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Abstract

The rapidly solidified (Al74CuisMgio)100-xSix alloys were obtained by melting in an induction furnace and then
rapidly quenched by the planar flow casting (PFC) method in installations, created at the IMSETHAC-BAS. By
X-ray analyse were obtained data, that the microstructure of the alloys is nanocrystalline with sized particles with
dimensions 16+.90 nm. The crystallization temperature (Tx) and the solidus (Ts) and liquidus (T1) temperatures
of the produced alloys were determined.

Kaywords: Nanosized alloys Al-Cu-Mg-Si
1. Introduction

The production of aluminum-based amorphous alloys is traditionally based on
multicomponent systems containing aluminum (80-92 at.%), rare earth metals (3—20 at.%),
transition metals (1-15 at.%), etc. [1-3]. All these formulations are expensive and this limits
their application. A major challenge for scientists today is to obtain new aluminum alloys
without rare earth elements that have high glass-forming ability (GFA).

The Al-Cu-Mg system was chosen as the starting system for obtaining relatively new, not
so well studied alloys, because aluminum alloys are widely used in the aviation and automotive
industries. In addition, this system contains used and affordable metals. It is expected that upon
amorphization, alloys of the Al-Cu-Mg system will be of high GFA and their study will
contribute to the in-depth study of structural relaxation and glass transition kinetics. Also of
interest is the influence of other elements, for example Zn, added to the base alloys on their
GFA.

The aim of the present work is the preparation of Al-Cu-Mg-Si alloys with compositions
close to the compositions of the ternary eutectic, intended for the subsequent production of
amorphous ribbons and the study of their mechanical properties and corrosion behavior.

2. Experimental

Three types of alloys of the system Al-Cu-Mg-Si were synthesized. The compositions of
the alloys were chosen on the basis of the known facts that eutectic alloys are more easily
amorphized and that the aluminum-copper ligature can contain from 33% (the eutectic
composition in the system Al-Cu) up to 50% copper. The most commonly prepared ligatures
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contain up to 35% Cu. These ligatures have a low melting point (575°C) and are uniform in
chemical composition. Metals with purity Al-99.99% were used to produce the alloys; Cu-
99.99%, Mg- 99.8% and Si- semiconductor purity (single crystal).

Table 1.

Al [%] Cu, [%] Mg, [%] Si, [%]
Designation of ribbons

Mass. At. Mass. | At. | Mass. | At. | Mass. | At.

(Al74Cu16Mgi0)96S14 60.33 | 72.33 | 29.79 | 15.17 | 634 | 8.44 | 3.54 | 4.07-

(Al74Cu16Mg10)94Si6 59.23 | 70.46 | 28.64 | 1447 | 6.78 | 8.96 | 535 | 6.11

(Al74Cu16Mg10)91Si9 56.63 | 67.46 | 28.70 | 14.52| 6.9 | 9.15 | 7.76 | 8.88

The synthesis of the Al-Cu-Mg alloys was carried out in an installation created at the
IMSETHAC — BAS. It consists of a resistance electric furnace, powered and controlled by a
programmable thermostat RT 1800, manufactured by the company “COMECO” — Bulgaria.
The electric resistance furnace is installed in a water-cooled, pneumatic-vacuum chamber (Fig.
1) in an argon environment, with a purity of 99.998%. The synthesis is carried out at a
temperature regime as follows: rise in temperature by 10°C/min to 1050°C and hold at this
temperature for 120 min. and subsequent cooling with the furnace.

Fig. 1. Water-cooled, pneumatic-vacuum chamber

As a result of the synthesis, ingots with a diameter of about 20 mm and a height of about
30 mm are obtained.

Each of the resulting Al-Mg-Cu-Si ingots was placed in a cold double corundum crucible
under a backfill of an equimolar layer of flux, which is a mixture of chloride salts 50% NaCl —
sylvinite and 50% KCI — sylvine.

The corundum crucible is heated in a crucible canthal electric furnace at a rate of
12°C/min. It was found that at a temperature of 500°C, measured near the surface of the melt,
the ligature was still solid below the flux core. The melting of the ligature starts at a temperature
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of about 550°C. At a temperature of 670°C, measured near the surface of the melt, melting of
the flux begins and the melt is stirred intensively. One hour after the start of the synthesis, at a
temperature of about 700 — 720°C, the melt is stirred for the last time, the crucible is removed
and placed on a refractory pad to cool to room temperature and the alloy to crystallize.

The flat casting (PFC) method was used to produce fast-solidified ribbons. The scheme
for installing PFC equipment is shown in fig. 2, and figure 3 shows the laboratory installation
for rapid melt solidification, built at IMSETHAC-BAS.

The resulting alloys are placed in a quartz nozzle with a tube diameter of 18 mm. The
nozzle opening has a diameter of about 0.8 mm. The alloys are melted in an inductor to a
temperature exceeding by 20-30°C the melting temperature of the respective alloy. The molten
alloy flows under an argon pressure of 0.4-0.5 atm on a copper disk with a diameter of 140 mm.
The linear speed of the disc was in the range of 45-50 m/s. The resulting ribbons were about 2
mm wide and 27-30 pm thick.

furnace

inductor

ceramic
nozzle

molten metal

/
refrigerated k@ k \
drum
amowhﬁ
metal tape
Fig, 2 Scheme of PFC equipment. Fig. 3 Laboratory installation of PFC.

By means of X-ray diffraction analysis, the phase composition of the alloys containing
silicon was characterized — (fig. 3) and the type and size of the separated phases were
determined.
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Fig. 3a. Al74Cu16Mg10)96Si4
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Dimensions: CuAl2-42nm (52%); Al9Si-52nm (21%); Al4Cu2Mg6Si7-22nm(27%); Al0.7Cul.3Mg-traces

Dimensions: Al-53nm (5%), A19Si-94nm (4%), CuAI2-62nm(24%), AIMg-55nm(41%), Si-90nm

The DSC analysis shown in Fig. 4 a, b, ¢ of the obtained quick-hardened ribbons shows
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Fig. 3b. Al74Cu16Mg10)94Sie
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that only in alloy “c” there are beginnings of an amorphous phase.
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Fig. 4. DSC analysis of AICuMg Si alloys

3. Conclusions

- Base alloys are obtained (Al74CuisMgio)osSia, (Al7aCuisMgio)osSis u
(Al74Cu16Mg10)91Sio.

- By the PFC method from the alloys (Al74Cu16Mg10)100xSix x=4, 6, 9 hardaned ribbons
with a nanoscale microstructure were obtained.

- The phase composition was determined and the crystallization behavior of the
obtained alloys was studied.
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Abstract:

The paper considers investigation by means of the internal friction method of the dynamic relaxation spectra of
three high damping manganese based Mn-Cu alloys. Operation diagrams of the damping ability and oscillation
absorption coefficient are built for massive specimens. It was found that, Mn-35%Cu alloy has maximum damping
properties. The area of the beginning of the “high” damping, related to the high temperature part of the background
of internal friction for Mn-35%Cu alloy is about 350°C, for Mn-35%Cu alloy it is about 450°C and for the alloy
containing zinc it is about 550°C.

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

1. Introduction

The manganese alloys [1-5] find more application as alloys of high damping properties.
The purpose of the present efforts is to study the damping abilities of three manganese alloys,
manufactured by standard technology and after standard high temperature treatment,

2. Material and method

Object of investigation are three manganese high damping alloys 75%Mn and 25%Cu, Mn-
22,5%Cu-2,5%Zn and 65%Mn and 35%Cu produced in the Institute of Metal Science —-BAS
by standard technology.

The specimens (1x1x50 mm) are heat treated under conditions: quenching after 10 min of
holding at temperature 800°C and aging for two hours at 400°C.

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
[6].

To define the damping abilities of both alloys the temperature dependencies of the dynamic
relaxation spectra are recorded. Fully automated and computerized apparatuses 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°°.
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3. Experimental results and discussion

Fig.1-3 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) — 2.10 and the minimum in
the amplitude independent area of internal friction AIIF — (amplitude independent internal
friction) — 1.10°®.
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Fig.1. Dynamic relaxation spectra of the Mn- 25%Cu Alloy
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Fig.2. Dynamic relaxation spectra of the Mn-22,5%Cu-2,5%Zn Alloy
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Fig.3. Dynamic relaxation spectra of the Mn- 35%Cu Alloy

According to the published literature, the absorption coefficient ¥ is proportional to the value
of internal friction [1] — Y%= k.Q'.100, where k=2.1 -for low values of internal friction,
k=1.08.7 — in cases of high damping, as it is in the alloys studied by us.

Fig. 4-6 show the calculated values of the temperature dependences of the absorption
coefficients ¥ for the investigated alloys.
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0 100 200 300 400 500 G500 700
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Fig.4. Temperature dependence of the absorption coefficient alloy Mn-25%Cu
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Fig.5. Temperature dependence of the absorption coefficient Mn-22,5%Cu-2,5%Zn alloy
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Fig.6. Temperature dependence of the absorption coefficient — Mn-35%Cu alloy
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The obtained relaxation spectra are characterized by the following features:

- They are typical of metals and alloys and consist a low- and high-temperature
background of the internal friction and a resonant relaxation maximum, which is
superimposed on the background [6].

- From the values of absorption coefficients of the investigated alloys, it was established
that the Mn-35%Cu alloy has maximum damping properties. At room temperature, the
absorption coefficient is between 2 and 4 times higher than that of the other two alloys.

- The area of the beginning of the “high” damping, related to the high temperature part
of the background of internal friction for Mn-35%Cu alloy is about 350°C, for Mn-
35%Cu alloy it is about 450°C and for the alloy containing zinc it is about 550°C.

- 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 Mn-35%Cu alloy, a resonance relaxation maxima is observed, which is absent
in the Mn-Cu-Zn alloy and is insignificant in the Mn-35%Cu alloy.

- Inall alloys, there are also energy dynamic losses of a hysteresis nature, typical for the
amplitude-dependent area of internal friction — Fig. 4-6. 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 Mn-35%Cu alloy in the region of
the resonance maximum and in the region of the high-temperature background of
internal friction — Fig.6.
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Abstract

This paper addresses testing longitudinal welded joint in a thin-walled tube using semi-automatic eddy current test
system and flexible eddy current array probe. The system is by OLYMPUS (EVIDENT). These test results from
artificially induced discontinuities have been compared and analysed relative to visual test results. The capability
of the semi-automated eddy current system to detect discontinuities located on the inner surface of a 3.2 mm thick
tube was studied.

Keywords: Flexible eddy current array, semi-automatic testing, seam thin-walled tube.
Introduction

Production of thin-walled pipe profiles is automated. Production consists of seam and seamless
pipe profiles. Pipe profiles are released according to a product standard where there is a
requirement for automated eddy current control of 100% of production output. Customers
receive the product accompanied by a certificate of compliance with the product standard.
Implementation of automated test systems in combination with modern testing technologies
lead to a testing time reduction, an increase in test efficiency and reliability of the results
obtained, which results in an increase in the service life of the tested equipment or product
[1+3].

In this study, the capability of the semi-automated system used is demonstrated to perform
sample incoming inspection of a thin-walled pipe profile, part of the production received by the
customer. The thin-walled pipe profile inspected in this study was produced by Hus Ltd, Lom,
Bulgaria, according to the requirements of product standard EN 10219-1 [10].

The purpose of the test is to verify the possibility of using a semi-automated eddy current
system for incoming inspection by the customer of a part of the received production presenting
thin-walled tube type made of ferromagnetic steel with one longitudinal seam.

1. Test method and technology

1.1. Test method

The eddy current test method is based on the induction of eddy currents in a test object by
means of a probe coil or coils and observing the signal obtained by changing the induced eddy
current field as a consequence of various changes in material. These changes can be in the
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geometry, electrical conductivity, magnetic permeability, thickness of base material or coating,
surface roughness of test material or temperature anomalies, etc.
The method has the following limitations:

- only conductive materials can be inspected;

- surface must be accessible to the probe (test accessibility);

- surface finish and roughness can affect the result (inspectability);

- each separate location and size of the defect sought requires a separate reference
sample with a discontinuity, necessary to set up the eddy current system;

- the depth of penetration of eddy currents is limited and depends on probe frequency
and diameter, as well as on the electrical conductivity and magnetic permeability of
tested material;

- discontinuities such as delamination that lie parallel to the propagating eddy current
induced by the probe coil cannot be detected.

Knowing the method limitations, the requirements of technical specification to inspect a part of
equipment or its product, and perform preliminary calculations for the characteristics of the
eddy current field induced in the tested material, allow to choose a suitable device, probe and
reference sample. This will lead to correctly selected operating characteristics for eddy current
system setup, which in turn will increase the reliability of the obtained test results and the
credibility of assessment for compliance with the technical specification.

1.2. Test technology
In this study, a flexible eddy current array probe is used operating in absolute mode. The testing
of the welded joint and heat affected zone of steel tubular profiles is carried out by a semi-
automated scanning system.
In the absolute mode of operation, the deviation of the measured quantity is measured relative
to a reference point, which is determined in the process of setting up the system. This reference
point is selected either by applying a certain voltage or after switching on an additional coil.
This mode of operation is used to sort by size, by brand, and to evaluate the distribution of
inhomogeneities in the test object. Absolute mode is more suitable to determine long linear
discontinuities rather than circular ones.
Eddy current array probe (ECA) technology provides the ability to electronically power
multiple coils placed side by side in the same probe. Data collection is done by multiplexing
the eddy current coils in a certain way to avoid mutual inductance between the individual coils.
The flexible eddy current probe of printed circuit board design is suitable for testing product of
any surface curvature, it can also be used for flat surface testing.
Eddy current array probes have several advantages over other conventional eddy current testing
technologies:

- faster testing time;
a larger area is covered by one scan;
products of complex shapes (other than flat surfaces) are inspected;
display of a two-dimensional image in real time (view from above or C-scan);
increased accuracy.

2. Preliminary theoretical calculations

2.1. Standard and effective penetration depth of the eddy currents induced in the material

On the basis of obtained experimental results and numerical studies in literature sources for the
eddy currents depth of penetration, an analytical relation has been derived to determine the
standard depth of penetration of eddy currents in electrically conductive materials [4 +~ 6]. The
analytical relation in the literature sources is given in different variations depending on the
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characteristics dimensions used. In this study, the following equation is used to facilitate the

performed calculations:
661

B 1
Vf-UpO @
where f is working frequency of the probe in Hz; . — relative magnetic permeability in
dimensionless units; ¢ — electrical conductance in % [ACS; 6 [mm]- one standard depth of
penetration of eddy currents in mm, for density of eddy currents Ix = 36.8 % of their density on
tested material surface.

Eddy current density decreases exponentially with depth. The depth at which the eddy current
density has decreased to 1/e or 36,8 % of the surface density is called a standard penetration
depth. The word “standard” means the excitation of a plane-wave electromagnetic field within
the test specimen.

The analytical equation for a standard eddy current field penetration depth is only true for
infinitely thick material and planar magnetic fields for frequencies above 10 KHz. An infinitely
thick test material is a specimen of thickness t > 5r, where r is coil radius. Plane field conditions
are achieved by large diameter probes R > 108 when testing flat products or long coils of length
L > 58 when testing pipe profiles. Real coils rarely meet these requirements, as they would have
low sensitivity to defects. Using the standard depth calculated from the above equation makes
it a test characteristic of the material.

Fig. 1 shows graphical dependence of the “standard” penetration depth calculated by equation
(1) from frequency of eddy current field induced in the material. On the graph in the upper right
corner, “mr” indicates the relative magnetic permeability. The calculations were carried out for
a material of an electrical conductance of 13% IACS.
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Fig. 1. Graphical dependence of a “standard” penetration depth from frequency of eddy current field
induced in the material

In order to increase the standard penetration depth in ferromagnetic steel products, as can be
seen from equation (1) and the graph in fig.1, it is necessary that the relative magnetic
permeability tends to unity. Carbon unalloyed steels, such as the carbon structural steel studied
in this paper, have a relative magnetic permeability of about 100 + 200 and an electrical
conductance of about 13 % IACS. Reducing the relative magnetic permeability to unity during
inspection is achieved by magnetizing the material to saturation. From the graph in fig.1, one
can see that the differences in the standard depth of penetration is ten times for frequency =10
KHz. As frequency f increases, this difference decreases.
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The effective penetration depth is determined depending on the standard penetration depth. The
word “effective” means the depth of eddy current penetration, for which reliable inspection can
be carried out depending on the test objectives.

When the goal is to determine the characteristic electrical conductance ¢ of the material then
the effective depth of penetration is equal to three standard depths of penetration [8, 9].
According to the standard requirements, the inspection is considered reliable when the thickness
of the tested material is less than an effective penetration depth.

When the purpose of the test is to determine a discontinuity located at a certain depth from the
surface in the tested material, then the effective penetration depth is that, for which the
discontinuity sought can be detected and sized. For this purpose, the test object must be
inspectable. According to standard requirements, the test object is inspectable when the useful
signal to noise ratio is 3:1. Under the condition that after the eddy current system has been
adjusted, the noise on the screen during inspection is 10% FSH, and the maximum signal
received during adjustment from a reference sample with an artificial surface discontinuity is
100% FSH, then the effective penetration depth must provide relative reduction of the eddy
current density in the material up to 30%. The possibility to detect a discontinuity (sensitivity)
depending on the tested object and the probe and operating characteristics (setting) used
determine the effective depth of penetration for the inspection carried out.

2.2. Sensitivity to discontinuities (density of eddy currents)

Sensitivity to defects depends on the eddy current density at the location of the discontinuity.
Although eddy currents penetrate deeper than a standard depth of penetration, they decrease
rapidly with the depth. At two standard penetration depths (20), the eddy current density has
decreased to (1/e)* or 13,5% of surface density. At three depths (38), the eddy current density
is only to 5% of surface density. For thin plates or tube profiles, the current density drops less
than the calculated from equation:

L, =1,.e*/8 )

where I is the absolute change of density of eddy currents at depth x in A/mm?, I — absolute
value of the density of eddy currents induced in the surface of a test material in A/mm?, & —
standard depth of penetration in mm.

In fig. 2, a plot is given for the relative density changes of eddy currents in % from the material

surface depending on the standard depth of penetration 6. The calculations were carried out
according to equation (2) provided that the surface density of eddy currents Ip was assumed to
be one.
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Fig.2 Relative density of eddy currents depending on the standard depth of penetration
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According to the requirement to cover effective depth of penetration for reliable inspection for
discontinuities in a material and results of the plot in fig. 2 the effective depth of penetration
can be determined as equal to about 1.35. The determination of effective depth of penetration
by the graph given in fig. 2 is carried out to the relative changes in the density of eddy currents.
For practical purposes it is possible to use this approximate approach.

In fact, the effective depth determining method sensitivity is established by the absolute value
of the density of eddy currents in A/mm?. With a reduction in the working frequency, f, of a
contact probe of “pancake” type coil, the area of eddy currents induced in the surface of the test
material increases. This results in spreading the same quantity of eddy currents to a bigger area
of the material. Therefore, with decreasing working frequency f, decreases also the absolute
value of eddy currents induced in the surface layer of the material.

3. Test object

The test object is a pipe profile of 2 m length, of dimensions 48x3.2 mm. This pipe profile was
made by company Hus LTD — Lom. The material is ferromagnetic sheet profile of non-alloy
structural steel S235JRH. The pipe profile is produced by automated induction welding with
longitudinal seam. The profile manufactured meets the requirements of EN 10219-1.

Several artificial discontinuities, through hole type and notch type, have been fabricated in the
pipe profile. The through hole is made using a drill of 2.2 mm diameter. The surface notches
are made using small milling machine of 0.4 mm thickness. Photograph of the fabrication of
surface notch is given in fig. 3.

Fig. 3 Fabrication of surface notch type discontinuity using small milling machine

Five artificial discontinuities are fabricated of the following features:
— through hole type of diameter 2.2 mm (fig.4a);
— surface notch type (longitudinal) of length 180 mm, width 0.7 mm and depth 0.5 mm
(fig.4b);
— surface notch type (transverse) of length 35 mm, width 0.7 mm and depth 0.5 mm
(fig.4c on the left of the photograph);
— surface notch type (transverse) of length 27 mm, width 0.5 mm and depth 0.3 mm
(fig.4c on the right of the photograph);
— surface notch type (transverse) of length 35 mm, width 0.7 mm and depth 0.5 mm
(fig.4d).
Dimensions of the fabricated discontinuities were measured by a technical measuring tool
calliper of = 0.1 mm uncertainty.

Parts of test object with the discontinuities fabricated are shown in fig. 4.
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Fig. 4. Parts of test object with the discontinuities fabricated in it.

4. Testing equipment

Eddy current unit OMNISCAN MX with ECA module to operate flexible eddy current array
probe of model FBB-051-500-032 (reflection mode of operation) for testing pipes.

Eddy current unit is operated by built-in software. The test instrument is able to display
collected data in three types of imaging: complex impedance plane, time from amplitude on X
and Y u C-scans (view from the top).

The flexible eddy current array probe has 32 coils and 48 mm length. The coils are of “pancake”
type and of 3 mm diameter. They are arranged in two rows linearly with shift between rows.
The frequency range of the array probe is 80 KHz + 3125 KHz. There is an encoder attached to
the probe to localize the probe during testing. In absolute mode, the probe operates as follows:
one coil generates eddy current, and two neighbour coils register it (reflection mode). Probe
operation mechanism is given in fig.5.

flaw

b) operation of one active group of three
a) coil operation sequence coils in reflection mode

Fig. 5 Operation mechanism of one active group of three coils for flexible eddy current array probe
FBB-051-500-032 by OLYMPUS (EVIDENT)

Fig. 5a shows diagram of operation sequence of an eddy current array probe FBB-051-500-032
with an active group of three coils. The operation principle of the active group of three coils is

142



given as diagram in fig.5b. The yellow coil generates magnetic field in red, this magnetic field
induces eddy currents in test item indicated by black dashed line, the blue coils register the
deviation of the eddy current induced in the material. In case of interruption of eddy currents,
a deviation in the balanced signal is recorded. The deviation is maximum if the discontinuity
interrupting eddy currents is parallel to the magnetic field and perpendicular to the eddy
currents. For the first time this kind of eddy current array probe is developed and studied by a
team with Vas. S. Cecco at Chalk River Nuclear Laboratories for internal tube inspection of
steam generator tubes of part of Nuclear Power Plant in 1995 [7]. They also propose the mode
of sequential excitation by three active coils, the one inducing eddy currents in material and the
other two registering the eddy currents deviation as given in fig. 5b.

Photograph of a set of accessories for OD pipe eddy current inspection using flexible eddy
current array probe FBB-051-500-032 is shown in fig. 6.

Fig. 6 Set of accessories for OD pipe eddy current inspection using flexible eddy current array probe FBB-
051-500-032

5. Setting up the eddy current system

Before testing, the instrument characteristics are set for acceptance level E4H according to the
requirements of EN ISO 10893-2 [11].

The flexible probe is placed on a plastic contact body suitable for the pipe diameter. It is
attached to the flexible probe by teflon adhesive tape. Position is selected at 50 % horizontally
and at 50 % vertically for the balancing point. The signal phase and amplitude are normalized.
Normalization is carried out for the difference in signal obtained from non-conductive coating
0.1 mm thick applied on tested surface compared to the signal from test surface without non-
conductive coating. Signals of all active groups are normalized (equalized) for phase 90 ° and
amplitude 10 V, with probe working frequency 150 KHz. The setting is carried out by applying
a voltage of 1 V to the coil inducing eddy currents in the test object. The setting is checked by
artificial discontinuity of type through hole of diameter 2.2 mm. Images of the instrument
display showing the setup check performed are given in fig. 7.

The C-scan in fig.7 illustrates the indication of through hole. Its amplitude is set up by vertical

gain until 10 V FSH is reached, as seen from the image in the complex impedance plane on the
left. Amplitude along the vertical peak-to-peak is 13 Vpp.
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Fig. 7. Images of the instrument display showing the setup check performed

6. Testing

The pipe profile is tested using an eddy current probe FBB-051-500-032 operated by software
built in the instrument. The testing is carried out in compliance with the requirements of
standard EN 10219-1 (for determining the test method and acceptance level) and EN ISO
10893-2 (for testing technology). The probe and encoder are reset to a clean section, then
scanning and data collection start. Data are collected and recorded in the instrument. During
scanning the three types of images are displayed on the instrument screen. The collected
information can be analysed at a later stage. The four discontinuities of type surface notch of
different orientation relative to the probe and various position relative to probe contact surface
(from the probe side and from the opposite side of the tested pipe) are tested.

Photograph of performing testing of two transverse notches on the pipe surface is shown in
fig. 8.

Fig. 8 Photograph of performing testing

On the instrument screen of the photograph in fig. 8, one can see the indications of both surface
notches.
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7. Results

The information collected during the scan is presented on the instrument screen in the three
types of images. In fig. 9, a photograph is shown of the images of the information collected
during scanning of the pipe in the section with notches.
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c) indication of surface (longitudinal) notch given in d) display image of scanning bottom surface
fig. 4b, with low-pass median filter with 50 points. (transverse) notch from the opposite side to the

probe contact, given in fig. 4d.

Fig. 9. Results of testings carried out on the eddy current instrument screen

On the right of fig. 9, a C-scan is shown of the tests performed on the notched section. Along
X-axis of C-scan the light blue colour indicates the position of the probe along the tube axis
recorded by the encoder. Along Y axis, the light green colour indicates the position of the probe
coils along the pipe circumference from 0 mm to 48 mm. Indications of discontinuities in the
C-scan are presented in a colour code from 0 V to 6 V, with colours ranging from grey for 0 V
to red-pink for 6 V. The amplitude in the complex impedance plane is determined as maximum
value by the balancing point in V or as maximum value peak-to-peak of the received signal in
Vpp.

On the left of fig. 9, images of the complex impedance plane are given at the top, and below
are images of the amplitude along Y-axis in the complex impedance plane from the distance
marked by the cursor on the C-scan display.
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8. Analysis of results

The C-scan of fig. 9, clearly shows an indication of the presence of a discontinuity in the tested
section of the pipe for all discontinuities except for the one made on the inner surface of the
pipe. The indications marked by the cursor are linear. The dimensions reported on the images
of the instrument screen are given in table 1, and the characteristics of the received (collected)
signals are given in table 2. The depth size is not determined by the image on the instrument
screen. The depth can be determined indirectly by comparing the amplitude of the signal from
the discontinuity with the amplitude of a signal from a reference discontinuity of known depth.

Table 1. Dimensions of indication and discontinuities in mm.

Photo of discontinuity | Dimensions of discontinuity, | Dimensions of indication
mm from the instrument display,
mm
Length, | Width, | Depth, | Length, | Width, | Depth,
mm mm mm mm mm mm
Fig.4b 180 0.7 0.5 178 34 -
Fig.4c (on the left) 35 0.7 0.5 34 4 -
Fig. 4c (on the right) 27 0.3 0.5 26 3 -
Fig.4d 35 0.7 0.5 - - -

Table 2. Characteristics of signals from indications received from the discontinuities

Photo of discontinuity | Amplitude, | Amplitude peak-to-peak, | Phase peak-to-peak,
\ Vpp pp

Fig.4b 13.5 11.3 94.5

Fig.4c (on the left) 17.5 15.7 86

Fig. 4c (on the right) 6.8 8.8 86

Fig.4d - - -

The size of discontinuity determined from its indication on the instrument display images, given
in table 1, shows a good coincidence with the indication results measured by a technical tool
calliper.

The results in table 2 for amplitude of signal received from discontinuities of the same size (fig.
4b and fig. 4c on the left of the photograph) show that discontinuities oriented normal to the
scanning direction are registered with a larger amplitude and better reliability compared to those
oriented parallel to the scanning direction. The difference in the signal amplitude of the notch
type discontinuity with the same width and depth and various orientation with respect to the
scanning direction is about 4 V.

The tables show that the discontinuity of 0.5 mm width and 0.3 mm depth is reliably detected.
The bottom discontinuity cannot be detected under the current inspection conditions. It is
required to reduce the operating frequency to about 10-20 KHz and magnetize the material to
saturation during the inspection.

Conclusion
The test technology used reliably detects surface discontinuities imitating lack of fusion of a

width of about 0.5 mm and a depth of 0.3 mm in the ferromagnetic pipe profile tested to
acceptance level E4H according to the requirements of EN ISO 10893-2.
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The sensitivity to the discontinuities detected increases when their length is oriented normal to
the direction of magnetic field created by the coil inducing eddy currents in material part of an
active probe FBB-051-500-032 group in the coil connection mode — reflection 2;

The sensitivity to discontinuities decreases with increasing depth. And for the technology used
in this study with an operating frequency of 150 KHz it is about 0.1 mm and 1 mm with
magnetization to saturation during the test.

In order to increase the depth of inspection for discontinuities in the tested pipe profile to its
thickness of 3.2 mm, it is recommended to use lower frequencies in range of 10 + 20 KHz and
magnetization to saturation during the test.
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Abstract

A set of innovative molding matrices has been prepared, tailored to the specifics of a developed technological
approach for obtaining composite materials based on inorganic binders and foam silicate aggregates. In laboratory
conditions, experimental samples were obtained by using two different functional modes of use of the prepared
mold equipment. The prepared series of test bodies meet the requirements for performing standard mechanical
tests and investigating the thermal conductivity coefficient. The structure of the obtained various modifications of
composite materials and the role of individual technological factors in the formation of the operational
characteristics of the samples were analyzed.
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TexHos0rMYeH peryiaMeHT 3a U3rOTBSIHE HA eKCIIePMMEHTAJTHHN 00pa3iu 3a
MeXaHUYHH M3CJIeIBAaHUS

JIro6en JIAKOB, boxunap XXUBOB, I'eprana MYTAOUUEBA,
I"a6puen I[IEEB, Jlumo MUXANJIOB

YBoa

EsxeHeBHOTO reHepupaHe Ha pa3HOOOpa3HU OTIAbUYHI MaTepualin (OT MPOU3BOJICTBEH
1 OWTOB MPOM3XO0) HEM30EKHO TPEIU3BUKBA PEIUIla OPTaHU3AMOHHN, HHPPACTPYKTYPHH U
exosoruuHu npobiemu [1-4], cBbp3aHM € TIXHOTO €(EKTUBHO CHOWpaHE, PEryJIIpHO
TPaHCHOPTHpaHEe U O€30IIaCHO M ABITOTPAlHO JenoHupaHe. B To3u acmekT 3HauuTenHA
OMACHOCT IPEACTaBIABAT OTHNAABbUHUTE MNPOAYKTH [1,2] mpakTuyecku HepasrpaiuMu B
€CTeCTBEHa cpela 3a MPONBIDKUTEIEH Mepuojd. 3a MpeoJosBaHe Ha HIKOU OT
CBIIECTBYBAIUTE MPOOIEMHU Ipe3 MOCIEAHUTE IECETUIIETUsI ce HabJlo1aBa CUIIHO M3pa3eHa
TEHJIECHIMS 32 Pa3BUTHE HA €KOJOTMYHU TEXHOJIOTHMH 3a I'BJIHOLIEHHO OIOJ30TBOPSIBaHE Ha
OTNAABYHU TPONYKTH B POJSATa Ha MPOU3BOACTBEHH cypoBuHHU [3,5-9]. Paspaborenu ca
e(eKTUBHY MPOMHUIIEHH METO/HU 3a MOJIy4aBaHE Ha Pa3HOOOPA3HU MEHOCTHKIIEHH MPOLYKTH
Yype3 peLUKIUpaHe Ha OTMAIbUHU CTHKIOBUIHHM MaTepHaliu (MPEAUMHO CHIIMKATHO CTBHKIIO)
ype3 MpujlaraHe Ha TEPMHUYHO pa3leHBaHE B MPUCHCTBUETO Ha TIeHOOOpa3yBamy areHTu [10-
14]. I'oxsima yacT OT MONYYEHUTE U3JENMSI HaMUpaT NPWIOKEHUE MPEJUMHO 32 TEPMHUYHA
n3osianus Ha crpaau [11,12] u pa3nudyHu ChOpbKEHUS U UHCTAIAIUH.

B naGoparopuu ycnoBusi ca pa3paOOTeHH pa3iuyHH MOIUGHUKAIMM HAa WHOBATUBEH
He3alajluM, HEropuM, BOJOYCTOMUYUB, IBJITOTPACH KOMIIO3UTEH MaTrepuaau Ha 0Oa3ara Ha

148


mailto:b_jiv@abv.bg

TPaHyJIUPAHO MEHOCTHKIIO ChC 3aTBOPEHA KIETHhUHA CTPYKTYPa M HEOPTaHUYHH XUPABITUIHH
cebpp3Bamu Bemecta (Portlandcement) [15-18]. TlomydeHHUSIT KOMITO3UT ChYeTaBa OCHOBHUTE
XapaKTePUCTUKU HA OTJICTHUTE KOMIIOHEHTH W € MOTEHIIMAIHO MPUJIOKUM 3a M3TOTBSHE Ha
pPa3IUYHU TOIUJIO- M 3BYKOM3OJAIMOHHU H3AeNus (IUIOCKOCTH, IUIOYM, MaHETH, OJIOKOBE,
npodwIM 1 IpyTH).

[Topagu chblecTBYBallUTE B CHBPEMEHHOTO CTPOMTEICTBO HOPMH 3a €HEpruiiHa
e(PeKTUBHOCT M 0€30MacHOCT MPU BH3HUKHAIIM TIOXKapH CHIIECTBEH WHTEPEC NPECTaBIsIBA
ynoTtpebaTa Ha CTPOUTEITHU MaTepUaji ¢ aJICKBaTHHU €KCIUIOATaIlMOHHM Tokazatenu [19,20].
B To3u acmekT kato 00OCHOBaH METOMOJIOTHYEH TMOIXOJ C€ pasriiekIa MO-HATATHIIHOTO
Moaudunupane [21] Ha pa3paboTeHUsT KOMIIO3UT, ChOOPA3HO AKTYATHUTE W3UCKBAHHUS KbM
MaTepUaInTe MPUIOKUMH 32 M30JIAIUs Ha 30HUTE OKOJIO BPATH M MPO30PIU U CTPOUTEITHO-
TEXHUUYECKUTE TMpaBuUja W HOPMH 3a OCHIypsBaHE€ Ha O€30IacHOCT Mpu Moxap. 3a
KOMIUIEKCHOTO Pa3BUTHE Ha MPOJYKTa ca aHAIM3HPAHU PEIHIla eKCIIEPUMEHTAITHU JTaHHU OT
pas3nuuHu u3caeaoBaresicku oomactu [22-33]. OCHOBEH eTall OT IJIaHUPaHaTa U3ClIeI0OBATEIKa
JNEHHOCT TpencTaBisBa MPOBEKIAHETO HAa MEXaHWYHM W3MUTBAHUS U ONpecisHe Ha
Koe(uIreHTa Ha TOIIOMPOBOAHOCT HAa CEpHUsl EKCIEPUMEHTATHH KOMITO3UTHH 00pa3iu (c
pa3IuYHA CTPYKTYpA), MOTYYCHH OT He3amalMMU M HETOPUMU CHIIMKATHU MaTepUaI.

B xoma Ha wu3BbpLICHUTE 1a0OpAaTOPHU M3CIEABAHUS BBH3HUKHA HEOOXOAMMOCT OT
ynorpeba Ha popMOBa EKUMHPOBKA, HAITBITHO ChOOpa3eHa ChC crienudukaTa Ha pa3padoTeHuUs
TEXHOJOTMYEH TMOJXOJ 3a M3TOTBSHE HAa KOMIO3UTHU 0Opa3iu. ChLIECTBYBALIUTE OTIUBHU
dbopMu (MeTaHH, TIACTMACOBH) 32 U3TOTBSHE HA CTAHAAPTHU MPOOHU Telna, MpeAsiaraHd OT
JTUCTPUOYTOpPHUTE Ha JIabOpaTopHO 0OOpYZBaHE, ca OKa3axa HEIOCTAaThUYHO TOIXOMSINN 3a
U3TOTBSIHE HA E€KCIEPUMEHTAIHA 00paslid OT HIKOW OT MOAU(DUKAIMHTE HAa KOMITO3UTHHS
MaTepua.

OcHoBHa IieN Ha HACTOsAIMIAaTa MMyONUKAlUMs € NPEACTaBIHETO Ha TEXHUYECKUTE
XapaKTePUCTUKU U (PYHKIIMOHAIHOTO MPUIIOKEHUE Ha TPOEKTUPAHU U MU3TOTBEHN MHOBATUBHU
MaTpPUIIA, MAaKCHUMAaJHO aJalTHPaHW KbM TEXHOJOTHYHHUTE HW3MCKBAHHUS Ha pa3paboTkara.
Pasrnenanu ca Bb3MOXHOCTHTE 32 OpPMOBaHE HA CepUsi KOMO3UTHHU MPOOHU Tela (C pa3inyHa
CTPYKTYypa), HeOOXOIMMU 32 MPOBEXKIAHE HA CTAHAAPTHH U3MHUTAHUS B IA0OPATOPHU YCIOBUSI.

EKCHepI/IMeHTaHHa METOAHUKA

Pasmepute Ha MOArOTBEHHUTE OTJIMBHU (OPMHU ca CHOOPA3EHH CHC CHIIECTBYBALIUTE
CTaHJApTH 3a NPOBEXKIaHE HA HEOOXOMUMHTE M3MHUTAHUS U TPEISIBEHUTE H3UCKBAHUS OT
pPa3IUYHU aKpeIUTHPAHU JIaOOpaTOPUH, CTICHUATU3UPAHU 3a M3CIIEJIBAHE HA CTPOUTEITHHUTE
matepuaiu. M3rotTBeHu ca 1abopaTopHu MaTpHLd 3a GopMoBaHe Ha IPOOHU Tesa MpeABUICHH
3a MPOBEXKJaHe Ha OCHOBHU CTaHJIAPTHU MEXaHUYHU U3MUTAHUS:

- U3MUTBAHE HA SIKOCT HAa HATUCK Ha MpOOHM Tena (Kybuera) ¢ pasMepH (¢ AbDKMHA Ha
pp6a) 100/100/100 mm, BJIC EN 12390-3:2019;

- ompezensHe SKOCT Ha OI'bH NPH Or'bBaHe Ha NMPOOHHU Tena (MPU3MH) C pa3sMepH
100/100/400 mm, BZAC EN 12390-5:2019.

ChI1eBpeMEHHO € IPOEeKTHpaHa W U3rOTBEHa MaTpula 3a (popMoBaHe Ha MPOOHU Teia
(rutoua) ¢ pasmepu 250/250/50 mm, TpUIIOKUMH 32 OTIPEACIISTHE Ha JIA0OPAaTOPHHU yCIIOBUS HA
KoeduimeHTa Ha TortonpoBoaHOCT (chriacHo B/IC EN 12667) Ha n3cienBaHUTE KOMITO3UTHU
obpastu.

dopmoBaTa EKUITMPOBKA 32 PA3TUYHUTE BUJIOBE 00pa3IH BKIIIOYBA U3Pa0OTKA HA MOJIEIN
U TUIICOB KaJIbIl ChC CUJIMKOHOBA BIOKKa. OTiMBHHUTE OPMHU MOrar Ja ce pasleisT Ha 2
THIICOBH YEPYNKH ChC CHJIMKOHOBU BJIOKKH M 2 B3aMMHO3aMEHSIEMHU THMIICOBH Kallaka ChC
CHUJIMKOHOBH BIIOKKH (¢ur. 1). Besika Bojkka B 1BaTa cH Kpasi 3aBbpIIBa ¢ 00Terayu, KOUTO 5
(uKCHpaT KbM TUIICOBATA YacT M HE MO3BOJISABAT Ja ce JeopMupa B MPoLechT Ha (popMoBaHe.
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CHUITUKOHOBHTE BJIOXKKH OT THIICOBUTE YEPYNKH O(OPMAT CTPAHUTE HA EKCIIEPUMEHTAITHUS
oOpasell, JOKaTO Ta3M Ha Karaka oOpa3yBa JloJiHaTa yacT Ha m3aenueto (¢ur. 1 a). JIpHara ¢
MPHUIICKAIIUTE BIOKKH CE pa3lINYaBar 1Mo TOBA, Y€ B €AMHUS KOMILUIEKT € 3aJI0KSH OTICK Al
MexaHu3bM. [IbpBHAT Kamak MpeAcTaBisiBa IIBTHU OCHOBA W BIOXKa (dur. 1 6), mokaro
BTOpUS UMa OTJIMBEH OTBOP ChC 3aJI0KEHO B CHIIMKOHOBATA BIIOXKKa cuTo (¢ur. 1 B). Brpageno
€ aHTHUKOPO3MOHHO CUTO C pa3Mmep Ha orBopuTe OT 10 mm, mo-MamxbK OT H3MOI3BAaHUS
3bPHOMETPUYCH ChCTAB HA TPAHYIINTE.

[Ipy u3roTBsiHE Ha OTIEIHHUTE CEPUU KOMIIO3UTHU MPOOHU Tela ca M3IMOJI3BaHU
HEOOXOJUMUTE CypOBUHU, PEAKTUBH, TEXHOJOTUYHU NO0ABKU M 1aOOPaTOpHO 0OOpy/IBaHE:
nperu3Ha BesHa “KERN” PCB 200-2, crangaptaa Be3Ha no 10 kg, mopiienaHoBa TOMKOBa
MenHuIa ¢ paboren obem 50 L (ckopocT Ha BbpTeHEe OKoyio 260 rev/min), axaToB XaBaH,
KOMIUIEKT CTaHJApTHU CHTa, NepdopupaHa mmmaTyia, jJabopaTopHa cymwiHs “Astel”,
IpaHyJIupaIlo CbOPBKEHUE, Iporpamupyema MydenHa Te1 “LM-312.117
(VebElectrobadFrankenhausen), mnporpamupyema maboparopra memny Tun ,Mmuma“ c
NONIPHKKA HA XOMOTEHHO TEeMIIepaTypHO ToJie W TMojie3eH obeM Ha paboTHaTa 30HA
900x600x250 mm, OTmagbYHO CHIMKATHO CTBHKIJIO, MeHooOpasymaml areHT(C3HgOs; wnmm
CaCO:s), HatpueBo ,,BoaHO cThKI0™, moptiaana mumMenT (CEM 142.5 N, 6s1 CEM I 52.5 N unu
CEM I 52.5 R) u ap. KaTo AOMbIHUTETHN KOMIIOHEHTH B PA3JIMYHU MPOMOPIIUHU MPH YaCT OT
EKCIEpUMEHTATHUTE CEPUM Ca BBBEACHU €KCHNaHAupaH mepiaut (ppakuus no 3 mm),
aKTHBHUPAH 3€0JIUT (KIMHONTUIIONUT, ¢pakuus moa 63 um), apmuparau Gudpu u ap.

2
18,00
mm

AL

100,00 mm
138,00 mm

200,00 mm

@ o E
7 Tl
()] S Fy (]

la

500.00 mm
-

-
3200 18,00 9,00

mm mm 400,00 mm mm
- P LA Ly

@ & TR ee——— all

(&)

100,00 mm

140,00 mm

40,00 mm

16

150



:I

n)

=h)
™
(&)

418,00 mm

438,00 mm
IB

@ur. 1. OTauBHa ¢popma 3a 13paGoTKa HA KOMIIO3UTEH 00pa3ell 32 M3MUTBAHE SKOCT HA ON'BH NPH
OrbBaHe ChC CJIeJHUTEe KOMNOHeHTH: 1 — hopmMooOpa3yBalo NPOCTPAHCTBO, 2 — CTPAHUYHA CHIHKOHOBA
BJOKKA, 3 — TbHHA CWJIMKOHOBA BJIOKKA, 4 — THNCOBA YepyIKa, 5 — THICOB KaNak, 6 —BrpajieHo B
CHJINKOHOBATA BJIOJKKA CUTO, 7 — CHWIIMKOHOBH 00Terauu. dur.1 a—u3rien orrope. @ur. 1 6 — pa3pes ¢
IUIbTeH Kanak. @ur. 1 B — pa3pe3 ¢ OTJIMBEH Kanak.

Pe3yaratu u fucKycus

3a U3TOTBSIHE HA CepHsI eKCIIEPUMEHTAIHN 00pa3Iy ca U3MOA3BaHU PA3IUYHU (PpaKiuu
MEHOCUJIMKATHU TPaHyJIU C KJIEThUHA CTPYKTYpa, MOJyUYEeHU MPH TEPMUYHO pa3lieHBaHe (10
900°C) Ha mBbpBUYEH T'paHyIaT, U3TOTBEH OT MPaxoo0pa3HO OTHNAABYHO CTHKJIO, pa3leHBAIll
are"T (C3HgOs3 mmm CaCO3) u muitactudukarop.

[lomyuenn ca cepur TpPOOHU Tena C KOMIIO3MTHA CTPYKTypa upe3 MpujlaraHe Ha
nabopaTopHa METOAMKa MPEeBUKIalla HIKOJIKO OCHOBHHM TE€XHOJIOTMYHU €Tallu: MOJArOTOBKa
Ha IMMEHTOBU Pa3TBOPH (C pa3IMyuHO BOJOIMMEHTHO oTHomeHue B/L] -w/c ratio), BbBeK1aHe
Ha NIEHOTPAHYJIH U TOMbIHUTEHN KOMIOHEHTH (TIPU HAKOU CEPUH ChCTaBHU), XOMOTEHU3AUS
Ha CMeCTa, HAJIMBaHEe Ha MoJy4YeHaTa Maca B KOQpaKHUTE MaTPUIIH, BUOpallnoHHA 00paboTKa
(Tpu HIKOM CEpUU ChCTaBH), TEXHOJIOTUYEH mpecToi (10 48 h), nekodpupane Ha 3aTOTOBKUTE
oT KoppaxHuTe POopMHU, AOMBIHUTETHA T000paOOTKa TPH HEOOXOIUMOCT | T.H.

WzrorBeHusT Habop J1abOpaTOpHU MATPUIM MO3BOJSABA (DOPMOBAHETO HA CTaHIAPTHU
pOOHM TeJia uype3 MpujlaraHe Ha J1Ba Pa3IMuyHU TEXHOJIOTUYHH PEXHUMa Ha IPUIIOKEHUE.

IIvpeu mexnonozuuen nooxoo

OcHoBHa crienn@uKa Ha TO3M TEXHOJIIOTUYEH MOIX0 ] MPECTaB/IsgBa OTCTPAHIABAHETO HA
4acT OT IIMMEHTOBUS pPa3TBOp 4Ype3 YACTUYHO WIH IIBIHO CBOOOJAHO OTTHYAaHE IIpe3
pelieTpYHaTa OCHOBA Ha MaTpuIuTe. ToBa ocUrypsBa epeKTUBEH TEXHOJOTUYEH KOHTPOJI Ha
KOJIMYECTBOTO Ha Te€YHATa ¢aza B CHCTeMara U 00eMHATa TUTbTHOCT HA KPAaWHUTE MPOAYKTH.
Karo chiiecTBEHO TEXHOJOTMYHO HW3HCKBAHE CE€ pasriexkia MBIHOTO OMOKpSHE Ha
MEHOCUJIMKATHUTE arperatd B MOATOTBEHHs IIMMEHTOB pPa3TBOpP, KOETO OJIarompusTCTBa
3aTBApSHETO Ha ChIIECTBYBAllM TOBBPXHOCTHM TOPH M TapaHTHpa HAJIWYUETO Ha
MOBBPXHOCTEH CJIOH OT CBBP3BAIIO BEIIECTBO B 30HUTE HA HEMOCPEJICTBEH KOHTAKT Ha
MPUJICKAIY TPpaHyIu npu (opmMoBaHe Ha oOpa3iuTe.

M3no3BaHeTo Ha BOJAOUMMEHTHO oTHOIeHue B/I] (w/c ratio) ¢hc CTOMHOCTH OT OKOJIO
0.6 mo 0.8) mo3BOJsIBa peanu3upaHe Ha TEXHOJOTUYHUTE BBH3MOXKHOCTH HA METOIMKATa U
U3TOTBSIHE HA MPOAYKTU C OTHOCUTENHO HHCKa Maca. OCHOBHA CTPYKTypHa crenuduka Ha
MOJly4eHUTE O00pa3lM MpeJCTaBiIsiBa HAJTUYMETO HAa AUPEKTEH KOHTAKT MEXAY OTICIHUTE
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MEHOCUJIMKATHU arperatd u (GpopMupaHe Ha KyXUHH MEXKIY 30HUTE Ha CHIIPUKOCHOBEHHE Ha
rpaHyJuTe, 0cOOEHO MPH OTTUYAHE Ha roJisiMa YacT OT IIMMEHTOBHUS Pa3TBOpP. ChHIIIEBPEMEHHO
HOpaJiy MOHMKEHOTO ChIbPKAHKUE HAa CBBP3BAIIO0 BEIIECTBO MOTYYEHUTE MaTepHali B rojsiMa
YacT OT CIyYauTe CE XapaKTepU3UPaT C MO-HUCKH SKOCTHH ToKa3arean. To3n epeKT 4aCTUIHO
MOXe Ja ObJe HaMaleH 4Ype3 ymnoTpeba Ha IUMEHTH C BHCOKHM  SKOCTHHU
xapakrepuctuku(Hanpumep CEM 1 52.5 R), BBBekmaHe Ha pa3iWyHM TUIACTUQHUITUpAIIN
TEXHOJOTUYHU JOOaBKH, MOIU(DUKATOPH U JPYTH.

[Ipu HsIKOM OT pa3pabOTEHUTE KOMIIO3UTHU MOIU(DHUKAIIMY TIOJyYSHH Ype3 yroTpebdara
NPEIMMHO HAa OTHOCHTEIHO epu (pakluyu MEHOCWIMKATHU rpanynu (¢ur. 2) ce HabmroaaBa
HaJU4KMe Ha Pa3u4yHU MO 00eM YaCTUYHO CBBP3aHHM CBOOOJHH MPOCTPAHCTBA, (popMupaHuU
MEXy 30HUTE Ha KOHTaKT Ha ChCEIHU arperatu B obema Ha obOpasmure. [lopanu ToBa npu
U3TOTBSHE HA KPalHUTE IPOAYKTH Ce TPEIBIIKIa UMIIPETHUPAHE Ha 00pa3IUTE C pPa3TBOPH Ha
HEOPraHWYHU CBBHP3BAIIM BEIIECTBA, HACUTCHH C HETOPUMHU TOIUIOM30JIAIIMOHHH ITHIHUTEIN
(bpakumst 10 HIKOJIKO MM) W/WIA JONBIHUTEIHO HAHACSAHE Ha TIOBBPXHOCTHH
MOKapOyCTOWYNBY (PYHKIIMOHATHH TOKpUTHUs. V3non3BaHeTo Ha ABE (ppakiuu rpaHyIupaHo
NIEHOCTHKIIO C ONITUMAIIHO CHOTHOIICHUE HA PAIMyCUTE HA TPaHYJHUTE, MTO3BOJISIBA H3TOTBSIHE
Ha 00pa3lM C OTHOCHUTEIHO KOMIAaKTHA CTPYKTypa, MPU KOSATO IO-MAJKHTE arperatu B
3HAUUTEITHA CTETNEH 3aeMaT CBOOOHHUTE MPOCTPAHCTBA, 00pa3yBaHu OT MO-eApara (ppakifusi.

@ur. 2. CTpyKTypa Ha eKciepuMeHTaJleH o0pasen (pparMeHT), mojy4yeH 4pe3 npuiaraHe Ha YaCTHYHO
cBO0O/IHO OTTHYAHE HA Te4yHATa ¢a3a.

3a pa3IMyYHU KaTErOpuy NPOAYKTH 3a KOUTO HE ChLIECTBYBAT CIEIMATHU U3UCKBAHMSI 3a
BUCOKM SIKOCTHM I[IOKa3aTeld, a I[IbpBOCTENIEHHAa (YHKIMOHATHA XapaKTepUCTHKA
IPEJICTaB/IsiBA HAJIMYUMETO Ha OINpEAENeH KOMIUIEKC OT €KCIUIOATAallMOHHU I10Ka3aTelu
(IBATOTpalfHOCT, TOIUIOM30JIALIMOHHM CBOWMCTBA, OTHOCHUTEIHO HHUCKa Maca W [p.)
pa3paboTeHUSAT Marepuaid TO3BOJsIBA M3TOTBIHETO Ha Pa3HOOOpa3sHM MOAU(DUKALUU
aJlanTHPaHu KbM KOHKPETHO MPHUIIOKEHHE.

Bmopu mexnonozuuen nooxoo

M3roTBSHETO Ha EKCIEPUMEHTAIHN 00pa3iy 0e3 AOMBIHUTEITHO OTICNSHE Ha 4acT OT
IIUMEHTOBHSI Pa3TBOP CE OCHILECTBSIBA YPEe3 U3IMOJI3BAHE HA Karak (MO3UIMOHUPAH B OCHOBATa
Ha (popmara), BB3MpensITCTBAIl CBOOOAHOTO OTTHYAHE. M3roTBeHUTE 00pa3iy MpeacTaBiIsiBaT
KOMITO3UTHH MaTepUaIH, OJyyeH Ha 0a3aTa Ha MOPTIIAH/ IIMMEHT U TPaHyJIMPAHO IEHOCTHKIIO
(B pomsiTa Ha HECTaHJAAPTEH JIEK A00aBbUEH MaTepuall) U MOTAT Ja C€ Pa3MIekKIAT KaTo
JITepHATHBA Ha HAKOM TUIIOBE KJIACHYECKH TOIUIOM301auuoHHU Jieku Oeronu (lightweight
concrete), MOJIy4eHH C Y4acTUETO Ha TPAIUIIMOHHU MTOPECTH MBIHUTENHU. [Ipn chrocTaBka Ha
BBH3MOKHOCTUTE Ha ITbPBHS JIAOOPATOPEH MOIXO0/ MPHIIOKEHUAT BTOPH TEXHOJIOTMYEH METOJ
MO3BOJISIBA TIOJYYaBaHETO HAa OTHOCHUTETHO MAacHMBHH MaTepHaadl C MOBHUIICHH MEXaHWYHH
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MoKa3aTel, HO C TO-BHCOKa OOeMHa IUTBTHOCT W TMO-BUCOKa Maca. [lpu aHammza Ha
MOJITOTBEHUTE JIA0OPATOPHU pa3pe3d Ha H3TOTBCHHUTE MPOOHH Tejla ca KOHCTaTUPaHU
MpeIuMHO 000c00EHU 30HH C KOHIIEHTPAIHUS Ha MEHCTHKICHH Tpanyiu (¢wur. 3), 6e3 AupeKTeH
KOHTAKT MEXIy OTHeNHUTEe arperar. ChIIEBPEeMEHHO NPU HIKOU OT EKCICPUMEHTATHHUTE
oOpasiue perucTpupaHOHATNYMETO Ha OTACIHU JOKATHU 001acTu, popMHUpaHU IPETUMHO OT
nuMeHToBa ¢asza. [Ipym H3roTBsIHE HA pa3UYHU CEpUU TPOOHW Tela uYpe3 HACTOSIIHS
TEXHOJOTHYEH TOJIX0/] € U3IOI3BaHO BOJAOLIMMEHTHO oTHOIeHue B/ (w/c ratio) B uHTepBaa
ot 0.4 10 0.5.

a

@ur. 3. U3rorBenu paspe3u (pparMeHTH) HA PA3JIMYHU eKCIIEPUMEHTAIHH KOMIIO3UTHH 00pa3uy,
noJiyueHu 0e3 cBOOOIHO OTTHYAHE HA IIUMEHTOBHS Pa3TBOP.

OCHOBHU TE€XHOJIOTUYHU HACOKH 32 MTOJTyyaBaHe Ha 00pa3Iy ¢ OTHOCUTEIHO pPaBHOMEpHA
CTPYKTypa MpeACTaBsBaT MPHJIAraHeTo Ha MO-MHTEH3MBHA XOMOTEHH3allus Ha HM3XOJHATa
CMEC, WU3MOJ3BaHE HA CHCTaBU C MOAXOASANIM MPOMOPLUHH MEXAYy KOJIUYECTBOTO Ha
LMMEHTOBAaTa Maca M rpaHyJIMpaHOTO MEHOCTHKIIO, yoTpedaTa Ha (hpaKkUUU MEHOTPaHYIH C
ONTUMAIHO CHOTHOILIEHUE HA PAINYCUTE arperaTuTe.

H3Boau

M3rotBen € HabOp OT MHOBATHMBHU OTJIMBHU (GopMu (3a (popMoBaHE HA CTaHAAPTHU
npoOHU Tena), ChOOpa3eHU ¢ pa3paboTeHa TEXHOJOTHsS 3a IOJIydaBaHE Ha KOMIIO3UTHHU
MaTepualii Ha 0a3aTa Ha TPaHyJIMPAHO NMEHOCTHKIO M HEOPTaHWYHHU XHIPABIMYHU CBApBaIIH
BeriecTBa. DyHKIMOHAIHATA yIOTpeOa HAa MATPHUITUTE MPEIBIIKIA BE3MOXKHOCT 32 IMpUilaraHe
Ha JIBa Pa3IMYHH TEXHOJIOTUYHU MOJXOMA: 4Ype3 OTCTpaHsBaHE (YaCTUYHO WM IBITHO) Ha
cBOoOOHATA TeyHA (pa3a Ype3 OTTHYAHE WU 0e3 JOMBJIHUTETHO OTACISIHE Ha M3MOJI3BaHUA
LIUMEHTOB Pa3TBOP.

[Honmyuyenure mpoOHU Tena ca MPUIOKUMHU 32 MPOBEXKIAHE HA CTAHIAPTHU JTaOOPaTOPHU
M3MUTBAHMS 32 SKOCT HAa HATHCK, ONPEEIIsTHE SIKOCT Ha OIIbH NPU OI'bBaHE W M3CIICABAHE HA
KOoe(UIMEeHTa Ha TOIUIONPOBOIHOCT.

W3BbpieHn ca chIOCTaBKa M aHATN3 Ha CTPYKTypaTa ¥ OCHOBHUTE XapaKTEPHCTUKU Ha
MOJTly4YeHUTE 00pa3liy Ype3 JBara JIAOOpaTOPHH IMOAXOJa U TEXHOJOTMYHHTE BB3MOXKHH 3a
W3TOTBSIHE Ha Pa3HOOOpa3HU KOMIO3UTHH MOJU(PUKAIKMK, ChOOpa3eHW KOHKPETHU
(YHKIIMOHATHU U3UCKBAHMUS.

CrhIIeBpeMEHHO TpeCTaBeHaTa MHOBAaTHBHA (POpMOBAa EKHIMPOBKA € MPHUIIOKHMA 3a
M3TOTBSTHE HA EKCIIEPUMEHTAITHU 00pa3Iy OT IPYTH MaTepPHai Ype3 KOHTPOIUPAHO YACTUIHO
OTCTpaHsiBaHE Ha Te4yHaTa ¢asza (upe3 oTTHYaHe) wid 3a ¢GopmoBaHe Ha oOpasum 0e3
TEXHOJOTMYHA HE0OXOoIuMOCT OT abcopOupane OT (OPMOBBUHHUTE KabIM HA YaCT OT
BOJIOCHIBPIKAaHUETO HA OTIIMBHUTE MACH.
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Abstract

In this paper is presented experimental and analytical methods of aging assessment of the subsea gas pipelines.
The approach used is based on the fitness in service technology with non-destructive testing. Applying the
calculations, the operators of the subsea assets can evaluate the technical condition of old subsea pipelines and
structures. Assessing the anticorrosion system by special underwater devices, measures can be taken for the
extending the protection time and evaluating the current condition of the protection system. In addition to that by
using mathematical equation, can be received data for the current tensile strength and steel plasticity, and how
long the assets can be used and with what physical parameters, as a pressure, temperature or dynamic loads.

Keywords: Aging assessment of the subsea gas pipeline, current condition assessment

OleHKAa HA eKCIJIOATAIIMOHHATA HAMEKTHOCT HA MOABOIHH MOPCKH
ra3onpoBoax

Husa HUKOJIOB

1. YBoa

Bce mo-uecto Ha AHEBEH pen Mpen MOJ3BATEIUTE HA TPHOOIPOBOJHH CHCTEMHU,
IIOJIOKCHHU Ha MOpCKOTO ABbHO, CC ITOCTaBsA B’prOC’bT 3a TEXHHUA OCTATBUCH CKCIIJIOATAIITMOHCH
pecypc. [Ipensua dakra, ye moBeueTo oT TpHOOIIpoBoAUTE B CEBEpHO MOPE ca TOJIOKEHU MPe3
80te romnHu Ha XX BEK, MHOI'O OT TSAX JOpPH HE OTTOBapsAT Ha ChbBPEMEHHUTE MOJEPHHU
M3UCKBaHMUSA 3a Oe3omacHocT. HeoOxomumo e pa3paboTBaHeTo Ha (PU3WYECKH METOIM 3a
Oe3pa3pyIIUTeNeH KOHTPOJI 10 BpeMe Ha eKCIUloaranus, KakTo M pa3paboTka Ha
MaTeMaTH4YeCcKH MeToau 3a orneHka. Hamx 90% ot mogBogHuTEe TpHOOTPOBOAM Ca HA BH3PaACT
Hax 20 TOOUHH.

[To BpeMe Ha excIToaTaIMsATa U IIPU CTPUKTHO CJIC/IBAHE HA TIIaH 32 MOHUTOPUHT, MHOT'O
OT TIapaMeTPUTE, 3aJI0KEHU TMPEIBAPUTEITHO B MPOCKTA, MOTAT Ja ObJAT 3aMEHEHH C PeaTHU
JAHHU ¥ TPOEKTO-)KMBOTHT Aa OBJE Mpeu3uucieH. TakvBa JaHHM Ouxa MOTJM Aa Obaar
CTCIICHTA Ha z[erpaz[aunﬂ Ha ImacruBHATa aHTI/IKOpOSI/IOHHa 3almura, 3aTCXKHUTCIHNU HOKpI/ITI/IH,
AHTUKOPO3WOHHU TOKPUTHUS W JPYrd. EKCIIOATallMOHHMAT pecypc MoOXKe Ja Oble KaKTo
YBCHanBaH, TaKa U HaMaJIsIBaH.

2. OneHka Ha OCTATHYHHUS PeCypc Ha MOJABOJAHHM MOPCKH ra30NnpoBoOAH 10
pe3yJITATH HA CHCTEMATAa 32 NACMBHA AHTUKOPO3HOHHA 3aIIIUTA

[IpoexTupaneTo Ha 3alIMTHATA KaTOJHA CHCTEMa TPsSOBa Jla yJOBIETBOPSIBA CIECIHUTE
J1Ba KpUTEPUS:
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— Cucremara TpsOBa J1a ©Ma BB3MOXKHOCT J]a JTOCTaBsl MaKCHMAaJTHHS M3MCKYEM TOK C
IeJI J1a CE 3allMTaBaT CBBP3BAILUTE HW30METPHUH U TPHOONPOBOABT, KOTaTO M Ja
BB3HUKHE TO3M MaKCUMyM II0 BpeM€ Ha EKCIUIOATAI[MOHHHS CPOK, 32 KOWTO €
NpOEKTHpaHa cUcTeMaTa. ToBa MMEHHO € HW3MCKBAHETO 3a OCHIYpSIBAaHETO Ha
HEOOXOOUMHUS TOK.

— Cucremara TpsOBa &a WMa 3HAYUTENCH oOeM OT Martepuan (mox ¢opmara Ha
KOHCYMaTHB), KOWTO Ja ObZe B ChCTOSHUE Jla OCHTYpsiBA TO3M TOK Ipe3 IEeTHs
MPOEKTO-)XUBOT. TOBa MMEHHO € HM3HMCKyeMara mMaca Ha aHOIWTE, 3alluTaBalld
TpBOOIIPOBOIa M N30METPHHTE 32 CBPBH3KATa My.

Kankynanuure, onpeaessnm ONTUMATHITE pa3MepH, TETJI0, KOJIMYECTBO U PA3CTOSHUS
MEXIYy aHOJHTE, C 11eJ YAOBICTBOPSBaHE HA KATOJHATA 3allUTa HA METAJTHUTE TPHOOTIPOBOIM
U CBHIBTCTBAIMTE TH W30METPHH, B IOBEUETO CIy4YaW CE€ MPaBAT 4Ype3 H3MOJI3BaHE Ha
KOMITIOTBPHHU TporpaMu. ToBa aHOJTHO Opa3MepsiBaHe BCHIIHOCT CE CBEX/a 10 MpecMsATaHe Ha
IUTOIIITA, MacaTa Ha aHOJUTE U PA3CTOSIHUATA MEXKTY THX.

[IponiechT MO mNpoOEKTHpaHE HaA CHUCTEMa 3a EJIEKTPOXMMHYHA 3allUTa aHTraXupa
NPECMATAHETO HAa HEOOXOTUMHST TOK 3a TPH TJIABHU €Tama OT JKUBOTa Ha KOHCTPYKIIHSATA —
HauyaieH, paboreH M KpaeH. Paznuunm Qakropu okasBar BiusHHE 3a (opMupaHe Ha
CTOHHOCTUTE Ha HeoOXoauMus TOK. TemnepaTypa, TypOyIeHTHOCT, CHIIPOTHBIICHUE, HUBO HA
XJIODUHHUTE B pa3TBOpa U AbBJIOOUMHA Ca €IHH OT Hail-ryIaBHUTE (aKTOpHU, KOHTO OKa3BaT
CBIIIECTBEHO BIIMSHUE BHPXY U3UCKYEMHUS TOK 32 MOJISIPU3ALUATA M HETOBOTO MOTbPKAHE TIpe3
eNIUsl IPOCKTEH KUBOT Ha KOHCTPYKIMHUTE. BIUsHUETO Ha Te3U BaXXHU (PAKTOpU ce U3SICHIBA
ype3 KaJIKyJIauu, Tabauu, rpaguku u ApyTH.

15/09/18 , J
Ak IEEPWATER ﬁmw,‘ﬂy

\

BeronHo
JlokpUTNE
Petbxy

TpBbuTe

a5,

7 e

®urypa 1. PakTyecKo CHCTOSIHME HA AHO/I 3allIUTABALI TPHOONPOBOJ cJied 17 roguHM eKcIioaTaums,
KAaKTO M YpeJ 32 u3MepBaHe HA AHOJHUS MOTEeHHAJI.

H3uckyem mok

3a TpBOOIPOBOAN C AHTUKOPO3UOHHO MTOKpUTHE — Hanpumep enokcuanau, [1E wumu TTI1P,
€ He0OX0IMMO HAl-BUCOKHUTE CTOMHOCTH Ha TOKA JIa CE EMUTHPA Ha Kpasi Ha MPOCKTHHSI KUBOT,
nopajy IpocraTa MpHUYMHA, Y€ KbM Kpas ce IMpearnoyiara MOKPUTHUSTA Ja ca Hai-
KOMIIPOMETUPAHU B CPABHEHUE C HAYAJIOTO HA €KCIIOATAUATA.
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B Ta3u BpB3Ka, 3a 1a ce OCUTYPH aJieKBaTHA 3alllMTa, OCUTYpsBaHA MIPe3 eI TPOEKTO-
KHUBOT, TOKBT, TEHEPUPAH 3a KaTOJHA 3allUTa, Ce N3YMCIABA 110 (popMyiaTa:
KBJAETO:
It [A] — TOKBT, HEOOXOIMM 3a 3alUTa Ha TPHOONPOBOIA HA Kpasi HA IPOCKTHHSI My KUBOT;
Bf— ¢axTop Ha 3aryOu Ha M30JIAIMOHHOTO TOKPUTHE HA KPast HA IPOEKTHUS KUBOT;
J¢ [A/m?] — kpaiiHo 3HaYeHMe HA IUIHTHOCTTA HA TOKA HA TPHOOMPOBOJ 6€3 MOKPUTHE Ha Kpas
Ha NIPOEKTHUS KUBOT;
A [m?] — nomg Ha TpHOOMPOBOIA, KOATO CE 3aIIUTaBA (BHHIIHATA IIOLL).

Tasu o ce u34ucisiBa o Gopmynara:
A=m.D,.L,
KBJETO:
D, [m] — BRHIIHHAT IMaMeThp Ha TpbOaTa;
L, [m] — npmokuHa HA TPHOONIPOBOABT (MIJIM YAaCTTa OT HETO).

Heooxo0umama maca na anoOHus mamepuan.
[[s10TO KOJMYECTBO Ha aHOJHATA Maca, HeOOXOAMMO 3a Jia ce OCHUTYpH KaTojJHaTa
3alUTa Mpe3 LEHs IPOSKTEH KUBOT, C€ M3UUCIISIBA 10 (POpMYJIa, B KOSTO y4acTBa CTOMHOCTTA

Ha ToKa Im, HEOOXOoaMM 3a 11eTust TPHOOITPOBO/I;
B I,.Y.8760

ul
KBJIETO:
[h=A.Bm.Jm;
A [mz] — TUIOINI Ha TPBHOOIIPOBOA, KOATO C€ 3alUuTaBa (BhHITHATA ILJIOI);
Y [roauHu| — IPOEKTEH KUBOT;
u — yrunm3anuones ¢gaxrop u=0,8;
E [Ah/kg] — Temn Ha U3HOCBaHE HA aHOJIHUS MaTEpHaT,
Bm — cTemneH Ha moBpeaa Ha U30JIALIMOHHOTO MMOKPUTHE 110 BpeMe Ha paOOTHUS eTarl;
Jm [A/m?] — mIBTHOCT Ha TOKA Mpe3 pabOTHHMS eTall 3a HEeMOKPHTA C M30/allOHEeH MaTepual
TpBOa;
€ [Ah/kg] — edbextuBHOCT Ha anomuus Marepuar, (Al — 20002500 Ah/kg, Zn — 700+750
Ah/kg).

bpoii na anooume.
3a mHTEpBaa, Mpe3 KOWTO aHOJAUTE CE MOHTHPAT (Sm) IO TPOTEKEHUETO HA Fa30IIPOBOIA,
1s1aTa Opoiika Ha anoaute (N), HeoOXoauMa Ja MOKpUe TPHOOIPOBOIA TIPE3 LETUS MY )KHBOT

ce Hamupa upe3 Gopmyiara:

L
N=2E
Sm

KkbaeTo: Ly [m] — nbikuHaTa Ha TphOONIPOBOIA.
Macata Ha BCEKH aHOJl, MOHTHPAH Ipe3 pa3cTossHue (Sm) € paBHa Ha:
m=—

N
KbJeTO: m [kg] — MacaTa Ha BCEKH OT/EIICH aHOJ.

3a cermenTeH (Bracelet) anon TernoTo ce Hamupa 1o Gopmynara:
s
m=- [((D; + 2t)2 = D;*) — 2gt].1,.d
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KBJIETO:

Di [m] — BbTpenIeH quaMeTbp Ha aHOJIA;

t [m] — mppBOHaYanHa AeOeNMHA HA aHOA;

Ia [m] — apmKMHA Ha aHOAA;

g [m] — pazcrosiHue Mexay cermentute Ha anoaure (half shell gap);
d [kg/m’] — masTHOCT Ha aHOA.

N3X0omHUAT TOK, HEOOXOANM OT BCEKH AHO[ 3a TPETHS €Tall OT NMPOEKTHHS XHUBOT HA
TpBOOIIPOBO/IA, 1af CE M3pa3siBa ¢ hopMyaTa:

. Iy
laf = N
M3pazeno no-ropuoto upe3 3akoHa Ha OM UMa BUa:
. AV
lgf = —
af Raf

KBJIETO:

AV — driving voltage/morenman AV=V,-V;

V, — noreHuuai, HeoOXoIuM 3a 3alluTa Ha TphOopoBoAa (3a Mopcka Boga — 800mV, 3a TuHA
—-900mV);

V. — aHogHus moteHnua (3a Mopcka Boga — 1050mV, 3a tuas — 950mV);

Raf — chIIPOTUBIICHHETO HA BCEKH €IUH aHOJ| B Kpast Ha )KHU3HEHUS IIUKBJI HA CHCTEMATa.

3a cermenten/bracelet anon Rar ce u3passsa ¢ popmyrnara Ha Makkoii, a MIMEHHO:
0,315.¢
Ry =———
Agr

KBJIETO:
Aaf [m?] — aKTHBHATA TIJION] HAa aHOJA HA KPasi Ha MPOEKTO-KUBOTA;
{ — crerduuHO CHIPOTUBIICHUE HA cpefarta (resistivity);

- mopcka 6o0a (=30 Q.cm

- mexa enuna (=60+75 Q.cm

-enuna (=75+110 Q.cm

- nacvk/nremua cauna (=110+150 Q.cm

[Mnomrra Ha cermMeHTeH aHOJ Aaf, H3JIOKEHAa Ha cpelnara, B KOSATO CE€ HaMmHpa
TpbOONPOBOIBT B KPaiiHUA €Tal OT )KMBOTA CH, Ce T0Jy4yaBa ChbIIacHO popMyJiaTa:
Ay = (m.[(D; +2(1 —w).)] — 2.g9).1,

[Ipu 3amecTBaHE B M3UYUCICHUSA, 32 MapaMETPUTE Ha CHCTEMara 3a KaToJHa 3aIlluTa,
JIECHO TIpe3 OMpeAeICHH TePUOIU MOTaT Jla ce CpaBHSABAT HEOOXOJWMHUTE CTOWHOCTH Upe3
HU3MCPBAaHUA. HGO6XO,Z[I/IMI/ITG H3CJICABAaHM Ha MaCUBHATA CIICKTPOXUMUYHA 3allIUTa, CbCTOAIIA
Ce OT KEPTBEHH aHO/IH, C€ ChCTOU B I3MEPBaHe Ha aHOAHUS ITOTCHITUAII, Pa3MEPHUTE Ha aHOTUTE
(mebenuHa U IBIKMHA), KAKTO U BU3YAJICH OTJIe]l HAa N30JIAMOHHOTO TOKPUTHE, BPB3KUTE HA
aHOJWTE C TpHOaTa, 0OIIOTO 3aKOMAaBaHE OT TCYCHUS U JAPYTH.

Ouenka na ocmamvynusa pecypc nHa 14” nooeooen mopcku 2azonpoeoo no pe3yaimamu Ha
cucmemama 3a KamMOOHaA 3aujuma.
dopmyraTa 3a U3YUCIEHUE HAa OCTAThYHUS KUBOT Ha aHOUTE C€ HaMupa 1Mo GpopmysaTa:
M.u.e

t =
T 1.8760
KbAeTO: I [A] — M3MEepEeHUT TOK, FTeHepHpaH OT aHOa B paOOTHO MOJIOKEHHE.
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3. Pe3y.11TaTn OT IMAarHoCTHIHUPAHEC HA TEXHUYECCKOTO CbCTOAHUEC U
HU3MEHCHUEC HA INIACTHYHOCTTA HA CTOMaHaTa.

HamansBanetro Ha MIacTUYHOCTTA Ha METAJIHUTE TPHOU B pPe3yJTaT Ha CTapeeHeTo, T.€.
3aBUCHMOCTTAa HA OCHOBHHTE MEXaHWYHU XapaKTEPUCTUKU (Cs, Or) OT BpEMETO 3a
eKCIIIoaTalusl Ha Ta30IpoBO/Ia, MOXKeE Ja Ce MPEe/ICTaBu BbB BUJ Ha (PYHKIIMS, CTOHHOCTTA Ha
KOSITO ce ompeaens mo Gpopmynara:

— 0,0 +C.t+e.t?
0, Oy tat+b.t?

+ ki +k,

[ocrposiBa ce rpaduka Ha pynkmusara ¥ no Gopmynara ¢ Tounoct 10% BBB BHI € BE
kpusu ¥ u V1, kpaero ¥1=¥+0,1.¥=0,841+0,1.0,841=0,9251 u tpu npasu (durypa 2 u 3):

NEBM Aunarpama 3a OCTaTb4HUA CPOK MO U3MEHEHNE Ha MACTUMHITE XapaKTEPUCTUKN Ha
matepuana MPU P=10 MPa

13
1,2 Wy
11 o1/08=0,9 " w / S=S==
1 \ _/.»--——“" -1
0,9 =% O S S
808 —— O
N
E oz
0,6 0T¢/GB¢
0,5
0,4 ftkp
0,3
0,2 to
0,1
0
2 4 6 8 10 12 14 16 17 18 20 22 24 26 28 30 32 34 36 38 40
Bpeme Ha ekcnnoartauus t (roanHu)
0T/08 =0,9 e oTB/CBD Y e---y1

®urypa 2. [IEBM nuarpama npy u34HcJeHns, Noka3paimy GakTHYeCKOTO cTapeeHe M HaMaJIsiBaHe Ha
IUIACTHYHOCTTA pu npoekTHO MAOP 10 MPa. BugHo e, 4e nIpy Te3u CTOHHOCTH eKCILI0ATAIUOHHUSAT
CPOK II0 OLICHKA HA IUIACTUYHOCTTA € JOCTUTHAT H CJIe[Ba BbTPEIHOTO HAJIITAHE [1a ce MPen34HCJIa 1

HaMaJili.
NEBM Anarpama 3a ocTaTb4HMA CPOK N0 USMEHEeHUe Ha NNacTUYHUTE XapaKTepUCTUKU Ha
matepuana NPU P=7 MPa

1.5

14

13

12 w $h

24 o1/08=0,9 4

Zp
1 /4 S 20

09 L 4
o

0,8
g °®
(0

0,6 o19/0sd

0,5

0,4 tocr=tkp-t$p=20-17=3 roguHun

0,3

0,2 to trp

0,1

0
2 4 6 8 10 12 14 16 17 18 20 22 24 26 28 30 32 34 36 38 40
Bpeme Ha eKcnioaTauua t (roamHu)
o1/o8 =0,9 ots/oBd W w1

®@urypa 3. [IEBM auarpamMa npy u34ucJIeHHs] IPH 3aHUKEHO MAKCHMAJIHO Pa00THO BHTPEIIHO HAJIATaHe
ot 7,0 MPa.
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4. IlMarHOCTHIIUPAHE HA Pe3yJITATUTE HA YIaPHA )KIWJIABOCT CJIe/ICTBHE
cTapeeHeTo.

[TonmxeHunero Ha yapHaTa )XKMJIABOCT HA METAJTHUTE TPHOU B pPe3yJITaT Ha CTApEEHETO,
a MMCHHO 3aBHCHUMOCTTAa Ha YJapHaTa XHWIJIABOCT Oy OT BPEMCTO Ha CKCIUIOATalWsa Ha
ra3omnpoBOaa MOKEC a CC NMPCACTABU BbB BUA:
Yet2+nt+a,,,0<t<5

T = pexp(—(A.t + B.t%)),t =5

[ToctposiBa ce rpaduka Ha PyHKIUATA Oy CHITIACHO PEIICHHETO Ha (opMysa BbB BUJ C
IBE KPHBH On M 01=0x-0,10n (mmu -10% OT o) M Tpu TpaBu oOpasyBaHu OT 0x=60 J/cm?,
Os=0=55,2 J/cm? (hakTHUECKO 3HAYEHHE HA YIapHATA KUIABOCT) U t=ty=17T. (pakTUyeckaTa
BB3PACT Ha Ta30IPOBO/IA)

MEBM aparpama 3a OCTaTb4HMA CPOK M0 U3MEHEHME Ha YAapHaTa KU1aBocT
100
90
80 i

e - 31.5r.
70 s e e E—— 2

60 : S

50 '
i
40 "

" toer=tup-tys=31.5-19.5=12'r.

YpaapHa *unasocT aH-[J/cm2]

20 to

i
10 i

T46=19.5T L

2 4 6 8 10 12 14 16 17 18 20 22 24 26 28 30 32 34 36 38 40

Bpeme Ha ekcrioatauma-t [roamHum]

. QH=65 J/CM2 e i1 h=55,2 J/cm2 OH ==--=aqal

®urypa 4. IEBM naunarpama, nokaspaima rpapuanoro u3odpasxeHue Ha pe3yJTATHTE 32 CTATBYHHSA CPOK
HA eKCILI0ATAIIMS HA MOPCKHUSI Ta30NPOBOJ 110 YAAPHA KMJIABOCT WU 12 roqMHN oLie 10 JOCTHraHe HA
KpaiiHU$ AKUBOT 110 TO3H MapaMeTsp.

5. Pe3yJaraTu OT JeiicTBHETO Ha 001112 KOPO3HS.

OcCTaThYHUSAT CPOK HA EKCIII0ATAIHS tocr C OTUMTAHE HA 00IIIaTa KOPO3Us U JIeHcTBaIaTa

cpela uMa CIeTHHUS BUI:
o 0,5
K
toer = to-exp| —K,.0,5 Oup | — Lo
Okup
KBJETO: top € MaKCHMajJHOTO BpeMe [0 pa3pylllaBaHe Ha HEHAIlperHaTusi €JIEMEHT OT

razomnpoBoja B rogunu. [lomydasa ce o popmynara:

hO O-KLIO
tO = . 1
Vi Okup

KbJIETO:
Gxudp — PAKTHUECKOTO AeHCTBAIO KPBbroBo HampexeHre B MPa, ¢ oTunTane U3ThHSIBaHETO Ha
CTEHaTa IpH TBBPJIa KOPO3USI.
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P.(D — 2hy)

g, =
ud 2.h,
Oxu0 — HAYAJIIHOTO KPBIroBO Hanpexenue B MPa:
P.(D — 2hy)
Ox0 =——F——
Kuo 2. hy
Vi — cpenHaTta cKOpOCT Ha KOpO3HsITa B mm/To.
ho — he
k= t
K, — KoHCTaHTa Ha paboTHaTa cpea B MPa™!
|4
K, = —
" RT

KBJIETO:
V [ecm?/mol] — monapen o6em Ha ctomanara V=7 cm>/mol;

R [J/mol. K] — yauBepcanna razoa koHctanta R=8,31 J/mol. K;
T [K] = T=To (K), npr 20°C=293 K.

Crnen 3amecTBaHe 3a to ce moJiyyana:
h
0
tO =—.[1-
Vi Okup

UKuO

= 12,5 rogunu

CepriacHo peleHueTo Ha ropHaTta (GopMyJsa 3a OCTaThYHUSA PEeCypc Ha ra30IpoBoJia Mo
pe3yaTaTy oT ASUCTBUETO Ha 00I1a KOPO3Us MostydaBame tocr=12,5 roquHm.

CH 01 4

2018-09-15 18:20:09 D --.--

®@urypa 5. CHUMKa OT NPOBeK/IaHe HA MOABOHA YJITPa3BYKOBa 1e0eJIoMeTPHsI HA MOABOAHUTE
ChOPBIKEHUSI.

6. 3akiaouenue

HpO6JIeMI/IT€ 3a OBJIATOBCYHOCT M HAACKIHOCT CC I/II[GHTI/I(bI/II_[I/IpaT o B €TAaIllMTC Ha
pOeKTHUpaHe, HO, OMIEHKH U3JI0KEHH Ha TeKKUTE YCIOBUS HAa JHHOTO M TOJ HEro, PeCypchT
UM U CBCTOSIHHETO MM Ou TpsiOBano na ca OOEKT Ha u3cieaBaHus exeroaHo. Cropen
cTatucTuka, myonukyBaHa oT APIL, nHag 60% oT TppOOMpoBOAUTE MO BOAATA Ca HAa Bb3PacT
Hanqg 20 T'OJWHH. MHOXECTBOTO aBapuu, KakKTO U ABJTUAT MECPHUOA HA TAXHATA CKCIJIOATAIUA
Hajara BCE€ TOBeYe MEXIYHApOJHHM U IbPXKABHU OpPraHU3allMM J1a BBBEXKAAT perylanuu U
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METOAMKH 32 OIICHKA HAa TEXHUYECKOTO ChCTOSHUE U OCTAThYHMS pecypc Ha TPbOOIIPOBOIUTE.
[ToBeueTo amepuKaHCKH MyOIMKAIMK 32 OLIEHKAa Ha OCTaThYHUS pecypc ca Ha 0a3a Teopus Ha
BEPOATHOCTHTE M CTATUCTHYECKH METOIHU, OMHUCBAIIU TEKYIIOTO CHCTOSHUE U OCTaBaIIHs
pecypc ChC CI0KHU MaTEMaTHYECKU MOJIENIN, KOUTO PSIIKO ca Ha 6a3a peasiHo ChOUpaHu JaHHU
u mapameTpu. Tyk ce U3MOa3BaT peaaHo ChOpaHu JaHHU 3a OIlEHKA Ha ChCTOSIHUETO U pecypca
1o 00I1a KOpo3usl ¥ aHTUKOPO3HOHHO MOKPUTHE U 3amuTa. BbB Bph3Ka € IMIACTHYHOCTTA U
yJapHaTa JXHUJIaBOCT JAHHUTE 33 CTAPEEHETO ca B3E€TH OT MyOJIMKAINH, B KOUTO Cca U3CIICIBAHU
o0pa3iu OT chlllaTa CTOMaHa, MOJIOKEHU Ha CTapecHe.

Jlureparypa

N —

Nk Ww

*®

10.

11.

12.

API 5L — Line pipe specification;

ISO 3183:2012 (E) — Petroleum and natural gas industries — Steel pipe for pipeline transportation
systems;

BS EN ISO 13174:2012 — Cathodic protection of harbour installations;

DNV-RP-B401 — Cathodic protection design;

DNV-RP-F103 — Cathodic protection of submarine pipelines by galvanic anodes;
DNV-0OS-F101 Submarine pipeline system;

Xunpopemont UI' — REPORT FOR UNDERWATER WORKS ANNUAL UNDERWATER
INSPECTION OF GALATA PLATFORM,;

ISIS — Guidelines for Subsea Pipeline Cathodic Protection Survey;

International Journal of Technology (2016) 3:500-508/ISSN 2086-9614 — Kinetics of strain aging
behavior of API 5L X65 and API 5L B steel types on long-term operations

10Thomas Eiken, Werner Thale — 19th World conference of Non-Destructive Testing 2016 — A
novel NDT technology for pipe grade determination and MAOP/Design pressure validation of
operating pipelines;

T'ocroprexnanzopa Poccuu — PJ{ 12-411-01 MHcTpyKiMs O JUArHOCTUPOBAHUIO TEXHUYECKOTO
COCTOSIHUS TTOJI3EMHBIX CTAJBHBIX Ta30MPOBOJIOB;

BAC EN 14161:2011+A1:2015 — HedrTena u Ta30Ba NPOMHIUICHOCT. TpPBHOOIPOBOIHU
tpancnoptHH cuctemu (ISO 13623:2009, ¢ npomenn);
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Abstract Electrochemical coatings of chromium with nanodiamond particles deposited directly on S235JR steel
were obtained. An aluminum oxide coating was deposited on the obtained composite chrome coating using the
sol-gel method. A standard chromium electrolyte with a concentration of nanodiamond (ND) particles of 10 g/l
and immersion technology was used in the sol-gel method for Al,O; deposition. Investigations were performed
with a Bruker D8 Advance powder X-ray diffractometer (XRD) and a NanoScope V atomic force microscope
(AFM) (Bruker Inc., Germany). Photoelectron spectroscopy (XPS) was performed with an AXIS Supra electron
spectrometer (Kratos Analytical Ltd.) The thickness of the chromium nanodiamond particle coating was about 15
pum and that of the Al,O3 sol-gel coating about 1 pm.

Keywords: chromium coating, nanodiamond particles, steel S235, sol-gel coatings from Al>O;

I[MonyuyaBaHe U U3cjaeABaHe HA ABYCJOMHN NOKPUTHS
OT XPOM M aJIyMHMHHEB OKCH/I, OTJIOKEHH BbPXY CTOMAaHA

Bunagumup [IETKOB, Muxaena AJIEKCAH/IPOBA

1. BbBeaenue

Cromanara mapka S235 (S235JR) e mmpoko u3mosi3BaHA CTOMaHa 3a HYXIWUTE Ha
OOIIOTO CTPOMTENICTBO M MAIIMHOCTPOEHETO, Mpou3Bexnaa ce mo crangapt EN 10025-2.
Knacudumupa ce karo HemerupaHa (BBITIEPOIHA) KOHCTpYKTHBHa cToMaHa. OCHOBHHUTE
NOPOAYKTH ca moiygaOpukaTtu, COPTOB M JIMCTOB TOPELIO-BAJIIyBaH IPOKAT, BaJIIApaT H
U3KOBKH, a CBIIO Taka JETaillini Ha CTHIOOBE HAa BB3AYILIHHU €JIEKTPOINPOBOJHH JIMHUH,
€JIEMEHTH Ha TEXHUYECKO 000pY/BaHE, MOPCKU CHOPBKEHHUS, Ta30BU U HEPTEHHU TIaTHOPMHU,
aBTOMOOMJIHM MOCTOBE M JPYIM KOHCTPYKIMHM. MMHHMMalHa TpaHMLa HAa IPOBJIAYBAHE B
3aBHCHUMOCT OT Jie0eMHaTa Ha ctoManeHus: oopasen e ot 165 — 235 MPa a, rpanudHa SKOCT
ot 360 — 510 MPa. OcuoBHusAT xuMudeH cheTaB Ha cromada S235JR e: C <0.17, Mn < 1.40,
P <0.035,S<0.035,N<0.12, Cu<0.55 [1].

IlenTa Ha GyHIAMEHTAIHOTO U3CIICABAHE € [10JIy4aBaHE Ha JABYCIOMHU MOKPUTHS BBPXY
CTOMaHa, CBCTOSIIM Ca OT XPOM IUIIOC HAHOAMAMAHTH M TOCIEBAIO aAIyMOOKCHIHO
nokputHe. [IbpBUYHOTO MOKPUTHE OT XPOM ILTIOC HAHOJUAMAHTH C€ 0TJIara eJIeKTpPOXUMHUYHO,
a BTOPUYHOTO OT JIyMHHHEB OKCHJ] C€ OTjara 1o 30J-TeJIHa TEXHOJIOTHs.

OOUKHOBEHO CTOMaHHUTE CE TIOKPUBAT C METATHH CJIOEBE (XpOM, HUKEJ, KaIMUN U JIp.) C
el yBeJIMuYaBaHE Ha TAXHATa, MHUKPOTBBPIOCT, HM3HOCOYCTOHYMBOCT, KOPO3HMOHHA
U3JPBKIUBOCT U Jp. EIEKTPOXUMHUYHUTE MOKPUTHS OT XPOM, OTIIONKEHH BBPXY METAIH U
TEXHUTE CIUIaBH, MOBUIIABAT (DU3MKOXMMUYHUTE W KOPO3MOHHUTE UM CBOHCTBa. [2, 3].
Komno3uTHUTE MOKPUTHUS OT XpOM C HAHOIMAMAaHTH YacTUILH, TIOJIy4E€HH Ype3 B3pUBEH CIIOCO0,
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TOMBITHUTEITHO JONPHUHACAT 32 YBEIMYaBaHE HAa TOPEeU30OpOCHHUTE KauecTBa Ha pa3IUdHU
METaJIHHU cIiaBu [4, 5].

OyHIaMEHTATHUTE HAyYHU M3CJICIBAHUS B HACTOSIIUS €KCIIEPUMEHT Ca HACOUYEHU KbM
MoJlyyaBaHEe Ha KOMIIO3UTHH XPOMOBH TOKPUTHUSl C JMAMAaHTEHU HAHOYACTHUIM, OTIIOXKEHU
JUPEKTHO BBPXY CTOMaHa C MOCJEBAILIO OTJaraHe Ha alyMOOKCHJEH CJIOM IO 30J-TelHa
texHosorus. [1o Ta3u TexHoNOrus ce oTiarar NpeAMMHO ThHKU OKCHJIHU CJIO€BE C Pa3INuHU
notupamu 100aBku. B mocinenHuTe HAKOIKO TOJAUHU Ype3 TO3H METOJ ¢a CUHTE3UPAHU Cepus
3alIUTH AHTUKOPO3WOHHM IOKPUTHS, HAHECEHU BBPXY CTOMaHH, KaTo cioeBe oT TiO:
notupad ¢ Nd [6]; IBYKOMIOHEHTHH MHOTOCJIOWHU TOKPUTHS IMOJIyYE€HH Ype3 HaHacsHE Ha
CJIOEBE OT €IMH OT OKCHJIUTE BBPXY cioeBe oT apyrus okcua Si02/Ce02, Si02/Ti02, Zr02/S10;
[6, 7], CeO2/ZrO> [8]. B Hamms ciydaid KaTo IBYKOMIIOHEHTHU OKCHJIU CE SIBIBAT CHOTBETHO
Cr203/A1203. Ha Taka mosry4eHOTO JBYCIOWHO MOKPUTHE Ca U3CJICIBAaHU TEXHUTE CTPYKTYPH,
Mopdoorus U AeOSIMHU Ha CIIOSL.

2. ExciepuMeHTAJHU JaHHU

[Tonydenu ca XxpoMOBO MOKPUTHE C HAHOJIMAMAHTEHH YaCTUIIM BbpXY cToMaHa S235JR ¢
MOCJIEBAIIO OTJIATaHE Ha aTyMOOKCHAHO IOKPHUTHE IO 30J-TeJHA TEXHOJOTrus (¢ue. 1).
W3cnenBanu u ompezaeneHu ca AeOeanHaTa HaA XPOMOBUS U allyMOOKCUAHHMS CJIOH, da3oBus
CbCTaB, EJIEMEHTEH ChCTaB W IMOBBPXHOCTTAa Ha MoOKputuero. IlpoOHuTe o0Opasuu ca
MPaBOBI'BIHU IUTOUKH ¢ pazmepu — 25.0 x 20.0 mm u Bucounna h — 5.0 mm (gue. 1). B ropaust
Kpail Ha BCEKHM ONMMTEH oOpasel € MpoOUT OTBOP OKOJO 2 mm, SBSBAll CE TOKOBOJEUI 3a
MeJHaTa ’KHIla, CBhp3Balla ONUTHHUS 00pasell ¢ KaTo/a.

Cr#ND  $235

@ur. 1. OnutHu o6pa3um ot cromana S235JR: nokpurtne Cr +ND, Henmokput odpasen ot ctomana S235JR
M MOKPHT XPOMOB o0pa3en ¢ aiyMuHueB okcuj (Al203)

O6pa3uure nupBo ce nuiaidar, mocne ce odbe3macnsapar, ensat ¢ 20% conHa KUCelrHa,
Ipeay a ce OKayaT Ha KaToJa W MOTOMAT B €NEKTpOIUTa 3a Xxpomupane. [IpeaBapurennara
XUMHUYHA 00paboTKa € OT U3KIIIOUMTEIHO 3HaYEHHE 3a MOJIy4aBaHe Ha IJIbTHU PaBHOMEPHU U
HENPEKbCHATU TMOKPUTHUS B NMPOTUBEH CIIydall MOKPUTHUATA CE HAIyKBAaT M CE€ OTIENAT OT
CTOMaHeHaTa Marpula. EKCrepuMEeHTBT € U3BBpIIEH KaTo € U3MO0JI3BaH CTaHJapTeH
€JIEKTPOJIUT 3a XPOMHUPAHE B CbOTHOLIIEHHE XPOMEH aHXUApuA : csipHa kucennsa 100:1 [4]. Toi
e cbe crenuus xumudeH cberaB: CrOz — 220 g/l; HoSO4 ~2.2 g/l.

EnextpoxuMu4yHMTE TapaMeTpu Ha mpoleca ca:

— TlabTHOCT Ha ToKa: 50 A/dm?
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— Bpemerpaene: 45 min

— Tewmneparypa Ha enektposuTa: 50°C

[IpuroTesaT ce nBa enekTposnuta. [I5PBUSAT € OMUCAHUAT MO-TOPE CTaHIAPTEH XPOMOB
€JIEKTPOJIUT, a BTOPUAT EJIEKTPOJIUT € OT HAHOJAWAMaHTEHW 4YaCTHIM, IOJyYeHHU upe3
JIETOHAIIMOHEH cuHTe3. Toil € BbB BUJ HAa BOAHA cycneH3us ¢ KoHueHTpamus ND ot 10%.
CnenBa aktuBanus Ha cycnieHsusta ¢ ND B yaTpa3BykoBa BaHa U IpHOaBsiHE KbM CTaHAAPTHUS
EIEKTPOJIUT 3a XPOMHUpAHE C KpaifiHa KOHIeHTparus HaHoaumamantd oT 10 g/l. B Taka
MOJTyYEHUSAT €JIEKTPOJIUT Ce MOTaIAT OKAYeHUTE Ha KaTo/Aa IPEIBAPUTEITHO elIBAHN CTOMAaHEH!
o0pa3iy, KbAETO Ce U3BBPIIBA €IEKTPOOTIaraHe Ha MeTaneH xpoM. Ha ¢ur. 1 ca mokazanu
nokputus ¢ obpazerr ot Cr+ND, Henmokput obpasern ot cromana S235JR u oOpazerr MOKpUT ¢
XpOM W BBPXY HET0 € OTJIOKEH THhHBK aTyMOOKCHJEH CJIOW MO 30J-TEJICHHS CIoco0.
[TocnemHUsT CIIOK OT ATYyMHHHEB OKCHUJ c€ moiydaBa oT anymuHueB xjopun (AlCl..6H>0),
KOHTO ce pa3TBapsi B €TUJIOB allkoXod U 5 ml a3oTHa kucenuHa. Taka MOTydeHUST pa3TBOpP ce
XOMOT€HOM3Hpa U KbM HEro ce 100aBs aleTu1 alleToH 3a u30ucTtpsiHe Ha pa3tBopa. Cien ToBa
XpoMHpaHus 00pasel] MHOTOKpaTHO ce moTamns (upe3 dip coater) B TO3M pa3TBOP, CIEA KOETO
ce Cymu 1 TepMooopabdoTsa mpu Temmneparypu okoiio 400°C.

3. U3caenBanusi, pe3yJTaTi U JMCKYCHS
3.1. Penmezenocmpykmypen ananus

HanpaBenu ca u3cneaBaHus ¢ MpaxoB peHTreHoB audpakromersp Bruker D8 Advance.
3a onpezensHE Ha KAUECTBEHHSI M KOJIMYECTBEH (ha30B aHAIM3 € M3IM0JI3BaHa mporpama Bruker
DIFFRAC.EVA.
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2-Theta - Scale

Bl File: Tanya400C-A1203-Criaw- Type: 2ThTh locked - Star: 10.000 - End: 02771 - Gtep: 0,020 *- Step ime: 36, 5- Temp.: 25 °C (Room)- Time Stated: 115- 2 Theta: 10.000 *- Theta: £.000 - Chi: 0.00 °- Phi; 0.
Operations: Impart
[J00-006-0884 (- Chromium, syn - Cr-'Y: 5587 % - d.x by 1. - WL 15408 - Cubic- 253390 - b 2.39380 - ¢ 253300 - alpha 80.000 - beta 80000 - gamma 90,000 - Body-rentered - Im3m (229)- 2 - 23,8360 - e POF ¢

@ur. 2. Iudpakrorpama Ha AByca0iiHO Cr nokputue ¢ ND n AL:O;, oT102keHO0 BBPXY cTOMaHa S235
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OT peHTreHOCTPYKTYPHHUS aHaJIN3, TOKa3aH Ha (urypa 2, e onpejaeneHa camo exHa Qasa
B TMIOKPUTHUETO U TA € Ha Xxpoma. OuakBaHaTa allyMOOKCHIHA (a3a HEe € oNpeeNeHa, opaan
THHKHS CJION, KOWTO € ¢ nebenuHa mox 1 pm, T.e. He MOXe J1a ce PerUCTpHpa CIIEKTpaJieH MUK
Yype3 PEeHTI€HOCTPYKTYPEH aHaIN3.

3.2. omoenekmpoHHa cneKmMpoCKonus

N3non3Bana e poToeneKTpOHHA CIIEKTPOCKOMHS 3a JOKa3BaHE Ha allyMOOKcUIHaTa (a3za
B JBYCJIOMHOTO mokputue. XPS m3MepBaHusATa ca U3BBPIICHU C €IEKTPOHEH CIIEKTPOMETHP
AXIS Supra (Kratos Analytical Ltd.), m3nmomns3Baiiku moHoxpomaruueH AlKo peHTreHoB
U3TOYHHK ¢ eHeprus Ha poTonute 1486.6 eV u cuctema 3a HEYTpaIU3alIysl Ha 3apeKIaHeTo Ha
noBbpxHOocTTa. Ha durypa 3 e mokazan XPS cnekThp Ha TBHKOTO aJIlyMOOKCHIHO TTOKPUTHE,
JIOKa3Ballly y4aCTUETO HA AIyMUHHUEB OKCUJ] B IOBBPXHOCTHHS CJIOM, XapaKTEpU3UpaIlo Ce €
MK MPU SHEPrus Ha CBBbp3BaHe OT 74.6 ¢V 3a Al2p.

ALO, AR2p

8, dark areca
68 70 72 74 76 78 80
Binding energy, eV

@®ur. 3. XPS cnekThbp Ha ABYCI0IHOTO MOKPUTHE, 10Ka3BaIH yuacTHeTo HA A, O3 B NOBLPXHOCTHHSA
(% 01)71

3.3. Amomno-cunosea muxkpocxkonusa. Mopghonozua na noevpxnocmma

Tonorpagusta Ha NOBBPXHOCTTa € U3CJIEABAHA C IOMOLITa HAa aTOMHO-CHJIOBA
mukpockorusi. AFM n3o0pakeHusita ca u3BbpineHn Ha cuctemara NanoScope V (Bruker Inc.,
I'epmanust), paborema B Oe3KOHTAaKTEH PEXHMM Ha BB3AyX IpH CTaiiHa TemmnepaTypa. Ha
¢burypu 4 u 5 ca nmokazanu 2D u 3D m300pakeHHs] HA MOBBPXHOCTTA HAa M3CJICIBAHETO Ha
nBycioiHo nmokpute (Al203). CkopoctTra Ha ckanupane e 3aaazena Ha 0,5 Hz u e npunoxxen
pasMep Ha CKaHMpaHe OT 5 pm X 5 um, T.e. miont oT 25 pm?. M306pakeHNaTa ca HAllPaBEHH B
PEXUM C Haif-BUCOKa Bb3MOXKHA pa3aenuTenHa cnocoonoct Ha AFM, 512 x 512 nukcena BbB
dopmar JPEG ¢ momorra Ha codTyepa NanoScope.

Ot AFM u300paxeHusTa, Moka3anu Ha ¢ur. 4 u ¢ur. 5, BbpXy U3cieBaHaTa CKaHupamia
MOBBPXHOCT B JIMamna3oH oT 25 um? ce Habmonasar cdepuunn 36pHa mox 0.5 um (0.372 pm
no xopuzoHTtanara u 0.250 um mo BepTukanarta). Makcumannara rpamnaBocT (Rmax) Ha
MOKPUTHUETO Ha HAIMPaBEHOTO CeueHHue, MpEeICTaBisABa cOopa MO BUCOYMHA M IbIOOYMHA
CIpsMO HyJaTa MokazaHu Ha rpadukara Ha (dur. 5), kosTo e 0,520 um (0.249 pm no
xopuzoHTanata u 0.271 pm mo Beprukamara) Ctpykrypara Ha AlO3 e npeOGHO3BpHECTA,
NOBTapsilIa MPEAXOIHO HAHECEHUSI XPOMOB CJIOH € pa3Mep Ha 3bpHara okojo 0.5 um.
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=

@ur. 5. CekunoHHO n3cieaBaHe Ha 2D n306paxeHus Ha MOBBPXHOCTTA HA IBYCJI0HOTO MOKPUTHE
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4. U3Boan

[TomyyeHu ca eneKTpOXUMUYHH TOKPUTHUS OT XpoM ¢ ND wacturu ¢ kormnenTpamus 10 g/l
B €JIEKTPOJIUTA, OTIIOKEHU JTUPEKTHO BbpXy cromaHeHa S235JR ¢ mocneasal BTOpH CI0H OT
Al>O3 0T10%€EH 1O 30JI-TefieH croco0.

YcTaHOBEHO €, Yepe3 PEeHTICHOCTPYKTYPEeH aHallM3 HAIMYHMETO Ha XpPOM ¢ KyOHWdYHa
CTPYKTYypa.

YcraHoBeHO €, ye XpoMoBUTE MOKpUTHS ¢ ND ca mrbTHU, HEMPEKBbCHATH, CIEABALIU
MOBBPXHOCTTA HA CTOMaHEeHaTa Marpuiara ¢ aeoenuau 10-15 pm.

Hoxazano e upe3 XPS ananu3 HalIW4YuMETO HAa ATyMHHHEB OKCHJ BBPXY XPOMOBOTO
MOKPUTHE OTIIOKEHO BbPXY CTOMaHEHUTE 00pasIIy.

Onpenenena e MopdonorusiTa Ha JBYCIOHHOTO TIOKpUTHE, KaTo € JoKa3aHa
IpeOHO3BbpHECTA CTPYKTYpa Ha aTlyMOOKCHIHHUS CJI04, KOSTO € B mopsabka H 0,5 pm.

baaromapuocTu

ToBa wm3cmenBane € HampaBeHO ¢  ¢uHaHcoBara mojkpernna ©Ha OHU
(nayuHouscnenoBarencku mpoekt) Ne KII-06-Pycust/18 ot 15.12.2020 u na IIpoekt
BG05M20P001-1.001-0008-C02 ,,HanuoHajieH IEHThpP IO MEXaTpOHMKA MW YHUCTHU
texHojoruu mo OneparuBHa mporpama ,,Hayka u oOpa3oBaHHE 32 MHTEIUTEHTEH PACTEX
2014-2020 r.“, crunancupana ot EBponetrickus (OH 32 PETHOHATHO Pa3BUTHE.
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Abstract
This study presents development of a clamping for cylindrical and flat bars for investigation of thin diffusion
layers.

Keywords: clamp, cylindrical and flat bars, thin diffusion layers

HN3caenBane HAa UMJIMHAPUYHM U IJIOCKH 00pa3iu
¢ ThbHKHM 11U (y3MOHHHU CJI0€eBe

Huxkomnaiit BbJIYEB, Tarasna MEUKAPOBA, Hukomait HUKOJIOB

1. YBoa

B nacrosimata paboTa ca u3cieBaHW METOIUKH 32 U3CIIEIBaHE HA THHKH JU(y3UOHHU
cioeBe ¢ Meranorpadcku Metoau. M3cienBaHusaTa ca U3BBPIICHH C IUIOCKH, HWINHAPHYHA
WIN ChC CIIOKEH NMpOoduiI MpoOHU TeNla ¢ HAaHECEHH Ha TOBbPXHOCTUTE UM THHKH JU(PY3MOHHU
cioese. [1pu Te3n oOpa3mu moAroToBKaTa Ha MUKPOILTH(OBETE € MO-0COOSHO MOPaaN MaTKaTa
nebenuHaTa Ha cios okojo 10um. ToBa 3aTpyaHsBa Bpbh3KaTa MeX1y ckobara u mpobdara, Thii
KaTo € HeoOXOANMO J1a C€ OCUTYpPH IbJICH KOHTAKT, 3a TOJydaBaHE Clie] NUIM(POBAHETO HA
OCTBp PBO MEXAy NepHEHANKYJIIPHUTE PAaBHUHU Ha MUKpouutnda, a He 3ao0sHe. Toa 1aBa
BB3MOXKHOCT 32 MPEHU3HO (OKyCHpaHEe MPHU TOJEMH YBEIMUYCHHS B 30HATA HAa M3CIICIBAHUS
TBHBK JU(PY3UOHEH CIIOH.

2. ExciepuMeHTAJIHO M3CJIeIBaAHe
2.1. Obexmu na uzcneosane

3a mpoBeXIaHe HA SKCIICPUMEHTA ca U3PSA3aHU YeTUPU CTOMAHEHU 00pa3iy ¢ HAHECCHH
Ha TIOBBPXHOCTTa Ha TBHKM JUQYy3MOHHH cioeBe. CroeBeTe ca TOJIYYEHH CJel
KapOoHUTpHUpaHe u azotupane. Ha ¢urypa 1 ca mpencraBeHrn 4eTUpUTe MPOOHU Tela CIeT
3ackoOBanero. Ha ¢ur.l-a e moka3zana ckobara Ha IUIOCBK MUKponuing, Ha ¢ur.1-0 Ha
IWIMHAPUYHO 3aCKOOBaHE C BBTPEIICH TUAMEThpP Ha CKOOara ChOTBETCTBAIl HA BHHITHHS
JMaMeThp Ha MPOOHOTO Ts10, HA (UT.1-B 3acKOOBaHE HA MKW LIMIIMHIPUYHH BTYJIKH, KBAETO
Ce M3CJIeNIBa BHTPEIIICH U BHHIIICH AU(y3UOHEH o U Ha (ur.]-T 3ackoOBaHe HA CIIOKHU 110
dopma manku oOpasiy.
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B)

®urypa 1. Mukpouutngose Ha NpodHH TeJIa ¢ pa3jJuYHA reoMeTPUYHA (OPMa H THHKH JH(Y3HOHHU
cj10eBe: a-MVIOCKH 00pa3iy; 0- HHIMHIAPHYHM 00pa3LH; B- MAJIKH BTYJKH; I- 30HH KoJie1a

2.2. Memoouka na excnepumenma

Twit kKaTOo BCAKO MPOOHO TAIO HWMa pa3audyHa ¢GopMa U pa3Mepu, C€ HAIOKHU
WHAWBUAYAJICH MTOAX0]I IPU N3pab0TBaHETO HA MUKpOLLTH(OBETE.

[Ipu obpasmute ot dur.l1-a) Mexay AeTalIUTe M MOBBPXHUHUTE Ha IJIOCKaTa CKobOa €
MIOCTAaBEHO HUKENOBO (POIMO 3a ocUTypsiBaHE HA IbJIeH KOHTAKT. Cliel] TOBa ca MPUCTETHATH
00JITOBETE M € HAIlpaBEHO NITM(OBAaHE C BOJHH MIKYPKHU, @ PUHUIITHO € MOJUPaH MUKPOILIH(a
¢ macta T'OI. 3a mposBsiBaHE Ha CTPYKTypaTa Ha o6pasela, MUKporLmpa e passaaeH ¢ 3%
a30THa KucenuHa. AKO Au(y3MOHHUS CIIOM € MHOTO THHBK MOJXKE Jia C€ HalpaBH KOCO
3ackoOBaHe (MMOJ BI'hJI) 32 Ja C€ YBEIMYHM HalpeyHarTa IUIoN] Ha AU(Y3UOHHUS CIOW clien
U OBaHETO.

[Tpu o6pazena ot ¢ur.1-0) HMIMHAPUIHOTO MPOOHO TSITO € OOBUTO C HUKETOBO (HOJINO U
cJief] TOBa € 3aCKO0EHO B Mpopsi3aHa IMINHIPHYHA CKoOa MMalla BbTPELIeH TUaMeThp Ha JIBETe
MOJIyCKOOHW, €IHaKbB C BBHIIHUSA Ha TpoOHUsS oOpazen. Criem mpuctaraHe Ha OOJITOBETE
AQHAJIOTMYHO € HANpaBeHO NUTU(GOBaHE W TOJIMpaHe, MPOSBIBAHETO OTHOBO € ¢ 3% a3oTHa
KHCEJIMHA.

[Ipu o6pasmmre OT Gur.1-B) MUIHHIAPHUIHUTE BTYIKU Ca C MHOT'O MAJIKU pa3MepH, KOETO
HAJIOKU TSIXHOTO TOYHO (C MalbK JOIMYCK) BJaraHe B LWIMHIPWYCH JAETAilll, HA KOHTO ca
pa3npobuTu 0TBOpHU Cche cBpe1o. OTBOpUTE ca ¢ JUaMEThp ChOTBETCTBAI HA JHaMEThpa Ha
npo6Hute BTynku. Crensa nuindoBaHe, MojlupaHe U nposiBsiBaHe ¢ 3% a30THA KUCETNHA.

OO6pasuure ot ¢ur.1-r) ca u3ps3aHu OT €AUH JACTANT 30HO KOJIETIO, HO OTACICHUTE 3501
ca IPUTUCHATH €IHH B JIPYT 3a JIa C€ OCUTYPH IThJICH KOHTAKT MEX/Y MOBBPXHUHUTE U 32 Ja
HEe ce JomycHe 3ao0isiHe Ha pbOoBeTe MpH UUIH(POBAHETO W moyupaHeTo. Cien KoeTo
JIeTalJInTe ca 3aJIATH C MOJIMecTepHa cMouta 3a 1ia ce ¢pukcupar. Llnudosanero, mommpaneTo u
MPOSIBSIBAHETO € KaKTO MPH JIPYTUTE 00pa3IiH.

171



3. MUKpPOCTPYKTYPHO U3CjIeIBaHe

Cnen nmoaroroBkaTa Ha  MHKpOILIM(OBETe Ce HampaBd  HU3CJIEABaHE Ha
MHKpPOCTpYKTypata uM ¢ Mertanmorpadcku mukpockon tunm NEOPHOT 2. Pesynrarute ca
noka3aHu Ha (urypa 2. SIcCHO ce BIKJa pa3rpaHUUYEHUETO MEKIY OTJIICIHUTE CIOEBE, KOETO €
MOKA3aTeITHO 3a MPABUIIHUS TIOJIXO0/1 IPU U3padOTBaHE Ha NITH(OBETE.

pazgenutenHo |OudysnoHeH OCHOBEH EBHIIHA
NNOERBPXHHHA Ha

BTVIEATA

donvo cnoi marepwan

EBTPEIIHA
NOBBPXHHHA HA
BTVIEATa

[Tnocku obpasmm Hunuuaapuaan 00pas3nu

Jadysaonna 3oHa

IlemerTOBAH
cIoi

i

KOHTAKTHA
30HA Ha 3602

Ha 3602

Cuprnenmna na 350a -

lmm

OO0pa3suu che crnoxkHa (hopMa-350Ha €BOTBEHTA

®urypa 2. MUKpPOCTPYKTYPH HAa MPOSIBEHUTE 00pa3Ly ¢ ThHKH AHU(PY3HOHHH CJI0OeBe
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4. MUKpPOTBBPAOCT

Hampaseno e u u3cieBane Ha MUKPOTBBPIOCT HA ThHKUTE TU(y3UOHHHU CIIOEBE 3a Ja Ce
MOKaXke, MojAXoJa MpH n3paboTBaHe Ha nuimgose e mpaBwieH. Ha ¢urypa 3 ca mokaszaHu
pe3yJTaTuTe OT U3MEPBaHUAITA HA MUKPOTBBpAOocTTa 0 Bukepc 0,05.

Omnpegesine Ba MEKEPOTBBLDPIOCT - cTeHata na Bry/ika HV
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®@urypa 3. MUKpPOTBBPIOCT HA U3CJIEIBAHNTE 00pa3u
5. U3Boau

[IpencraBenata MeToAMKa 3a U3cielBaHEe HAa THHKH AU(Yy3MOHHU CI0EBE HA PA3IMYHHU 110
dbopma u pazmepu MpoOHU oOpa3ld € MPHIOKKMMA TIPH ySIKYaBaIIUTE METonu (a30THUpaHe,
KapOOHHUTpHpaHe) KbJETO Ce Hajara M3ydaBaHe Ha JeOenuHara Ha AU(y3UOHHHUS CIIOM,
HEroBaTa CTPYKTypa U MUKPOTBBPAOCT B JbJI0O0OYNHA.
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Abstract

Titania (TiO;) is an ideal material due to its excellent physicochemical properties and is being explored in high-
efficiency solar cell applications, especially for photo-oxidative self-cleaning. Self-cleaning on photovoltaic
panels has not been sufficiently studied and reported in the literature. This study synthesized, characterized
titanium dioxide (TiO,) thin film for self-cleaning photovoltaic application. The TiO, was synthesized using the
sol—gel method and dip coating was used for the deposition on glass substrate at optimized parameters. Thin film
coating is performed using glass slides from AGC Glass Europe. Two organic titanium precursors were used to
prepare the TiO» deposition solution: Titanium isopropoxide (TTIP) and titanium tetrabutoxide — Ti (OC4Hy). The
hydrolyzing agent is distilled water and the stabilizer is nitric acid /HNOs/and acetylacetone (AcAc). Many
samples were obtained at different ratios of the components involved, rate of application of the solution on the
glass substrate, and different curing and holding temperatures. The samples were characterized by TG, XRD, AFM
and other analysis

Keywords: Sol gel, photovoltaic, glass coatings.

3041 res1 MeTO/ 32 CAMONIOYUCTBAHE HA (POTOBOITAMYHY CTHKJICHH
MOKPUTHA

Cranuo MOPJIAHOB, Muxaena AJJEKCAHJIPOBA, Boxunap dKUBOB,
Bnagumup IIETKOB, Mapuera TAYEBA

1. YBoa

WNHTEeH3UBHOTO HM3TpakIaHETO Ha (DOTOBOJITAMYHU CUCTEMH TMPEACTABIIsABA aJcKBAaTHA
eHepruitHa antepHatuBa [1-7], cboOpa3eHa ChC CHBPEMEHHUTE TEHICHIIMM KbM BHCOKA
eHepruiiHa e()eKTUBHOCT, YIOTpeOda Ha eKOJOTUYHU BH30OHOBSIEMH M3TOYHUIIA HA CHEPTHS U
MOBHUIIIABAaHE CHEPTUMHATa HE3aBUCHUMOCT Ha OTAeTHUTe morpeduTenu. CrnpsMo KpaitHUTE
KOHCYMaToOpd Ha TeHepupaHara eJleKTpoeHeprus (OTOBONTAUYHUTE IIEHTPAIH C€
k1acuuuupar Ha TpU OCHOBHHM Kareropuu [1, 2, 4]: caMOCTOSTETHH WHCTaJalUU
(oOe3meuaBaimy 3aXxpaHBaHE €AMHCTBEHU HA OTICIHH OOCKTH) MPEIUMHO OOOPYIBAaHH ChC
CHUCTEMHU 3a ChbXpPAaHEHHUE Ha EJEKTPOCHEprus, WHCTAJalUd CBbp3aHuM KbM Hammonamnara
€JICKTpOpa3NpeIeUTEIHA Mpeka W KOMOWMHUpaHU (XHMOPUIIHM) CHCTEMH ChUeTaBaIlld
XapaKTepUCTHKUTE Ha TpeaxonHuTe ase. PazpaboreHu ca pazHooOpaszHU (POTOBOITAMUHHU
uHCcTananuu [2, 4] 3a Ou3Hec, MPOU3BOACTBEHU WM MHIYCTPHAIHA OOEKTH C MOIIHOCT OT 10
kWp, 30 kWp, mag 200 kWp u no 500 kWp win mpuioxumu 3a MHOTO(aMUIIHU HITH
eaHO(aMUITHU KIJIUIIHU CTPaJid ¢ MOIITHOCT TipeauMHo oT 10 kWp.

[IbnHOIIEHHOTO (YHKIMOHMpaHE Ha (POTOBOJITAMYHHUTE WHCTAJAMU c€ O00yClaBs OT
penunia ¢akropi [1, 2, 4]: mo3uMOHUpPaHE U OPUCHTAIIMS Ha COJIAPHUTE MOYJIN, BH3/ICHCTBHE
HA [UKIMYHATE ICHOHOIIHHA ¥ CE30HHH METEOPOJIOTMYHN U3MEHEHHSI, KTMMAaTUYHA CIIeIu(pUKa
Ha pErroHa, 3ambpcsBane [8, 9] Ha paboTHAaTa MOBBPXHOCTTA HA ()OTOBOJTANYHUTE TIAHETH U
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ap. IlpeoGagaBay 3aMbPCUTENH MPEACTABIABAT Pa3HOOOPa3HU (PpaKIMK TPaXOBHU YaCTUIU
[8, 9] oT ecTecTBEH WM MHIYCTPHAJIEH MPOU3XOJ, PA3HOPOJHHU JIOKAJTHU MOBBPXHOCTHHU
OTJIaraHus, MPOIYKTH OT KU3HECHUS IUKBJI HA PA3IMYHU MMOMYJIAi OMOJIOTHYHU OpTraHU3MHU
u npyru. [lpu paznuynure Tunose GoTOBOATAMYHN UHCTAJAIMH ca TPUIIOKUMHU pa3HOOOpa3HU
nmouucTBamM cucremMu [8, 9]: pbuHHM, aBTOMATU3WpaHW, pOOOTH3UPAHW U JAPYTH.
ChUIeBpeMEHHO CBUIECTBEH MHTEpeC IMpeACTaBisiBa pa3pabOTBAaHETO HAa WHOBAaTUBHU
HaHOpa3MEepHH, camorouucTBamy ce nokputusa [10, 11], mosydyeHHM upe3 TEXHOIOIMYHU
METOJIY OCUTYpSBAILlU IBJITOTpacH epeKT, BUCOKa aTMOC(HEpHa YCTOMUMBOCT U HaJIM4YUE Ha
JIpyru €KCIIJIOaTallMOHHU nokazarenn [10-40]: anTHpeduiekcHu, XuapodoOHH,
MOKapOyCTONYHMBH, MPOTUBOINPAXOBH, AHTUOOJIEICHUTETHH, TPOTUBO3aMbITIUTEIIHU U IPYTH.

[onyuyenn ca TiO2 HaHOCTPYKTYpHH, camoMonouucTBani ce [16-20], antupediiekcHu
[18, 20] moKpuUTHS, TPHIOKUMH 32 (DOTOBOJITAMYHU TTOBBLPXHOCTH, COJIAPHU KJIETKU, COJIAPHU
KoHueHtpatopu [17] u apyru cucremu [19]. U3cnenBana e poisita Ha Ha opa3MepHara
cTpykTypa [18] m xapakrepa Ha MUKpOMOP(OJIOTHITA HAa OTIIOKEHHUTE CI0eBe 3a (hopmMupaHe
Ha KpailHuTe (YyHKIMOHAJIHHU CBOMCTBA Ha MOKpUTHUsATA. [IpoBeneHu ca 1abopaTOpHH TECTOBE
3a HaJIMYMe Ha CaMOITOYHCTBAIIM Ce CBOWCTBa Ha AoTupaHu 110, - MOKPUTHS, OTIOKECHHA Ha
CTBKJIOBUIHU TTOIOKKH [ 16].

Upes npuiiarane Ha 307-rejieH MeTo [21] 1 XuMuYecko oTiiaraHe Ha mapo-razona (asza
npu atMmocepHo Hamsirane [22, 23] (Atmospheric Pressure Chemical Vapour Deposition —
APCVD) ca mnomyuyenu excriepumentannu TiO> antupednekcHn mokputus [21-23],
MO3BOJISBAILM 110100psiBaHe Ha €()EKTUBHOCTTa HA MOHOKpHUCTANHU [21, 22] U MONMUKPUCTATIHH
[23] cuuIMIIMEBH COJIAPHU KJIETKH.

W3cnenBann ca TEXHOJIOTMYHHUTE BB3MOXKHOCTH 3a OTJAraHe Ha JBYCJIOWHU
camonourctBamu ce [24, 25] TiO2/Si02 u ZrO»/Si0; antupeduiekcau [26] ThHKU GUIMH,
NPWIOKUMU 32 W3TOTBSIHE HAa TMOBBPXHOCTHU TOKPUTUS M TAXHOTO BIHUSHUE BBPXY
e(ekTUBHOCTTA HA ()OTOBOJTAUYHUTE MOJTYJIH.

B naGopatopHu yciaoBus upe3 TEpMUYHO M3MapeHHe MpU cTaiiHa Temmnepatypa [27] ca
otinoxeHu Ounapuu SiO»/TiO> anTUpedICKCHU TOKPUTHS, MOIXOSAININ 3a COJAPHHU KICTKH
(Metal/insulator/n-Si/p-Si). Pa3zpaGoTkara e mpuioXXuma 3a H3TOTBSHE Ha IMOBBPXHOCTHU
MOKPUTHUA Ha (OTOBOJITAMYHU YCTPOMCTBA, MPU KOUTO € HEIOMYCTUMO H3MOJI3BAHETO Ha
BUCOKH PEAKIIMOHHU TeMIIepaTypHu.

ITo 30m-renen metox [28-31] ca moay4eHU eKCIEPUMEHTAITHA caMoIiouucTaBaniu ce [31],
antupeduiekcHu apycnoitau [29, 31] Si02/TiOz u Si02-Ti02/Si0,-TiO2 u Tpucnoiinu [28, 30]
S10,/S102-Ti02/Ti02 u S102/T102/S102-TiO2 mokpuTus 3a conapuu kietku [28, 30] u apyru
NPWIOKEHUs B coJlapHaTa eHepreTuka. M3cienBanu ca aHTHpedieKCHUTE CBOWMCTBAa Ha
MOJTy4€HU MHOTOCIIONHM €KCIIEPUMEHTAHH MOKPUTHS Che cloxkHa stacks-ctpykrypa (TiOs-
S10,/S102/S1Ny), TpUI0KUMH 32 TTOJIMKPUCTAITHUA CUITUITMEBH COTAPHU KJIETKH [32].

Upe3 mpwiiarane Ha MarHETpOHHO paslpallaBaHe Cca HM3TOTBEHHM EKCIIEPUMEHTAIHU
00pa3nu Ha MOJUCTONHU ThHKU PryiMu (cbe cTpykTypa Ti02/S102/Ag) cbe caMOMTOYHCTBAIIN
ce cBoiicTBa [33] W HadMuYUe HAa BHCOKA OTpa3sBalla CIIOCOOHOCT, MOAXOMAALIN 33 COJIAPHU
dbpoHTATHU pedICKTOPH.

Pazpaborenu ca cynepxuapodoObHu caMonmoyucTBammu ce [34] KOMIIO3UTHU TTOKPHUTHUS,
MOJly4eHU B OMHapHATa OKCHAHA CHCTeMara peayluupaH rpad)eHOB OKCUJA — TUTAHOB OKCH]
(rGO-Ti02). OtnoxeHu ca HaHOpPa3MEepHU aHTUPE(ICKCHU NOKpUTHS ¢ ydactue Ha TaOs u
Ti0,, NpUIOKUMHU 32 U3TOTBSIHE HA MOHOKpUCTAIHU [35] 1 monukpuctainuu [36] cHIMIIMEBH
COJIapHM KJIETKHU. M3clieiBaHM ca HAaHOpa3MEPHU aHTUPEPIIEKCHHU MOKPHUTHUS ChbC cbeTaB WOs-
TiO2 u hoTOKaTaAMUTUYHU CBOMCTBA, MOIXOISIIM 32 U3TOTBSHE HA BUCOKOC(PEKTUBHU THHKHU
¢wiMu 3a cununmeBu (otoBonTanyHu Moayiu [37]. Pa3paboTeHn ca eKCIepUMEHTAIHU
antupedaekcan  TiO2/Ni  mOKpuTHS, NpUIOKUMH 32 (OTOBONTaWYHU KIeTkh [38].
AHanu3upaHy ca Bb3MOXXKHOCTHUTE 3a IOBUIIABAaHE HA IPOU3BOAUTENHOCTTA [39] Ha cuuMLMeBH
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COJIapHHU KJICTKH, Ype3 MpujiaraHe Ha aHTUPE(JEKCHH, MOBBPXHOCTHH MOKPUTHUSA OT THUIA
ADLOs3/In m NPs/TiO,. Ha ©6azata Ha SnO> u Apyrd KOMIIOHEHTH ca pa3paboTeHH
MOIUGUIMPAHU HAHOCTPYKTYPHH CaMOIIOYUCTBALIM ce, XUAPOoPOOHM (HOTOBOITAUYHU
HOKPHUTHUSI C BUCOKA YCTOHYMBOCT MpPU TUHAMUYHH METEOPOJOTUYHHU YCIOBUS W IUKIMYHU
ce30HHM u3MeHenus [40].

B Hacrosmiero w3cieqBaHe ca aHAIM3UPAHU TEXHOJOTMYHHUTE BB3MOXKHOCTHTE 3a
U3TOTBSHE MO 30JI-TEJIEH METOJ Ha CaMOIIOYMCTBAIM C€ IBITOTPANHM 3alIUTHU MOKPUTHS,
NOTCHIMATHO MPWIOKUMH TIPH TPOU3BOJICTBOTO Ha PA3IMYHHU (POTOBOITAMYHU MOMIYNIHU C
MOBUIIICHA €PEKTUBHOCT.

2. ExcnepuMeHTaJIHA 4acT

Benuku cbenuHeHus 0sixa JOCTaBEHU KaTO aHAJIMTUYHU CTETICHU U 0s1Xa U3M0JI3BaHu 0e3
JTOMBIHUTENTHU MOIUGUKaIUU. THHKOCIOWHUTE MOKPUTHUS Ca U3BBPIICHH BbPXY MPEIMETHH
ctbkia oT AGC Glass Europe. TiO; npekypcopu u pa3tBoputenure ca 99% TUTaHOB U30IPO-
nokcua — Ti(OCsHo) 1 99,9% eranon (CoHsOH), Bcuuku 3akynenu ot Alfa Aesar — ['epmanust.
XUIpOIU3UPAIIUAT areHT € JSCTHIINPaHa BOJIa, a CTaOMIM3aTOpBT € a30THa kucemnaa /HNO3/.

N3cneaBanm ca MHOTO BapuaHTH Ha MOKpUTHs, BKiItouBamy TiOz, pa3nuyHu BHIOBE
Pa3TBOPUTEH U CUJIAHOBU MTPOU3BOTHHU.

CrbKiIeHuTe CyOCTpaTu ce MOYMCTBAT B alleTOH, 32 Jla ce U30erHe BCAKaKBO OPraHMYHO
3aMbpCsIBaHE U CJIe] TOBa CE IPOMUBAT C €TaHOJI U BOJIa. 32 BCHUKU €KCIIEPUMEHTH CE U3I0I3Ba
NBOWHO JnectuiupaHa Boxa. IIpexypcopum wmatepuanu kato Ti(OC4Ho) u cumanoBu
MIPOM3BOHU Ca M3IOJI3BaHM 3a CHHTE3a Ha MOKPUBHUTE coeBe. M30MponanoibT, eTaHOIbT U
BOJIaTa JeiicTBaT KaTo pa3rBoputenu. OneTHaTa KMCeInHA Ce U3I0I3Ba KaTO XeIaTHpalll areHT.

[lenta Ha U3CIEeABAHETO € J]a C€ TOIYYH CAMOIMOYMCTBAIIO CE€ CTHKIIO, MPEeAHA3HAUYEHO 32
¢doToBOATANIH, B CTPOUTEICTBOTO, B aBBTOMOOMIIOCTPOSHETO U Apyru obiactu. HanacsneTo Ha
MOKPUTHE OT TUTAHOB OKCHUJ C JleOenHa HIKOJIKO NM BbPXY BBHIIHATA CTpaHa Ha CTHKIOTO
Ch3/aBa J[Ba MEXaHM3Ma, 4Ype3 KOUTO CTHKIOTO C€ CaMOomoducTBa. IIbpBHAT €
boToKaTaTUTUYHUAT e(DEKT, IPU KONTO YATPaBUOJIETOBUTE TbUU KaTaIM3UpaT pa3rpaxaaHeTo
HA OPTaHUYHUTE CHEAMHECHUS HA MMOBBPXHOCTTA. BTOPUAT € Xxuapopum3upamusT eQexT, mpu
KOWTO BojaTa 00pa3yBa ThHBK CJIOW, OTMUBANWKH pa3pyIICHUTE OPraHUYHHA ChEIUHEHUS
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3. PesyaraTu U AUCKyCHS

Tepmuuynara crtaObuiaHOCT Ha Tejla ce  MpoBepsiBA  4Ype3  eJHOBPEMEHEH
tepmorpaBumerpuueH (TG) u nudepennmanen tepmuyer ananu3 (DTA) (purypa 2).

Enporepmuunusar nuk B quanazona 38 — 140°C e cBbp3aH ¢ U3MapsBaHETO Ha (PU3UIECKU
aacopOvpaHa BoJa W/WIM OPraHWYEeH PA3TBOPHUTEN KaTO €TWJIEH TIuKoI. Ex3orepMuuHUTE
nukoBe npu okoio 200°C, 260°C, 370°C ca cBbp3aHU C MHTEH3UBHOTO M3rapsHe Ha
QIKOKCUJIHUTE TPYIH, CBhp3aHu ¢ Ti aToMu. MHOTO MagbK €K30TEPMUYCH MHK MPU OKOJIO
437°C ce npixu Ha Kpuctanuzanusta Ha Ti0> (aHaTas).

T:23.39 and 130.55 (°C)
Am {mg) -1.219
Am (%) -7.171

T : 213.00 and 344.41 ("C) |
Peak Maximum : 259.267 (°C) ‘

100

&

Onset : 223.776 (°C)
Offset : 321.395 (°C)

T:22.81and 817.57 (°C)
Am (mg) -4.961
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T: 16862 and 213.31 (°C)
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Offset : 212.344 ("C)
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HeatFlow (uV)
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®urypa 2. Tepmorpasumerpuiet (TG) u nupepennnanen repmuder anaaus (DTA).

Cnopen TG kpuBaTta ce noyy4ana cuiHa 3aryoa Ha terio (~30%), KoATo 3aBbpIlBa IPU
noutu 300°C, koraTo HaCTBHIM AEXUAPATALUS U U3rapsiHE Ha OpraHnYHUTE BelecTsa. Hax rasu
TeMIlepaTypa He ce HaOJroJaBa 3aryda Ha TerJio B mpobara.

GLS-2 GLS-3 GLS-4

®urypa 3. 3D AFM u3o0pa:kenusi Ha mpodara: (a) GLS-2, (b) GLS-3, (¢) GLS-4.

CpaBaenn ca AFM wu3o0paxeHusita Ha TpuTe Tuna nokpurue (¢purypa 3). Or AFM
M3MEpBaHUsATA Ce YCTAaHOBH, Ye TonorpadusiTa Ha MOBLPXHOCTTA HA TPUTE IPOOH € pa3IuyvHa,
KOETO C€ ABJDKM Ha IMOKPUTHETO B cUcTeMara. PaznuuHu cTpykTypu B AuanasoHa ot 100 nm
10 200 nm ca mabmonaBaau ot 3D u300pakeHusTa.

N306pann ca eKClepuMEHTAIHU CTBHKIOBUIHU 00pa3nu (2x7 cM) ¢ Hajaudde Ha
xuapoHoOHN M XUIAPOPHITHHN MOKPUTHSI, OTIIOKEHH Ype3 30JI-TEJICH METOJ M ca B MPOIeC Ha
U3CIIE[IBAHE B pPEAJIHM EKCIUIoaTallMOHHU ycnoBusi Ha Tteputopusita Ha TEL ,,Codus“.
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OnutHUTe 00pa3ly ca MOTEHIMAIHO MPUJIOKHUMHU MIPU MPOU3BOACTBOTO Ha (POTOBOITAUYHU
IIaHEJIH € MOBUIIEHA €()EKTUBHOCT M YCTOMYMBOCT B YCJIOBUATA Ha MHTyCTPHUAIHA CPEAA U MO
BB3/ICHCTBUETO HA PA3IMYHA METEOPOJIOTHYHU (PaKTOPH.

4. U3Boan

[To 30s-renHa TeXHONOTHs ca moiydyeHd ThHKU QuiMu TiOz, OTIIOKEHH Ha CTHKIECHU
NO/UIOKKM MO0 METOAa Ha moTtamsHe. B nabopaTopHM YCIOBUSL € HW3rOTBEHa Ccepus
eKCIIEPUMEHTATHU OOpa3lUTe MpU H3MEHEHHE Ha CHOTHOLIEHHETO Ha BKIIIOUYEHUTE
KOMIIOHEHTH, CKOPOCTTa Ha HAHACSHE Ha Pa3TBOpPa BbPXY CTHKIICHHUS CYyOCTpaT U peKuMa Ha
tepmuyHa oOpaboTka. [Ipu npoBenenute nzcneasanus upe3 XRD, AFM u npyru meroau npu
MOJIyYeHHUTE ONUTHU 00pa3IM € yCcTaHOBEHA HAHOKPUCTAIIHA CTPYKTYpa U (popMUpaHa IUTbTHA
MOBBPXHOCT HAa U3rOTBEHUTE MOKpUTHS. ExcrepumentamHute oOpasuy ca MOJJIOKEHH Ha
BB3JICHCTBUETO HA KOMIUIEKCHU EKCIUIOATAIlMOHHY (DaKTOpHU B peajHa WHAYCTpHalTHa cpena
IPU LHUKJINYHA METEOPOJIOTUYHU YCIOBHSL.

OcHOBHa BB3MOXKHOCT 3a MOTCHIIMATHO NPUIOKEHUE Ha pa3padOTEHUTE CHCTaBU
MPEJICTaB/IsIBa U3TOTBAHETO HA YCTOMYMBY CaMOTIOYMCTBAILM CE€ MOKPUTHUS Ha (POTOBOJITAMYHU
IIaHCJIN C ITOBUIIICHA e(beKTI/IBHOCT.

baarogapuocTu
ABTOPCKHSAT KOJEKTHB M3pa3siBa OJaroJapHOCT 32 aKTUBHOTO ChACHCTBUE Ha CIIELUATNCTUTE
ot cektop ,,Curyproct — TP ,,Cocus™.
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