo-rope
KOHBEHI[MOHATTHU METOU 332 M3MUTBAHE U OIICHKA Ha 3aBapeHU ChEAUHEHUS U3MOJI3BaHU MPU
CTpoOeka Ha MarruCTPAIHU Ta30MPOBOM, KaTo Hali-O0e30IaceH 1 ¢ JOCTaThuHA 32 MPAKTHKATa
HAJISKTHOCT U JJOCTOBEPHOCT € OIpe/IeICH YITPa3ByKOBUAT MeToA. Tol HU JaBa HHPOpMAIs
3a HAJIMYWE WU JUICAa Ha HECHBBPIICHCTBA B 00eMa Ha 3aBapeHOTO CHEIUHCHHE.
[IpenuMcTBaTa Ha YITPa3BYKOBUAT Mpe] paauorpaguyHusi MeTOoJ] OT IJelHa TO4Yka Ha
0€30MMacHOCT MO BpeMe Ha M3BBLPIIBAHE HA U3IUTAHUETO € JIUICcAaTa Ha OMAcHO JTbueHue (rama
WM PEHTI€HOBO) U Bb3MOXKHOCTTA 3a MPUJIaraHeTo My B MPUCHCTBUE Ha APYTU paboTelu 1no
BpeMe Ha U3MUTAaHUETO. V3KIIOUUTENHO TrojisiMaTa OBbp3WHA, C KOSATO CE OCBIIECTBSIBA
YATPA3BYKOBOTO H3MHUTaHUE (OCOOCHO TpPH aBTOMATH3allds Ha W3MHUTBAHETO), KaKTO U
BB3MOKHOCTTa 32 TMPEAOCTaBSIHETO HA Pe3ydTaT, HEMOCPEJICTBEHO Clie[] HW3IMUTAaHHUETO,
OTKpOSIBaT YITPa3BYyKbT, KaTO IO MpPaBAT MO-MOAXOMAL] METOJ 3a HU3BBPIIBAHETO Ha
JNEHHOCTUTE 1O U3MUTBAHE U OICHKA.

He Ha nocienHo MscTo TpsOBa 1a ce CHOMEHE 3a HaJTMYHUTE ChBPEMEHHH TEXHOJIOTUYHU
pelieHus TpU TMPUIATaHEeTO Ha YJITAa3BYKOBOTO W3MUTBAHE, pasmojaramy ¢ TOJIeMH
BB3MOKHOCTH U YyBCTBUTEIHOCT Ha U3MUTBAHETO CHPSIMO KOHBEHIIMOHAJIHATA YJITPa3ByKOBa
TexHuka [21].

6. 3akirouenue

HanpaBenust 0630p 1aBa Bb3MOXHOCT Jia ce npuaodue npodecuoHanHa mpeacrasa 3a
OCHOBHHUTE Je(pEeKTH W TEXHHUTE MPUUYMHU 32 OTKA3W Ha Ta3olpoBOJa, BH3HUKBAILU IPU
U3rPAXKIAHETO, MOHTAXKA U EKCIIOATAIMATA UM.

Pasrnenanu ca 6e3pa3pynmTeTHUTE METOAM 32 KOHTPOJI Ha TPHOOIIpOBO M 3a He(PT U ra3,
KaTo ca MOCOYCHU BAIMAMPAHH PELICHUS 32 TIXHOTO MPHIOKEHHUE Ype3 CTaHIAPTH.

Pasrnenanu ca nBata OCHOBHM 00€MHHU METO]Ia 32 KOHTPOJI Ha 3aBapeHU ChEeIMHEHUS Ha
ra3omnpoBojia, KaTo ca OTOeNsI3aHU XapaKTEPHUTE UM OCOOCHOCTH C TEXHHTE CHJIHHM U ciabu
CTpaHU. be3pa3pyluTeIHOTO U3NKUTBaHE TPsIOBa Jja IEMOHCTPUpPA HE caMO CIIOCOOHOCTTA 3a
HAJIeKTHO OTKPUBAHE Ha MOTEHIIMAIHO KPUTUYHU HECHBBPILICHCTBA, HO OOMKHOBEHO TPsiOBa
CHILIO Taka Ja JAEMOHCTpHUpa CIHOCOOHOCTTa CH KOJMYECTBEHO Jla Opa3MepsBa M TOYHO Ja
NO3HMIIMOHMPA HECHBBPILIEHCTBATA B KOMIIOHEHTA UM 00EKTa.

3acernaTta u pasriefaHa € TeMara 3a BaKHOCTTa 3a MpOBeXkJaHe Ha 0e3pa3pylIuTEIHO
u3nUTBaHe. PesynraTure OT HEro OKa3BaT HEMOCPEICTBEHO BIMSHUE BbPXY HKOHOMUYECKHUTE
U TEXHUYECKHUTE EKCIUIOATAllUOHHU TMapaMeTpH, KOUTO HEMHUHYEMO OKa3BaT U MPSKO
OOIIeCTBEHO BIMSHUE BBPXY 3/paBeTo W Oe3omacHOCTTa Ha Xopara. JlaHHUTE, KOMTO ce
U3I0JI3BAT 32 W3BBPIIBAaHE HAa MH)KEHEPHA KPUTHYHA OLIEHKA B MO-TOJIEMHUST CH MPOLIEHT Cce
nojgy4yaBaT Ha 0a3aTa Ha T[OJIyYEHUTE pe3yaTaTd OT TPWIOKEHUTE METOIU 32
Oe3pa3pymmTesieH KOHTPOJL.

3acerHaTto € MOHATUETO ,IPUJIOKEHUE [0 MpeJHa3HA4YEeHHE, KaTo € CcIIoMeHaTa
BB3MOKHOCTTA 32 ,,TOJIEPAHTHOCT KbM Je(eKTUTEe™, 3alI0TO B HIAKOM clyyau € mo-1oope na
Ha0Jr01aBaMe Pa3BUTUETO Ha JaJieH JeeKT 10 TOCTUTAaHEeTO My Ha HUBO Ha HEIOIMYCTHMOCT,
OTKOJIKOTO M3BBHPILIBAHETO HA PEMOHTHHU JEHHOCTH MO OTCTPAHSBAHETO MY OIle MO BpeMe Ha
IPOM3BOJICTBOTO MJIM KOTATO € PErHCTPUPAHO 110 BpEME Ha EKCIUIOATAIUs Ha ChbOPBKEHUETO.
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Moxe OuM Hai-rONSIMOTO TOTPEIIHO CXBallaHE, MOJABPKAHO OT CIECHUAIHUCTHTE 3a
Oe3pa3pylnTeNeH KOHTPOII, € UIeATa, 4e CTAaHIAPTHUTE KPUTEPHUH 3a 100pa MPOU3BOICTBEHA
NpaKTUKa, ChABPIKAIIN CE B JCHCTBAIINTE CTAaHAAPTH, Ca IPSKO CBbP3aHH ¢ 0€30IacCHOCTTa Ha
KOMITOHEHTHTE WK o0ekTa. Koraro mepcoHanbT npuemMe eHN KPUTEPHH 3a OLICHKA Ha JaJieHa
n3paboTKa Ha 00EKT, c€ BB3NPHEMa MO3UIHATA, Y€ PE3YJNTATUTE OT U3IUTBAHETO ,, TPSIOBA /1a
rapaHTipar, 4e Je(eKTUTe ca OTKPUTH M OTCTPAaHEHHM KAaTo YacT OT CTaHIapT 3a jao0pa
IPOM3BOJICTBEHA MMPAKTHKA , TOBA IMOKa3Ba, Y€ KOHIIECTIIIMATA 32 KA4eCTBO Ha M3paboTKa HE ce
pa3bupa. Moke OM TO3HM BHJ TBBPJACHHE € JOOPOHAMEPEHO, HO BBIPEKHM TOBa, 3a Ja Ce
neunupa ,aedexr’, morTpeduTensaT Ha oOekTa TpsAOBa Ja M3BBPILNM KPUTHYHA HHXKEHEpHA
ornenka (ECA), 3a na onpenenu pazmepa U MO3UIIUATA HA HECHBBPIIIEHCTBATA, KOSITO MOXKE Ja
ObJie KPUTUYHA 32 CHOPBKEHUETO U Ja JI0Bese 0 paspyuiaBane. Ciex ToBa mpoleaypara 3a
M3MHUTBaHE e TPsOBa fa Ob/ie BaIUANPAHa, 32 a CE TapaHTHpa, Y€ MOXKe HAIEKTHO 1a OTKpHE
TO3M T'€OMETPUYCH pa3Mep Ha JedeKTa U JJa MOXKe C JOCTaThbuHa MPEIU3HOCT Ja Opa3MepH
HOJIOKEHUETO Ha HaJMYHATa My WHIMKAIMSA, 32 a TO CPABHU C MPEIBAPUTETHO ONPEAETICH U
paspelieH pa3Mep Ha HEChbBBPIICHCTBATA.

Koraro ce m3momsBar KpuTepuu 3a OIEHKa Ha J00para MPOHM3BOACTBEHA INPAKTHKA,
notpeduTenuTe TpsAOBa Aa UMAT MPEABUI, Y€ ACUCTBUTEIHATA UM (YHKLHUS €, IPOCTO, J1a ce
OLICHH ,,KaueCTBOTO"* Ha N3padOTBaHATA MPOIYKINS MM HA H3IIUTBAHOTO ChOpHKeHHE. YoBEeK
He TpsiOBa J1a ce MpUABbPKa KbM HIKAKBO (hajImBO 4yBCTBO 32 0€30IaCHOCT, CBBP3aHO C HETO.
B crmeacrtBue Ha 3acWIICHHAT HMHTEPEC OT MHOTO HMHIYCTPHM KBbM BB3MOXXHOCTUTE Ha
YITPa3BYKOBUAT METOM, c€ HaOyoaBa JOMBJIHUTEIHO Pa3BUTHETO HAa HOBHU BAJIMAMPAHU U
BHEJIPEHH B TPOMHIUICHOCTTA TEXHOJOTMM W TEXHHUYECKH CpPEACTBA 3a M3MHTBAaHE, C
IperoiaraeMyu Bb3MOKHOCTH 32 PEIIaBaHETO HA CEPUO3HU TEXHOJIOTMYHH MPOOIEMH.
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Bbe3pa3pymurtennn uscjieBaHus 32 OLlEHSIBAHE HA CTPYKTYypaTa u
HANPErHATOTO ChCTOSIHME HA MATEePHAJIH

Monka UBAHOBA
1. YBOa

ITo npoext MIRACLe — BGO5M20OP001-1.002-0011-C02 B TeMaTUYHOTO HaIPaBJIECHUE
,»HOBH METOM U CPEACTBA 32 KOHTPOJI M U3NIUTBAHUSA HA MEXATPOHHU €JIEMEHTH U CUCTEMU * B
HNuctutyt o mexanuka —bAH e cw3magena naboparopus ,,MOHHUTOpHUHT, Oe3pa3pylIuTesieH
KOHTPOJI, M3MTUTBAHMS U XapaKTEepU3UpaHe Ha MeXaTpOoHHH cucteMH . [1o chius mpoekT Oere
3aKyleHO O0Opy/BaHe, KOETO IpPEJCTaB/IsiBa KOMIUIEKT OT amapatd 3a Oe3pa3pyIuTesHO
u3cje/IBAaHE Ha MaTepHald B pa3IMYHU HMHAYCTPUATHM OOJacTH, BKIIOYUTETHO U B
MeXaTpOHHUKaTa:

— Hucko 1 BUCOKOYECTOTHA yITpa3ByKOBa CKaHUpaIlla CUCTEMA;

— CucreMa 3a U3MEpBaHe Ha BPEMETO U Pa3NPOCTPAHEHUE Ha YITPa3BYKOBU BBIIHH;

— Amnaparypa 3a BUXPOBOTOKOB METO/I;

— Amaparypa 3a akyCTUYHa EMUCHSL.

ITo npoexta MIRACLe no oTHoleHre Ha 6e3pa3pyUTeaHus KOHTpos B MHCTUTYT o
mexaHuka-bAH ca mpeaBuieHH cieIHUTE HayYHO-M3CIEAOBATEICKU JIEHHOCTH, KOMTO ca
CBBpP3aHM C OIpENEsHE, aHAIN3 U OLIEHKA HA MEXaHUYHUTE XapaKTEPUCTUKHU, HAIIPETHATOTO
CbCTOSIHME, CBOMCTBAaTa M EKCIUIOATAlMOHHATA HAJEKHOCT HA MaTepUad U KOHCTPYKLUH,
M3I0JI3BaHU B MEXaTpOHHKaTa, poOOTHKAaTa W BBHB BOJCIIM HHIYCTPUAIHUA OTPACIH KaTo
TPAaHCHOPT, €HEpreTHKa W T.H. IPU Pa3IYHU PEKUMH Ha HATOBAapBaHE 4pe3 ChBPEMEHHH
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eKCIIepUMEHTATHN, O€3pa3pylINTeIHH W BUOPOIMATHOCTUYHMA TEXHUKM W METOAU 32
U3IHUTBAHE.

B nabopatopusara ,,MoHHTOpWHT, O€3pa3pylINTENCH KOHTPOJ, W3IHUTBAHUS W
XapaKTepu3npaHe Ha MEXaTPOHHH CHCTEMH * 0siXxa MPOBEICHN HAyYHU M3CIICIBAHUS B HSIKOJIKO
HaIpaBJICHUS:

— H3cnenBaHe Ha MEXaHUYHOTO HAINPETHATO CHCTOSHUE HA THHKOCTEHHH CHIOBE TTOX

HaJIsiTaHe C M3II0JI3BaHe Ha YJITPAa3ByKOBU METO/IH.

— HM3cnenBaHe Ha BB3MOXKHOCTHTE Ha €JICKTPOMArHUTEH MarHUTHOIIYMOB METOJ| 3a
KOHTPOJI Ha Ka4eCTBOTOTO Ha TepMHYHA 0OpaboTKa HA CTOMAaHU C MPHUIIOKECHHE B
TPaHCIIOPT, EHEPreTHKa, MAIIMHOCTPOEHE U JIP.OTPACIIH C IIeJ OIIEHKA Ha OCTaThYHHUS
TEXHUYECKH PECypC Ha KOHCTPYKTUBHU €IIEMEHTH.

— ExcrnepuMeHTanHO M3ciieqBaHe Ha KOMIIO3UTHH MaTE€pHaI C MOJUMEpHA MaTpulla
IpY HAJIMYME Ha HECTHOPOJHOCTU M JeEeKTH OT THIAa Ha MyKHATWHH MO JAEHCTBHE
Ha pa3IMYHM 10 XapaKTep HATOBAPBAHUSI.

2. U3cenBaHe Ha HANIPErHATO ChCTOSTHME HA THHKOCTEHHHU Ch/I0BE IO/
HaJIsiTaHe C M3I0JI3BaHe HA YJITPa3ByKOBH METOAN

B [1] ce mnpencraBs eKCHEPUMEHTAIHO H3CIEIBAHE HA Pa3NpPOCTPAHCHUETO Ha
YJATPa3ByKOBHU BBJIHU Ha Penell B cTeHnTe Ha CbhJ MO HajsAraHe. Bp3MOXKHOCTTA 3a OLICHKA Ha
HaNpEeKEHUSATa 4Ype3 YITPa3BYKOBH METOIM CE€ OCHOBaBa HA aKyCTOECNACTHUHUS €(QeKT.
ExcnepumenTuTe 0sixa MpoOBEACHH C MOMOIITA Ha XUIPABIWYEH TECT, MPOBEACH B ChJA MOJ
HajsiraHe. V3smepBaHMsTa Ha BpEMETO 3a NPEMUHABAaHE Ha YJITPa3BYKOBaTa MOBBPXHOCTHA
BBJIHA B CTEHUTE Ha ChJa B aKCHaJHa U MepudepHa MOoCcOKa ce MU3BBPILIBAT IPU MPOMSIHA Ha
Hajsaraieto n1o 7 MPa npu mocrosHHa temneparypa. bsxa OTKpUTH KOpelanuu MEXIy
OTHOCHUTEJIHUTE INPOMEHUM BbB BPEMETO Ha IPEMUHABAHE HA BBJIHATE M IPOMSHATa B
HaJISITaHETO. BAMsSHUETO Ha TeMIiepaTypara U TEpMUYHHUTE HAIIPEXKEHUS BBPXY CKOPOCTUTE Ha
YATPa3BYKOBUTE BBJIHU HE CE OTUMUTA.

WP P

Out
B o P-R unit | UTbox —— PC
(p) In

N, + o

®urypa 1. EkcnnepuMenTaina ycraHoBka [1]

Hsikou ot monmydeHuTe pe3ynraru ca nokasanu B Tabmuma 1 [1].
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Pr Estimated Hoop stress Al Estimated axial stress AfRy 4
essure p, MPa 240 -0
o, MPa 'Rl o2 MPa fR02
0 0 0 0 0
10 30 0.0320 15 0.0390
20 61 0.0820 30 0.0510
30 o1 0.1000 45 0.0710
40 121 0.1400 ] 0.0730
50 151 0.1500 78 0.0830
6.0 182 0.1650 91 0.0878
70 212 0.1900 106 0.0891

3. N3ciaenBaHe HAa Bb3MOKHOCTUTE HA €JIEKTPOMATHUTEH MATHUTHOIIIYMOB
MeTO/1 32 KOHTPOJI HA KA4eCTBOTOTO HA TEPMHUYHA 00PadOTKA HA CTOMAHH C
NpUJI0KeHHE B TPAHCIOPT, eHePreTHKa, MAIIIHHOCTPOEHE U JIP. 0TPACIIH €
1eJ1 OI[eHKA HA OCTATHYHUSI TEXHHYECKH PeCypc HA KOHCTPYKTHBHHU
eJIeMeHTH

B [2] ce mpeacTaBsAT pe3yaTaTUTE OT M3CJIEIBAaHE, MPOBEICHO BBHPXY MPOOHU Tejia OT
KaueCcTBEHa TEPMHUYHO O0OpabOTEeHa BBITIEPOJHA CTOMAaHA 4Ype3 METOJa HAa MATHUTHHS IIyM.
Ilenta Ha pabGorata Oeme ma ce HAMEPIT MOAXOAANINM HHPOPMATUBHH IMapaMeTpu 3a
uacHTU(DHUIIIpaHE HA TOJIYYCHUTE CTPYKTYpH C pa3inudHa TBBPAOCT. 3a Ta3u 1en Osxa
MPUTOTBEHH OOpas3my 4pe3 TepMuyHa o0paboTka mpu pasnuyHu Temmeparypu. Cren
MUKPOCTPYKTYPEH aHaIW3 W HM3MEPBAHE Ha TBBPIOCTTA, oOpasmure Osxa H3CIEABAHU C
MOMOIITA Ha METOJI Ha MarHUTHUS 1ryM. CurHanure 0sxa BU3yaJu3upaHy U aHAIU3UPAHU upe3
mQpoB ocmiiockon u codryepHara mporpama Multi Instrument 3.8. Mudopmarnmonnure
napameTpy RMS u BpeMeTro 3a perucTpupaHe Ha CHUTHAIUTE OT MarHuUTEH IIyM Osxa
U3MOJI3BAHU 32 HJCHTHU(PUIMpPAHE Ha TMOJNYYCHUTE MHUKPOCTPYKTYPH C DPa3IUYHU
XapaKTepUCTUKU U TBBPAOCT.

@durypa 2 moka3Ba 4acT OT 3allMCH, M3BBPIIECHU M0 BpeME HAa HAMAarHUTBAaHETO Ha
TECTBAaHUTE NPOOHM Tela W MarHUTHUTE LIYMOBE, KOUTO C€ TMOsABSIBAT NpU TOK Ha
HamarHuTBane oT 200 mA.
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®urypa 2. 3anucu Ha MATHATHA IIyMOBE BbB BPEMETO, MOJIyYeHH 0T TeCTBAHUTE IPYNH MPOoH npu
Mardetrusupaun Tok ot 200 mA: rpyna oopa3uu 1 (a), rpyna 2 (b), rpyna 3 (c), rpyna 4 (d), rpyna S (e).
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Haii-nucku RMS  croiiHoctn wumar oOpasuute, MOAJOKEHUM HA 3aKajiiBaHE U
HUCKOTEMIIEpaTypHO OTBPBIINAHE, KOUTO MMAT MUKPOCTPYKTypa OTBbpHAT MapTeH3uT. [Ipu
ocTaHayuTe Tpynu odpasuu /3, 4, 5/ ce HabnronaBa nmoBumasaHe Ha RMS cToifHoCTTa, KOETO
MOE J1a ce OOSICHM C BHJa Ha TOJYYEHUTE MHUKPOCTPYKTYpPH TPOOCTUT U copbut. Cren
o0paboTkaTta Ha CHTHAJIUTE OT MAarHUTHHUTE NIyMOBE OsXa OmpezesicHH OOBHBKUTE Ha
MarHUTHUTE IIYMOBE U MUKOBUTE CTOWHOCTH [2].

Bpemero Ha mosiBa Ha MarHUTEH MIyM, OINpPEIEIIEHO OT MaKCHMajHaTa CTOWHOCT Ha
0oOBMBKaTa Ha CUTHAJIA CIIPSAMO HyJIeBaTa CTOMHOCT Ha MOJIETO Ha HAMAarHUTBaHe, CE OIMpeess
KaTo MapaMeTbp, KOMTO ce M3MOII3Ba 3a WACHTU(PHUIMPAHE HAa TUIIA MUKPOCTpYKTypa. durypa
3 moka3Ba OOBUBKHMTE Ha MAarHUTHUTE IIyMOBE OT MpoOHuUTe Tena. Mma m3MecTBaHe Ha
NUKOBUTE CTOWHOCTH TPU CTOWHOCT Ha TOJETO HyJa, KAKTO U Pa3IuKud BbB (hopMaTa Ha
oOBHUBKaTa. B MapTeH3UTHHTE CTPYKTypH MHKOBAaTa CTOMHOCT € Majka W OOBHMBKaTa Ha
MarHUTHUA LIyM € Imupoka. [Ipu mpexoma oT OTBbPHAT MapTEH3UT C BUCOKA TBBPAOCT KbM
TPOOCTUT M COPOMT C TBBPIOCT, OJIM3Ka /10 MbpBOHAYAIHATA, C€ HAOJI0/1aBa MMOBUIIIABAHE Ha
NUKOBUTE CTOWHOCTH M HM30CTpSHE Ha OOBMBKAaTa Ha MAarHUTHUS IIyM TPU CTOHHOCTH Ha
MarHMTHOTO TOJI€ OKOJIO HyJa.

—— magnetization ——Envelope BN 2 group

Envelope BN 3 group =———Envelope BN 4 group

——Envelope BN 5 group

®urypa 3. O0BMBKM HAa MATHUTHUTE LIIyMOBe NIPU TOK Ha HaMarHuTBaHe In = 150 mA, nosy4yenu ot
TecTBAHUTE IPYNH 00pPa3lM ¢ Pa3jMYHA MUKPOCTPYKTYpa

Pasnukure B M3MeCTBaHETO BbB BPEMETO, KaKTO M BbB (hopMaTa Ha MarHUTHUS IIyM
Morar Jia ce 00SICHAT C HEOOpaTUMOTO JIBHKEHHE HA JJOMEHHUTE CTEHU IPHU IPEOoI0IsiBaHEe Ha
NPENATCTBUSA, OBDKALIM C€ Ha OCOOCHOCTHTE B paA3IUUYHUTE MHKPOCTPYKTYpH, T.€.
MUKpPOCTPYKTypaTa Ha MaTephajia MpsSKO BIUsA€ BbPXY JUHAMUYHOTO TOBEJCHUE Ha
MarHMTHUTE JIOMEHU 110 BpeMe Ha HaMarHUTBaHe.

Upes um3cnenBaHe Ha MOAXoAsAmio obpaboTeHW oOpaslnu OT CTOMaHa ¢ MOMOIITAa Ha
METO/Ia Ha MAarHUTHUS IIyM OsIXa MOJIy4eH! JaHHH 3a CepHs OT MarHUTOLUTYMOBHU UMITYJICH KaTo
(GYHKIUS Ha BpEMETO U ChOTBETHUTE CTOMHOCTH Ha MATHUTHOTO T0JIe. 32 XapaKTepu3upaHe Ha
IITYMOBHTE CHUTHAIM Osxa M3IMOJI3BAHU PA3IMYHM MapameTpu kato RMS nHa myma, 6pos Ha
MarHUTHUS IIyM 32 IIUKBJ HAa HAMarHUTBaHE U T.H.

bemie ycranoBeHo [2], ye BpeMETO Ha peTMCTPUPAHE HA IIIyMa, ONPEJEIECHO OT HyJieBaTa
TOYKA HA CHHYCOUJJAJTHATA BHJIHA HA HAMAarHUTBaHE 10 MaKCHMallHATa CTOMHOCT Ha OOBUBKATa
Ha MarHUTHUSA IIyM, € MOAXOASI] HH()OPMATHUBEH MapaMeThp 3a aHAJIU3 Ha MUKPOCTPYKTYpH.
Crnen oOpaboTkaTa Ha CHTHajlla ca OINPEACICHH CTOHHOCTHTE Ha TO3M IMapaMeTbp U €
AQHAIM3MPAHO W3MEHEHHUETO MY MOPaaud 0COOEHOCTUTE B MUKPOCTPYKTYPHUTE, MOIYUYECHU CIIE]
TepMUYHa 00paboOTKa. YCTaHOBEHM Osxa JMHEHHH 3aBUCUMOCTH Mexay RMS, Bpemero Ha
BB3HUKBAHE HA MArHUTHHS IIyM U TBBPIOCTTA Ha CTPYKTYpPHUTE, MOJYUYEHHU CIIE]] TEPMUYHA
obpaboTka [2].
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4. ExciepuMeHTAIHO U3c/ielBaHe HA KOMIIO3UTHU MaTePHAJIU € MOJTUMEpPHA
MATPHUIIA IPU HAJTUYHeE HA JedeKTH OT THIA HA MYKHATHHH MO/ JeiicTBHe Ha
Pa3JIMYHHU 110 XapaKTep HATOBaApBaHMs Ype3 MO/JAAJIeH aHAJIHN3

B [3.,4] ca nyOaukyBaHH pe3yJTaTH OT EKCIICPUMEHTAIHA W3CJICABAHUS Ha KOMIIO3UTHU
MaTepHaid, TUI CTHKIOIJIACTH C M3MOJI3BaHE Ha BHOPALMOHEH METOJl 4Ype3 HMMITYJICHO
BB30y’KaHe Ha CBOOOHHU OorbBaly [3] U HaANBKHU TpenTeHus [3,4]. OT KoMNo3UTHA I04Ya
TUI CTBHKJIOIUIACT ChC ChIbpPXKAHWE HAa CTHKJIEHU BiakHa € 50% Osxa u3psi3aHu 10CTaThUYCH
Opoit ob6pazmu tum rpega ¢ pasmepu L=0,25m npmxuHa, b=0,025m mmpura u h=0,005m
nebOenuHa. 3a J1a ce yCTaHOBM YYBCTBUTEIIHOCTTAa Ha METOAA C UMITYJICHO Bb30yKIaHE Ha
TPENTeHH 32 OTKpUBaHe Ha 1e(heKTH, Osixa CUMYITHpaHu 1e()EeKTH OT TUII TPABOBI'BIICH MTPOPE3
Ha pa3JINyYHU Pa3CTOSIHUS OT phOa Ha oOpa3iuTe (Xi), a umenno Ha 0,1L u 0,2L, 0,3L u 0,5L.
[Ipope3ute ca HampedHH, pa3NoJIOKEHH MEPHEHANKYJISIPHO HAa TOJAPEIEHUTE CIIOEBE
cTbkionaker. CuMyIMpaHuTe KaHaIU Os1Xa ¢ pa3ianyHa 1bi0ouynHa, paBHa Ha 0.2h, 0.4h, 0.6h
u B Hsikou ciydau 0.8h. bsixa HampaBeHM M M3ClI€BaHU JOCTaThbueH Opoi mpobu, 3a 1a ce
U3CJIeIBa MECTOIIOJIOKEHHETO Ha M3KYCTBEHUTE AePeKTH Hpu (UKCHUpaHa IbJIOOYMHA HA
nedekra.

Llenta Ha wu3cnenBaHero Oemie Aa ce M3cienBa €(eKTbT Ha IMyKHATMHUTE BBPXY
€CTECTBEHUTE YECTOTH Ha BB30YJEHM OrbBAlld M HAATBXKHU TPENTEHHUS HA TPEeAu OT
cTpkiomiact. [IbpBuTe COOCTBEHM YECTOTH HAa BUOpaLMU MPHU OI'bBaHE W3BbH paBHUHATA U B
paBHUHATAa, KAKTO ¥ HAa/UTbKHUTE BUOpALMK ca U3MOJI3BAHU 32 XapaKTEPU3UPAHE HA €AUHUYHA
rpeaa ¢ aedexru. M3cnensaHo € ¥ BIMSHUETO Ha MECTONOJIOXKEHHETO W AbIOOYMHATA Ha
U3KYCTBEHUTE IyKHATHHHU.
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®urypa 4. [IbpBa cofcTBeHa YecTOTa HA M3NUTBAHE HA BUOPaLlU NIPU Or'bBaHe 3a 3IPaBH Ipeau U
NMOBpPe/JIeHHU I'Peu a) mpope3u, pasnoJoxenu npu x=0,1L ¢ pazanunu qpa6ounnu a=0,2h,a=0,4h,a=0,6h;
b) npope3n, paznono:xkenu npu x=0,2L ¢ 1pa60unnu a=0,2h,a=0,4h u a=0,6h. c) npopesu, paznoJo:xkenu
npu x=0,3L u apa60yunu a=0,2h; a=0,4h; a=0, 6h, d) npope3u, paznosio:xkenu npu x=0,5L ¢ 1ba009unn

a=0,2h; a=0,4h n a=0,6h.

Haii-3HaunMuTe mpoMeHU B TbpBaTa pe30HAHCHA YECTOTA CE MOJIy4aBaT MpH MyKHATHHA
B cpelaTa Ha KOMIO3UTHUTE rpeau. [lpu apnbourHa Ha MyKHAaTWHATa 3 mMMm YECTOTHOTO
u3MectBane nocrtura 14%. JlombaHuTenHo e wu3cinenBaHa rpena ¢ awbiabounna a=0,8h.
PesynTature nmoka3Bat OTHOCUTENHA POMSHA OT OKOJI0 64%.

Pesynrature oT ekcriepuMEHTHUTE MPHU OT'BBAIM TPENITEHUS B paBHUHATA HAa OI'bBAaHE ca
MOKa3aHu Ha PUrypa 5, KbJETO ca JaJICHU YSCTOTHUTE XapaKTEPUCTUKH 3a TPEIIN C N3KYCTBECHU
nedexktn Ha paszcrosHus x=0,3L u x=0,5L. OTHOCHUTETHOTO H3MECTBaHE Ha I'bpBaTa
pEe30HaHCHA 4YecTOoTa HE ce 3a0eis3Ba IMpH MecTomoyiokeHnero Ha aedext x/L= 0,1. C
yBeIMYaBaHETO Ha mapameTbpa x/L uectorata HamansBa u moctura 6% 3a Hail-IbIOOKaTa
MyKHATHHA.
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®urypa 5. [IbpBa pe30HAHCHA YeCTOTA 32 BUOPAIINH NPH OT'bBaHe B PABHHHATA a) MECTOINOJIOKEHNE HA
negexra x/L=0,3, nba160unna Ha aedexra a’h =0,2, 0,4 u 0,65 6) mecTronoso:xkenue Ha 1edexra x/L=0,5 u
apadoounnn a/h =0,2; 0,4; 0,6 u 0,8.

Pesyarature oT M3MUTBaHHATA HAa PEXHUM HAa HATHKHU TPENTEHHUS ca TOKa3aHU Ha
¢urypa 6. IlpomeHuTe B 4eCTOTUTE NMpHU IMyKHATHHA, pa3NoJOXKeHa B cpedara Ha oOpa3uu
noctura ot 11% 1o 26%. Ako ce OLeHU eHeprusTa Ha UMITYJICHUS yJap, MOXKe J1a CE 3aKJII0UH,
Yye MpU TaKaBa MaJIKa UMITYJICHA €HEpTHsl HAPEKEHUATa U AePOPMAIMUTE Ca MHOTO MAJIKH.
[Topamu Ta3u mpuuYMHA ce PerMCTpHUpa 3HAUYUTEITHO HaMmallsBaHE Ha PE30HAHCHATa 4ecToTa,

Koraro neOenuHaTa Ha MaTepuwaja Ha MSCTOTO Ha JAedeKkTa € MOHE 5 MBTH IMO-Majka OT
nebenuHaTa Ha oOpasena.
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®urypa 6. [IbpBu pe30HAHCHH 4eCTOTH HA HAJIb:KHH TecToBe a) X/L=0,3 n nb1004nnu Ha nedexTn
a=0,2h; a=0,4h u a=0,6h b) x/L=0,5 u aba004unu Ha gedexra a=0,2h;a=0,4h;a=0,6h u a=0,8h.

EdexTbT Ha myKHAaTMHAaTa BBPXY PE30HAHCHATa YECTOTa CE MPOSABSIBA PA3IMYHO B
peXUMHTE Ha TPENTEHE M 3aBUCH OT 3aKPENBAaHETO Ha TIpejaara, KakTo M oT Qopmara,
MECTOMNOJOKEHUETO UM JAbJI0OYMHATa Ha IyKHaTHMHaTa. 3a HalpeyHd IyKHATHUHU
YBCIUMYAaBaAHCTO Ha Z[”I)J'I60‘-II/IH8.T8. Ha IIyYKHaTWHaTa BOJAHM MO0 HaMaJIIBAHC Ha 4YECTOTaTta.
[lykHatuHa ¢ onpeneneHa IbI00YMHA U HIMPUHA MPEAU3BUKBA PA3IMYHU YECTOTHU MTPOMEHH
B CKCIICPUMCHTAJIHUTC PCIKHUMU Ha BI/I6paIII/II/I, B 3aBUCHUMOCT OT MECTOIIOJIOKCHHUETO Ha
IyKHAaTUHATA.

@urypa 7 mpencraBs BIUSHHETO Ha IOJIOKEHHETO W JIBIOOYMHATA Ha HeeKTa THII
IKHAaTHHA BbPXY PE30HAHCHATA YECTOTa IPU OI'bBAIIM U HAUThKHU TpenTeHus. MakcumaiHo
OTMECTBAaHE B PE30HAHCHATA YECTOTa CE MOJydaBa MpH Hai-abia0okaTa mykHatuHa (a=0,6h),
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pasnonoxxeHa Ha pasctosaue x=0,5L. M3amecTBaneTo Ha yectoTtara € cboTBETHO 13%, 6% 1
11% 3a orwpBamIy TpeNTeHUs U3BHbH paBHUHATA, B PAaBHUHATA U 32 HAJJIBKHHU TPEIITCHUS.
2
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®urypa 7. Edexr 0T MecTOn0/105keHHeTO Ha AedeKTa BbPXy 4eCTOTHOTO H3MeCTBAaHe
a) orbBaHe U3BbH PaBHUHATA; b) OrbBaHe B pABHUHA; B) HA/UIBKHU TPeNTeHUs!

beme ycranoBeHo, ue UMa OIpeieJIeHH MECTa, KbJIETO YBPEXKAAHETO, T.€. IyKHATHHATA
MOYTH HE NMPOMEHS YeCToTaTa U Te ca OJU30 J0 BH3JIIOBUTE JIMHHUH HA 3aKpelBaHE Ha rpenara
[4]. Axo myKHATHHATA € Pa3OJIOKEHA Ha MeCTa, KbJIETO KpUBHHATA HAa MOJATHATa JopMa UMa
MaKCHMaJHH CTOMHOCTH, C€ MOJy4yaBaT Hal-ToJeMHTe NMPOMEHH B dectoTaTta. Haii-mobOpa
YYBCTBUTEIHOCT 3a OTKPUBAaHE HAa NYKHATHHH CE IIOJIy4aBa MPH HW3MHUTBAHUATA, KOTaTO
MyKHaTHHATA € B CpeJaTa Ha rpejiaTa ¢ TPENTEeHUsl Ha Or'bBaHe W3BbH paBHUHATA [4].

[IpunocsT Ha uscnenBanero [3,4] e, 4e € HaNPaBEeHO HOBO CUCTEMHO €KCTIIEPUMEHTAIHO
U3CIIe/IBaHE HA YCTOWYMBOCTTA Ha MOBPEIN HA MIMPOKO U3MOI3BaHN KOMIIO3UTHU MaTepUAIH C
U3II0JI3BAaHE HA KOMOWHAIIWSI OT OI'bBAINY U HAJUTHKHU TPEIITCHUS.

Baaromxapuocrtu:

Hacrosiara pa3paboTka ce OChIIecTBsIBa ¢ HAHCOBATA MOJAKpena Ha 1oroBop [IpoekT
Ne BGO5M20P001-1.002-0011 ,,U3rpaxxnane u pasButue Ha LleHTbp 3a KOMIETEHTHOCT IO
Mexarponuka u unctu TexHojgorun MIRACle (mechatronics, innovation, robotics, automation,
clean technologies)“, ¢buHancupan ot OmeparuBHa mnporpama ,,Hayka m oOpa3oBaHue 3a
UHTEJIMIEHTCH PacTexk, chpuHaHCHpaH OT EBpomeiickus (OHI 3a PETHOHAIHO Pa3BUTHE
(EDPP).
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Abstract

Welding with wear-resistant electrodes is a commonly used method that is used in the restoration of parts operating
in contact friction conditions. Steel 40X, one of the commonly used structural steels, is medium- carbon, low-
alloy steel and with low wear resistance. Its wear resistance can be increased by welding the contact surface with
wear-resistant electrodes. In the present paper, 5 types of samples were investigated, 4 of them were welded with
wear-resistant electrodes (EH550; Abradur 64; Abradur 66; OK Weartrode 60T;), and the fifth sample is a
comparison sample made of 40X steel. Tribological studies of the welded samples were carried out in dry friction
mode and the influence of the carbon equivalent and the chromium equivalent on the hardness and dimensional
stability (change in mass of the specimen) of the welded surfaces was investigated. Macrohardness was measured
along the depth of the welded layer and a metallographic structural analysis was carried out.

Keywords: tribology, welded layers, wear resistance, phase composition.

Onpeue.JmHe Ha ¢ IHOBPEMECHHOTO BJIMSAHUE HA HAKOJIKO q)aKTopa BbPXY
aﬁpa3I/IBHOTO H3HOCBAHE CJIEI HAaBapsiBaHE

Hanuemna CITACOBA
1. YBoa

AOpa3uBHOTO M3HOCBAHE € MEXaHW3bM Ha U3HOCBaHe, KOMTO BOJIU 10 pa3pyllaBaHe Ha
NOBBPXHOCTHUTE CJIOEBE HA MaTepuaja, BCIEICTBUE TPUEHE HA TBBPAM YACTULU BBPXY
KOHTaKTHaTa IOBBPXHOCT Ha Marepuasna. KoraTto TBbBpAa NOBBPXHOCT WM YaCTUIHU
B3aMMOJICHCTBAT WM C€ IUTh3TaT BBPXY IO- MEKa MOBBPXHOCT, NMPUYMHSABAT 3aryba Ha
maTepuai. ToBa e BuJ H3HOCBaHE, KOETO Bb3HUKBA MOPaId HATOBAPBAHETO HA TBHPAU YaCTUIU
BBPXY MOBBPXHOCTTA HAa MaTepuala, KOWTO UMa TBbPAOCT, paBHA MJIM [I0-MaJKa B CPAaBHEHUE
¢ HatoBapBamuTe yacTulu [1]. [IpakTnueckn U3HOCBAHETO € Pe3yJITaT OT B3aUMOJICHCTBUETO
Ha pabOTHOTO TSJIO HAa MallMHATa WIM KOHCTPYKIMATA ChC CHOTBETHATa 4acT WIH C
oOpaboTBanata cpena. Ilpu u3HOCBaHETO MNPOTHYAT peaulla MEXaHWYHH, XUMUYHH U
CTPYKTYpHH IIPOLIECU B TpUEIINTE ce YacTH [2]. ['onemuHaTa Ha U3HOCBAaHE, B 3aBUCUMOCT OT
CBhCTOSIHUETO HA MaTepuana, MOKe Ja ce u3pa3u B 3arybaTa Ha maTepuana, B HErorara
negopmanusi, B M3MEHEHHE Ha CBOWMCTBaTa My W B IPEHACSHETO Ha MaTepHal MEXIy
KOHTaKTyBamuTe Tena |3, 4].

HaBapsiBaHeTO ¢ M3HOCOYCTOWYMBH €JIEKTPOJIM € CHOJTYUYIHB, YECTO M3IMOI3BAH METO/,
KONTO Ce M3MO03Ba MpU BH3CTAHOBSIBAHE HA JIETalM, pabOTEUIN B €KCTPEMAJIHU YCIOBUS Ha
KOHTAKTHU B3aUMOJICHCTBUS, KAKBUTO Ca €KCIUIOATAIIMOHHUTE YCIIOBUS HA 3eMeJesicKaTta U
CTPOUTENHO-ITbTHA TEXHUKA — BUCOKA 3alpalleHOCT ¢ abpa3uBHU MUKPOUYACTHUIM, HAJTMUKE HA
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BJara M arpecuBHU KommoHeHTH. CmiaBra OT HaBapsBallUTE €JIEKTPOAM Ce€ oTiara
PaBHOMEpPHO BBHPXY IMOBBPXHOCTTA HAa MEKM MaTepuain (OOMKHOBEHO HHUCKO WU CPEIHO
BBIJIEPOJHU CTOMAaHM) Upe3 HaBapsIBaHE, C 1IeJ1 yBeJINYaBaHEe Ha TBBPAOCTTA U yCTOMYMBOCTTA
Ha WM3HOCBaHe, 0e3 3HauMTeNHA 3aryda Ha IUIACTUYHOCTTA U U3JPHKIMBOCTTA Ha OCHOBHHS
Marepuan [5].

Enun ot Hali- BAKHUTE MapamMeTpH, pu aOpa3uBHOTO U3HOCBAHE € XUMUYHUS ChCTaB Ha
HABAPEHUs MaTepuall, ONpENesll CTPYKTypaTa W CBOWCTBATa HA HaBapeHWs ciod. Tosa
00CTOSITENICTBO HANOXKHM W HJIEATAa Ha HACTOSAUINTE W3CJIECABAHMSA, 2 UMEHHO Ja C€ M3CleBa
BJIMAHUCTO Ha BBIVICPOAHHA CKBUBAJICHT WM XPOMOBHUS CKBHUBAJICHT BBHPXY TBBPAOCTTA H
M3HOCOYCTOMYMBOCTTA (M3HOCEHATa Maca), cjiell HaBapsBaHe Ha cTtomaHa 40X ¢ pa3nmuyHU
BunoBe enekrpoau (EH550; Abradur 64; Abradur 66; OK Weartrode 60T;)

2. EkcniepuMeHTaJIHA 4acT

W3zcnensanu ca 5 Buma oOpasiu, KaTo 4 OT TAX ca HaBapCHU PHYHO CIIEKTPOIABIOBO C
M3HOCOYCTOWYMBH €JIEKTPOJU, a IMeTus olpasell € eTajoHeH oO0pasel, Hu3paboTeH OT
HHUCKoJIerupaHa cromMana cromaHa 40X, KoiTo ce m3moi3Ba 3a 0a30B NPU CPABHUTCITHUTE
u3cnensanus. O0pasuuTe ca MpeIBapuTeTHO HOATPSITH, CIIE]] KOETO Ca MHOTOCIIOWHO HaBapEHU
[6].

[IpoBeneHu ca TpUOOJIOTUYHM U3CIEABAHUS HA HABAPCHUTE 00pa3Ily, B PeKUM Ha CyXO
TPUEHE, OCBIIECTBEHH MO KWHEMAaTHYHA CXeMa — YEIHO TPUCHE MEXIY HEIOJBHKCH
IIMHAPUYEH 00pa3ell W BBPTAI Cc€ IUCK. 3a W3MBIHEHHWE LENUTE Ha H3CIEABAHETO €
U3MepeHa MaKpOTBBPIOCT Ha 0OpasuuTe (1o MeToa Ha Bukepc) rmo q1pa004nHa Ha HABapeHUs
cioii, ¢ HaroBapBaHe 5 kg, cermacao BJIC EN-ISO 6507-2006) u e mpoBeaeH MeTanorpadcku
CTPYKTYPCH aHAaJIH3.

2.1 Xumuuen cocmas Ha uznoyizeanume mamepuaiu u napamempu npu pexicuma Ha
Haesaapsaeane

B Tabn. 1 e majgeH XWMHYHUS ChCTAaB Ha EINEKTPOJIHATA TEJN HA EINEKTPOIUTE 3a
HaBapsBaHe, KaKTO W MapaMeTpUTe Ha M3IMOI3BAHUTE PEXKMMU Ha HaBapsiBaHE, a B TaOJ. 2 €
JaJIeH XMMUYHHS CbCTaB HAa OCHOBHUSI MaTepual- cromana 40X.

Tabnuua 1. XuMH4YeH ¢bCTaB HA eJIeKTPOAHATA TeJl Ha eJIeKTPOAMTE 32 HABapsiBaHe U MapaMeTPUT Ha
U3MO0JI3BAHHUTE PeKMMHU HA HaBapsiBaHe

Mapka XHMHYEH ChCTaB D na exexkrpona,| I, A ILA
G % Si, % Mn, % Cr, % mm (1 |2 caoii)
cJ10i)
EH 550 0.5 2.4 0.4 9.0 3.2 140 170
/ E Fe8/
OK Weartrode | 4.8 0.7 1.0 343 32 115 160
60T
/ E ZFel4/
Mapka XHMHYEH ChCTaB D na exexkrpona,| I, A ILA
C,% | Mo, % | Nb, % | Cr, % |W, % mm (1 cJ10ii)(2 cJi0ii)
Abradur 66 6.0 6.0 6.0 22.0 | 2.0 3.2 100 120
/E Fe 16/
Abradur 64 6.0 - 7.5 26.0 - 3.2 110 140
E Fe 15/
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Taoauna 2. XuMHY€eH CHCTaB HA ctoMaHa 40X

Mapka XUMHYEH CHCTAB
C, % Si, % | Mn, % | Cr, % [Mo, %|V, %
40X 10,36-0,44|0,2-0,4|0,5-0,8 | 0,8-1,1 | - -

2.2 Memoouka 3a uznumeane Ha adpPa3ueHo U3HOCBAHE 8 PEIHCUM HA CYXO MPUEHE

HpOBe)K,Z[aHeTO Ha HU3CJICABAHUATA, OCUTYPABAIIX YCJIOBUA HA U3MUTBAHC MAKCHUMAJIHO
OJIM3KU /10 peaTHUTE C€ OCHILIECTBHU Ha JJabopaTopeH creH (TpudoTectep) nokasaH Ha ¢ur. 1.
AOpa3MBHOTO HM3HOCBaHE Ha OOpa3lMTE CE H3CIeBa B YCIOBHS Ha CyXO TpPHEHE IO
MOBBPXHHUHA C TBBP/IO 3aKpereHu adpa3uBHU YacTUIH. V3ciaeIBaHMAT HMIMHAPUICH 00paser
1 ce 3akpernBa HEMOABIKHO B JIETJIOTO HA Ibp)Kad 2 B HATOBapBalllaTa IJ1aBa §, Taka 4ye yesrHata
NOBBPXHMHA Ha oOpasena Ja KOHTaKTyBa ¢ aOpa3WBHATa IOBBPXHHWHA 3, 3axBaHaTa
HETIOJIBMDKHO 3a JHCcK 4. JINCKBT 4 ce 3aBIKBa OT €IEKTPOABHUTrATEN 6 M CE BbPTH BEPTHKAIHO
OKOJIO OCTa CH C BIJIOBAa CKOpPOCT w= const. OOpasena ce NpUTHCKa ¢ HaTOBapBalla cuia P,
OCUTYpsIBaHA C TEKECTH C IIOMOIITA HA JIOCTOBA CUCTEMA B LIEHThPA Ha KOHTAKTHATA TUIOMIAIKA.
C obopoTtomepa 7, upe3 6post 000poTH (IIMKIIN), CE€ 3a]1aBa IMIBTAT HA TpHUeHE [6].

®urypa 1. Tpudorecrep 3a u3ciieiBaHe Ha H3HOCBAHETO NPH CYX0 TPHEHE

CkopocTTa Ha TUTh3TaHe MOXKE JIa C€ PETryJIrpa Ype3 U3MEHEHHE Ha bIII0BaTa CKOPOCT Ha
JIMCKa OT yIpaBisABal] OJOK, KaKTO M 4Ype3 MPOMEHSHE Ha Pa3CTOSHHETO MEXIy OcTa Ha
BbPTEHE Ha JUCKa 4 U ocTa Ha oOpazena 1. AOpa3uBHaTa MOBbPXHUHA 3 HA JUCK 4 CE CbCTOU
ot umnperaupat kopysn (P) ¢ Bepaoct 9.0 mo ckanara Ha Mooc.

OCHOBHUAT TOKa3aTed Ha TPUOOJIOTMYHOTO H3CIEABAHE CE€ CHCTOM B HM3MEpBaHE Ha
W3HOCBaHETO Ha MacaTa (Am) Ha BCeKH 00pasel] 3a onpeesicH IbT Ha TpueHe L (Opo mUKIn
Ha TPUEHE) U U3YUCIISIBAHE Ha MHTEH3UBHOCTTA Ha M3HOcBaHe V no popmy:na (1)-

V:AT’” [/m] (1)

Am =m; —m, [g], (2)
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KBJICTO: M/ — Maca Ha oOpa3ela B Ha4uaJIoTO Ha U3IUTBAHETO, g; M2 — Maca Ha oOpasela B Kpas
Ha M3MHUTBAHETO, g;

L = nDwt[m], 3)

KbAeTO: D — AMaMeThp Ha AUCKa, mm;  — Opoil 000poTH Ha GPUKLIMOHHUS AUCK 32 MUHYTA; ¢
— o0mio BpeMe 3a m3nuTBaHe, min. M3HOCOycTOWYMBOCTTa E € penunpodHa CTOWHOCT Ha
MHTEH3MBHOCTTA Ha U3HOCBaHe V (4):

1
E:V 4)

Bceuuky m3nuTBaHUS ca MPOBENEHU MPHU €IHAKBH YCIOBUS Ha aOpa3sMBHO WM3HOCBAaHE,
napamMeTpHUTe Ha KOWTO ca JAaJIeHH B Ta0I. 3.

Ta6uuna 3. [lapameTpu Ha M3NMTBaHe NP A0Pa3UBHO H3HOCBaHe

HopMmaniHo HatoBapBaHe P=10,8 [N]
HoMuHaTHA KOHTAKTHA TUION] Aa=225.10% [m?]
HOMMHAIHO KOHTAKTHO HAJIATaHe Pa= 4,8 [N/cm?]
CpenHa CKOpOCT Ha ITh3raHe V =0,155 [m/s]
AOpa3uBHa NOBBPXHUHA Kopynn P 120
[IbT HA TpUEHE 465 m

2.3 @axmopu, énusewiu Ha AOPA3UCHOMO UZHOCBAHE

2.3.1 Bvenepooen exgusanenm

YcaoBeH (akTop, KOUTO OTYUTA CTENIEHTA Ha BIHSHUE HA ChIIBPIKAHUETO HAa BBIJIEPOI U
OCHOBHHM JIETHPAIlA €JIIEMEHTH, BBPXY XapaKTepUCTUKUTE Ha IIeBa, € BbriepoaHusT
exBuBaJIeHT. Tolt e onpenenex o cneanara popmyna (5) [7, 8]:

Ceq= %C + %Mn/6 + (%Cr + %Mo + %V)/5 + (%Ni + %Cu)/15 5)

2.3.2 Xpomoe exsueanenm

Haii-nobpa yctoiumBocT Ha aOpa3WBHO W3HOCBAHE Ce HAOIIO/IaBa MPU MaTEpHAIU
Ooratm Ha KapOWIM, KaTo OMNpEHIeNsl] XHMMHUYCH EJIEMEHT € Xpoma. Bpb3kata MexmIy
CTPYKTypaTa W XMUMHYECKHIT ChCTaB, OMpeJeNieH Ha 0a3ara Ha XpOMOBHUS €KBHBAJICHT CE
u3passBa upe3 auarpamara Ha Enaruna u [Tonos (¢wur. 2). Jluarpamara oT4uTa BIUSTHHETO HA
Haif- yecTo u3mona3BaHuTe KapOumoodpaszysamu einementd (V, W, u Ti) B marepuanute Ha
€JIEKTPOJIMTE 3a HaBapsiBaHe [7].

XpOMOBUSAT €KBUBAJICHT CE€ M3YUCIIABA MO cienHaTta Gpopmyna (6) [7, 8]:

Creq = %Cr + %Mo + 0.75%W +5%V+1.75%Nb+1.5%S1 (6)
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®urypa 2. Inarpama na Enaruna u Ilonos (A-aycrenur, ®-depurt, M-maprensur, K-kapounn)

2.4. Buszyanusupane na eOHOGPEMEHHOMO 6IUAHUE HA 62/1EPOOHUA eKEUBAICHN U
XPOMOBUS eK8UBATIEHIM 8bPXY U3HOCEHAMA MACA 8 PEHCUM CYXO0 MpPUEHe
Wznon3Bana e codTyepHa mporpama Ha mporpameH e3mk Delphi, amantupana 3a
KOHKPETHUTE YCIIOBHSI, KOATO UHTEPITIONIHpA U BU3yaIn3upa:
— HM3HOCEHaTa Maca B 3aBUCHMOCT OT BBIVICPOJHHS EKBHUBAJICHT W TBBPIOCTTa Ha
Marepuania.
— W3HOCEHaTa Maca B 3aBHUCHMOCT OT XPOMOBHS E€KBHBAJCHT M TBBPIOCTTa Ha
MaTepuana.
KaTo BXoasmmu 1aHHM ca M3M0JI3BaHH CIIEHNUTE apaMeTpH:
— JIMHAMUKaTa Ha U3HOCBAHE;
— cpexHaTa CTOWHOCT Ha OTYETEHATa TBHP/OCT MO ABIOOYMHA HA HABAPEHHS CJIOW;
— W3YHUCIICHHUS BBITICPOJICH EKBUBAJICHT B Pa3IMYHUTE MaTEPUaIIH;
— M3YHUCICHUS XPOMOB CKBHBAJICHT B PA3IMYHUTE MaTepHAIIH;

3. Pe3yjTaTv U aHAJIN3H

3.1 Pesynmamu u ananu3u cjied nPo6e0eHOmo adpa3ueHo U3HOCEAHE 8 PEHCUM HA CYXO

Crnen mpoBeleHUTE WM3MUTBAHUS M HM3YMCIICHUS, OMUCAHU MO0 METOIUKUTE B T. 2, ca
0000111€HN BCUYKH MOJYYE€HU PE3YITaTH, KaTo ca OINpEeNeeHN TeXHUTE CPEIHU CTOMHOCTH,
KOWTO ca aJieHn B Ta0I. 4. OT mosryueHuTe pe3yaTaTi ce BUK/IA, Y€ TPH KOHKPETHUTE YCIOBHUS
Ha U3HOCBaHE — CyXO TPUEHE M0 MOBbPXHUHA C TBBPJIO 3aKpereHn abpa3uBHU YaCTHUIIM, Hall-
BUCOKA M3HOCOYCTOMYHMBOCT C€ I0JIydaBa Mpu oOpasel 4, Ipu KOWTO OCHOBHUS MaTepHal €
HaBapeH C eNeKTpon ,,Abradur 66°, KOWTO € KOMIUIEKCHO JIETHpaH, ¢ BUCOKa TBBPAOCT,
OTIpeNieieHa OT BUCOKOTO CBHABP)KAHME HA BBIJIEPOJ M KapOWIHU BKIOuBaHUs. [Ipu TO3M
oOpazel e u3MepeHa U MHOTOKPATHO IO- BUCOKA TBBPAOCT OT Ta3M Ha eTajoHHUs oOpazer 1
(cromana 40X). C mo- HUCKAa CTOMHOCT Ha M3HOCOYCTOMYMBOCT U CHOTBETHO H3MEpEHa
TBBPIOCT € 00paser 3 (HaBapeH ¢ enekTpon ,,Abradur 64), koeTo mokasBa, ye ¢ MOBHILIABAHE
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Ha TBBPJIOCTTA Ha HABAPEHUS CJIOM, CE TTOBUINIABA H3HOCOYCTOMYNBOCTTA. TOBA TBBPICHUE CE
OKa3Ba HE 0COOEHO JOCTOBEPHO, T.K. MPU JOCTUTAaHE Ha CTOWHOCTH Ha TBHpAOCT Hax 700HV
(oOpazenr 5, maBapen c¢ enekrpon ,,Ok Weartrode 60T), ce HabmomaBa TOBHINIABaHE HA
W3HOCeHaTa Maca, ChOTBETHO HaMajsBaHE Ha HW3HOCOYCTOMYHMBOCTTA. 103U (QaxkT Haii-
BCPOATHO C€ ABJDKM HAa OTPOHBAHC HA YAaCTHOW OT MOBBPXHOCTTA HAa MaTcpualia (HOpaI[I/I
BHCOKaTa TBBPJOCT, BOJACIIA A0 KPEXKOCT), KOUTO MOMaJaT MEXAYy aOpa3uBHHUS AUCK U
oOpa3sera, mpu KOeTo Iporieca oT abpa3uBHOTO M3HOCBAHE Ha JIBE TeJa IIPEMUHABa B aOpa3uBHO
U3HOCBaHe Ha Tpu Tena. [Ipu abpa3uBHO M3HOCBaHE C TPHU Tella, CTETNEHTa HA W3HOCBAHE CE
YBCJIMYaBa € YBCIIMYaBaHC HA JUAMCThpa Ha aGPaBHBHHTC YaCTUul, KOCTO BOAM 1O HaAMa/JIABaHC
Ha U3HOCOYCTOMYHMBOCTTA.

Tab6uuna 3. [IapameTpu Ha M3HOCBAHE NIPU PEKUM HA CYX0 TPHEHE

OoOpaszeny Bug (marepuan) TebpaoctBoriaeponen| Xpomos |U3Hocena) H3Hoco-
Ne HV €KBHBJICHT |eKBHUBaJIeHTMaca Am,| yCTOHYMBOCT
Ceq Creq g E
I [Eraonen obpasewt 3 0.8 1.5 0.5 995
cromana 40X
2 Ob6pasen
HaBapeH ¢ 475 2.37 12.6 0.0705 6 667
EH 550
3 Ob6pa3ert
HaBapeH ¢ 526 11.2 39 0.0087 53476
Abradur 64
4 Ob6pasen
HaBapeH ¢ 695 11.6 40 0.0037 125 628
Abradur 66
5 Obpa3zeny
HaBapeH ¢
Ok Weartrode 725 11.83 36.4 0.0385 12 150
60T

3.2 Pezynmamu u ananu3u om npoeeoenus MUuKpoOCmpyKmypeH ananus

[IpoBeneHUAT MUKPOCTPYKTYPEH aHalIu3 JOMBIHUTEIHO BU3YyalIH3Upa IOIYyUYEHUTE
pesyntatu. Ha ¢ur. 3 ca majgeHum MHKpOCTPYKTYpH Ha HaBapeHHTE OoOpas3l B 30HATa Ha
HaBapenus cioi. [Ipu oOpasen 2, HaBapen c enektpong EH 550 (dur 3, a)ce nabmromaBat
JEHAPUTHU KPUCTAIHM C 00pa3yBaH MapTEH3HUT 10 TEXHUTE TPAHMIIA, KAKTO U HEPABHOMEPHO
pasmpeneseHre Ha BBIVIEPOJia U XpOMa B TIX, KOETO BOAM M JI0 TO- HUCKUTE CTOWHOCTH Ha
u3MepaHaTa TBBPAOCT, CHOTBETHO M 3aHIDKEHaTa W3HOCOyCTOWYHMBOCT. Ilpm ocranamurte
o0pa3im MHKPOCTPYKTypaTa Ha HaBapeHHTE CJOEBE € H3rpajeHa OT CHJIHO H3pa3eHa
JIEHAPUTHA CTPYKTYpa C AyCTCHUTHO-MApTEH3UTHA MATPUIAa U TBPBUYHU XPOMOBH KapOUIH,
dbopMupanu B mpolieca Ha kpuctanuzaius. Criopes XUMHYHUS ChCTaB, ONPEAEIIeH OT BUCOKOTO
ChIbpXKAHWE Ha BBITIEPOJ U XPOM, MOXKE JIa CE€ MPENAIONI0KH, Ye XPOMOBUTE KapOHUIU ca OT
tuna (Cr,Fe)7C3 [9]. Te ca ompenmensmu 3a BHCOKaTa TBBPAOCT M MO JoOpara
WU3HOCOYCTOWYMBOCT Ha oOpasmmre. [Ipu obpasen 4, maBapeHn ¢ Abradur 66 (dur 3, B), ce
HaOMroaBa paBHOMEPHO pas3mpeneiieHne Ha (UHU TUCIIEPCHU KapOWUIM B ayCTEHUTHO-
MapTeH3UTHATA MAaTpPHIA, KOETO OOsSICHSIBA W pE3yATaTHTE 3a IONTy4YeHa Haii- BHCOKA
W3HOCOYCTOMYHUBOCT.
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@urypa 3. MUKpPOCTPYKTYpPa Ha HABapeHHTe cJioeBe: a- oopasen 2, HaBapeH ¢ EH 550 x250; 6-
o0pa3sen 3, HaBapeH ¢ Abradur 64 x400; B- o6pa3en 4, HaBapeH ¢ Abradur 66 x400; r- o0pa3zen 5,
HaBapeH ¢ Ok Weartrode 60T x500

3.3 Pe3ynmamu om eu3yanuszupanemo Ha eOHOBPEMEHHOMO 6IUAHUE HA 8b2NIEPOOHUSA
EK8UGAICHM U XPOMOBUSA eKGUBATIEHN 8bPX)Y USHOCEHAMA MACA 8 PEIHCUM CYX0 mpueHe

Cnen reHepupaHe Ha OTAeNHUTE (ailloBe ¢ BHBEJCHUTE BXOJANIM JaHHHU, Ha 0a3a
MIPOBEJICHUTE M3CJICIBAHMUS, Ca IMMOTYUYCHH IPOCTPAHCTBEHU IPaUUHUTE 3aBUCHMOCTH MEXKTY
OTJICTHUTE TapaMeTpu B PEXUM Ha CyXO TpueHe, mokazaHu Ha ¢ur. 4 u ¢ur. 5. Ot
npejcTaBeHaTa rpaduyHa 3aBUCUMOCT Ha (QUT. 4 MOXKE /1a C€ OINPE/IENI CTETIEHTa Ha BIIHSHHAC
Ha TBBpAocTTa (HV) u Bwrimepognus exsuBaieHT (C eq) BbpXy H3HOCeHaTta Mmaca (Am),
oTpeesia N3HOCOYCTOMYMBOCTTA HA MaTepHaIIUTe. A OT TpauyHaTa 3aBUCUMOCT Ha dur. 5
MOJKE JIa C€ OMpe/IeH CTENeHTa Ha BIusHue Ha TBHpaocTTa (HV) u xpomoBus exBuBaneHt (Cr
€q) BbpXy U3HOCEeHaTa Maca (Am), onpeaensiia H3HOCOYCTOMYNBOCTTA HA MaTEPHAIIUTE.
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H3HOCeHa Maca H3HOCeHa Maca

3. U3Boan

Cnex mpoBeneHUTE W3CIEIBAHUS CE€ YCTAaHOBM, Y€ HaBapsiBaHETO C aOpa3uBHO
M3HOCOYCTOMYMBH €JIEKTPOJIM 3HAYUTEITHO OBUIIIABA M3HOCOYCTOMUYMBOCTTA B PEKUM Ha CYXO
TpueHe. Hali-BHCOKa H3HOCOYCTOMYMBOCT C€ TOJydyaBa NpU HaBapsBaHE HAa OCHOBHUA
MaTepuan ¢ eleKTpox ,,Abradur 66, KOHTO € KOMIUIEKCHO JIETHpaH, ¢ BHUCOKA TBBPIOCT,
orpeziesieHa OT BUCOKOTO ChIbP’KaHUE Ha BBIVIEPOJ W KapOUIHU BKIIOYBAHUS, a Hal-HUCKa
M3HOCOYCTOWYMBOCT C€ HaOJII0/1aBa pH HaBapsiBaHe ¢ enektpon ,,EH 550, koeTo ce apiku
Ha MO-HHUCKOTO XPOMOBO U BBITIEPOJHO ChabpxaHHue. ChIlo Taka ce YCTAaHOBU, Y€ HE BUHAru
BHUCOKATa TBPAOCT BOJM JJO BUCOKA U3HOCOYCTOMUMBOCT. MaTepuanuTe ¢ BUCOKa TBBPAOCT ca
KPEXKH M Ch3/laBaT MpPEINOCTaBKa 32 U3POHBAHE HA YACTULIM, KOMUTO BOJAAT JO NMPEMHUHABa B
pexuM Ha aOpa3MBHO W3HOCBaHE Ha TPU Tella, U CHOTBETHO 1O HaMmallsBaHE Ha
M3HOCOYCTOMYHUBOCTTA.

OT MHTEpNONMPAHUTE MPOCTPAHCTBEHU TPAUIHUTE 3aBUCUMOCTH, MEKIY OTICITHUTE
napaMeTpH B PeKUM Ha CyXO0 TpHEHE, MOXKE Jla C€ HalpaBU U3BOJI, Y€ U3HOCEHATa Maca craja
3HAUUTENIHO NPU CTOMHOCT Ha XpoMoBHs ekBUBasIeHT Hax 10% u TBBprocT Hag 500 HV, kakro
Y TIpY CTOMHOCT HAa BBIJIEPOAHUA €KBUBAJIEHT Hax 4% u TBBpAocT Hag 450 HV.
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Abstract

In the conditions of TIG welding, to determine the arc voltage at a set welding current, it is necessary to know the
static characteristics of the welding arc. In the proposed study, the static characteristics of the welding arc in the
TIG process are with different electrodes and determined experimentally. This dependence facilitates the use of
methods for simulation modeling of welding processes, and the numerical results are processed and regression
dependences are obtained.

Keywords: TIG welding, Static characteristic of welding arc

ExcniepyMeHTaJHO onpeaesisiHe HA CTATUYHHN XaPAaKTePUCTUKHU HA Ibrara
Hesn 'PAJIMHAPOB, IOpu b1XXEB
1. YBoa

[TpouiechT Ha 3aBapsBaHE CE M3IMOJI3BA B TIOUYTH BCSKa OOJACT HA YOBEIIKATa JEHHOCT,
KaTo HEMpeKbCHATO C€ IMOBUINABAa HY)KJaTa OT MPOIYKTUTE Ha 3aBapbuHuTe mnpouecu. C
MOBUINIABAaHE HA OTTOBOPHOCTTA HA 3aBAPEHUTE JCTAWIU C€ TMOBHINABA M W3MCKBAHETO KBHM
KauyecTBOTO Ha 3aBapsiBaHe. BbBIpPEeKH TEXHOJOTUYHUTE U (PUIUUHUTE DPa3IUuUs MEXKIY
pa3IUYHUTE 3aBapBHUHU MPOIECH U 3aBAPBbYHUTE UM MapaMeTpH, MapaMeTpUTe, KOUTO JaBat
OCHOBHaTa HWH(popmanus 3a MNpPOTHYAIIMS 3aBapbu€H MPOIEC ca 3aBapbyHUTE TOK U
HaIpe)KEHUE, KAaKTO M BpEMe Ha 3aBapsiBaHE U MOYMBKA. 3aBapbyHaTa Ibra € hopma Ha razoB
paspsia ¢ HUCKa CTeleH Ha WoHuzanus. HampekeHuero Ha abrata MMa HeT KOMIIOHEHTa —
KaTOJ/IHa 30Ha, 30HA Ha KaTOJCH MaJ, IIa3Ma, 30Ha Ha aHOJ/ICH NaJ U aHoHa 30Ha. CTaTHYHATA
XapaKTepUCTHKA Ha JIbraTa € 3aBUCHMOCTTA Ha HAIPEKEHUETO Ha IbraTra CpsiMoO rojJeMHHAaTa
HA TOKA B YCTAaHOBEH PEXUM IIPH HETIPOMEHEHH YCJIOBHS Ha CHIIECTBYBAHE HA ABTOBUS P3PSl
CpIpOoTUBICHUETO Ha JIbraTa (M ChOTBETHO MaIbT Ha HANPEKEHHUE) CE U3MEHS B 3aBUCHMOCT
oT Temneparyparta [1+4], cTeneHTa Ha WOHU3AIMs, IUTBTHOCTTA HA TOKa u Jp. [lopanu Ta3m
IpUYMHA TO HE € MOCTOsHHA BenuuyuHa. [lo To3u HauuH 3akoHBT Ha OM He ce mpujara 3a
3aBapbp4HaTa Abra. Ha ¢ur.l ca mokasaHu CTaTUYHUTE XapaKTEPUCTUKU Ha abrata. [Ipu HUCHK
TOK [2] (o6macT 1 Ha mpraTa), KOrato TOKbT CE€ yBEIMYaBa, HAITPE)KCHUETO HA JJbraTa HaMaJIsIBa.
ToBa ce IbIKM HAa MHTEH3MBHOTO yBEJIMYaBaHE HA OpOs HA 3apeJCHHUTE YaCTUIM B Ibrara B
pe3yiTarT Ha yBelIMYaBaHE HAa M3bUBATEIHATa CIHOCOOHOCT Ha KaTojJa C IOBUIIaBaHE Ha
Temmneparypara My (ypaBHeHue Ha PuuapncweH). BBB  BTOpara 30Ha Ha Jgbrara
XapaKTepUCTHKaTa € TIOYTH XOPU30HTaJHA, KOETO ce OO0sCHSABAa OT €JHa CcTpaHa CbC
3aTPyIHEHOTO MPOTUYaHE HA MOHU3AIMOHHHUTE MPOIECH B ABrOBHS CTHJIO, a OT JpPyra ChC
3a0aBsHETO HA HAPACTBAHETO HA EMHCHSTA Ha €JeKTpoHU [5+7]. B TpetaTa obmact Ha pprarta
TE3U TMPOIIECH Ca TOJIKOBA 3aTPyJAHCHH, Y€ XapaKTePUCTHKATa Ha JbraTa CTaBa HapacTBalla —
MOBHILIABAHETO Ha TEMIIEpaTypUTe HE € JOCTaThYHO, 3a J1a KOMIIEHCHPa CBUBAHETO Ha Jbrara
OT HEWHOTO COOCTBEHO MAarHMTHO TOJe. B Ta3um 9act OT XapakTepHCcTHKaTa Ha Jbrara ce
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npujaara 3aKOHBT Ha Om. C YBCIIMYAaBaHEC Ha [ObJDKWMHATA Ha JbraTta HAIIPCKCHUCTO,
HCO6XOI[I/IMO 3a [MIOCTHUTI'aHC HA OaJI€H TOK, CC YBCJINYaBa.

o> 14

®@urypa 1. CTaTUYHU XapaKTEePUCTHKH HA 3aBapbYHATA Ibra

PaboraTta Ha WM3TOYHMIIM HA 3aBapbUYCH TOK, M3MBIHSBAIIN PA3IUYHU TEXHOJIOTHUYHU
IIPOLIECH, CE OCHOBABA INIABHO HA IIO3HABAHETO HA CTATUYHUTE XapaKTEPUCTUKHU Ha abrata. [Ipu
PEJ13, BUI" u noag:rocoBo 3aBapsiBaHe ¢ HUCKA INIBTHOCT HA TOKA, 3aBapsIBAHETO CE U3BBPIIBA
BbB BTOpaTa 30Ha Ha JbIOBAaTa XapaKTEPUCTUKA C BEPTUKAIHA WM PA3KO Majalla CTaTUYHA
BBHIIIHA XapaKTEPHCTUKA HAa M3TOYHUKA HA TOK — TOJIEMHHATa Ha TOKAa C€ CTa0WIM3HpA.
MUT'/MAT u noadarocoBo 3aBapsiBaHe ¢ BUCOKA ITBTHOCT HA TOKa pabOTAT B TpeTaTa 00acT
Ha XapaKTEepUCTHKATa Ha Ibrara ¢ TBbpAa (JEKO Crajalia) XapakTepuCTUKa Ha U3TOYHUKA Ha
TOK U M3MOJI3BaHE Ha MPOLECca Ha CaMOPETyJIMpaHe Ha Abrara.

B HacrosimaTa myOnuKkanus € HalpaBeH Mperie]] Ha eKCIePUMEHTATHOTO KOHCTpyHpaHe
Ha CTaTMYHaTa XapakTepucThka Ha abrata npu BUI 3aBapbunus npouec.

2. EkcriepuMeHTAJIHA OCTAHOBKA

3a menWTe Ha TOBAa M3CIEABAaHE OsiXa IMPOBEACHU EKCIIEPUMEHTH B CHOTBETCTBUE ChC
KJ1lacuieckara cxema [ 8,9], M3mosi3BaHusAT M3TOYHUK Ha 3aBapbU€H TOK MpeaHa3HadeH 3a BUT
3aBapsBaHe, C Bb3MOKHOCT 33 HACTPOIKa Ha rojleMuHaTa Ha Toka c¢be cThlika 1 [A]. I1o Bpeme
Ha Tpoleca Ce BU3yaM3HpaT CTOWHOCTUTE Ha 3aBapb4yHMUS TOK U HampexkeHuero. Cren
M3KJIIOYBAaHE HAa M3TOYHMKA HA 3aXpaHBAaHE IMOKA3aHUTE CTOMHOCTU ce€ 3amamersiBar. B
JOMTbJIHEHHE, TOKOM3TOUHUKBT OCUTYpsBa IJIaBHO yBelMYaBaHEe Ha TOKAa MpH 3arajiBaHe Ha
JbraTa M TUIABHO HAMaISIBaHE NP MPEKpaTsBaHe Ha Mpoleca. MakCUMATHUAT 3aBapb4YeH TOK
Ha 3axpanBamms n3touyHuk € 200[A]. 3aBappuHaTa ropenka Oerie MocTaBeHa HEMOABIYKHO U
IbIDKUHATA Ha qbrata | = 2,4 [mm] Gerre eHa v ChIlla MPU BCUYKH MTPOBEICHU EKCTIEPUMEHTH.
Jprara ce 3ananBa BppXy mioda ¢ pazmepu 6x350x120 [mm]. 3amutHusr ra3 (Ar) uma aeOut
15 [I/min]. 1o BpeMe Ha mpolieca Ha U3rapsiHe Ha Abrata, MOMEHTHUTE CTOWHOCTH Ha TOKa U
HAIpPe)KEHUETO C€ 3allMCBaT C IMOMOIITa Ha MOHMTOpP 3a 3aBapbueH mpouec Arc Tracker.
JlanHuTte ce mpenaBaT W 3alMCBAaT B PEAJIHO BPEME Ha MPEHOCUM KOMIIOTBP, Ha KOHTO €
uHcTanupad copryepbT Power Wave Manager. To3u codTyep mo3BossiBa mapamMeTpuTe Ha
3aBapsBaHe Jja ce HAOII0IaBaT M ChXpaHsBaT B pealiHo Bpeme. [laHHHUTE ce peaaBaT B peaHo
BpeMe U MO0 MHTEpHET 4pe3 codpryepHus mpoAykt Team Viewer mo oTaanedeH KOMIIOTHD,
KBJETO C€ BU3YAJIM3UPAT U ChXpaHsBaT. M3MOI3BaHUTE €IEKTPOIH ca MOCOYEHHU B Tabnuua 1.
‘brenbeT Ha 3aTOUBaHE Ha enexTpoaute € 15°.
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Taonauna 1. U3noJ3BaHu eJIeKTPOIH

d

No| ™ CobcTaB LBsar
mm

1 2.4 | W+l1.4:1.6%La Gold

2 2.4 100% W Green

ExcriepumenTtrTe Osixa MPOBEICHU KAaKTO cieiBa. [ oeMrHaTa Ha TOKa ce 3ajaBa, KaTto B
nuana3ona ot 20 no 100[A] usmenenuero e Ha 5[A] crbiky, a B inanazona ot 100 mo 200[A]
— Ha 10[A] cThnku. 3amouBa 3amuC Ha CTOMHOCTHTE HAa TOKAa M HAMPEKEHUETO Ha Jbrarta.
3aBapbpuHaTa Ibra ce 3anansa. Cien nmpeMuHaBaHE KbM YCTAaHOBEHHUS PeXHUM Ha paboTa ce
OTUUTAT CTOMHOCTUTE HA U3TOYHHMKA Ha TOK. [IpOABIKUTENHOCTTa HAa TOPEHE HA Jbrarta 3a
enuH 3anuc € 8+20[s]. Cien u3KI0YBaHE HA Abrata v MpeKpaTsBaHe Ha Mpoleca, 3aiChT Ha
JlaHHU ce cnupa (aBTomMaTtnyHo). [Ipolienypara ce moBTaps 3a 3aJ1aJIECHUTE TOKOBE C YETUPUTE
pasznuuHu enekTpona. Hukoi npyr mapamersp HE ce NMPOMEHs IO BpeMe Ha eKCIIepHUMEHTa
(HampeKeHWeTo Ha JIbraTa ce MPOMEHS OT M3TOYHHMKA Ha TOK, 3a J]a C€ MOCTUTHE 3a1aICHUST
Tok). [lay3ata Mexay OTAETHUTE EKCIEpUMEHTH € TakaBa, 4e MPOJBDKUTEIHOCTTa Ha
3amajieHara Jibra Jia He HajBuiana 35%.

Current
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+

Q G

Computern

®urypa 2. Cxema 32 IPOBeXkKIaHE HA eKCIIEPUMEHTA

Y‘ Sorvd Cebora 2030
a- I

WiFi Router

Internet

-

———
computer

®urypa 3. OnuTHA NOCTAHOBKA.
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3. ITosry4yeHnu pe3yaraTu

Ot 3acHeTHTE MapaMeTpu ca HalpaBeHM IpaMKd Ha 3aBUCHUMOCTTA Ha 3aBapbUYHOTO
HaIpe)XeHUe M TOK OT BpemeTo (B Talbiuia 2 ca Moka3aHM pe3yiraTd 3a enekrponx Nel u
esniekTpoz Ne2). BpemeBusAT MHTEpBaJl HA YCTAHOBEH IPOLIEC ce Ompeaess oT Te3u rpaduku. B
PAMKHUTC Ha TO3M HHTCPBAJI OT BpPEME CC ONpCACIAT CPCIAHUTC CTOMHOCTA Ha TOKa M
HalpeXeHUeTo Ha aprara. [lonydyenute pe3yaratu ca nokasanu B TaGnuna 3.

Tadauua 2. l'[pnmeplm 3alIUCH HA 3aITMCAHUTE 3aBAPDHYHU HANPEKCHUA U TOKOBE

A Electrode Nol Electrode N2
25 /
55 A \ / \

/ - ] :
160 | o} \
200 -/ \ i \

Tabéumna 3. ExciepuMeHTATHH pe3yJITaTH 3a eeKkTpod Nel u enexkrpon Ne2

Enextpon 1 Enexrpon 2
3aBapbueH TOK, 3aBapbUHO HAINpEKEHHE, 3aBapbUCH TOK, 3aBapbUHO HIPEKEHUE,
A \'% A \%

Set |Delivered | Measured | Delivered Measured | Set | Delivered | Measured | Delivered Measured
20 21 20.1 12.5 11.8 20 21 20.9 10.4 10.3
25 25 25.2 11.45 11.7 25 25 253 9.8 10
30 30 30.3 11.25 11.6 30 30 30.5 9.7 9.7
35 35 349 11.45 11.6 35 35 34.7 9.7 9.5
40 39 394 11.2 11.3 40 39 39 9.4 9.2
45 44 44.0 10.5 10.6 45 44 44.3 9.3 9.3
50 49 48.5 10.4 10.5 50 49 48.6 9.4 9.3
55 54 52.9 10.6 10.4 55 53 53 9.4 9.3
60 58 58.1 10.5 10.2 60 58 58.1 9.4 9.2
65 62 62.3 10.5 10.2 65 62 62.5 9.2 9.2
70 68 67.7 10.5 10.1 70 67 67 9.2 9.1
75 72 72.7 10.45 10 75 72 72.3 9.1 9.2
80 77 76.7 10.3 9.9 80 55 76.7 9.1 9.2
85 82 80.8 10.4 9.8 85 81 81.1 9.1 9.3
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90 86 86.1 10.4 9.9 90 86 86.3 9.1 9.3
95 92 90.8 10.3 9.8 95 90 90.4 9.1 9.3
100 97 96.5 10.25 9.8 100 96 95.6 9.4 9.5
110 106 104.9 9.7 9.9 110 106 105.6 9.5 9.7
120 115 115.1 10.0 10.1 120 115 1154 10.0 10.1
130 125 124.9 10.25 10.2 130 125 124.9 10.4 10.3
140 134 133.6 10.3 10.4 140 134 133.8 10.5 10.4
150 143 143.1 10.7 10.7 150 143 143.2 10.5 10.5
160 153 152.9 11.1 11.1 160 153 152.7 10.7 10.7
170 162 161.8 11.15 11.1 170 162 161.6 11.1 11.2
180 172 171.3 11.2 11.2 180 171 171.4 11.3 11.4
190 181 181.1 11.6 11.5 190 181 181.1 11.4 11.5
200 191 190.8 11.5 11.6 200 191 190.8 11.7 11.6

CraTHyHUTE XapaKTEPUCTHUKH 3a M3MOJI3BAHUTE €IIEKTPOAM Ca M3rpaJieHu Ha Oa3aTta Ha
IIOJIyYECHUTE JaHHU OT EKCIIEpUMEHTAIHUS IIpoliec. EKCriepuMeHTaHUTE TaHHU 3a CTATUYHUTE
XapaKTePUCTHKHU HA 3aBapbhYHATA JIbra ca 00pabOTeHH IO METO/1a Ha Hal-MaJIKUTE KBaJIpaTH U
Ca MOJYy4YEeHU CbOTBETHUTE PETPECUOHHU YpaBHEHUs. M3MI0N3BaHUAT THII ypaBHEHUE €:

B 2
:I_+CO+C11W+C21W (1)

w

U

w

Pesynararure ca wmoctpupanun Ha @urypum 3-6. Ta3u 3aBUCMMOCT ylECHsBa
U3I0JI3BaHETO HAa METOAM 32 CHUMYJALMOHHO MOJENMpaHe Ha 3aBapbyHM IpouecH.. Te3u
pe3yJaTaTu IOKa3Bar, 4e 10 BpeMe Ha MIPOBEICHNUTE €KCIIEPUMEHTH MapaMeTpUTe Ha Ipoueca
ca OwiM TakuBa, ye 3aBapbyuHaTa Jbra ce € MOsBWIA B II'bpBaTa U BTOpaTa 4yacT Ha HeWHaTa
xapakrepuctuka. OCBeH TOBa MOXKE Jla C€ BHIH, Y€ 3aBapbyuHATa JbI'a TOPU CTAOWIHO U B
'bpBaTa 4acT Ha CBOSITA XapaKTEPUCTHKA.

EKCHepI/IMeHTaJ'IHO HU3TPpaJCHUTC CTATHYHU XAPAKTCPUCTUKHW Ha 3aBapbyHaTa Jbra
ChOTBETCTBAT Ha HEMHOTO KaueCTBEHO MpeACTaBsiHE, T0Ka3aHo Ha (urypa 1.

Global: Uw (V) Global: Least-squares experimental value Global: Uw (V) Global: Least-squares experimental value
17 T T T 21 T T T
16.5

201 — Calculated value 1
19+

— Calculated value

—— Least-squares experimental value —— Least-squares experimental value | |

Uw, V

®urypa 3. CTATHYHU XapaKTePUCTHKH — ®urypa 4. CTAaTUYHU XapPaKTePUCTUHKH —
Enexrpox Nel (W +1.4+1.6% La) Enexrpon Nel (W +1.4+1.6% La)
NMpH HAMAJISIBaHe HA 3aBaPBYHUS TOK NpH yBeJIMYABaHE HA 3aBapPbYHUA TOK
ot 200A mo 20A. ot 20A 10 200A.
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Global: Uw (V) Global: Least-squares experimental value Global: Uw (V) Global: Least-squares experimental value

18 T T T 20F T T T ]

17 — Calculated value i 19+ — Calculated value

16.5 —— Least-squares experimental value 18 —— Least-squares experimental value

171
16
151
14
131
121
111
101

9_

Uw, V
Uw, V

I
50 100 150

w, A
®@urypa 5. CTaTHYHU XapAKTePUCTHKH — ®urypa 6. CTaTHYHH XapaKTePHCTHKH —
Enextpoa Ne2 (100% W) npu HaMaisiBaHe Ha Enextpona 2 (100% W) npu yBe1n4yaBaHe Ha
3aBapbuHus Tok ot 200A 10 20A. 3aBapbuHus TOK oT 20A 10 200A.

4. U3Boan

Hanuuuu ca BB3MOXKHOCTH 3a ONTUMHU3UPAHE U YCHBBPILIEHCTBAHE HAa 3aBAPbUHUTE
OpollecH Ype3 amapaTuTe 3a CleJeHe Ha M[apaMeTpuTe MO  OTHOIIEHHWE Ha TIXHaTa
BapMaTUBHOCT U KOMOMHATHUBHOCTTA. ONpeneNnsHeT0 Ha CTaTUYHAaTa XapaKTEepUCTHKa Ha
aerata npu BUID 3aBapbpueH mpoliec MOXE YCIEIIHO Ja C€ M3BBPIICHO NpPe3 MHTEpHET Ha
OTJaJIe4eH KOMIIOTHP, UYpE3 U3MEPBAHE HA 3aBAPBUHUTE IPOLIECU ChC CHCTEMA 3a HAOIIOJCHHUE
Ha 3aBapsBaHETO B pEaIHO BpEME.

ExcriepyMeHTanHO M3rpaJeHUTEe CTaTUYHU XapaKTEepUCTUKHM Ha 3aBapbyHATa Jabra
CHOTBETCTBAT HA HEHHOTO KaUE€CTBEHO MPE/ICTaBsIHE B KIIACUUECKUTE MOJIENIU. Y CTAHOBH C€, Ue
B PAMKHUTE Ha MPOBEACHUTE EKCIIEPUMEHTH BTOpaTa 4YacT OT XapaKTepUCTUKATa HA JbraTta He €
3HAYUTEIHO U3Pa3eHa.

[To-HaTaTHIIHU TPOYYBAHHSA IIE OMPENENAT W MOMBJIHAT 0a3aTa JaHHM 32 CTaTUYHATA
XapaKTepUCTHKa Ha Jbrara B rpoliieca Ha 3aBapsiBane BUI' ¢ pasnuunu enextpoau, Bapupamiu
KaKTO IO XMMHYECKH ChCTaB, TaKa U MO JUAMETHP.

Baarogapnocrtu:
Te3u u3cnenBanus cTaHaxa Bb3MOXKHU Onmarogapenue Ha mpoekt KI1-06-H37/31/19.12.2019,
¢unancupan or ®HU.
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Abstract

The present work is focused on a huge economic and environmental problem worldwide — rusting and rouging.
The process of deposits formation of different types, structure and layer thickness, in the form of fine iron
oxides/hydroxides on the surface of special chromium-nickel stainless steels (Cr/Ni, AISI class 304, 304L, 305—
308) and/or chromium-nickel-molybdenum (Cr/Ni/Mo, AISI class 316, 316L, 904, 904L) austenitic alloys, is
known in the practice as rouging. This is a specific form of corrosion of special steel alloys. Herein, we present a
novel procedure for a pH neutral “GREEN” derouging and rust-removal of austenitic alloys (all-in-one CIP), useful
for different industrial branches, such as biopharmacy, chemistry, and energy. The novel CIP-procedure is easy to
perform, convenient, and environmentally friendly.

Keywords: Corrosion, derouging, rust removal, cleaning-in-place (CIP), austenitic alloys, pH neutral
1. Introduction

The aim the of the present study is to offer an innovative, effective, cost-efficient, and
importantly, environmentally friendly procedure for non-destructive derouging and rust
removal. As well-known, rusting and rouging represent a huge economic and environmental
problem worldwide. The process of deposits formation of different types, structure and layer
thickness, in the form of fine iron oxides/hydroxides on the surface of special chromium-nickel
stainless steels (Cr/Ni, AISI class 304, 304L, 305-308) and/or chromium-nickel-molybdenum
(Cr/Ni/Mo, AISI class 316, 316L, 904, 904L) austenitic alloys, is known in the practice as
rouging. This is a specific form of corrosion of special steel alloys.

These partial or massive deposits have a typical red-orange or orange-black color of varying
intensity and are characteristic of equipment, apparatus, and installations, as well as supply
piping systems (operating with ultra-pure water WFI/UPW with a temperature above 70°C
and/or water vapor), used mostly in the high-tech production of pharmaceutical and
biotechnological products, and other relevant industrial branches like chemistry and energy
suppliers. In other words, the blushing phenomenon is typically found in the so-called
"clean/sterile productions", where it is mandatory to work under the modern requirements of
good manufacturing practice (GMP/cGMP/GAMP). In most cases, such colored deposits, dirt
and other visual changes can only be removed mechanically by wiping from the surface of the
steel, which is practically impossible. Prolonged deposition of various forms of oxidized iron
and other heavy metals on the surface of different types of stainless steel can lead to varying
degrees of corrosion, leading to the formation of permanent rust, and subsequently, to
contamination of the final products. In addition, such pollution also leads to technological
problems related to the security and safety of the production itself. The process of removing
traces of oxidized iron (Fe**) and other heavy metals is known in the practice as derouging. The
necessary instructions and requirements are given by the International Health Organization
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(WHO), the International Society for Pharmaceutical Engineering (ISPE), the International
Council on Technical Requirements for Medicinal Products for Human Medicine (ICH), as well
as the most important regional pharmaceutical and biotechnology control organizations such as
FDA (USA) and EMA (Europe) [1,2,3].

The implementation of rehabilitation activities (derouging, removal of incipient corrosion and
re-passivation) takes place in accordance with the requirements of good manufacturing practice
(GMP) and the internal production Quality Management System (QMS) through the application
of the relevant Standard Operating Procedure (SOP). The frequency of carrying out this type of
activities depends on the intensity, type (working parameters), and volume of the respective
production, which are specific for each production company [4].

The aim of this study is to present a novel procedure for a pH neutral “GREEN” derouging and
rust-removal of austenitic alloys (all-in-one CIP). The industrial application of this procedure
is feasible due to the newly developed aqueous formulations allowing an efficiently and
residual-free cleaning of austenitic steels, which are used in different industrial branches, such
as biopharmacy, chemistry, and energy. The novel CIP-procedure and the pH neutral
derouging/rust removing formulations are easy to perform, convenient, and environmentally
friendly.

2. Discussion and results
2.1 State of the art: standard methods for cleaning of stainless steels at pH <2 or pH > 11

From a technological point of view, the removal of any type of contamination (also known as
decontamination) on the contact surfaces of stainless Cr/Ni-, Cr/Ni/Mo- and Cr/Ni/Mo/Ti-
alloyed steel used in the construction of equipment for pharmaceutical and biotechnological
production includes four main and two preparation steps, as follows:

1) Preparation of aqueous cleaning solution (preparation step 1)

2) Derusting/removal of traces of corrosion (main step 2)

3) Intermediate cleaning with clean (RO/WFI/UPW) water (main step 3)

4) Preparation of re-passivating aqueous solution (preparation step 4)

5) Re-passivation of the cleaned metal surfaces (main step 5)

6) Final cleaning with clean (RO/WFI/UPW) water (main step 6) (cf- Figure 3).

For the removal of any type of contamination (rouge type deposits, early stage of corrosion and
related to them visual changes) from the surface of stainless steels, the so-called wet-chemical
methods for cleaning (decontamination) and recovering of the passive CrxOy layer (re-
passivation) of the contact surfaces of production installations and systems are widely used.
These methods include mostly the use of concentrated and/or dilute aqueous solutions of strong
inorganic mineral acids (e.g., 3-12% phosphoric acid, HNOs3 in different concentrations, and
others) and for re-passivation also of the application of organic water-soluble acids (e.g., citric
acid, and others). In some cases, concentrated aqueous solutions of inorganic strong bases (such
as NaOH) in combination with ionic and/or non-ionic surfactants (detergents) are also used.
However, in all cases, the decontamination and re-passivation processes are carried out under
unfavorable pH conditions (pH < 2 or pH > 11), which is associated with several problems,
including neutralization of wastewater mixtures, strict safety control when using strong acids
and bases, possible secondary destruction of the passive chrome layer, faster wear of the
material and destruction of metal components, increased costs, and last but not least — serious
environmental (ecological) problems.
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There are two main approaches for application of the wet-chemical methods for industrial
cleaning: (i) cleaning-in-place (CIP) using an automatized fine injection and/or multiple
circulation, and (ii) cleaning-out-of-place (COP), which is suitable for detachable elements or
parts of production installations — both mechanical and automated methods of fine injection,
circulation, and immersion water bath can be applied.

2.2 Innovative pH neutral formulations for cleaning of stainless steels at pH 5-7

In view of the number of shortcomings and the strict norms, introduced by the relevant
regulatory authorities regarding the use of aggressive chemicals, the so-called “GREEN
methods” have been rapidly introduced in recent years [2—4]. In these modern procedures,
water-neutral chemical formulations (pH 4—8) are preferably used as for the main processes of
derouging and rust removal as for (re-)passivation of production installations.

In this context, innovative aqueous pH neutral formulations N7Zcican neutrai and NTZneutra pass
(NTZ Lab Ltd., www.ntzlab.com) have been recently developed in order to ensure an efficiently
and residual-free cleaning of austenitic steels, which are used in different industrial branches,
such as biopharmacy, chemistry, and energy. The series of universal and highly effective
colourless aqueous formulations for water-neutral derouging in a pH range of 5-7 is useful for
removing of all forms of rouge, corrosion (rust), coloured and other types of impurities
(deposits) on the surface of stainless steels with Cr/Ni and Cr/Ni/Mo alloys (e.g., 304/304L and
316/316L). These aqueous formulations offer several benefits over the standard cleaning
aqueous solutions used so far, as follows: (i) low costs, (ii) not necessary use of a protective
nitrogen environment during their application, (iii) environmentally friendly and safe for people
and nature, (iv) simple preparation, (v) quick and easy implementation, (vi) no special
neutralization of wastewater is required, (vii) adaptive procedure for application depending on
the client’s requirements, (viil) conducting the cleaning and re-passivation process in the pH
range 5-7, (ix) adaptive working parameters (pH, T, time), (x) optimal physicochemical
characteristics, (x1) applicable for CIP and COP applications under GMP conditions, (xii) non
aggressive against different polymers (e.g., PE, PP, PTFE, PVDF, EPDM, and others), (xiii)
non special requirements for their long-time storage, and others. Some examples of the
application of these new formulations under pH neutral conditions in laboratory and in the
practice are presented in Figures 1 and 2, respectively.

Fig. 1. An example of derouging with pH neutral NTZclean formulation (pH 6.93) of a sample plate made
from stainless steel (AISI 316L) taken from a pharmaceutical WFI system (rust layer thickness >10 nM)
before (1) and after (2) derouging for 5 min at 45°C. Solution discoloration into red provides the
transformation of the insoluble Fe3* oxides/hydroxides into their soluble form.
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Fig. 2. Tube plate of a steam raising unit before (1) and after (2) derouging. Pipe system before (3) and
after (4) rust removal with new pH neutral formulations with NTZclean neutral.

The technological scheme for application under pH neutral conditions is presented in Figure 3.
The scheme offers the possibility of carrying out of either cleaning of the steel surface (e.g.,
derouging) or passivation (two-single step procedures), as well as successive re-passivation of
the steel surface that is cleaned in the first step, completely carried out in a water-neutral
environment.

Standard Procedure for Cleaning (Derouging) and/or Re-Passivation of Stainless
Steel Parts, Units, and Systems by Using NTZ Neutral Aqueous Solutions

2 3 5 6
Thorough rinsing
Surfaces cleaning Surfaces rinsing I jvath of the slainless sieel
{derouging/rust removal) usinguPpw [T »-| Su re-passt using UPW
{c <1.0 pS/am)

Y ¥
i1 Residual efluent 14 Residual effluent
' NIZ ctowaonied | pHS5-7 '\ NIZ remicpet ' pH 57

i preparation : Clesning Stage : preparation : Recovery Stage
------------------- (derouging) Tooooomnoooommnooos (re-passivation)

Fig. 3. Standard successive scheme procedure for derouging/rust removal and re-passivation with
NTZclean neutral and NTZ neutral pass aqueous solutions.
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Abstract

The investigations of the microstructure and properties of aluminium alloys are through all the stages of the
technological process. The aluminium alloys with Si and Cu have good castability and heat-resistance, but low
corrosion resistance. The aluminium alloy containing Zn that is used in his scientific paper has age-hardened
naturally in normal conditions and is very appropriate for application from tecnnological, economical and
ecological point of view. The purpose of the science for development of this light modern materials is connected
with exploring and improving different conditions in order to make the technological process adequate to the
contemporary requirements.

This investigation represents some results about experimental thermo-chemical treatment of hypoeutectic
aluminium alloy AISi9Cu3(Fe) and AlZn10Si8

Keywords: aluminium alloys, gaz nitro-carburizing, surface treatment, automotive, aluminium nitride,

I/I3c.11eleaHe Ha MUKPOCTPYKTYpara 1 MEXaHUIHHUTE CBOMCTBA HA
AJIYMMHHUEBH CIVIAaBH CJICA I'a30BO KapﬁoﬂnTpnpaHe

Cusna 3BABYHOBA, ITnamen IIETPOB, Jlecncnaa MUUHUYEBA
1. YBoa

ANyMUHUEBUTE CIUIaBU TpUTEXKaBaT BHCOKAa TOIUIO M  €JIEKTPOINPOBOAMMOCT,
IUTACTHYHOCT, KOPO3UOHHA-yCTOHYNBOCT. OOpaboTBaT ce upe3 JeeHe, IacTu4Ha aedopmanus
u ps3zaHe. UncTuAT, HelerupaH ajlyMUHUN ce M3I0JI3Ba OCHOBHO B €JIEKTPOTEXHUKATa 3a
KOH/ICH3aTOPH, €IEKTPOIIPOBOAHHIIM KAKTO M 3a MPOU3BOJCTBO Ha (honma, TenoBe, JIHCTOBE,
TppOH, chaoBe u ap, [1]. Tlopagum TEXHMKO - MKOHOMHYECKH W €KOJOTWYHU (HaKTOpH
CBHINECTBYBA HEMPEKBHCHAT CTPEMEX Ha M3CIEJOBATEINTE B Ta3W 00JacT 3a ThPCEHE Ha TO-
no0pH pellleHusl O OTHOIIEHHWE HAa TEXHOJIOTMUTE M W3MOJI3BAaHUTE MaTepHalld KaTO caMo-
ysIKYaBaIll¥ CE CIUIaBH , IPU KOUTO TEXHOJIOTUYHUS LUKBI HA TEPMOOOpaadOTKa € ChKpaTeH,
[1]. Or chlnecTBEHO 3HAa4YeHHWE € Ja C€ CIOMEHe (DaKThT, Y€ H3MOJI3BAHUTE CIUIABH B
WHIYCTPUATHOTO MPOU3BOJCTBO Ca BTOPUYCH, PEHUKIUPAH MaTepHall, HIKOJIKOKPATHO
MPETONSBAH, YNHTO CBOICTBA € PEIHO J1a OTTOBAPAT Ha U3UCKBAHUATA 32 CHOTBETHUS JETAI,
[2,3.4].

AJyMUHUEBHUTE CIJIaBU, KOUTO CE U3IMOJI3BAT B 3aBUCUMOCT OT HaUMHA Ha MPOU3BOJICTBO
Cce JIEJISIT OCHOBHO Ha JieopMUpYyeMU U Jiespcku. ODU3HKO-XUMUYHUS MEXaHU3bM H BIUSHUETO
Ha JIETUPAIUTE EJIEMEHTH, BbIIPEKH MHOTOTOIUITHUTE UHTEH3UBHU MHAYCTPUATHU U HAYYHU
NpOyYBaHHUA BCE OIIE HE Ca HAMBIHO M a0CONIOTHO JOM3YYEHH M ca MpeaMeT Ha
ekcriepuMeHTupaHe.  MHTepec  3a  ydeHMTE  NpEACTaBisiBa  MpOCIEAsBaHE  Ha
MUKPOCTPYKTYPHHUTE OCOOCHOCTH MPE3 BCUYKU €Taly Ha TEXHOJIOTUYHHS MPOLIEC OT JIECHETO
0 OKOHYATeITHaTa TepMHU4IHa 00paboTka, [5]. CrutaBute ot cucremara Al-Si-Cu ca ¢ mo0pu
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JESIPCKM  CBOMCTBA W TOJsMa TOIUIOYCTOWYMBOCT. B aBTOMOOWIHATA WHAYCTpUS 34
KOMIIOHEHTH Ha JBurarenu (OyTrajna , LWJIMHAPOBHM TJaBM) C€ M3IMOJI3BAT CIJIABH CbC
ceabppkanne MuHEMYM 3% wmen , AlSi7Cu3Mg, AISi8Cu3 , AlSi9CulMg. Tsxnara
KOPO3MOHHA yCTOMYMBOCT € HUCKA, 3apaii IOBUILIEHOTO ChABPKAHUE HA MEJL, KOETO HaMaJsiBa
KOJINYECTBOTO Ha rama kpucranure Al2O3 B 3aBUCHMOCT OT TeMneparypata. EkcriepumenTanHo
¢ ycTaHoBeHO cblIo, 4e npu 475 ° C mrbTHOCTTa Ha OKCHMA HAa alyMHHHEBA CIUIAB ChC
ChIbpXKaHWE Ha IIMHK € TO0-HHCKa, B CPaBHEHHE C IUIBTHOCTTA HA OKCHJA, OOpa3yBaH Ha
HNOBBPXHOCTTA HA YUCT HeserupaH anyMuHuii,[6]. CruaBu ot cucremara Al-Si, kouto ce
W3IONI3BAT 3a MPOU3BOJACTBO Ha OyTaja Ha JBUTATeId B aBTOMOOWJIHATA WHILYyCTPHS
OOMKHOBEHO Ca JITUPAHU C €JIEMEHTa HUKEN 3a Ja C€ OCUI'YpPH BHCOKO HHMBO Ha SIKOCT IpHU
3aBUIICHU TEMIIEPATypu M HUCKA CTOMHOCT Ha KOe(hUIIMEHTa Ha TEPMUYHO pa3LIMpPEHHE.

2. O0eKT Ha u3cjaeaBaHe

[TpenmeTr Ha HACTOAIIOTO M3CIE/IBaHE MPECTABIsABA HAOIIOACHNUE B N3MEHEHEHUATA Ha
MHUKPOCTPYKTypaTa Ha TIIOJEBTEKTUYHN amyMuHHeBo-cuinmueBn croiasun  AlSi9Cu3(Fe),
AlZn10Si8Mg cnen HUCKOTEMIIEpaTypHO ra30BO KapOOHUTPUPAHE.

®@urypa 1. O0pa3um 0T H3MOJI3BAHNTE ATYMHHHEBHU CIVIABU NPeu U cJie] o0padoTka

[IpocieneHo € BIMSHUETO Ha TEXHOJOTHYHUTE MapaMeTpu Ha IMpoleca W XUMHYHHS
cberaB (Tabnuna 1, Tabnuna) Ha oOpasiu oT aBete criaBu (¢ur.l) BbpXy MUKPOTBBPAOCTTA
clle/l IPOBEJCHATa XUMHUKO-TEPMUYHA 00paboTKa.

Tabauua 1. Xumuyen cberaB Ha AISi9Mg(Fe)

2,33 0,51 8,84 0,67 0,23 0,06 1,12 0,05 0,08 0,04 86,01

Tabéauua 2. XumndeH cbcTaB Ha AlZn10Si8Mg

0,07 0,50 7,94 0,26 0,11 0,020 10,02 0,05 0,010 0,00 87,30

3. Metroauka
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OO6pa3uure U OT ABETE MAPKU CIUIABH OsXa MOAJIOKEHU Ha HIUCKO-TEMIIEPATyPHO ra30BO
kapoonutpupane (HTI'K) nmo merom “KapOGomut®, koiito e paspaboren B TexHUYECKU
YHUBEPCUTET , Tp. BapHa. TexHOMOrHuHOTO 000pyABaHE, KOETO € M3IMOJI3BaHO € JabopaTopHa
nerr ¢ ooeM Ha peroprara 2 nutpa. Hacumanero ce ocpmiecTBsBa B cpefa oT amoHsk (NH3z ) u
seriepogen muokcun (CO:z ). Temmeparypata Ha Harpssane oT 510°C ne mpemuHaBa
eBTEeKTUYHATa 3a cruryMuHuTe 575°C , a BpemeTo Ha 3aabpkane ¢ 15h (¢pur.2). IIposenenu ca
MeTanorpad)Cku aHalli3 U U3MEpBaHE Ha MUKPOTBBPJIOCT 3a JABaTa BHJIa AIyMHUHUEBU CILIABU.
Ba3zupano Ha qoceranrHy npoy4yBaHus U MyOJIMKALMU 110 TeMaTa, CBbp3aHa C JIEMaCUBUPAHETO
Ha MOBBPXHOCTTA HAa alTlyMUHHEBUTE CIUIaBH, T.€ pa3pyllIaBaHETO HA €CTECTBEHO (POpPMUpALIUT
ce 3ammreH ciaoi oT Al2O3 ¢ nen naTeH3uduuupane Ha 1uy3HOHHHS TPollec Ha HACHUIIaHe
10 BpeMe Ha XMMHUKO-TepMUYHAaTa 00pab0TKa B Mella ca U3MOJI3BaHU JIeTIaCUBUPAILN areHTH
comu Ha MarHesueB xiuopun, [7,8,9,10,11]. M3nomsBan e u amonueB xmopun (NHsCl),
CTaHJapTHO MpPUJIATaH MPU XUMUKOTEpMUYHA 00pabOoTKa Ha HEPBHKAAEMU CTOMAHU.

T &

_ ny/co, =201 |

510"

L [DENAMAAHE ¢ PETORTATA B NH;

-~

- i-l:rai&Ha TEMMNEpaTYRa

®@urypa 2. llukjgorpamMa Ha TEXHOJOTHYHHUSA MPoLIEC

4. PesyaraTu

dazoBus anHanu3 Ha oOpasuute (pur.3; ¢ur.4) e U3BBPIIEH C PETTEHOCTPYKTYPEH
mudpakromersp B Co- Ko m3mpuBane npeau u cnex karo ca noanoxenu Ha HTTK.
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®urypa 3. PentrenoB anaju3 Ha npooa AlSi9Cu3(Fe) a) B cypoBo cheTosinme; 0) cjieq 00padoTka
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®@urypa 4. Pentrenon anaau3s Ha npota AlZn10Si8Mg a) B cypoBo cheTosinue; 0) ciieq o0padoTka

Oo6emua tBBprocT HV0,025 Ha AlZn10Si8Mg npenu o6paboTkaTa

72 70 86 78 63 56 110 88 82 78 cpenHo 78,3

Oo6emua tBBprocT HV0,025 Ha AlSi9Cu3Mg npenu o6paboTkaTta

105 72 101 103 83 89 9 60 113 66  cpenHo 88,8

®@urypa 5. O6eMHa TBBPAOCT HA 00pa3uuTe
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Jakpeneawa nnNaHka Ha

JaKpensalla nnaHKa Ha odpasela

B) r)

®urypa 6. Mukpoctpyktypen anaaus cieg HTTK: a) AISi9Cu3(Fe) (x100)
0) AISi9Cu3(Fe(x1000), B) A1Zn10Si8Mg (x400) r) Al1Zn10Si8Mg x400
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®urypa 7. Paznpenejiene Ha MEUKPOTBBPAOCT Ha o0pa3en oT A1Zn10Si8Mg oT NOBBPXHOCTTA KbM
cbpueBuHaTa Ha ciuiaBTa ciaegq HTT'KH
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®@urypa 8. Paznpenesenue Ha MUKPOTBBPAOCT Ha oOpa3zen oT AlSi9Cu3(Fe) oT nOBLPXHOCTTa KbM
cbpueBuHaTa Ha cruiaBTa ciaeq HTTKH

4.1 Ananu3 na noayuenume pezyimamu

AHanmu3bT Ha PEHTIeHOTpaCKUTE U3CIIeBaHN TI0Ka3Ba HAMaJIIBaHE HA UHTCH3UTETUTE
Ha JIMHUMTE, OTTOBApSIIH 32 alyMUHUUS ClIe/] IPOBEXk1aHe Ha 00paboTKaTa, KOETO O3HA4YaBa,
4e € NpoTeKIo AU(y3NOHHO B3aNMOJICHCTBHE BCIIEICTBHE HA KOETO MMa 3apakJaHe Ha HOBA
(aza UM XMMUYHO CheJMHEHNE Ha MOBBPXHOCTTA HAa Matepuana. Ilpu cimasta Al1Si9Cu3(Fe)
TOBA € MO-CUJIHO M3Pa3eHO U KOPECHOHMPA C METANIOrpa)CKUTE CHUMKH, Ha KOUTO CE BIKIA
YaCTUYHO HACHUIIIaHE Ha MOBBPXHOCTTA U MOsIBA HA CJIOH, HEPABHOMEPEH, C MAJIKA IUTBTHOCT U
NOBMILIEHA TBBPJIOCT B y4YacThbIM, B KOMTO HMMa W3MEHEHHE Ha pa3Mepa u (¢opmara Ha
cunuiueBuTe 3bpHa U popmupane Ha SIN. OT u3MepBaHusATa 3a 00E€MHa TBBPAOCT Ha
camMoysiKuaBallaTa ce CIUIaB , CPAaBHEHO U C MPEAULIHU MOJYyYEHHU Pe3yJaTaTH OT IPYrH yUYEeHU
cJie]] IPOBEX/1aHE Ha XOMOT'€HU3MpPAIl0 OTTPSIBAHE MOXKE Jla C€ HAapaBU 3aKIIOUEHHE, 4e 3a
craBta AlZn10Si8Mg HTI'K He maBa pe3ynTar mo oTHomIeHHe Ha (hopMUpaHEe Ha TUIBTECH
CJIOH , HO MMa yBeJIMYaBaHE Ha TBBPAOCTTA MO Leausi 00eM, B CIEJCTBHE HAa U3MEHEHHUE Ha
dopMata M pa3MEpUTE Ha CHJIMLUEBUTE KPUCTAIM, OTIEISHETO MM [0 TpaHULNUTE U
dbopMupaHeTo Ha pa3IMuHU UHTEPMETAIHU CheAnHeHus: kaTo Mg»Si, [6].

5. U3Boau

[Tonyyennure naHHM OT MeTajuorpa)CKu, PEHTTEHOTPAPCKU aHAIW3 U CTOMHOCTHUTE 3a
MHUKPOTBBPAOCTTA MOKA3BAT , Ue MpH CIIaBTa , Chbpxkamia Mg u Cu uma 4acTUYHO HacHIlaHe
Ha MOBBPXHOCTTA. J[aHHKTE 32 MOBBPXHOCTHATA TBBPIOCT HE MIOKAa3BaT JIMHEHHO HapacTBaHe ,
[0- CKOpPO MMa BEpOSITHOCT 3a (JOpMHMpaHE Ha MO-TBBPAM MHTEPMETAIHHU ChEIUHEHUS . 3a
CIUIaBTA C IIMHK , KOATO MMa CKIIOHHOCT KbM CaMOYysIKYaBaHE HE C€ NMOTBBP/AM HACHUIIIAHE Ha
HNOBBPXHOCTTa, HO MMa HapacTBaHe Ha oOeMHara TBBpAOCT. HyXHU ca AONBIHUTEIHU
U3CJeABaHMsI, KOUTO J]a aHAJIM3UpAT XapaKkTepa Ha MPOTEKIUTE IPOLECH.
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Effect of Gas Nitrocarburising on the Structure and Properties of Welded
Joints of Corrosion-Resistant Steel
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Abstract

The present work investigates the possibility of changing the properties of welded joints of steel parts made of
austenitic and duplex corrosion-resistant steels by subsequent nitriding/nitrocarburising of the joints. After
nitrocarburising, the achieved hardness and microhardness in the individual zones of the compounds were
measured and a microstructural analysis was carried out.

Keywords: stainless steels, welding, hardness, nitriding, nitrocarburising, s-phase

Biausinne Ha cjeBamio ra3oBo KAPOOHUTPHUPaHEe BbPXY CTPYKTypara u
CBOIiCTBATA HA 3aBAPEHU CheINHEHNsI 0T KOPO3MOHHOYCTOWYHUBHU CTOMAHH

[Inamen I[IETPOB, Pycanena HUKOJIOBA, /lanuena CITACOBA

1. YBoa

B Hacrosmiara pa®ota mocraBeHaTa II€NT € HW3CIEIBAHETO Ha BB3MOKHOCTHTE 3a
noo0psiBaHe Ha CBOWMCTBATa HA 3aBapEHH CHEIUHEHUSI OT KOPO3SHOHHOYCTOMUMBU CTOMAaHU C
XUMHUKO-TEPMUYHO 00paboTBaHe-ra3oBo KapOOHMTpHUpaHEe, KaTo MOJAOOHU BB3ZEHCTBHCA ca
o0ekt Ha uzcnensane u B [1], [2], [3] u [4]. [lonacTosiemM e mpocieeH0 H3MEHEHHETO Ha
TBBPIOCTTA 10 30HHU, MOJyuY€Ha Cle]l 3aBapsBaHETO HAa CTOMAHEHU JUCTH OT MOAOpaHHTE
CTOMaHHU, 4pe3 CJEeABAlOTO UM XHUMHUKO-TEPMUYHO O00pabOTBaHEe B cpela OT aMOHSK U
BBIJIEPOJICH ABYOKHC MO HUCKOTEMIIEPATypEeH PEKUM Ha Ta30BO KapOOHHTpHpaHE, BOACI JI0
dbopmupanero Ha “‘s” —¢pa3za Ha TOBBPXHOCTTA, 32 KOSTO C€ CUMTA, Y€ UMa paBHA WM JOPH TO-
n00pa KOpO3MOHHA YCTOWYHMBOCT OT HEPBKIAEMHUTE CTOMAHH, KaTo MOJO0OHU TEXHOJIOTHYHH
BapHaHTU ca U3MOJd3BaHU B [5] u [6]. OOxBaHaATH ca ChbeIUHEHHs OT JBa BHAAa KOPO3HMOHHO-

ycToi4uBH cromMaHu —aycTteHuTHa (316L) u gymnexcuu (S31803; S32205), ¢ XuMUYEH ChCTaB,
cbriaacHo ¢wur.1.

b Max max max max max 165  10,00- 2,000 max
| | 0,030 2,00 0,040 0,015 1,00 18,00 13,00 2,50 0,100

| ™— 0,018 1,13 0,036 0,006 039 17,00 10,22 2.05 0,027

'531803; 532205

|. -
' b max max max max max  21,00- 4,50- 2,50- 0,080-
[ 0,030 2,00 0,030 0,020 1,00 23,00 6,50 3,50 0,020

| = 0,011 1,13 0,028 0,001 0,31 22,8 529 3.2 0,1970

®urypa 1. XuMHYeH ¢bCTAB HA U3CJIEABAHUTE CTOMAHH
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2. EkciepuMeHTAJIHO M3CJIeIBaHe

2.1. Obekmu Ha uzcneosane

OT KOpO3HOHHOYCTOI>'I‘IHBI/IT€ CTOMAHH Ca IMOATOTBEHU YCIIHO SaBapeHI/I CBCAUHCHUS 110
noi0paHa TEXHOJOTHsI, OCUTYpsIBAIlla T€ 1a OTTOBAPSAT HA MPEASBIBAHUTE KbM TAX U3UCKBAHUS
10 OTHOIICHWE Ha MEXaHWYHH CBOWCTBA, MaKpPOCTPYKTypa-pur.2 u pasmpenelieHue Ha
TBBPJIOCTTA MO 30HU-(UT.3.

®@urypa 2. MakpocTpyKTypa Ha 3aBapeHUTE CheJUHEHUS:
a - 0T aycTeHUTHaA cToMaHa 3161, meTon Ha 3aBapsaBane W1; 0 - oT AymiiexkcHa cromana S31803; S32205,
MeTo] Ha 3aBapsiBane W1

®urypa 3. Paznpenesenne Ha TBbpAocTTa HV10 B 3aBapeHuTe cCheJuHeHHs NPeAH XUMHKO-TEPMHUYHO
oOpaboTBane:
a - B CheIMHEHHE OT ayCTeHUTHA cToMaHa 316L; 0 - B chequHeHue OT aymjiekcHa ctomana S31803; S32205
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2.2. Memoouka na ekcnepumenma

Cnen npemMaxBaHe Ha YCUJIBAHETO M KOPEHA Ha 3aBapbUHUTE ILIEBOBE U HUIM(OBAHE HA
HOBBPXHOCTUTE (ONepaly U3BbPLUIBAHM NpPeAd MEXaHUYHUTE H3MUTBAHUSA HAa 3aBapeHU
ChEIMHEHUS WU 32 HABAPEHU U3/IETIH ), 3aBaAPBbUHUTE ChAUHEHUS Ca MOAJI0KEHN Ha XMMHKO-
TEPMUYHO 0OpabOTBaHE CHIVIACHO LMKJIOrpamara mnpejactaBeHa Ha ¢ur. 4. Crnex razoBoTo
KapOOHUTpUpAHE ca MU3MEPEHU MOCTUTHATUTE TBBPAOCTH M MHUKPOTBBPJIOCTH B OTAEIIHUTE
30HM Ha ChEJMHEHUSATA U € IPOBEJICH MUKPOCTPYKTYPEH aHAIIU3.

T°C

[ oXJIaXKaaHe B peroprara B cpeaa NH3

450°C L---

™~
14uacasNHs | (6 wacas NHs+CO: |

T, h
®urypa 4. llukjaorpama Ha NpoBeAeHOTO XMMUKO-TEPMHYHO 00padoTBaHe:
3. Pe3yaratu
OmnpeneneHuTe cie ra3oBo KapOOHUTPUpPAaHE TBBPAOCT U MUKPOTBBPIOCT IO 30HU 32

3aBapeHUTE CHEIWHEHUS ca TMoKa3aHW B Tabn. 1 m Tabn.2. [lo ycpeaHeHUTe CTOMHOCTH Ha
HOJYYESHUTE TBBPIOCTH Ca MOCTPOCHHU CPABHUTEIIHU XUCTOTpaMH-(pur.S.

Ta6a.1. TBbpAOCT M MUKPOTBBPAOCT MO 30HM 3a cToMana 316L.

316L Tebpprocr HV10 Muxporebpaoct  HV0,05
3o0Ha Cuen 3aBapsiBanero 6e3 XTO Caen 'KH Caen I'KH
CoerosiHue
I~
3aBapbyeH 1eB 254,237,225 Cpeano J 351, 366, 383 Cpenno | 1170, 934, 1084. 1044, | Cpeano
239 367 1132 1072
3TB 198, 193, 181, 242, | Cpeano | 342, 342, 339, 348, | Cpeano | 963, 869, 612, 732. 762 | Cpenno
216,206 206 345,327 341 788
OcHoBen matepuan | 242, 249, 260, 240, | Cpeano | 319, 327, 319, 314, | Cpeano | 943, 1177, 774, 670, | Cpeauno
243,253 311,309 790
248 317 871

Ta6u1.2. TBBpAOCT M MEKPOTBBLPAOCT MO 30HM 3a cromaHa S31803;S32205.

S31803;S32205 Teeproct HV10 Muxkporsbpaoct  HV0,05
3OH3W Cuien 3aBapsisanero 6e3 XTO Caen T'KH Caen 'KH
3aBapbueH 11eB 287,290, 268 Cpenno | 314,330, 383 Cpenno | 353, 346, 415, 401, | Cpenno
282 342 395 382
3TB 297, 260, 285, 345, | Cpeano | 330, 345, 327, 311, | Cpeano | 322, 401, 436, 553. | CpeaHo
314,287 298 314,304 322 448 432
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OcHoBeH MmarTepuaj

292, 281,
294,306

292, 302,

Cpenno

295

292, 292,
302,309

287, 279,

Cpenno

294

671, 752, 610, 1082,
908

Cpeano

805

[locTurnarara creneH Ha YsSK4YaBaHC 110 30HHU €

npejcTaBeHa Ha Qur.6.

1200 -HV10; HV0,05 900
300
1000 200
800 600
500
600 400
400 300
200 -
200 - 100 4
0 0+
1 2 3 1 2

CpegHa TEBPADCT M MMKPOTEERA0CT N0 20HM 23 3161 @
2-g 3TR

1-8 S3BAPTHHMA LWEE

3—E DCHOBEH METan

B - Hv10 cned sagapAgsaHe W Npedn XTO
B -HWY10 cnen TKH 450% (14uaca e MH;+8uaca NHs+ CO4)
[ -Hw0,05 cnen TKH 450 o (14yaca B NHz+6 yaca MHz+ CO4)

CpeaHa TEBRADCT M MUKPOTEERA0CT N0 30HM 33 531803; 532205 ¢

1-8 23BAPTHHMA LLEE

2-e 3TB

B - H10 cnepn saeapAeaHe KU Npegum XTO
I -Hwvl0 cnen THH 450°%C (14yvaca B MHz+64aca MNHz+ COZ)
[ -Hw0,05 cnen TKH 450 % (14uaca B NH;+6 yaca NHs+ CO4)

®urypa 5. TBBPA0OCT H MUKPOTBBPAOCT 110 30HU(II0 YCPEeAHEHH CTOHHOCTH)

3—B OCHOBEH METAN

70 400
60 350 -
300 -
50 -
250 -
30 -
200 -
30 -
150 -
i 100 -
10 - 50 -
0 - . 0 -
1 2 3 1 2
a 0

1-& 3aeaptHHWA Wee; 2-B 3TE; 3 -6 OCHOBEH MeTan

E-316L

B 531803;532203

®urypa 6. CteneHn Ha ysikuaBaHe, % 1o 3ouu: a-HV10; 6-HVo,05

PesynraTu oT npoBeieHUs] MUKPOCTPYKTYPEH aHallu3 ca MpecTaBeHu Ha ¢pur.7 u ¢ur.8.
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®@urypa 7. MEUKpPOCTPYKTYpPa B IJIaH HA 3aBapbyHUTe chequHeHus ciaex 'KH x50:
a-316L; 6 - S31803; S32205

YeapeHa
cTpyKTypa B 3TB

JlaTa AeHapuTHA B
3aBapbyHMSA LLEB

TeKcTypa oT CTyAeHa niacTMyHa
Aedopmaumsa B OCHOBEH MaTepua

®urypa.8 MUKpocTPYKTYypa B IIaH Ha 3aBapb4yHus mwes u 3TB u ocHoBata npu 316L ciex 'KH:
a - 3aBapbyeH meB-x400; 6 — 30Ha Ha Tepmu4uHO BiausiHue-x400; B - ocHoBeH MaTepuas-x 400.

4. Auaan3

Cnopen npoBeieHUAT (hpakTorpaCKu aHaIU3 U3CJICIBAHUTE 3aBAPBHUYHH ChEIMHEHUS Ca

¢ 100po KauecTBO, 0e3 Hanuuue Ha 1e(heKTH OT TUIA TIOPH, MyKHATUHH, HETIPOBAPH, MTOAPE3H.
[IpoBeseHOTO HUCKOTEMITEPATYpPHO Ta30BO KapOOHHUTpHUPaAHE BOJIEIIO /10 (hOpMUpaHE Ha
“s”-¢aza BOAM 0 MO-3HAYUTEIHO YsAKYaBaHE Ha ayCTCHHUTHATa CTOMaHa B CPaBHEHHE C
IYTUIEKCHATA, KaTO CHIIOTO MOYXKE /1a C€ 3aKIIOYH M 32 ISUIOTO 3aBAPEHO ChEIMHEHHE OT Ta3H
ctomaHa. [IpaBu BrieuaTiieHre, 4e MOIOPAHUAT ENEKTPO U PEKUM Ha 3aBapsiBAaHE OCUTYPSBAT
Haif-BUCOKAa TBBPAOCT CJel KapOOHUTPHUpAaHE B 30HATA Ha 3aBapb4HUs mmeB. Haii-cmabo
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MOBBPXHOCTHO YsIKUYaBaHE NPU TOBa ChEAMHEHUE € yCcTaHOBeHO B 3TB, BeposTHO mopaau
CUJIHO YeJpeHaTa CTPYyKTypa B Ta3u 30HA.

HpI/I CBCANHCHUCTO OT AYIICKCHA CTOMAaHA, 3HAYUTCIHO IMOBBPXHOCTHO YAKYABAHC €
YCTaHOBEHO Camo 32 OCHOBHUSI MaTepuai. 3HauuTenHo mo ciabo e 3a 3TB u Hali-HUCKO B
3aBapbYHMS IIE€B, KOETO BOAM A0 3aKIIOYEHHUETO, Y€ HE € MOJAOpaH MOAXOMAII EJIEKTPO 3a
3aBapsiBaHe . OCBEH TOBa CJI€[[Ba Jla C€ MOCOYH, Y€ MOTYUYEHHUAT IOBbPXHOCTEH YAKYEH CIOU
€ ¢ o-MaJka JcOeIiHa U MPH OIpeieliTHe Ha TOBBPXHOCTHA TBBPAOCT ¢ HaToBapBaHe 10 kg,
ySIK4YaBAaHETO HE ce peructpupa. To3um pesynrar mokaspa, ye Mu(y3MOHHHUTE MPOLECH MpHU
IYIUIEKCHATa CTOMaHa OT MOCOYEHHUAT THUIl, TPOTUYAT C MO-MaJKa CKOPOCT B CPaBHEHHUE C
aycTeHHTHaTa ctomana 316L

VYsgK4daBaHeTO € II0-3HAUUTEIHO H MMO-paBHOMCPHO II0 30HU IIpU CHCAWHCHULCTO OT
ayCTeHHWTHAaTa CTOMaHa M TOBa Mpe/Ioiara pa3riexaaHaTa TEXHOJIOTHS J]a MOXKe YCIEIIHO 1a
ObJie MPUIIOKEHA B PA3IIICKAAHUS CIIyUail.

5. U3Boam

HuckotemnepaTypHOTO Tra30Bo KapOOHUTpHUpaHe ¢ dopMmMupane Ha “s’-¢paza BOIU N0
3HAYUTENIHO YSKYaBaHE B OT/ICTHUTE 30HHU HA 3aBapEHOTO ChbeJUHEHHE OT ayCTEHUTHA CTOMAHa
316L. MakcumanHa cTeneH Ha ysSKYaBaHE Ce MIOCTUTa B 30HATa HA TEPMUYHO BIUSHUE, KOETO
€ 0cOOCHO ONarompusTeH (QakT, Thi KaATO TOYHO TaM CE OYAKBa BIIOIIABAHE HA MEXaHHYHHUTE
NOKa3aTeau clel] 3aBapsiBaHe. 3a Jl0Ka3BaHe Ha OJIarONpPUSATHOTO BB3IACHCTBUE HA Tasu
00paboTKa BbpXY CBOMCTBATa Ha 3aBapEHOTO ChEIMHEHUE CJIE/IBA /1a CE M3BBPIIAT U3MUTBAHUS
Ha U3HOCOYCTONYHMBOCT M KOPO30YCTOMYUBOCT.

ITo oTHOIIEHME HA TyTJIEKCHAaTa CTOMaHa cJie/iBa Jja ce IMpeUIoKH peBU3us Ha n300pa Ha
€JIeKTPOJ 3a 3aBapsiBaHe, Thi KaTO € YCTAaHOBEHA JOCTa CEpUO3Ha pa3jifKa MO OTHOIIECHUE
BB3MOXKHOCTTA 3a HACHUIIIAaHE HA OCHOBHHUS MaTepHaj U 3aBapbyHUs LLIEB.
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