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TO AUTHORS AND READERS

Dear colleagues!

The administration of Ufa State Petroleum Technological University (USPTU) requested that the editorial
board of the electronic journal Nanotechnology in Construction: Scientific Internet Journal highlight, in
Issue No. 5, 2026, the key achievements of leading scientists in developing and implementing advanced
technologies in construction, housing and utilities, and related sectors (industry, energy, etc.).

Currently, USPTU includes four faculties, five institutes, four higher schools, a lyceum, an Institute of
Additional Professional Education, and an Engineering Center. The university also has three branches, in
the cities of Oktyabrsky, Salavat, and Sterlitamak. USPTU offers a full cycle of education: general education
(grades 10-11), secondary vocational education, higher education (bachelor’s, specialist’s, and master’s
degrees), training of highly qualified personnel (postgraduate studies), and additional education and
vocational training programs.

In 2026, Ufa State Petroleum Technological University was ranked among the top three universities in
the federal project “TOP-IT START” and received a grant to implement advanced educational programs in
information technology: “Advanced Technologies for the Development and Testing of Information Systems”
and “Business and System Analyst.” The first program was developed and will be delivered jointly with
Gazpromneft — Digital Solutions; the second, jointly with Rostelecom.

The university is actively expanding its international activities, broadening international cooperation in
scientific and technical development, promoting active student and teacher exchange through academic
mobility programs, and delivering a wide range of professional training and retraining programs for
international specialists. More than 2,000 international students’ study at the university.

In terms of research output, USPTU ranks highest in the Volga Federal District. The university participates
in the federal program “Priority 2030,” which supports university development programs and focuses on
three strategic technological projects for the university: “Chemistry of the New Economy,” “Technological
Engineering and Autonomization of Production Processes in the Fuel and Energy Complex,” and “New
Technologies, Technical and Intelligent Systems in Mechanical Engineering.” The university is actively
developing scientific schools, which are rightly proud to include the names of renowned scientists—among
them full members and corresponding members of the Russian Academy of Sciences and the Academy of
Sciences of the Republic of Bashkortostan, as well as honored workers in education, science, technology,
construction, and architecture. An integral part of the work of faculty and students is publishing articles in
leading Russian and international journals.

It is gratifying to note that the editorial board of Nanotechnologies in Construction: Scientific Internet
Journal met us half way and prepared an issue focused primarily on USPTU’s developments. We are grateful
to the editorial board for its work on this issue!

Sincerely, Vice-Rector for Research and Innovation
Denis Alekseevich Gulin
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Scaling up the application process of “Ni-SiC” metal-matrix
composite coating

Svetlana K. Kiseleva™?* (2}, Linar D. Akhmerov™ 2 (2}, Aliyana Z. Khusnutdinova™? (>}, Irek V. Kandarov' 2
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Russian Federation

* Corresponding author: e-mail: kiseleva_s2018@mail.ru

ABSTRACT

Introduction. Today, metal-matrix composite coatings are widely in demand due to the possibility of combining the properties
of both the metal base and their reinforcing particles. The simplest and most technologically advanced method of coating is
electrodeposition. One of the key parameters that determines the quality of the coating formed and the electrodeposition rate
is current density. The literature presents opposing views on how current density affects the quality of composite coatings. The
primary criterion is the volume fraction of reinforcing particles. The use of nanoparticles (less than 100 nm in size) as a hardener
makes it possible to significantly increase the hardness and wear resistance of the matrix due to dispersion hardening, however,
they have a high tendency to agglomeration and require more careful control of electrodeposition modes. It is important during
electrodeposition to form a coating with a uniform distribution of particles in the metal matrix over the entire working area of the
workpiece to ensure stability of mechanical and functional properties, which will subsequently determine the durability of the parts.
From this point of view, it is of interest to scale the electrodeposition process and switch to model samples, the long size of which
imitates the maximum height of a real axisymmetric part, for example, a cylinder, which will allow reproducing coating conditions
close to production ones. The aim of the research is to study the homogeneity of the structure and properties of the Ni-SiC coat-
ing containing a fraction of particles larger than 2 pm and formed on long workpieces (with an area of 0.2 dm?) in the process of
electrodeposition depending on the current density. Methods and materials. Cast aluminum alloy AK7 was used as the substrate
material for forming the Ni-SiC composite coating. The dimensions of the substrate samples were 70x20x4 mm. Electrodeposition
mode: current density of 0.5 A/dm?, 10 A/dm?, 20 A/dm? duration 60 minutes; temperature 60 °C. The microstructure of the coat-
ings was examined using a JSM-6490 LV scanning electron microscope at a magnification of x500. Microhardness was estimated
using a TBM Tochline microhardness tester at a load of 50 g. Wear resistance tests were performed on a Nanovea tribometer using
the ball-on-disk method. Results and discussion. The technology of electrodeposition of the matrix composite coating “Ni-SiC”
on long flat samples (0.2 dm?) of aluminum alloy AK7 was developed and the optimal process parameters were selected. The pos-
sibility of forming a homogeneous coating based on a nickel matrix containing large SiC particles on flat long samples (0.2 dm?)
of aluminum alloy AK7, simulating a sector of an axisymmetric part, was demonstrated. Conclusion. The metal-matrix composite
coating “Ni-SiC", formed on flat long samples (with an area of 0.2 dm?) of aluminum alloy AK7 as a result of electrodeposition, is
characterized by uniformity of thickness, volume fraction of silicon carbide particles and microhardness in three control zones for
each current density. The higher the current density during electrodeposition, the higher the thickness of the formed Ni-SiC metal
matrix composite coating, the volume fraction of reinforcing particles and the microhardness.

KEYWORDS: metal matrix composite coatings, electrodeposition, microhardness, silicon carbide, mass loss
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MacwTabupoBaHue npouecca HaHeCeHNA
MEeTa/JIOMaTPNUYHOI0 KOMMNO3NLVNOHHOIO NOKPbITUA
«Ni-SiC»

CBetnaHa KamunbeBHa Kucenesa'-?* (o), Jiunap iunapoBuny AxmepoB™2 (o},
Anunsana 3eHpunpoBHa XycHyTanHoBa"2 (2}, Upek Bunesny Kanpgapos' 2
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AHHOTALMA

BBegeHwme. Ha cerofHsLWHMI AeHb MeTanoMaTPUYHbIE KOMMO3MLVIOHHbIE MOKPBITVA ABMAIOTCA LUMPOKO BOCTPe6OBaHHbIMM 6naro-
Japs BO3MOXHOCTUN COYEeTaHUA B cebe CBOMCTB Kak METa/IMYeCKo OCHOBbI, TaK 1 YNPOUHALLMX UX YacTuy. Hanbonee npocTbim
1 TEXHONOIMYHbBIM CMOCO60OM HaHECEHUSA NMOKPbITUA ABNAETCA dneKTpoocaxaeHne. OfgHUM 13 dyHAaMeHTabHbIX NMapamMeTpoB, onpe-
JensALLyM KauecTBO GopMUPYEeMOro NOKPbITUA 1 CKOPOCTb SNEKTPOOCaXKAEHWS, ABMAETCA NOTHOCTb TOKA. B nutepatype umetotca
NPOTVBOMOMOXHblE MHEHVS O BANAHWM MIOTHOCTM TOKa Ha KaueCTBO KOMMO3UTHOTO NOKPbITA. OCHOBHbBIM KprTeprieM BblGnpatoT
cofepkaHne 06beMHON Jony ynpouHsWwmx Yyactuu,. Micnonb3oBaHre HaHovacTuy, (pa3mepom MeHee 100 HM) B KauecTBe yrnpou-
HUTENA NO3BONIAET 3HAYMTENbHO NOBbLICUTb TBEPAOCTb U M3HOCOCTONKOCTb MaTPULbl 3a CHET AMCNEPCMOHHOIO TBEPAEHUSA, OfHAKO
OHU 06/1a[1al0T BbICOKOM CKIOHHOCTbBIO K arfiomepauny n TpebytoT 6onee TLaTeNIbHOro KOHTPOJSIA PEXMMOB NeKTPOOCaXAeHMs.
HemanoBaxHo npu anekTpoocaxaeHnm chopmrpoBaTb NOKPbITUE C PAaBHOMEPHbIM pacrnpefeneHrem YacTul B MeTananyeckom
MaTpuLe no Bcel paboyelt NoLaan 3aroToBKy s obecneyeHns CTabnnbHOCTU MeXaHNYEeCKNX U GYHKLMOHANbHbIX CBONCTB, UTO
B AaNibHelwem byaeT onpefenaTb 4ONTOBEYHOCTb paboTbl AeTaneit. C 3TOM TOUKY 3peHns NpefcTaBseT MHTepec MaclwTabuposa-
HMe NpoLecca EeKTPOOCAXKAEHUA 1 Nepexo Ha MofesibHble 06pasLibl, ASIMHHOBOW pa3mMep KOTOPbIX UMUTUPYET MaKCUManbHYO
BbICOTY peanibHOM 0CECUMMETPUYHON AeTanu, Hanpumep LUINHAP, YTO NO3BOIUT BOCMPOU3BECTY YCNOBUA HAHECEHNA NMOKPbLITUS,
NPUGNMKEHHbIE K MPON3BOACTBEHHbIM. Llenb paboTbl — nccnefoBaHne OAHOPOAHOCTU CTPYKTYPbI U CBONCTB NOKPbITUA «Ni-SiC»,
cofeprallero GpakuUmio YacTuL pasmepom 6onee 2 MKM 1 CGOPMUPOBAHHOTO Ha AMHHOMEPHbIX 3aroToBKax (nnowaabto 0,2 Am?)
B MpoLecce aNeKTPOOCaXAeHMA B 3aBUCMMOCTI OT NJIOTHOCTU TOKa. MeTogbl n maTepmanbl. B KauecTBe MaTepriana NnognoxKm ana
dopmupoBaHma KomnosnumnmoHHoro noKpbiTs «Ni-SiC» ncnonb3oBany NIMTENHbIR antoMUHNEBBIV cnnaB AK7. Pasmepbl 06pa3LoB
noanoxku 70x20x4 Mm. PeXxnm aneKTpoocaxaeHus: NIoTHOCTb Toka 0,5 A/om?, 10 A/gm?, 20 A/gm%; NpoJoXKMTeNbHOCTb 60 MUHYT;
Temnepatypa 60 °C. MUKpOCTPYKTYpY NOKPbITA NCCIef0oBann C MOMOLLbIO PaCTPOBOrO NEKTPOHHOIO M1Kpockona «JSM-6490 LV»
npwv yBenuueHun x500. MMKpOTBepLOCTb OLIEHMBANN C UCMOb30BaHMeM MuKpoTBepaomepa «TBM Tochline» npu Harpyske 50 T.
McnbiTaHWs Ha N3HOCOCTOMKOCTb NPOBOAMNAM Ha TprbomeTpe «Nanovea» MEeTOAOM «LIAPVK-NO-AUCKY». Pe3ynbTaTbl n 06cyKaeHme.
MpoBeneHa oTpaboTKa TEXHONOTUU MEKTPOOCAXKAEHNSA MATPUYHOTO KOMMNO3MLMOHHOTO NoKpbiThaA «Ni-SiC» Ha ANIMHHOMEpPHble
nnockme obpasupl (0,2 Am?) 13 antommuHmnesoro crsiasa AK7 n nogbop onTrmarnbHbIX NapameTpoB npouecca. [pogeMoHCcTpupoBa-
Ha BO3MOXXHOCTb GOPMMPOBAHUA OQHOPOLHOIO NMOKPbITVA HA OCHOBE HUKeNIeBOW MATPULbl, cofepaLlei KpyrHble yacTtuupl SiC
Ha NIOCKMX ANMHHOMEPHbIX 06pa3uax (0,2 Am?) 13 anomMrHneBoro crnasa AK7, UMUTPYIOLMX CEKTOP OCECMMMETPUYHON AeTasnu.
BbiBoabl. MeTannomatpuyHoe KomnosntHoe nokpbitue «Ni-SiC», cdopMmpoBaHHOE Ha MIOCKMX ASIMHHOMEPHbIX 06pa3uax (nno-
waabto 0,2 oM?) u3 anommnHmeBoro crnasa AK7 B pesynbraTe 3N1eKTPOOCaXAeHWs, XapaKTepusyeTca OAHOPOLHOCTbIO TOMWYHDI,
06bemMHOI Jone YyacTuy Kapbraa KpeMHUA 1 MUKPOTBEPAOCTA B TPEX KOHTPOJIbHbIX 30HAX AJA KaXAoW NNOTHOCTH ToKa. Yem
BblLLE MJIOTHOCTb TOKa MPW NIEKTPOOCAKAEHNM, TEM BblLLE TONLLMHA GOPMUPYEMOTO METaNTIOMaTPUYHOIO KOMMO3UTHOIO MNOKPbITYSA
«Ni-SiC», 06beMHas [ons yNpOUHALUX YacTUL U MUKPOTBEPLOCTb.

KJTIOYEBbDIE CJTOBA: MeTanfioMaTpryHble KOMMO3ULMOHHbIE MOKPbLITWA, JIEKTPOOCAKAEHNE, MUKPOTBEPLAOCTb, Kapbua KpemHusa,
YHOC Macchl

UCTOYHUKN ®UHAHCUPOBAHA HAYYHOW PABOTbI, PE3YJISTATOM KOTOPOI CTAJIA NYBJIMKALIUA: Pa6oTa nposoannach
B pamKax peanusaumu CtpaTernyeckoro npoekTa «HoBble TEXHONOMMK, TEXHUYECKME N MHTENNIEKTYabHble CUCTEMbI B MALLMHOCTPO-
eHnun» nporpammbl pa3suTna GIBOY BO «YdumcKuni rocyaapCcTBeHHbIN HePTAHOM TEXHUYECKUA yHMBepcuTeT» Ha 2021-2030 roabl
B COOTBETCTBUM C NPOrPaMMOii CTpaTermyeckoro akageMmmueckoro nugepctaa «Mpuoputet 2030».

BNIATOAAPHOCTI: AsTOpbI BbipaxatoT 6narofapHoCTb 3a GUHAHCOBYIO MOAAEPKKY NPOEKTa.
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INTRODUCTION

Today, metal-matrix composite coatings (MMCCs) are
widely in demand due to the possibility of combining
the properties of both the metal base and their reinforc-
ing particles. The introduction of reinforcing particles
improves the mechanical properties of the coatings,
their corrosion resistance, and expands their applica-
tions [1, 2].

The development of various methods for introduc-
ing particles into a metal matrix is gaining significant
importance due to the potential for synthesizing a wide
range of materials with unique functional properties.
The simplest and most technologically advanced coat-
ing method is electrodeposition [3], which involves the
reduction of metal ions from an electrolyte based on
salt solutions under the influence of an electric current.
The workpiece acts as a cathode and is connected to
the negative pole of the power source, while the an-
ode, typically an electrode in an electrolyte solution of
the same metal, is connected to the positive pole. The
physicochemical principles of electrodeposition are well
known in electroplating.

Of particular interest among the MMCCs obtained
by electrodeposition are nickel composite coatings. The
introduction of solid particles of SiC [4], ALO, [5], ZrO,
[4], WC [6] and TiO, [7] leads to a significant improve-
ment in the mechanical properties of the coatings, such
as strength, hardness and wear resistance, and determines
their potential application.

The most extensive research has been conducted on
nickel-matrix composites containing embedded silicon
carbide (SiC) particles. For components operating under
conditions of intense friction and mechanical stress, and
used in the automotive, aerospace, and manufacturing
industries, the Ni—SiC system is indispensable as a pro-
tective coating [8, 9]. Previously, galvanic chromium plat-
ing was used to harden the surface of components such as
aluminum cylinders and piston rings. However, switching
to a Ni—SiC coating reduces environmental pollution and
avoids negative impacts on human health [10].

As is known, the advantage of the Ni—SiC coating
electrodeposition process is the ability to control the
structure and properties by changing such process pa-
rameters as electrolyte composition, temperature, stirring
speed and particle content [1, 9], as well as the relative po-
sition of the cathode and anode during electrodeposition
[11, 12]. The latter parameter becomes most significant
in the development of a technology for electrodeposition
of a coating containing a large fraction of particles larger
than 2 um. The authors [ 12] note that the horizontal posi-
tion of the treated surface allows for the stable production
of a Ni—SiC composite coating characterized by good
adhesion. It is worth noting that in these studies the coat-
ing was formed on flat samples with an area of 0.1 dm?.

Another fundamental parameter determining the quality
of the formed coating and the electrodeposition rate is the
current density p. It is noted [ | that there is an optimal
range of p, in which a coating with the maximum particle
content is formed. For example, for nanosized SiC par-
ticles this range is from 40 to 60 mA/cm?.

During electrodeposition, it’s crucial to form a coating
with a uniform particle distribution in the metal matrix
across the entire working surface of the workpiece to en-
sure stable mechanical and functional properties, which
will ultimately determine the longevity of the components.
From this perspective, it’s of interest to scale up the elec-
trodeposition process and switch to model samples whose
lengths mimic the maximum height of a real axisymmetric
component, such as a cylinder, allowing for the reproduc-
tion of coating application conditions similar to those in
production.

Thus, the aim of this work is to study the homogene-
ity of the structure and properties of the Ni—SiC coating
containing a fraction of particles larger than 2 um and
formed on long workpieces (0.2 cm? area) in the process
of electrodeposition depending on the current density.

MATERIALS AND METHODS
Raw material

Cast aluminum alloy AK7 (GOST 30620-98) was
used as the substrate material for the Ni—SiC composite
coating. Its microhardness was 58 HV. The size of the
flat samples was chosen to match the linear dimension
of a sector of an axisymmetric cylindrical part and was
70 mm long, 20 mm wide, and 4 mm thick.

The chemical element content of the substrate mate-
rial was assessed using an INCA-Energy X-ray microana-
lyzer and an Inca X-Act energy-dispersive spectrometer,
both of which are equipped with a JSM-6490 LV scanning
electron microscope (SEM). Analysis of five spectra taken
from the sample surface revealed the following average
component content (wt %): Al — 81.0; Si — 18.0; Mg —
0.1.

Surface preparation of samples before coating

Surface preparation was performed to improve adhe-
sion of the coating to the substrate material. It included
several steps:

— degreasing in an ultrasonic bath with acetone for

2 minutes;

— rinsing in warm distilled water;

— etching in a solution of hydrofluoric (HF) and nitric
acids (HNO,) for 3 minutes;

— rinsing twice in distilled water at room temperature.

After rinsing, the flat samples were immediately
mounted in the setup to prevent the substrate surface
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from drying out and the re-formation of the natural oxide
film due to interaction with atmospheric oxygen.

Electrodeposition

For coating application, a Watts sulfamate electro-
Iyte was used, the composition of which is presented in
Table 1 [14].

The electrolyte for Ni—SiC deposition was prepared
as follows. Boric acid, nickel chloride, nickel sulfate, and
sodium lauryl sulfate were dissolved sequentially in a glass
container filled with distilled water to ?/, of the required

Table 1. Electrolyte composition and electrodeposition
parameters

Components Concentration, g/|

Single nickel salt (Ni,SO,-7H,0) 300l

Nickel chloride (NiCl,) 30

Boric acid (H,BO,) 30
Sodium lauryl sulfate (C ,H,.SO,Na) 1.5

Silicon carbide (SiC) 150

Electrodeposition parameters Value

Temperature (°C) 60+1

Ph 35...40
Processing duration T, min 60

from 1 to 300
0.5; 10,0; 20.0

Stirring speed n, rpm
Current density j, A/dm?

volume at a temperature of up to 70 °C. The electrolyte
was then topped up to the required volume and silicon
carbide was added.

An NPA2 electrolytic nickel rod (GOST 492-2006)
was used as the anode.

The apparatus for electrodepositing a composite coat-
ing is shown in Fig. 1 and consists of a cylindrical bath 1
and two funnel-shaped end caps 2 and 3, which cover the
ends of the bath with a cylindrical nickel anode 4 placed
therein. A flat sample is attached to the inner wall of the
bath. The bath with the caps is mounted in a movable
frame 6 capable of rotation around an axis of symmetry to
transmit centrifugal forces to the electrolyte (7 in Fig. 1)
with SiC particles (8 in Fig. 1). A fixed frame 9 allows the
position of the bath 1 to be changed relative to the vector
of the earth’s gravitational field. Sample 5 made of alu-
minum alloy, which serves as the cathode, and cylindrical
nickel anode 4 are connected to a DC source.

The electrodeposition mode was selected based on
the experimental results obtained earlier [12, 13]: the
electrolyte temperature was 60 °C, the stirring speed var-
ied depending on the position of the bath relative to the
vector of the gravitational field of the earth’s attraction
(from 1 to 300 rpm), and the treatment duration was 60
minutes (Table 1).

v

Fig. 1. Device for electrodeposition of Ni-SiC coating

Preparing samples for research

Electrodeposition of the composite coating was car-
ried out on three samples. Electrodeposition modes dif-
fered in current density according to Table 1. To carry
out metallographic studies, microsections were prepared
in the following sequence: cutting blanks for transverse
microsections on an electric spark machine; mechanical
grinding using abrasives with a grain size up to P2000
(10 microns) and subsequent polishing using polishing
suspensions on grinding and polishing equipment.

Sample fixation zone
~

°

Zone 1
»

0
\

Zone 2
r

70

Zone 3

Fig. 2. Scheme of cutting samples for research
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Microstructural analysis technique

JSM-6490 LV scanning electron microscope (SEM)
at X500 magnification was used to determine the coating
thickness and quantify the silicon carbide content. The
volume fraction of silicon carbide in the coating was de-
termined using the grid overlay method [1].

The chemical element content of the coating was as-
sessed using an INCA-Energy X-ray microanalyzer and
an Inca X-Act energy-dispersive spectrometer, both of
which are equipped with JSM-6490 LV scanning electron
microscope (SEM).

Test methods for wear resistance
and microhardness

Wear resistance tests in zone 2 were carried out on
a Nanovea tribometer using the ball-on-disk method in
the following modes: rotation speed — 286 rpm; friction
circle radius — 5 mm; linear velocity — 0.063 m/s; force —
2 N; friction type — dry; maximum track length — 1000 m;
counterbody — steel ball with a diameter of 6.3 mm. Three
parameters were selected as wear characteristics: the mag-
nitude of mass wear of the sample (W), the magnitude of
mass wear of the counterbody (Wb) and the wear track
width (b).

The value of mass wear of the sample was calculated
using the formula:

W= (m—m /m)*100%, (1)

where m — sample weight before testing, kg;

m, — sample weight after testing, kg.

The magnitude of mass wear of the counterbody was
determined by the formula:

W, = (m—m"/m")x100%, (2)

where m” — mass of the ball before testing, kg;

m,” — mass of the ball after testing, kg.

The microhardness (HV) in the cross section was as-
sessed using a TBM Tochline microhardness tester with
a load of 50 g and an indentation time of 10 s.

RESULTS
Coating microstructure

Electrodeposition resulted in coatings on samples of
AKI18 aluminum alloy. Visual inspection of the sample
surfaces revealed no delamination of the coating from the
substrate or any defects such as discontinuities.

The microstructure of cross-sections of the electrode-
posited samples is shown in Figure 3. The coatings formed
intact without cracks, and good adhesion to the substrate

is evident. No defects, such as pores, were observed along
the transition zone from the base material to the coating.
The coating consists of a nickel matrix with embedded
silicon carbide particles, as clearly demonstrated by the
elemental composition of the coating (Fig. 4).

A comparative analysis of the coating morphol-
ogy (Fig. 3) and thickness assessment in different zones
(Fig. 5a) indicate uniform formation across the entire
surface of the samples. At low current densities (j =
0.5 A/dm?), the coating thickness varies from 17 to 25 um
depending on the zone. As the current density increases to
10 and then to 20 A/dm?, the coating thickness increases
by almost two and four times compared to j = 0.5 A/dm?.
Thickness uniformity is maintained across different zones
and is within the error margin.

The volume fraction of silicon carbide particles in-
creases with increasing current density (Fig. 5b) from
10% at 0.5 A/dm?to 15% (j = 10.0 A/dm?) and 16% (j =
20.0 A/dm?). Despite the fact that the coating thickness
increases significantly with increasing current density,
a similar multiple increase in the volume fraction of sili-
con carbide particles is not observed.

Coating microhardness

As shown in Figure 6, the coating microhard-
ness depends on current density. At low current den-
sity (0.5 A/dm?), microhardness reaches no more than
250 HV. As j increases to 10.0 A/dm?, microhardness
increases almost threefold (637 HV for zone 2). A further
increase in current density to 20 A/dm? does not result in
an increase in HV.

Forj= 0.5 A/dm?, the coating microhardness in zones
1, 2, and 3 (according to the cutting diagram in Fig. 2)
varies within the error limits. Similar uniformity of coat-
ing microhardness in different zones of the samples is
observed for the electrodeposition mode at current densi-
ties of 10 and 20 A/dm?>.

Coating wear resistance

Tribometer testing is used to evaluate the adhesion
quality of coatings to the substrate surface. No delamina-
tion or failure of coatings formed at different current den-
sities was observed in tribological tests. The wear tracks
[16] formed during the tests are shown in Figure 7. Table 2
shows the specimen wear (W), the counterface wear (Wb),
and the wear track width (b). These characteristics, as is
well known, can be used to assess the intensity of surface
damage.

The obtained data indicate increased wear resistance
compared to the substrate material. The sample obtained
at a current density of 0.5 A/dm? exhibited the highest
wear resistance, corresponding to the lowest mass loss. As
the current density increased to 10 A/dm? and 20 A/dm?,
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X500 50pum 12 53 SEI 20kV X500  50um 12 53 SEI 20kV X500  50pm 12 53 SEI

a, zone 1 b, zone 2 c,zone 3

20kV X500 12 53 SEI 20kV X500  50um 12 53 SEI 20kV X500  50um 12 53 SEI

d, zone 1 e, zone 2 f,zone 3

132 sa sr myo2 008X  WioS 20KV X500  50um 12 53 SEI 20kV X500 50um 12 53 SEI

g,zone 1 h, zone 2 k, zone 3

Fig. 3. Microstructure of cross-sections of coated samples, SEM: a, b, c - 0.5 A/dm? d, e, f— 10.0 A/dm?
g, h, k-20.0 A/dm?

Ne  spectrum C Si Ni
spectrum | 40,7 58,2 1,0
spectrum 2 41,6 57,1 1,2
spectrum 3 39,8 57,7 13
spectrum 4 - - 100

Spectrum 4

Fig. 4. Elemental composition of the coating
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Fig. 5. Comparative analysis of coatings obtained at different current densities: coating thickness (a); volume

fraction of SiC particles (b)

g

B zons1
zone2
—zon=3

microhardness, HV
88888

8

(=]

05A/mE 10 Além2 20 Além2

Fig. 6. Microhardness of coatings

mass loss increased, but remained 2.5—3.5 times higher
than that of AK7. The samples obtained at a current den-
sity of 0.5 A/dm? and 20 A/dm? exhibited the smallest
wear track widths, indicating good adhesion strength.
Thus, the coatings formed on flat samples of AK7 alu-
minum alloy are characterized by homogeneity over the

entire area, while their structure and properties depend
on the current density.

DISCUSSION

Electrodeposition is known to be one of the most
common methods for producing composite coatings
based on a metal matrix on the surface of components
[17]. A basic electrodeposition setup consists of two con-
ductive electrodes immersed in an electrolyte bath. One
working electrode is connected to the negative pole and
serves as the cathode, while the other is connected to the
positive pole. When an external electric field is applied,
cations move toward the cathode, discharge, and are de-
posited as a metallic layer [18, 19]. To date, sufficient
laboratory experience has been accumulated in forming
composite coatings reinforced with particles such as SiC,
AlLO,, WC, TiO,, and others. However, the transition
from laboratory samples to product processing presents
a challenge, primarily related to the need to form coatings
exclusively on the working surfaces. Ensuring uniformity
of coating formation is also crucial.

As a result of the conducted research, the pos-
sibility of obtaining a Ni—SiC composite coating on
model samples, the long dimension of which simulates

Fig. 7. Wear tracks: AK18 (a); 0.5 A/dm? (b), 10 A/dm? (c), 20 A/dm? (d)
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Table 2. Results of tribological tests
W, % W, % b, microns

AK18 9.0-e3 0.01 452+5

coating (j=0,5 A/dm?) 1.4-e3 0.21 446+

coating (j= 10 A/dm?) 5.0-e7 0.26 566+

coating (j =20 A/dm?) 5.0-e3 0.24 445+

the maximum height of a cylinder (20x70%2 mm) was
demonstrated.

Current density is considered a key factor that directly
affects the quality of the composite coating formed on the
base metal substrate [20]. The mechanism of inclusion of
SiC into the nickel matrix, and, consequently, the rate of
incorporation, at low current densities is determined by
adsorption, and at high current densities by the transport
of second-phase particles [21]. The literature contains
conflicting opinions on the effect of current density on
the quality of composite coatings. The primary criterion
is the volume fraction of reinforcing particles. In most
cases, an increase in the particle fraction is observed with
increasing current density [3, 20, 22]. However, there
are publications whose authors demonstrate the oppo-
site effect — a decrease in the volume fraction with an
increase in current density [23]. In [13], it is noted that
with increasing current density, an increase in the vol-
ume fraction of particles is initially observed, followed
by a decrease with further increases in current density.
This discrepancy can be explained by the fact that the
authors use different methods of mixing the electrolyte,
different sizes of reinforcing particles (from nanoscale
to micron-scale), and different relative positions of the
cathode and anode.

It should be noted that when using nanoscale SiC
particles, a more pronounced dependence of the content
of the hardener on the current density is observed. Stud-
ies show that nanoparticles are characterized by a de-
crease in switching efficiency at high current densities,
which is associated with increased competition between
nickel ion discharge processes and electrophoretic particle
transfer [24, 25]. In addition, nanoparticles are critically
important to prevent their agglomeration in the electro-
Iyte, which can be achieved by using ultrasonic mixing
[26]. Unlike micron particles, for which convection is
the determining mechanism of delivery to the cathode,
nanoparticles are more susceptible to the influence of
electrokinetic phenomena and require more careful con-
trol of deposition parameters [27].

In the current study, increasing the current density
resulted in an increase in both the volume fraction of
silicon carbide particles and an increase in the thickness
of the formed coating (Fig. 5). Silicon carbide particles are
known to have a negative charge. In the electrolyte solu-

tion, nickel ions are adsorbed onto the particle surface,
and due to the positive charge, they are incorporated into
the coating [28, 29, 30]. Electrodeposition processes are
known to obey Faraday’s first law [31]. It can be assumed
that with increasing current density, a larger mass of nickel
is adsorbed on the silicon carbide particles and, with their
further deposition on the base metal substrate, a coating
of greater thickness is formed.

The performance characteristics of coatings for practi-
cal applications are determined by mechanical properties
such as microhardness and adhesion. These properties
determine the quality of the coating and may vary de-
pending on its structure.

Metal-matrix composites are characterized by higher
microhardness values compared to coatings based on pure
metal. This is explained by the mechanism of dispersion
strengthening of the matrix by inclusions of co-precipitated
strengthening particles, which act as barriers to dislocation
movement [32, 33, 34]. It is known that the microhard-
ness of metal-matrix composites depends not only on the
mechanical characteristics of the matrix nickel phase, par-
ticles, and interphase boundaries, but also on the amount
of the dispersed phase [3, 7]. The obtained results confirm
this trend. When evaluating the microhardness, a greater
consistency was revealed with the volume fraction of silicon
carbide particles in the coating composition than with its
thickness (compare Fig. 5 and Fig. 6).

The wear resistance of Ni—SiC composite coatings
depends on the current density through the thickness
and volume fraction of embedded solid particles in the
coating. As with microhardness, the volume fraction of
particles has a more pronounced effect than the coat-
ing thickness. The best wear resistance was achieved for
a coating containing 10% SiC, obtained at a density of
0.5 A/dm?. The increase in mass loss and the resulting
decrease in wear resistance at current densities of 10 and
20 A/dm? can be associated with the tearing out of par-
ticles during friction, which leads to additional wear of the
coating surface. In the literature, the term “third-body
wear” is used to describe this process [35]. In this case,
scratches are observed on the wear tracks of the Ni—SiC
composite coating and their absence on the wear tracks
of the pure nickel-based coating. With increasing coat-
ing thickness, the volume fraction of particles increases,
consequently, the percentage of particles torn out of the
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metal matrix increases. For nanocomposite coatings, the
wear mechanisms may differ: the uniform distribution of
nanoparticles in the matrix contributes to a more stable
formation of the protective layer and a reduction in abra-
sive wear [27, 36].

CONCLUSION

Thus, this study demonstrates the feasibility of scaling
up the process of electrodeposition of “Ni—SiC” metal-
matrix composite coating on long, flat specimens of AK7
aluminum alloy. The following conclusions can be drawn
from this work:
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ABSTRACT

Introduction. Weight optimization of internal combustion engines is achieved through the use of aluminum alloys. In order to
increase the wear resistance of surfaces, functional coatings are used — including those with the inclusion of nanoparticles. Nanopar-
ticles are incorporated into the coating to substantially improve performance properties such as hardness and wear resistance, also
to form a more uniform structure. To maintain the gap in the piston-cylinder group, it is important to assess the current state of the
surface of the parts and the method of preparing them for applying a metal-matrix wear-resistant coating. Methods and materi-
als. During the study, an integral analysis of the microgeometry of the piston and cylinder surfaces was carried out using a laser
scanner (measurement accuracy — 10 microns). Surface of cylinder is coated with Ni-SiC by electrochemical deposition. Samples
from different sectors of the inner surface of the cylinder were cut to evaluate the coating. The microhardness was determined
using a TBM Tochline microhardness meter at a load of 50 g. The microstructure and chemical composition of the coating were
examined using a JSM-6490 LV scanning electron microscope at a magnification of x500. Results and discussion. Analysis of the
cylinder and piston microgeometry revealed a nominal radial gap of 250 pm. Deviations of the cylinder dimensions correspond
to the 5™ degree of accuracy of castings, for the piston - to the 3". Bore diameter in cylinder uunungpe 39, . **'*, piston diam-
eter 38,5 ., %% Thickness of coating layer including series-formed main nickel layer with strengthening phase SiC = 900 nm is
160+10 mcm. Average microhardness of the applied coating 420 HV. The cylinder depth variation does not exceed 10 HV, which
characterizes the uniformity of the formed nickel-strengthening phases SiC. Conclusion. Before coating, machining of the inner
surface of the cylinder is required to equalize the radial gap to 400+10 um, ensuring a 39, ,,**** mm. The developed coater ensures
geometric and structural uniformity of the coating with a thickness of 160+10 microns. The coated surface shall be finished. In the
future, bench tests of the wear resistance of the coating will be carried out. Subsequent studies will be aimed at optimizing the
technology of its application in order to achieve an indicator of operating time of 500 hours before overhaul.

KEYWORDS: internal combustion engine cylinder, 3D digitization, 3D inspection, 3D modeling, reverse engineering, electronic
product model, preliminary design, wear-resistant metal-matrix coatings, electrochemical deposition
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AHHOTALMA

BeepgeHune. OnTMum3aumna maccbl ABuUratenen BHyTPEHHEro CropaHna JOCTUraeTca nyTemMm NnpyMeHeHUs antioMUHUEBbIX CMIaBOB.
C Lenbio NOBbILLEHNA U3HOCOCTOMKOCTM MOBEPXHOCTEN NPUMEHATCA GYHKLNOHANbHbIE MOKPLITUA — B TOM YMCIIE, C BKITIOUYEHNEM
HaHouacTuy. HaHouacTuLbl BBOAAT B COCTaB MOKPbLITWSA, UTOObI CYLLECTBEHHO YNyULLMTb TaKMe SKCrlyaTaloHHble CBOMCTBA, Kak
TBEPAOCTb M U3HOCOCTOMKOCTb, TakXe s GopMmpoBaHus 6onee ogHOPOAHON CTPYKTYpbl. [InA coxpaHeHuUs 3a3opa B rpynne
NopLUEHb-LUUINHAP BaXXHO OLEHUTb TeKyLiee COCTOAHNE NOBEPXHOCTY AeTanel 1 MeToANKY NX NOArOTOBKMW ANA HAHECeHNA me-
TaNNoOMaTPUYHOIO N3HOCOCTOMKOro NOoKpbITUA. MeTogbl n maTepuanbl. B xoge nccnegosaHna npoBefeH MHTErpasnbHbIA aHanns
MUKPOreoMeTpmim NOBEPXHOCTM MOPLUHA U LMANHAPA C MPYIMEHEHNEM J1a3ePHOr0 CKaHepa (TOYHOCTb M3mepeHuit — 10 MKMm).
Ha noBepxHOCTb LUAMHAPA NyTEM 3MIEKTPOXVMUYECKOTO OCaXKAeHNA HaHeceHOo noKpbiTve Ni-SiC. Ins oueHKr NoKpbITUs 6binn
Bblpe3aHbl 06pa3Libl C Pa3HbIX CEKTOPOB BHYTPEHHEN NOBEPXHOCTU UMANHAPA. MUKPOTBEPAOCTb ONPefensnv C UCMOJIb30BaHNEM
MUKpoTBepgomepa «TBM Tochline» npum Harpy3ske 50 r. MUKPOCTPYKTYPY 11 XUMUYECKUI COCTAB MOKPbITVA NCCef0Banv C MOMOLLbIO
pacTpoBOro 31eKTPOHHOro MUKpockona «JSM-6490 LV» npu yBennyeHun x500. PesynbraTtbl 1 06cyaeHne. AHanm3 Mukporeome-
TPUW LUAVHAPA U NOPLUHA BbIABUT HOMUHASbHbIV pagranbHbin 3a30p 250 MKM. OTKNOHEHNA pa3mepoB LMINHAPA COOTBETCTBYIOT
5-11 CTeNneHM TOUHOCTN OTNIMBOK, ANA NOPLIHA — 3-it. [lnameTp oTBepCTUA B UnanHape 39, **'*, anametp nopwHs 38,5 . "%
TonwmHa cnos NoKpbITUA, BKIIOYAIOLLEro nociefoBatesibHo GopMrpyemblii OCHOBHOW HUKENEBbIN CNIO C ynpoyHsioLein dpasoir SiC
= 900 HMm, cocTaBnseT 160+10 mkm. CpeiHee 3HaUeHVe MUKPOTBEPLOCTN HaHeCeHHOro NoKpbiTvsA 420 HV. Mo rnybuHe uunuHapa
pa3bpoc 3HaueHui He npesbiwaeT 10 HV, yto xapakTeprsyeT 0LHOPOAHOCTb CHOPMUPOBAHHOIO C/I0S HUKENb — YNPOUHAoLMe
das3bl SiC. 3aknoueHume. MNepep HaHeceHMEM NOKPbITUA TPebyeTcs MexaHyeckas 06paboTKa BHYTPeHHEN MOBEPXHOCTY LUINHAPA
ANsA BbIPaBHUBAHUA PafnanbHoOro 3asopa 4o 400+10 MKm ¢ obecrniedeHviem pasmepa 39, ., Mm. PaspaboTaHHas ycTaHOBKa Anst
HaHeCeHVA NOKPbITUA 0b6ecneymBaeT reOMeTPUYECKY0 U CTPYKTYPHYI OOHOPOAHOCTb MOKPbLITUA C TonwmHon 160+10 mkm. Mo-
BEPXHOCTb C HAHECEHHbIM MOKPbITMEM CrieflyeT noasepratb GMHULWHON 06paboTKe. B ganbHelwem OyayT npoBefeHbl CTeHA0Bble
NCMbITaHNA N3HOCOCTOMKOCTM NOKPbITUA. [ocnegyowme nccnefoBaHusa 6yayT HanpasieHbl Ha ONTUMMU3ALMI0 TEXHOMOMY ero
HaHeCceHWs C Lienblo JOCTUXKEHNA NoKasaTens B HapaboTke 500 YacoB O KanuTanbHOro PEMOHTA.

KJTIOMEBDIE CJIOBA: unnvHap aBuratena BHyTPeHHero cropanus, 3a-oundposka, 3a-nHcnekuus, 34-MoaenvpoBaHue, pesepc-
VNHXUHWUPWHT, SNIEKTPOHHAA MOLENb U3LENUNS, SCKU3HOE NPOEKTUPOBAHME, M3HOCOCTOMKIME METASINIOMATPUYHBIE NOKPLITUA, dKe-
TPOXNMUMYECKOE OCaXKaeHme

NCTOYHUKU OUHAHCUPOBAHWA HAYYHOW PABOTbI, PE3YJIBTATOM KOTOPOW CTAJIA NYBJIMKAUMUA: Viccneposaxue
BbINONIHEHO B pamKax nporpammbl MUHMCTepCTBa HayKu 1 Bbicliero obpasoaHua Poccuiickonn ®epepauun «MPUOPUTET 2030».
BNIATOAAPHOCTI: AsTOpbI BbipaxatoT 6rarofapHoCTb 3a GMHAHCOBYIO NOAAEPKKY NPOEKTa.

Aana unTUPOBAHUA:
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NIOMaTPUYHOTO MOKPLITVUA METOAOM 3NEKTPOXMMUYECKOTro ocaxaeHna Ha unnnHap ABC. HaHomexHomozuu 8 cmpoumenscmee.
2026;18(5):591-600. https://doi.org/10.15828/2075-8545-2026-18-5-591-600. - EDN: SMLGUZ.

INTRODUCTION in 2027. There is an increase in interest in hybrid-elec-

tric and all-electric power plants, but traditional internal
According to an analytical report [1], the engine marketis =~ combustion engines (ICEs) continue to dominate the
expected to grow from $84 billion in 2022 to $115 billion ~ market due to the existing infrastructure and maintenance
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networks. To reduce the development time of domestic
engines, reverse engineering is used [2]. When creating
competitive mechanical engineering products, it is im-
portant to improve their technical characteristics. One of
the main causes of failure of machines with reciprocating
movement of working elements is wear of pistons and
mating surfaces of cylinders. Modern approaches to im-
proving the wear resistance of the cylinder-piston group
include the use of wear-resistant coatings, optimization
of materials, additives to oils, as well as innovative surface
treatment technologies. The group of promising coatings
includes composite coatings with a metal matrix. One
of the types of composite coatings of cylinder working
surfaces that are in demand on the market is the Ni—SiC
system — nikasil [3, 4], which is widely used to reduce the
wear of engine parts. Silicon carbide SiC nanoparticles
play a key role in the effectiveness of such a coating: due
to their small size, they provide dispersion hardening of
the matrix, contribute to the formation of a denser and
more uniform layer structure, reduce porosity and in-
crease the hardness of the coating. In addition, due to
the high specific surface of the nanoparticles, adhesion to
the matrix is improved, which prevents the coating from
chipping under intense cyclic loads characteristic of the
cylinder-piston group. USPTU has developed a technol-
ogy and an installation for applying Ni—SiC coating to flat
samples made of aluminum alloys AK7 by electrochemi-
cal deposition [5-7] with the prospect of improvement for
application to axisymmetric surfaces.

The purpose of this work is to evaluate the manufac-
turability of the developed method of coating the inner
surface of an ICE cylinder with a volume of 40 cm?. Tasks
are integral analysis of microgeometry of surfaces of parts
in cylinder-piston group by method of reverse engineer-
ing, evaluation of gaps, evaluation of formed coating,
development of recommendations for preparation of inner
surface of cylinder under consideration for application of
coating with specified thickness and evaluation of non-
uniformity of application.

METHODS

Data on the geometry of the product were collected
using an AtlaScan ZG Tech laser scanner with an ac-
curacy of = 0.01 mm. The device is included in the state
register of measuring instruments [8]. For the collection,
digitization and processing of geometry, licensed soft-
ware (software) was used for the reverse engineering of
pointshape-design by DREAMTNS [9]. GOM Inspect
software was used for 3D inspection and work with digi-
tization results [10]. Compass-3D computer-aided design
(CAD) system was used to correct the models [11].

The chemical composition of the base metal was stud-
ied using the Olympus Innov-X Delta Premium portable
XRF spectrometer in accordance with [12].

Nanob%

Coating microstructure studies were performed on
a JSM 6490 LV scanning electron microscope (SEM).
The chemical content of the coating was determined using
an INCA Energy X-ray microanalyzer and an Inca X Act
energy dispersive spectrometer.

Coating thickness was measured using the Altami Stu-
dio 4.0 software “MET 1C” Altami microscope.

Metal matrix composite coating “Ni—SiC” was
applied electrochemically on a specially designed in-
stallation. The design of the installation [6] (on flat
samples) provides for the possibility of coating the in-
ner surfaces of cylindrical parts. The design feature of
the installation is a cylindrical bath on a rotary base,
providing both horizontal and vertical position of the
part. The vertical position makes it possible to form a
pure nickel layer, while the horizontal position makes
it possible to obtain a composite Ni—SiC coating. The
technological effectiveness of the installation is due to
the following factors: the design of the installation does
not require complex systems for forced mixing of the
electrolyte, using the force of gravity for electrodepo-
sition of particles; at one installation it is possible to
obtain coating both on experimental samples and on
full-size parts; positive results on flat samples confirm
the technological heritability when switching to real
axisymmetric parts.

To confirm the technological heritability of the instal-
lation, a cylindrical part with an internal cavity diameter
of 39 mm was coated. In this case, when applying the
coating, the part itself serves as a cylindrical bath. The
deposition mode and composition of the electrolyte were
the same as for the flat samples [5], but the fraction of
silicon carbide particles was about 900 nm. Samples were
then cut for metallographic studies (Fig. 1).

Fig. 1. Sample cutting areas
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RESULTS AND DISCUSSION
1. Microgeometry of piston-cylinder surfaces

When evaluating the geometry of the inner cavity of
the coating cylinder, several types of internal combustion
engines with a volume of 40 cm?® were considered as pro-
totypes: GTT70 from NGH and 70SS HARBIN BIN-AU
TECHNOLOGY DEVELOPMENT CO., LTD.

3D digitization of cylinder-piston group parts was
performed. Workflow for Creating an Electronic Geo-
metric Product Model (EGMI) as a Solid State Computer
Model (SM) includes aligning a polygonal surface model
of a part with a global assembly coordinate system, split-
ting model surfaces, defining base surfaces for geometry
analysis, sketching on base surfaces, — building a solid
CAD model, performing an inspection (comparison) of
the obtained solid KM relative to the polygonal surface
model, export the model in .STEP format for further work
in CAD. The results of inspection of the digitized housing
of the cylinder of the internal combustion engine and KM
are shown in Figure 2.

Inspection results reflect deviations of solid model ge-
ometry from polygonal surface model. Deviations in plus
are indicated in red. Deviations in minus are indicated in
blue. The most significant deviations of the cylinder CM
after editing in ESCS are the muffler connection flange
(its thickness was rounded to an integer) and the location
of the cooling ribs in the lower part of the cylinder. Maxi-
mum deviations are 0.5 mm (Fig. 2), which corresponds
to the 5th degree of accuracy in accordance with [13].

The interior of the cylinder is machined. Machin-
ing is performed to ensure accurate geometry, removal

Fig. 2. Results of inspection of “Cylinder” part

Nanob%

of the surface layer of the casting, as well as to prepare
the surface for the application of a wear-resistant coat-
ing. To determine the degree of dimensional accuracy,
an analysis of the microgeometry of the inner surface
of the cylinder was carried out, as well as diagrams of
profile deviations in three sections (Fig. 3). The nominal
diameter of the section is 39 mm. The results of analysis
of section profile deviations from the nominal diameter
size are presented in Table 1.

The results of inspection of the digitized ICE and KM
piston are shown in Figure 4.

Deviations of the piston dimensions do not exceed
0.23 mm in the base and 0.08 mm near the hemispheri-
cal end part, which corresponds to 3 degrees of accuracy
[13]. The layout of the planes for the analysis of the mi-
crogeometry of the outer surface of the piston is shown
in Figure 5.

The nominal diameter of the section is 38.9 mm. The
results of analysis of section profile deviations from the
nominal diameter size are presented in Table 2.

Thus, the nominal radial clearance is 250 um. There are
no regulatory documents to ensure gaps in the piston-cylin-
der pair, the manufacturer installs them himself, depending
on many factors. When applying the coating, we focus on
maintaining the nominal gap. The results of the cylinder
and piston geometry study showed that the hole diameter in
the cylinder e 39757.°, the piston diameter 38,5_07=". Analy-
sis of the microgeometry of the ICE under consideration
showed that the minimum radial gap was 269 microns, the
maximum radial gap was 398 microns. The manufacturing
accuracy depends on the field of application of the internal
combustion engine. The measured values of the gaps are
typical for non-response devices.

[mm]
0.50

fi8annecting flange

-0.50
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P,

Fig. 3. Location of “Cylinder” part profile microgeometry analysis planes

Table 1. Results of microgeometry analysis of the cylinder inner surface profile

Minimum deviation
0.00 mm

Section 1

Maximum deviation
0.021 mm

Minimum deviation
0.0033 mm

Section 2

Maximum deviation
0.0146 mm

Minimum deviation
0.0046 mm

Section 3

Maximum deviation
0.012 mm
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Fig. 4. “Piston” part inspection results

[mm]
0.30

0.00

-0.30

Fig. 5. Location of planes of “Piston” part profile microgeometry analysis

2. Chemical composition of piston-cylinder parts

In the case of machining of the housing for coating,
repair of the worn coating and the cylinder itself, the ma-
terial of the parts should be determined. The results of the
study of the chemical composition of the main parts of
the internal combustion engine are presented in Table 3.

Aluminum deformable alloy AMg4.5 State Standard
4784-2019 [15] is the closest in composition to the ma-
terial of the parts of the cylinder body, body cover and
cylinder piston. This alloy contains 3.5—4.5% magnesium,

which provides the necessary balance between strength
and ductility of the material.

3. Analysis of Nikasil coating properties on the inner
surface of the cylinder

Figure 6 shows a typical microstructure of a Ni SiC
composite coating applied to a cylinder. It can be seen from
the figure that silicon carbide nanoparticles are uniformly
distributed throughout the matrix. Table 4 shows the results
of the selected local power dispersion analysis zones.
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Table 2. Results of microgeometry analysis of piston outer surface profile

Minimum deviation
0.038 mm
Section 1
Maximum deviation
0.154 mm
2N Minimum deviation
N 0.0038 mm
Section 2 :
X ,-"'A Maximum deviation
% Y 0.0912 mm
N Minimum deviation
0.00 mm
Section 3 = 1
0.000 Maximum deviation
7, 0.06 mm
Table 3. Results of spectral analysis of internal combustion engine parts
Details Al Cu Fe Zn Mn Ni Mg Si Cr Ti
Cylinder housin 93.84+ 0.05% 0.01+ 0.01x 0.50% ) 5.20= 0.35% 0.02+ 0.02+
Y 9 0.80 0.006 0.003 0.003 0.005 0.05 0.04 0.001 0.001
Housing cover 93.48+ 0.04+ 0.02+ 0.01+ 0.53+ ) 5.50+ 0.38+ 0.02+ 0.02+
9 0.80 0.005 0.003 0.003 0.005 0.05 0.04 0.001 0.001
Piston 98.50+ 0.633+ 0.282+ 0.015% 0.45+ 0.578+ 5.30+ 0.30+ 0.01+ 0.015%
0.90 0.006 0.007 0.003 0.005 0.006 0.05 0.04 0.001 0.001

Spectra 1, 3—5 correspond to the main coverage area,
spectra 2, 6, 7 — to the cylinder material.

In order to verify the uniformity of the coating over
the entire surface, control measurements were carried
out in three characteristic zones: at the upper edge of
the cylinder, in the middle part and at the lower edge
(from section 1 to section 3 according to Fig. 3). In each
of these zones, the thickness of the coating in the cross-
section was determined, and the Vickers microhard-

ness was evaluated. The results obtained are shown in
Table 5.

Recommended values of Nikasil layer thickness are
100—200 um [16—17]. The thickness of the formed coating
(Table 5) was 160£10 um.

When assessing the uniformity of the coating (Ta-
ble 5), a slight decrease in thickness is noted from the
upper to the lower edge of the cylinder (from section 1
to section 3 according to Fig. 3). This is due to the pecu-
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100 pm

Table 4. Elemental composition of the coating according to Figure 6

Nanob

Fig. 6. Ni-SiC coating

microstructure

1SSN 2075-8545 (online)

Spectrum In stat. C Mg Al Si Fe Ni Cu Zn Result
Spectrum 1 Yes 3.23 2.82 93.95 100.00
Spectrum 2 Yes 4.90 0.49 86.87 3.46 1.44 0.60 1.65 0.59 100.00
Spectrum 3 Yes 0.62 99.38 100.00
Spectrum 4 Yes 7.22 7.77 85.01 100.00
Spectrum 5 Yes 2.55 0.60 96.85 100.00
Spectrum 6 Yes 0.54 95.29 0.75 0.66 2.06 0.70 100.00
Spectrum 7 Yes 0.57 87.94 0.97 0.44 3.78 5.80 0.50 100.00
Max. 7.22 0.57 95.29 7.77 1.44 99.38 5.80 0.70
Min. 2.55 0.49 86.87 0.60 0.44 0.60 1.65 0.50

All results are reported in weight percent (wt%)
Table 5. Coating thickness and hardness
Upper edge Middle Bottom Edge
Section 1 Section 2 Section 3
Thickness, um 170+5 158+5 150+5
Hardness HV 429+5 411+5 420+5
liarities of the hydrodynamics of the electrolyte with the =~ CONCLUSION

horizontal arrangement of the bath.

Deviations in the microhardness values of the com-
posite coating along the entire length of the cylinder do
not exceed 5%, which indicates the technological unifor-
mity of the applied composition.

The nominal radial clearance in the cylinder-piston
group is 250 um. According to the results of evaluation
of microgeometry of the cylinder-piston pair profiles, the
radial clearance on the ICE under consideration is from
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269 um to 398 um, which is critical for critical devices.
Before coating, machining of the inner surface of the cyl-
inder is required to equalize the radial gap to 400+ 10 um,
ensuring a 39593 mm.

The developed coater ensures geometric and structural
uniformity of the coating with a thickness of 160%10 mic-

rons. The thickness error is explained by the peculiarities

Nanobm

of the electrolyte hydrodynamics with the horizontal ar-
rangement of the bath. The coated surface shall be finished.

In the future, bench tests of the wear resistance of
the coating will be carried out. Subsequent studies will
be aimed at optimizing the technology of its applica-
tion in order to achieve an indicator of operating time of
500 hours before overhaul.
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ABSTRACT

Introduction. Tubular electric heaters are widely used in industrial and domestic heating applications. Structurally, tubular electric
heaters consist of a metal shell housing a heating element, with the space between them filled with a high-temperature, heat-con-
ducting dielectric material. A tubular electric heater is divided into several zones: the active (heating) zone, the cold zone (contact
terminal zone), and the transition zone. The “cold” sections of the tubular electric heater, where the contact rods connected to the
terminal wires are located, are the most critical in terms of electrical safety and durability. This zone requires reliable electrical insu-
lation, sealing from the external environment (moisture, corrosive environments, dust, aggressive vapors), and mechanical fixation
of the current-carrying elements. The aim of this study was to develop and optimize the composition of a sealing material for the
cold section of a tubular electric heater. Materials and Methods. To achieve this goal, a series of pilot samples of sealing materials
for protective insulating coatings were manufactured by modifying their compositional components: the polymer base, plasticizer,
and filler. Samples of sealing materials for the cold section of tubular electric heaters were subjected to a comprehensive evalua-
tion of their adhesive strength, oil-and-petrol resistance, dielectric and mechanical properties, and chemical resistance. Results.
The paper presents an analysis of the feasibility of using an insulating nanomaterial for the cold section of a tubular electric heater.
The results of a study of materials with various compositions, including Ammerheim Phenol Epoxy phenol-epoxy coating, T-111
epoxy resin, F-4D fluoroplastic suspension with nanoscale particles, one-component silicone sealant, ethyl cellulose, VIKSINT PK-68
organosilicon rubber, and SEDM-6 epoxy resin, showed that the most promising material for sealing the "cold" section of a tubular
electric heater is F-4D fluoroplastic, which exhibits unique chemical resistance to gasoline, oils, and aggressive environments, a wide
operating temperature range (from -190 to 250 °C), and excellent dielectric properties. Conclusion. Based on the results of the tests,
fluoroplastic F-4D was selected as the sealing dielectric material for the “cold” section of the cartridge electric heater. This material
possesses the necessary properties for operation: heat resistance, oil-and- petrol resistance, dielectric strength, high ductility, and
chemical resistance. However, the fluoroplastic F-4D-based composition requires additional modification to improve adhesion to
the metal surface of the tubular electric heater.

KEYWORDS: tubular electric heater, dielectric resistance, heat resistance, oil-and-petrol resistance, chemical resistance, fluoroplastic
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BBepeHume. TpybuaTble aeKTPOHarpeBaTenmn Halan WMPOoKoe NPpYMEHEHNE B MPOMbILLIEHHbIX 1 ObITOBbIX HarpeBaTesbHbIX
ycTporcTBax. KOHCTPYKTMBHO TpybuaTble aneKTpoHarpesaTenu npeactaBsaeT coboi MeTaiImyeckyto 060104Ky, BHYTPU KOTOPOI
pacnonoxeH HarpeBaTe/bHbIN SEeMeHT, a MPOCTPAHCTBO MeX /Ay HAMM 3arnoJTHEHO BbICOKOTEMMEPaTYPHbIM TeNIOMNPOBOAALMM [N3-
NeKTPUYECKUM MaTepuanom. B KOHCTPYKLMM TpybUaToro aneKTpoHarpeBaTesisa BblAeNAT HECKOIbKO 30H: aKTUBHYIO (HarpeBaTtesb-
HY0), XONTOAHY!O 30HY (30HY BbIBOA@ KOHTAKTOB) 1 NepexofHyto obnactb. Hanbonee 0TBETCTBEHHBIMU C TOUKU 3PEHUA SNEKTPUYECKON
6e30MacHOCTU 1 [ONTOBEYHOCTY ABNAIOTCA «XOMOAHBIE» YACTK TPYOUATOro 3neKTpoHarpeBaTesis, rAe pacronaraloTCA KOHTaKTHble
CTEPXKHU, COAVHEHHbIE C BbIBOAHbIMYM NMPOBOAaMU. IMEHHO B 3TOW 30HE HEO6XOAMMO 06eCreUnTb HALEXHYIO SN1eKTPOM30NALMIO,
repMeTu3aLmio OT BHELLHel cpefbl (Bnarv, KOPPO3MOHHOW CPefbl, Mblin, arpeccMBHBIX MAPOB) U MexaH4ecKyo GuKcaLmio ToKkoBe-
Aywmx anemeHToB. Lienbto paboTbl ABNANack pa3paboTka n oNTMMK3aLMA COCTaBa repMeTH3NpPYIoLLero MaTepuana s XonoLHom
yacTu TpybuaToro snekTpoHarpesatens. Matepmanbl u meTogbl. [1nA OCTVXKEHUA Lienn Oblin U3roTOBMIEHbI CEPUM OMbITHbIX 06-
pa3LoB repMeTr3VpPYoLWMX MaTePManoB A1 3alMTHOrO U30NALMOHHOTO MOKPbITVA MyTeM MOANULIMPOBAHUA NX KOMMNOHEHTOB
COCTaBa: MOJIMMEPHON OCHOBBI, NIacTUdrKaTopa 1 HanonHuTena. O6pasubl U3 repMeTU3NPYIOLWMX MaTepranos ANA XONOAHON
4acTu TPy6YaTOro aneKTpoHarpeBaTena NoABEPrv KOMMNNEKCHON OLEHKe Ha NX afre3MOHHYI0 MPOYHOCTb, Mac106eH30CTOMKOCTb,
AM3NEKTPUYECKMe N MeXaHNYeCKre XapaKTepUCTUKK, @ TakxKe XUMUYeCKyto CTOMKOCTb. PesynbraTtbl. B paboTte npuseseH aHanus
BO3MOXXHOCTM MPUMEHEHUA 30/MPYIOLLEero HaHOMaTeprana Ha XONOoAHYI0 YacTb TpybuaToro sanekTpoHarpesatend. Pesynbratbl
nccnefoBaHNa MaTepUanoB PasfnyHbIX COCTaBOB: GeHON-3MOKCUAHOIO NOKPbITUA «AMMepxaim DeHon SNoKCK», SMOKCULHOW
cmonbl T-111, dpToponnacTtosoii cycneHsnmn ®-4[1 ¢ HAaHOPa3MepPHbIMM YacTLAMM, OAHOKOMMOHEHTHOTO CUAIKOHOBOTO repMeTu-
Ka, STUILEeNoN03bl, KpeMHUMopraHuueckoro Kayuyka BUKCUHT [MK-68, anokcuaHon cmonbl COM-6 — nokasanu, uto Hambonee
nepcrneKTUBHLIMU MaTepranamMmn 4Jisi repMeTr3aL MmN «XONOAHOM» YacTn TpyOUaToro sfeKTpoHarpeBaTtesnis sBaseTca ¢proponnact
®-4[1, KoTopblii 06NafaeT yHUKaNbHON XMMUYECKON CTONKOCTbIO K 6eH3VHY, Macnam 1 arpeccrMBHbIM cpefiaM, LIPOKMM Aranaso-
HoM pabounx Temnepatyp (0T =190 go 250 °C) 1 NPeBOCXOAHbIMU ANSNEKTPUYECKMU CBOMCTBaMU. 3aKiioueHue. B pesynbrate
NPOBefEeHHbIX UCMbITaHWI BbIOpaH repmeTn3npyowWwmin AuanektTpuyecknin matepran ¢roponnact O-4/1 Ana «xono[HoOM» yactu
MaTPOHHOIO 3NeKTPUYECKOro HarpesaTens. ITOT MaTepuan obnagaet HEOOXOAUMbIMM ANA SKCMIyaTaLMmn CBONCTBaMU: TEPMOCTOW-
KOCTb0, MaC/I06€H30CTOMKOCTbIO, ANNIEKTPUYECKON MPOYHOCTbBIO, MMEET BbICOKYIO MNACTUYHOCTb U XMMUYECKYHO CTONKOCTb. OfHaKo
KoMMo3numa Ha ocHoBe ¢pToponnact O-4[] TpebyeT gononHuTeNbHOM MogUdMKaLMn ANA NOBbLILEHUA aAre3nn K MeTaInyeckon
MOBEPXHOCTY TPYOUYATOro neKTpoHarpesaTens.

KJTIOMEBDIE CJIOBA: Tpy6uaTblli 3nIeKTpOHarpeBaTtesb, AU3eKTpruyeckan CTOMKOCTb, TEPMOCTONKOCTb, Mac106eH30CTONKOCTb,
XVIMUYeCKas CTONKOCTb, GToponnacTt
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B pamKax peanusaumm CtpaTternyeckoro npoekTa «HoBble TEXHONOMM, TEXHUYECKME U MHTENIEKTYabHblIe CUCTEMbI B MALLMHOCTPO-
eHnn» nporpammbl pas3sutna OrE0Y BO «YoumcKkmniin rocyaapctBeHHbI HeGTAHON TeXHUYeCKNIA yHuBepcuTeT» Ha 2021-2030 roapbl
B COOTBETCTBUM C NPOrpPaMMOii CTpaTermyeckoro akageMmmueckoro nugepctaa «Mpuoputet 2030».
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INTRODUCTION

Cartridge tubular electric heaters are widely used for
heating casting molds and press forms, as well as various
liquids, such as water, fats and oils, and acid and alkali
solutions. These products serve as components in in-
dustrial installations and household heating appliances
[1-3]. A promising arca of application may be the oil
and gas production industry. However, oil field environ-
ments are characterized by high aggressiveness. The cor-
rosive aggressiveness of oil field environments is caused
by the presence of dissolved acidic gases (CO,, O, and
H,S), abrasive particles, basic salt ions (Mg**, Ca**, Na*,
SO,*, CI"), water-soluble mineral and organic acids and
bases, as well as the presence of anaerobic and aerobic
microorganisms, the metabolic products of which provoke
microbiological corrosion of metal and biofouling [4—7].
The cold section of a tubular electric heater is an unheated
section near the terminals of electrical wires, the length
of which varies depending on the heater design, and the
cross-section and diameter of the resistive heating element
are determined based on the specific power permissible
for the material under the given operating conditions [2].
The sealing zone of the cold section is critical in terms
of thermal and chemical effects. The destruction of the
sealed layer and subsequent diffusion of moisture contrib-
utes to the saturation of the heat-conducting insulating
material of the inner part of the cartridge electric heater,
which can lead to its destruction and electrical breakdown
on the housing [8].

Electrical strength and high insulation resistance are
fundamental to ensuring electrical safety when operat-
ing a cartridge heater. Cold insulation resistance must
be at least 0.5 megohms at 500 VDC. Leakage current,
in turn, is standardized to no more than 0.75 mA/kW at
127-380 V, 50 Hz. The recommended test voltage for
polymer insulation can reach 2500 V. Insulation resis-
tance must be at least 20 megohms. However, increasing
temperature can reduce the resistance of the insulating
material, so heat resistance is also important — this is
the material’s ability to withstand elevated temperatures
without deteriorating its properties for a period equal to
its normal service life [9]. Insulation resistance depends
on temperature, electrical and mechanical stress, vibra-
tion, environmental aggressiveness, chemical influences,
and humidity [10]. To insulate the cold section of the
heater, it is necessary to use insulating materials of heat
resistance class F (155 °C) or H (180 °C). Moreover, the
product must withstand short-term overheating up to
200 °C. In addition to high-temperature resistance, the
insulation must maintain elasticity and integrity under
cyclic temperature changes and not cause cracking of
the coating.

Contact between the cold section of a cartridge heater
and hydrocarbon liquids (oil, gasoline, and lubricants)

is inevitable when operating heaters in the oil industry.
Therefore, the insulation material for the cold section
of a cartridge heater must be sufficiently oil-and-petrol
resistance.

In the oil and gas industry, wire insulation must with-
stand a range of aggressive factors: natural gas and its
components, hydrogen sulfide (H,S), carbon dioxide
(CO,), formation waters with a high salt content, acids
and alkalis used in well treatment, solvents used in clean-
ing equipment, as well as other process fluids [5—6].

In this regard, specific requirements are imposed on
the insulating material for the cold section of the car-
tridge electric heater: a wide operating temperature range:
from —60 °C to +180 °C; resistance to hydrocarbon en-
vironments (oil and gasoline resistance); high dielectric
properties; good adhesion to metal substrates; chemical
resistance to aggressive environments — acidic gases, salts,
acids and alkalis.

MATERIALS AND RESEARCH METHODS

Polymer compositions that are already in use or are
considered the most promising for the operation of the
cold section of a cartridge electric heater in aggressive
conditions were selected as test objects [11—14].

Ammerheim Phenol Epoxy coating is a two-compo-
nent phenol-epoxy composition based on novolac resin.
According to the manufacturer’s technical documenta-
tion, the coating is designed for the anti-corrosion protec-
tion of metal structures operating at temperatures up to
220 °C. It is resistant to sudden temperature changes and
chemically resistant to hydrocarbons, acids, and alkalis.

T-111 resin is an epoxy resin modified with polyor-
ganosiloxane. It is designed for the production of heat-
resistant adhesives, in particular K-400 adhesive, which
operates in temperatures ranging from —196 °C to 400 °C
for short periods and for up to 1000 hours at 200 °C.

SDM-6 epoxy resin, which is a component of
K-300-61 adhesive, can be used in temperatures ranging
from —196 °C to 300 °C for 1 minute, and at 200 °C for
1000 hours.

Ethyl cellulose is a cellulose derivative in which some
hydroxyl groups are replaced by ethyl groups. It forms
strong, durable, and elastic films. It has low hygroscopici-
ty. It is compatible with many plasticizers, resins, and oils.

A one-component silicone sealant designed for seal-
ing, bonding, and sealing joints and components, heating
panels, and other elements exposed to high temperatures.
It features excellent adhesion to most building materials.
It offers high performance characteristics: it maintains
elasticity under continuous thermal loads of up to 300 °C
and is non-corrosive to metals.

Fluoroplast-4D is a product of tetrafluoroethylene
polymerization, produced in an aqueous environment
under pressure. Fluoroplast has high dielectric properties

http://nanobuild.ru

603

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (5):
601-608

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

ISSN 2075-8545 (online)

Nanobm

THE RESULTS OF THE SPECIALISTS’ AND SCIENTISTS’ RESEARCHES

and is resistant to aggressive environments. The operating
temperature of fluoroplastic films ranges from —60 °C to
250 °C.

VIKSINT PK-68 organosilicon rubber is an organo-
silicon compound designed to protect electronic and
radio-technical equipment operating for extended peri-
ods in air and high-humidity conditions at temperatures
ranging from —60 °C to 200 °C. The compound’s softness
and elasticity make it suitable for sealing ferrite and per-
malloy components.

To produce free-standing films (for tensile testing and
oil and petrol resistance), fluoroplastic-4 plates measur-
ing 200%200%3 mm, according to GOST 10007-80, were
used. The film was separated from the fluoroplastic me-
chanically after complete curing.

For adhesion testing, we used 50x50x2 mm plates
made of 12Kh18N10T corrosion-resistant steel. Before
coating application, the plate surface was sanded with
120—150 um abrasive paper to achieve a roughness of Ra
1.6—3.2 um. A two-stage degreasing process was then
performed: first with acetone, then with isopropyl alco-
hol. The plates were wiped with lint-free cloths, changing
them at each stage.

Oil-and-petrol resistance tests were conducted on
the materials using a methodology adapted from GOST
12020-2018. Thickness swelling and mass changes of
the material samples were calculated. For this purpose,
50%x50 mm specimens were cut from loose films of the
material, their thickness was measured at five points with
a micrometer to an accuracy of 0.01 mm, and weighed on
an analytical balance. The specimens were completely
immersed in gasoline at a temperature of (22+2) °C for
periods of 1, 3, 24, 48, and 196 hours. After removal, the
specimens were blotted with filter paper, re-weighed, and
their thickness was measured. The appearance of cracks,
bubbles, cloudiness, delamination, and other defects was
also visually noted, and the change in area due to warping
was determined.

Adhesion was tested using the normal pull-off meth-
od according to GOST 32299-2025 (ISO 4624:2023)
on a REM-U-A universal testing machine (Russia)
with a maximum load of 50 kN. The loading rate was
1 mm/min. Steel cylindrical caps were glued to the coat-
ing with KD-19 epoxy adhesive. The adhesive was cured
for 24 hours at a temperature of (22+5) °C in fixtures for
centering the cylindrical caps to the coating. After curing,
the sample was secured in the machine grips and loaded
until failure. The failure mode was assessed visually: ad-
hesive (peeling off from the substrate), cohesive (rupture
within the coating), mixed (peeling off the cap from the
coating or a combination of both).

Tensile properties were determined in accordance
with GOST 11262-2017. The method involves stretch-
ing a specimen at a specified strain rate until failure,
determining the ultimate strength and relative elon-

gation. Type 2 (blade) specimens were cut from loose
films in accordance with GOST 11262-2017. Tests were
conducted on a REM-U-A universal testing machine
(Russia) at a temperature of 2312 °C. The specimen
was clamped in wedge or screw grips of the machine
such that its longitudinal axis coincided with the loading
direction, and the working part was positioned between
the grips without distortion. During testing, the load-
displacement diagram was automatically recorded using
the built-in software. At least three specimens for each
composition were tested. The final result was taken as
the arithmetic mean; the measurement error according
to GOST 11262-2017 for the load should not exceed 1%
of the measured value.

The thermal stability of the coatings was assessed by
annealing in a KS-18 furnace (Russia) at elevated tem-
peratures. The annealing temperatures were 150, 180,
and 200 °C. The coatings were held at these temperatures
for 1 hour, and cooled in air at room temperature until
completely cooled. Color change, cracks, and warpage of
the samples were assessed.

The volume and surface electrical resistance of the
insulating coatings were measured with a megohmme-
ter. The voltage was applied for 60 seconds — the time
required for the current to reach a steady state due to po-
larization processes in the dielectric. The steady-state
resistance was recorded.

RESULTS AND DISCUSSION

Due to the promising use of cartridge heaters in the
oil and gas industry, oil and gasoline resistance tests were
initially conducted. The worst results were observed for
ethyl cellulose films. During the preparation and applica-
tion of the composition to steel samples, a highly porous
structure was observed due to incomplete dissolution of
the ethyl cellulose powder in the ketone solvent, leading to
particle agglomeration and clump formation. The experi-
ment revealed that the developed porosity of the resulting
film resulted in its poor barrier properties, specifically,
a lack of oil-and-petrol resistance.

Testing of the coating formed using VIKSINT PK-68
organosilicon rubber also revealed its unsuitability for
hydrocarbon-containing environments. When a steel plate
coated with this coating was immersed in gasoline, swell-
ing resulted in adhesion failure and subsequent peeling.

SEDM-6 and T-11 epoxy resins tested in gasoline for
24 hours showed satisfactory results: swelling resulted in
a weight increase of 18 to 20%.

Test results of a single-component silicone sealant
showed that the material is resistant to hydrocarbon envi-
ronments, with no visible signs of degradation, cracking,
or adhesion loss. Therefore, this silicone sealant has been
established to have sufficient oil-and-petrol resistance for
use in contact with gasoline and oils.
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The two-component phenol-epoxy coating “Ammer-
heim Phenol Epoxy” demonstrated the best results. Visual
and instrumental analysis revealed no noticeable changes
in the linear dimensions of the sample (no swelling). After
96 hours of exposure to gasoline, the coating’s adhesion
to the substrate remained unchanged, with no signs of
delamination or degradation.

Test results of a fluoroplastic coating made from F-4D
suspension showed that fluoroplastic exhibits virtually no
interaction with hydrocarbons. No visible surface chang-
es, warping, or loss of transparency were observed. The
films remained flexible and elastic.

Thus, VIKSINT PK-68 materials, one-component
silicone sealant, SEDM-6 and T-11 epoxy resins, Am-
merheim Phenol Epoxy phenol-epoxy coating, and
F-4D fluoroplastic passed the oil-and-petrol resistance
tests.

Next, adhesion strength tests were conducted. Table 1
summarizes the test results for the materials under con-
sideration.

It was noted that all test samples exhibited cohesive
or mixed peel strength, indicating adequate adhesion to
the metal surface. However, even with the use of adhesive
underlayers, the fluoroplastic coating does not achieve
the adhesion strength typical of phenolic epoxy materi-
als (8—10 MPa) and remains susceptible to failure during
multilayer application (Fig. 1).

The next test involved stretching the insulating films
to assess their strength properties. Films made from Am-
merheim Phenol Epoxy demonstrated a tensile strength
of (10£1) MPa at a relative elongation of 30—33%. This
level of strength is sufficient to prevent the coating from
breaking when the heater is pressed into the mounting
hole. An elongation of 30% indicates moderate ductility —

Table 1. Adhesive strength of coatings to a metal substrate

Ammerheim
Phenol Epoxy

Suspension F-4D with
nanoscale particles

Primer + F-4D suspen-
sion with nanoscale

Ammerheim Phenol
Epoxy + T-111 Epoxy

particles Resin
Max. load, N 8198 =1 716 £1 1807 =1 6476 £ 1
Max. deformation, mm 4+1 6+1 441 6+1
Ultimate tensile strength, MPa 8+1 1£1 341 6+1
Nature of separation mixed cohesive cohesive mixed

Fig. 1. Cohesive-adhesive peel strength of Ammerheim Phenol Epoxy films + T-111 epoxy resin after testing
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the material can be deformed without cracking — but is
not highly elastic, which may limit its use in conditions
with alternating temperatures.

To assess resistance to elevated temperatures, the coat-
ings were briefly heat-treated to 300 °C. It was found that
heating the Ammerheim Phenol Epoxy film to 180 °C
and above resulted in irreversible embrittlement. For this
material, with the addition of 5—10% plasticizer, heating
resulted in a loss of ductility and the appearance of mi-
crocracks on the surface.

Films made from T-111 resin exhibited significantly
lower strength — (4+1) MPa — but elongation at break
reached 49—52%. This is typical behavior for epoxy resins
with siloxane modification: they become soft and ductile,
but lose strength.

The tensile strength of films made from Ammerheim
Phenol Epoxy and T-111 epoxy resin was (6x1) MPa,
and the relative elongation was 70.8%. Compared to pure
Ammerheim Phenol Epoxy, the strength decreased by
approximately 25%, while elasticity more than doubled.
This combination of properties is optimal for coatings
operating under alternating temperatures: the highly elas-
tic film will follow the deformations of the metal shell
without cracking.

Based on the results of measurements and visual in-
spection of fluoroplast-4 samples, it was established that
the material retains its functionality up to 250 °C, and
short-term heating up to 300 °C, which allows this limit to
be considered acceptable for short-term operating modes
(Fig. 2).

One of the key requirements for the insulating material
of the “cold” section of a cartridge heater is high electri-
cal resistance, ensuring safe operation at voltages up to
2500 V. According to industry standards, the insulation
resistance in the cold state must be at least 1 megohm.
The test results are presented in Table 2.

All materials tested showed high insulation resistance,
significantly exceeding the required values.

CONCLUSION
During the selection of an insulating material for the

cold section of a tubular electric cartridge heater, experi-
mental studies were conducted on the following materi-

Table 2. Results of electrical resistance measurements

Fig. 2. The appearance of the fluoroplastic-4 coating
after heat treatment

als: Ammerheim Phenol Epoxy phenol-epoxy coating,
T-111 epoxy resin, F-4D fluoroplastic suspension, one-
component silicone sealant, ethyl cellulose, VIKSINT
PC-68 organosilicon rubber, and SEDM-6 epoxy resin.
The experimental results showed:

1. Ammerheim Phenol Epoxy coating exhibits strong
adhesion to metal substrates (§—10 MPa), high oil and
petrol resistance, high electrical resistance (greater than
2.5 TOhms at 2500 V), and heat resistance up to 200 °C.
Based on its combined properties, Ammerheim Phenol
Epoxy is recognized as the most balanced material for
insulating the cold section of cartridge heaters.

2.T-111 resin demonstrated high elasticity (elongation
up to 70%), good dielectric properties (11.57 GOhm),
and resistance to short-term overheating up to 400 °C.
The main drawback was the difficulty of forming a con-
tinuous coating on a metal substrate. However, due to
its high elasticity and heat resistance, it can be used as
a component in composite compounds.

3.Fluoroplastic F-4D exhibits exceptional chemical
resistance to gasoline, oils, and aggressive environments,

Material

Measured resistance, Ohm

Ammerheim Phenol Epoxy

>2.5-10" (> 2.5 TOhm)

T-111 Epoxy Resin

1.157-10 (11.57 GOhm)

(
(

Ammerheim Phenol Epoxy + T-111 Epoxy Resin 2.3:10" (2.3 TOhm)
Fluoroplastic F-4D >2.5:10" (> 2.5 TOhm)
One-Component Silicone Sealant >2.5:10"? (> 2.5 TOhm)

VIKSINT PK-68 Organosilicon Rubber

(
(
>2.5-10" (> 2.5 TOhm)
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a wide operating temperature range (from —190 °C to +250
°C), and excellent dielectric properties. However, poor
adhesion to metal surfaces and cracking during multilayer
baking were noted. The use of a primer based on chromium
oxide and phosphoric acid increased adhesion to 1.1 MPa,
but this is insufficient for direct application to a cold sur-
face. Nevertheless, the material itself is considered prom-
ising with further optimization of the adhesive sublayers.
4. This one-component silicone sealant has demon-
strated good heat resistance (up to 300 °C) and oil-and-
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ABSTRACT

Introduction. Energy efficiency is a comprehensive criterion that accounts for both manufacturing and installation costs of products,
as well as resource savings during structure operation. Optimizing energy costs in product manufacturing and material selection
becomes essential, considering the specific operational characteristics of individual construction systems. Methods and Materi-
als. Soft stone wool slabs, glass mesh, and modified epoxy resin-based adhesive served as starting materials. The structure was
examined using a FEI Quanta 200 scanning electron microscope. Product properties were determined following standard methods.
Operational durability assessment employed an accelerated hydrothermal treatment method applied to mineral wool cylinder frag-
ments using a setup developed by Moscow State University of Civil Engineering (MGSU)-GASIS(HSE)-MAXMIR, evaluating changes
in product compressibility. Results. Thermo-humid exposure had minimal impact on changes in average product density, with
variations within experimental error. The binder type showed no significant influence on product characteristics across all stages
of temperature-humidity exposure. However, sample mass loss due to thermo-humid exposure and airflow was substantial, neces-
sitating slab reinforcement on surfaces contacting the ventilated space of pitched roofs to resist airflow. Discussion. Properties of
mineral wool products with reinforced outer layers fully satisfy the operating conditions of thermal insulation materials in pitched
roof systems, which experience temperature and humidity fluctuations, as well as dynamic loads from airflow in ventilated spaces.
Conclusion. The research resulted in the development and testing of a novel product: soft and semi-rigid mineral wool slabs rein-
forced with glass mesh. These slabs maintain equivalent thermal characteristics and manufacturing costs to conventional analogs
while exhibiting significantly enhanced operational stability, thereby ensuring greater overall system durability. Product energy
efficiency was comprehensively evaluated.

KEYWORDS: energy efficiency, comfort conditions, lightweight mineral wool slabs, modified epoxy binder, operational durability
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AHHOTALMA

BBepeHue. DHepreTnyeckasn 3GPeKTVBHOCTb ABNAETCA KOMIMIEKCHBIM KpUTEPMEM, YUNTbIBAOLWMM Kak 3aTpaTbl PV N3roTOBNEHUN
N MOHTaXe U3[ennii, Tak 1 SKOHOMUIO PeCYpPCOB NP SKCMTyaTaummn KOHCTPyKUmmn. CTaHOBUTCA LienecoobpasHbiM onTiMmn3aumsa
SHepreTMYecKnx 3aTpaT NPV N3roTOBNIEHMMN U3AENNIA 1 NCNOJb30BaHMA MaTEPUANIOB C yYeTOM 0CO6eHHOCTEN GYHKLNOHMPOBaHNA
KOHKPETHOW CTpouTeNIbHOM cucTeMbl. MeToabl  maTepuanbl. B KauecTBe MCXOAHOro MaTepurasa NCnonb3oBannCb MArkme nanTbl
Ha OCHOBE KaMeHHO BaTbl, CTEKMAHHAA CETKa U KNell Ha OCHOBE MOAMGULIMPOBAHHON SMOKCUAHON CMOSbI. M3yueHne cTpyKTypbl
OCYLLECTBNANOCH C MOMOLLbIO PAaCTPOBOro 3M1eKTPOHHOro Mnkpockona FEI Quanta 200. CBoncTBa n3gennii onpenensannuch no Hop-
MaTUBHbIM MeToArKaM. OLieHKa 3KCMnyaTaLMOHHON CTOMKOCTY OCYLLECTBAANACH MO YCKOPEHHOMY MEeToAY NyTeM rmapoTepMasibHON
06paboTKM dparmeHTOB M1HEPANOBATHBIX LUIMHAPOB Ha yCTaHOBKe, pa3pabotaHHo MICY(MUCIK)-TACAC(BLLS))-MAKCMAP
MO M3MEHEHMIO CKUMaeMOoCTN n3aenuii. Pesynbrarbl. YCTaHOBNEHO, UTO TEMTOBIAXXHOCTHOE BO3JENCTBIE HE3HAUUTENTbHO BVAET
Ha N3MeHeHue CpeaHe NNOTHOCTN N3AENNIA, @ BUA CBA3YIOLLEro He3HaunTebHO BIMAET Ha XapakTepUCTUKN U3AENNA 1 NX N3me-
HeHVe Ha BCex 3Tanax TemnepaTypHO-BNaXKHOCTHOrO Bo3dencTaus. MNoTtepa maccbl 06pa3LoB B pe3ysbTaTe TeMIoBIaXXHOCTHOrO
BO3[eNCTBUA 1 BO3[AENCTBMA NOTOKOB BO3/yXa BeCbMa 3HauvMa. ITo AeflaeT HeOOXOAUMbIM YCUNEHME NANT NO NOBEPXHOCTAM,
KOHTaKTMPYIOLWMM C BEHTUIMPYEMbIM NPOCTPAaHCTBOM CKaTHOW KPOBAW, ANA NPOTMBOLENCTBUA BO3LYLIHOMY NMOTOKY. O6cyxAae-
Hue. YBenunyeHve TennonpoBOAHOCTM 1 MIOTHOCTW KOPPENMPOBaHbl Mexay coboi 1 06ycnoBfieHbl HEKOTOPbIM YNIOTHEHMEM
MUHepPanoBaTHbIX N3LeNnii B pesynbTate BUOPaLMOHHbIX UCMbITaHWIA. [TPUUMHOM YNNOTHEHNA MOXKET PacCMaTPMUBaTbCA Kak CMs-
Te BONIOKOH, B paMKax MpefioXeHHON Teoprmn NPOYHOCTM, TaK U ocnabneHre OMOHOIMUYEHHbIX KOHTAaKTOB MeXy BOSIOKHaMMU.
3akntoueHue. B pe3synbrate nccnefoBaHUn NPOTECTUPOBAH HOBbIN BUA MPOAYKLMN — MATKME U MOMYXKeCTK1e MUHepanoBaTHble
NAUTbI, YyNPOUYHEHHbIE CTEKNAHHON CETKOW, KOTOPbIE MPU TeX e TeMIOBbIX XapaKTepPUCTUKax M CTOUMOCTN U3rOTOBNIEHUSA, YTO U X
aHarnoru, obnagatT 3HauUTeNIbHO Gomnee BbICOKOW SKCMIyaTaLMOHHON CTabnnbHOCTbIO, 0b6ecrneunBasn 6osbLIYIO [OSITOBEYHOCTb
cuctembl B Lenom. OcyLecTBfieHa OLeHKa SHepreTnyeckon s3GpGeKTMBHOCTY N3Lenuii.

KJTIOYEBDIE CJIOBA: sHepreTyeckasn 3GPpeKTUBHOCTb, yC/I0BUA KOMPOPTa, JIErkme MrnHepanoBaTHble MANTbl, MOANPMLNPOBaHHOE
3MOKCMAHOE CBA3YloLLee, SKCMIyaTaLMOHHasA CTOMKOCTb

NCTOYHUKU ®UHAHCUPOBAHUA HAYYHOW PABOTbI, PE3YJIBTATOM KOTOPOW CTAJIA MYBJIMKAUMA: ViccneposaHua
NPOBOAMNINCH B MHVLIMATUBHOM NOPALKE Ha SKCnepumMeHTanbHoii 6ase 3A0 POKBYJL. YacTb nccnepoBaHumii BbinonHeHa B HAY MICY
B pamkax peanusauum NMporpammbl pa3sutua yHusepcuteta «[MPUOPUTET 2030». MpoekT 3.1 «HayuHbI NpopbiB B CTPOUTENBHOW
OTpac/v — HOBble TEXHOMOI MK, HOBblE MaTepwarbl, HOBble METOAbI».

Ana uMTUPOBAHUA:

Aptemenko C.0., Xykos A.[l, Measepes A.A., Bo6posa E.lO., Mununenko A.C. Cuctembl M30NALMUM CKaTHON KPOBIN 1 X SHEpreTu-
yeckas adpdeKTnBHOCTb. HaHomexHonozuu 8 cmpoumesnscmae. 2026;18(5):609-620. https://doi.org/10.15828/2075-8545-2026-18-
5-609-620. - EDN: EETPWG.

INTRODUCTION A distinctive feature of the building system was the use

of a specific material for specific operating conditions.

Building systems, as a defining factor in forming the in-
sulation envelope of buildings of any purpose, began to
develop in Russia in the mid-1990s. The goal of introduc-
ing such systems was, first and foremost, energy savings,
and second, increased structural durability, the creation
of an optimal indoor microclimate, and similar benefits.

At the same time, replacing that material with another
one with similar properties no longer guaranteed a com-
parable result.

In the early 2010s, a broader concept began to be used:
energy efficiency. In this case, not only the use of building
systems forming the building’s insulation envelope was con-
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sidered, but also the costs of material production, logistics,
installation, and, in some cases, dismantling structures at
the end of their service life and disposing of the remaining
materials [5—7]. Inevitably, the issue of investment payback
arose, which could be achieved only through energy savings
during operation of the insulated structure and by extend-
ing its maintenance-free service life.

The maintenance-free service life of a building struc-
ture depends on many factors, including the type of struc-
ture, operating conditions, material quality, exposure
to the external environment, and protective measures.
It should be noted that the timing of both routine and
major repairs is regulated by regional programs and can
range from 20 to 50 years. Monetary energy savings are
determined both by energy consumption and by the cost
of the energy source, such as gas. The cost of 1 cubic
meter of gas in Russia and Belarus in the second half of
2025 was 8—10 rubles, while in Germany or France it was
about 130—150 rubles. The cost of the structure included
in the insulation envelope system falls within a common
range for all countries: from 4,000 to 8,000 rubles per
1 m2. At present, amid the energy crisis, the price of gas
under long-term contracts has increased by a factor of
1.2 to 1.8. Therefore, if the payback period for investments
in an insulation system in Europe begins after 15—20 years
of operation, then in Russia this period is about 100 years
or more.

Therefore, the following criteria have become relevant
today: reducing energy costs at the manufacturing stage,
improving indoor comfort, and increasing structural du-
rability through the use of effective insulation systems and
improved operational stability [10—12]. Technological
aspects related to environmental protection and minimiz-

ing negative impacts on the environment throughout the
material life cycle also remain significant [13—15].

Thermal insulation materials largely determine struc-
tural durability because of their low strength and high
thermal performance. These materials protect structures
and indoor spaces from cold and overheating, but they
themselves require protection from mechanical loads and
atmospheric effects [16—18]. Materials may be based on
synthetic (polymeric) or mineral matrices, but regardless
of their structure and the building systems in which they
are used, special requirements are imposed on thermal
resistance, thermal conductivity, and operational stabil-
ity [19-21].

The subject of the research presented in the article is
a pitched-roof insulation system using lightweight stone-
wool slabs and the properties of these slabs. From the
standpoint of mechanical loads (compression or delami-
nation), the thermal insulation in this system is not me-
chanically loaded, while the main loads are carried by the
rafter system and sheathing, i.e., the roof’s load-bearing
structure. This makes it possible to use lightweight (soft
and semi-rigid) thermal insulation slabs with a density of
up to 70 kg/m? in the insulation envelope.

Loads acting on the insulation envelope are shown
in Fig. 1. Firstly, this is an intense dynamic load formed
by air flows in the ventilated space. The airflow creates
a vacuum above the surface (negative pressure) and, on
one hand, promotes a reduction in the humidity of the
thermal insulation envelope and its thermal conductivity,
thereby increasing thermal resistance. On the other hand,
this same factor initiates the movement of the vapor-air
mixture and contributes to the carry-out of fibers and
binder from the material. Such loads can lead to the deg-

Fig. 1. Loads on thermal insulation in

a pitched roof structure: 1 - roof covering;

2 —distributed pull-off load; 3 - movement

of air and water vapor in the insulation layer;
4 - air exfiltration; 5 - airflow in the ventilated
space; 6 — joint of insulation slabs
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radation of the properties of mineral wool slabs. The ef-
fects of temperature, humidity, and air flows determine
the gradual carry-out of fibers and binder from the slabs:
thermal conductivity increases, while cohesion decreases.
As a result, disruption of the continuity of the insulation
covering and failure of the system as a whole may occur.
The pitched roof system must be designed taking into
account comprehensive temperature effects and the pos-
sibility of periodic moistening of the insulation.

Lightweight (soft or semi-rigid) stone wool-based slabs
with an innovative binder based on modified epoxy resins
were adopted as the basis for the pitched roof insulation
system. Typically, phenol-formaldehyde-based binders
are used in mineral wool products. Such a binder has sat-
isfactory characteristics and cures at temperatures of 240—
280 °C. However, like any phenol-containing substance, it
is toxic during incomplete polycondensation of the binder.
Various synthetic materials with high adhesion to mineral
surfaces and resistance to temperature-humidity effects
can be used as binders in mineral and fibrous composites
[26—28]. Modified epoxy compounds have a lower curing
temperature, are less toxic, and, as previous studies have
shown, are fully applicable for curing mineral fibrous ma-
terials in terms of their properties [29—31]. From a produc-
tion standpoint, products based on modified epoxy binder
exhibit better energy efficiency characteristics.

As a result of analyzing a priori information, it was
established that the most significant criteria are ecologi-
cal stability, operational durability, the ability to create
an optimal thermo-humidity regime in premises, as well
as lower energy costs in manufacturing. The use of light-
weight mineral wool products is promising provided their
operational durability is improved.

The goal of the research is to study the properties of
stone wool-based products using modified epoxy binder
and surface reinforcement, analyze the applicability of
such products in pitched roof structures, and assess the
energy efficiency of the adopted solutions.

MATERIALS AND METHODS

Soft stone wool slabs, glass mesh, and modified ep-
oxy resin-based adhesive were used as starting materials.
The epoxy adhesive composition was based on previous
studies [34—36]. The base was ED-20 epoxy resin. The
modifier consumption was 6.0% of the binder mass, and
the plasticizer consumption was 3.0% of the binder mass.
The heat treatment temperature was 150—154 °C. After
binder curing, the adhesion strength was 58.4 MPa, and
the adhesion strength after climatic tests was 29.1 MPa.

Lightweight mineral wool slabs on synthetic (phenol-
formaldehyde resin) and modified epoxy binder were con-
sidered as research objects. The average density range
of the studied slabs was from 32 to 68 kg/m? (soft slabs
32—36 kg/m?; semi-rigid 64—68 kg/m?).

The structure was studied using a FEI Quanta 200
scanning electron microscope. Product properties were
determined according to standard methods: GOST 17177-
94 and GOST 9573-2002, as well as SP 50.13330.2010, SP
23-101-2004, SP 17.13330.2017. Operational durability
was assessed using an accelerated method through hy-
drothermal treatment of mineral wool cylinder fragments
on a setup developed by Moscow State University of Civil
Engineering (MGSU)—GASIS(HSE)—MAXMIR based
on changes in product compressibility.

RESULTS AND DISCUSSION

Changes in compressibility and thermal conductivity
of mineral wool slabs were evaluated using an express
method. The average density of the slabs was taken as
34 kg/m? (soft slabs) and 66 kg/m? (semi-rigid slabs).
Products on two types of binders were considered: phe-
nol-formaldehyde resins and modified epoxy binder.

The following patterns were established as a result
of express tests. First, thermo-humid exposure has little
effect on changes in the average density of products, and
variations do not exceed experimental error. Second, the
type of binder does not significantly affect the character-
istics of products and their changes at all stages of tem-
perature-humidity exposure. This allows the conclusion
that replacing classical resins with a modified binder has
an insignificant impact on product properties.

Third, the mass loss of samples due to thermo-humid
exposure and air flow exposure is quite significant for slabs
of different average densities and for slabs on different
binders (Fig. 2). Mass losses for samples on modified
epoxy binder are slightly, but higher, than for samples
on synthetic resins. This may be due to the fact that the
cured phenolic binder has greater adhesive cohesion with
the surface of amorphous mineral fibers, and the binder
itself is more resistant to temperature-humidity effects.

Regardless of slab density and the type of binder used,
all lightweight slabs exhibit significant mass loss due to
temperature-humidity exposure complicated by airflow
effects. This necessitates reinforcing the slabs on surfaces
in contact with the ventilated space of the pitched roof to
counteract the airflow.

Since the samples are pre-dried to near-zero humidity,
the mass loss of the slabs is associated with the carry-out
of the matrix substance, specifically loosely fixed fibers
(due to monolithization of contacts with the binder).
This factor is more pronounced in ultra-lightweight (soft)
slabs, as these materials have a lower degree of volumetric
fiber interlacing and binder content compared to slabs
with an average density approaching 70 kg/m?3.

The solution to this problem is the use of soft or semi-
rigid mineral wool slabs with reinforcement of their outer
layer (Fig. 3). The technology for manufacturing stone
wool-based slabs remains unchanged but is supplemented
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Fig. 2. Mass loss at an air flow velocity of 6 m/s for slabs of average density, kg/m>: 1, 3 - 32-36; 2, 4 — 64-68; binder:

1, 2 - modified epoxy; 2, 4 - synthetic resins

Fig. 3. Mineral wool slabs with reinforced surface layer (a, b) and slabs with glued glass mesh in the structure (c, d)

with operations for laying the reinforcement material,
which is mechanically fixed to the carpet surface (similar
to the technology of stitched mats) or glued using modi-
fied epoxy adhesive.

These mineral wool slabs are recommended for use in
structures where the insulation does not bear significant
mechanical loads: in pitched roofs (when laid between raf-
ters), in frame wall structures (when insulation is placed
between frame posts), and in floor structures (when in-
sulation is laid between joists).

The protective layer consists of a fiberglass mesh fixed
to the material during its manufacturing process. In the
products, the protective and thermal insulation layers
form a single whole. The properties of the products are
presented in Table 1.

For all types of plates: vapor permeability coefficient
of at least 0.30 mg/(m-h-Pa); humidity by weight of not
more than 0.5%; water absorption by volume of 1.5—2%.

The usage of mineral wool products with a reinforced
outer layer eliminates one technological operation: the
laying and fixing of the windproof layer. The use of prod-
ucts with large lengths (up to 6 m) allows for faster instal-
lation of the thermal insulation layer.

The assessment of the operational durability of the
products was carried out based on a standard method
with the generation of impacts in a climatic chamber.
Additional loads such as vibration, salt fog, and air blow-
through of the material were used to evaluate fiber emis-
sion. The studies used fragments of mineral wool slabs on
modified epoxy binder: soft and semi-rigid, with average
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Table 1. Characteristics of mineral wool products with a reinforced layer

Medium density of slabs, kg/m?
Name of characteristic
32-36 64-68
Compressibility, %, not more than 30 20
Thermal conductivity at 25 °C, W/(m-°C), not more than 0.036-0.037 0.037-0.038
Thermal conductivity under service conditions A, W/(m-K) 0.038-0.039 0.039-0.040
Thermal conductivity under service conditions B, W/(m-K) 0.039-0.040 0.041-0.042

densities of 32-36 kg/m? (average 34 kg/m?); 48—52 kg/m?
(average 50 kg/m?); 64-68 kg/m? (average 66 kg/m?).

The test cycle in the climatic chamber was carried
out in the following mode: cooling samples to —20 °C —
1 hour; holding at —20 °C — 1 hour; temperature rise
to 20 °C — 2 hours; holding at 20 °C — 1 hour; cooling
to —20 °C — 1 hour, and then the cycles were repeated.
Samples were taken after every 10 cycles, and basic
properties were determined, with graphs constructed
for changes in thermal conductivity, compressibility, and
air permeability depending on the number of «freeze-
thaw» cycles (z).

The results of the active experiments were subjected
to statistical processing, which allowed approximating the
real values with systems of straight lines with the introduc-
tion of confidence intervals: permissible deviation from
the mean (mathematical expectation) within the statistical
interval. It was assumed that the distribution of results at
each experimental point follows a distribution close to the
Gaussian distribution.

It was found that thermal conductivity increases with
the passage of climatic cycles (Fig. 4); however, the pres-
ence of a protective coating has an insignificant effect on
thermal conductivity (within experimental error).

The change in the air permeability coefficient i,
kg/(m?-hour-Pa), at Dp = 10 Pa depending on the num-
ber of «freeze-thaw-heating» cycles of mineral wool slabs
(Fig. 5) is due to changes in the hydraulic resistance of the
products. As a result of climatic effects on products with
a volume-oriented structure, some settling (i.c., compac-
tion of the products) becomes possible.

Analysis of the graphs (Fig. 4 and 5) shows that the
dependence of thermal conductivity and air permeability
coefficient of mineral wool slabs (for each average density)
on the number of «freeze-thaw-heating» cycles can be
represented by dependencies close to linear (taking into
account experimental error) and can be approximated by
linear equations. This significantly simplifies the practical
use of the results, but is valid only for the average density
ranges of slabs studied in the experiment.

(%]

o
8

o
4
S

0,038

Thermal conductivity, W/(m-°C)

0,036
1
0,034
0 20 80 120 160
B Test cycles, z

Fig. 4. Dependence of thermal conductivity of mineral wool products on cyclic effects at average density, kg/m*:
1-32-36;2 - 48-52; 3 — 64-68: a — average value; b — deviation from the average value
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Fig. 5. Dependence of air permeability of mineral wool slabs on cyclic effects at average density, kg/m?* 1 - 32-36;
2 —48-52; 3 - 64-68: a — average value; b - deviation from the average value

The test results for slab compressibility depending on
the number of «freeze-thaw-heating» cycles of mineral
wool slabs of different densities (soft and semi-rigid) are
shown in Fig. 6.

The increase in compressibility of mineral wool slabs
on modified epoxy binder as a result of cyclic tests is as-

sociated with the material structure, fiber properties, and
binder properties. Climatic effects most strongly influence
the properties of the cured binder: its strength, brittleness,
and adhesion to the surface of mineral fibers. Secondly,
with significant test cycles, the properties of the mineral
fiber may change, including its strength characteristics;

40 -
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b /
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g - / .
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e
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Fig. 6. Dependence of compressibility of mineral wool slabs on cyclic effects at average density, kg/m>: 1 - 32-36;
2 —48-52; 3 - 64-68: a — average value; b - deviation from the average value
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temperature deformation of fibers, caused by the differ-
ence in thermal expansion between the amorphous min-
eral fiber structure and the cured synthetic binder, can
also affect properties and adhesion.

The combined effect of these factors leads to a weak-
ening of the structure characteristics and, consequently,
an increase in product compressibility. This must be taken
into account when predicting the durability of the insula-
tion envelope of building structures.

As already noted, in addition to durability, comfort,
and environmental conditions, energy costs in material
manufacturing affect the energy efficiency of building
systems. Replacing phenol-containing binder with modi-
fied epoxy allows significantly reducing the heat treatment
temperature without fundamental changes in technology
and process implementation (Table 2).

When using phenol-formaldehyde binder cured at
250-300 °C, the heat content of the heat flow is:

10000x300%1.315 / 3600 = 1095 kW.

When using modified epoxy binders cured at 100—
150 °C, the heat content of the heat flow is:

10000x 150%1.315 / 3600 = 548 kW.

Reduction in heat losses due to changes in heat treat-
ment temperature (resulting from changes in binder cur-
ing temperature), and consequently in the temperature of
the heat transfer medium. The total calculated economic
(energy) effect of reducing the heat treatment temperature
by 150 °C is estimated at 30—40%.

The ecological efficiency of thermal insulation mate-
rials or pitched roof systems using them depends on the
following factors:

Energy savings achieved through the use of insulated
structures, i.e., fuel savings, reduced harmful emissions
from fuel combustion into the atmosphere, and, conse-
quently, reduced environmental impact.

Durability of the building system itself, which de-
termines the maintenance-free service life. Durability
depends on the operational stability of the materials, as
well as on design and installation quality. All else being
equal, the determining factor can be considered the «weak
link,» i.e., the operational stability of the thermal insula-
tion material.

Table 2. Efficiency indicators of mineral wool slabs

Energy costs for material manufacturing, primarily
insulation, taking into account the specific consumption
of thermal insulation material per unit area of the roof,
i.e., insulation thickness.

There are various methods for assessing the envi-
ronmental friendliness of building systems. The system
under consideration combines pitched roofing, vapor
and waterproofing materials, thermal insulation mate-
rial, and sheathing and rafter materials made of wood.
Wood and metal are always considered materials that do
not create negative environmental impacts. Polymeric
membranes and metal coatings can be regarded as inert
materials. Accordingly, the thermal insulation material
can be considered the main factor of influence. In this
case, these are products based on stone wool, basalt fiber,
or foam glass, as well as lightweight mineral wool products
of comparable density (up to 70 kg/m?) with epoxy and
phenolic binders.

The assessment of insulation efficiency presented in
the previous section showed that the energy efficiency of
mineral wool products is approximately 1.2 times higher
than that of basalt fiber products and 1.1 times higher than
that of foam glass-based products. In addition, due to the
lower heat treatment temperature of the synthetic binder,
the effectiveness of mineral fiber insulation increases by
20—-30%.

The properties of fibrous materials are practically
identical, while the environmental impact of producing
stone wool products is significantly lower, which allows
them to be rated as a more environmentally friendly ma-
terial. Foam glass, due to its cellular porosity, is a more
stable material than fibrous ones, but its much higher
density leads to additional costs during installation and
operation of structures.

The voluntary EcoMaterial certification system op-
erating in the Russian Federation consists of three sec-
tions. The first section assesses how safe the material is for
humans. The second section evaluates the overall impact
of the material and its production on the environment.
The third section contains criteria for promoting green
solutions and trends, supporting social eco-projects, and
So on.

There are several certification levels: EcoMaterial Ba-
sis — material safe for humans; EcoMaterial Green — ma-
terial safe for humans and the environment; EcoMaterial
Absolut — environmentally clean material; EcoMaterial

Binder type
Indicator
phenol-formaldehyde modified epoxy
Heat treatment energy costs, kW 1095 548
Reduction in heat consumption for heat treatment, % - 50
Energy effect, % - 20-30
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Natural — absolutely natural material, the highest-rated
category. The certification results show that stone wool-
based products belong to the EcoMaterial Green level,
while the others can presumably be classified as EcoMa-
terial Basis.

CONCLUSION

In pitched roof systems, the presence of a load-bearing
rafter structure minimizes direct mechanical loads on the
insulation envelope, making it possible to use lightweight
and compressible mineral wool slabs; soft or semi-rigid.
On the other hand, in these systems, the thermal insula-
tion material comes into direct contact with the environ-
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Creating a technology to coat the insulating material
on the “cold” section of a cartridge-style electric heater
for operation in aggressive environments
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ABSTRACT

Introduction. Currently, fluorine polymers have become quite widespread in various industries. One of the fields of application of
fluoroplastic coatings in the oil industry is their use as protective coatings to prevent the deposition of paraffin plugs on the walls
of tubing and field pipelines. Fluoroplastic parts find promising application in machines and units of oil refining and petrochemical
industries, where high corrosion resistance, sufficient strength and high tribotechnical properties are required. The complexity of the
ubiquity of fluoroplastic coatings is its low adhesion to the metal surface. In this regard, fluoroplastic coatings are typically complex
systems comprising directly fluoroplastic polymer, binders and functional fillers. Materials and methods. The study used metal plates
made of titanium alloy VT6 and carbon steel St3 coated with an aqueous fluoroplastic suspension. Fluoroplastic polymer coatings
have poor adhesive strength to the metal surface on which they are applied. Therefore, in order to ensure a high level of adhesion
of the coating to the metal substrate, it is necessary to use complex methods of preliminary surface preparation. The coating was
applied to the pre-prepared surface of the metal plates by air spraying using a spray gun and compressed air. The key parameters
for the formation of the fluoroplastic film were drying and sintering modes. Adhesion was evaluated by the methods of “X-shaped”
notch (State Standard 32702.2-2014) and tearing in a tensile machine on cylinders (State Standard 32299-2025). Results. Proposed
method comprises application of intermediate primer layer from suspension containing chromium (lll) oxide, phosphoric acid,
water and fluoroplastic. The intermediate adhesive primer layer was applied by air spraying under the same conditions as the base
fluoroplastic coating. This ensured that the proposed drying and sintering conditions met the base layer. The use of a primer made
it possible to realize a gradient transition from the metal substrate to the fluoroplastic layer and significantly increase the adhesion
properties. Conclusion. The results show a significant improvement in adhesion compared to the control samples without primer:
the tensile strength value by the tear method is 2.56 N/mm?, and by the X-notch method - from 5 points to 1 point (traces of peel-
ing or removal of the coating along the incisions). The method is easy to implement and promising for use in protective coatings.
KEYWORDS: fluoroplastic, adhesion, primer, chromium () oxide, phosphoric acid, “X-notching” method, tearing method
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AHHOTALMA

BBepeHwme. B HacToAWMI A MOMeHT GpTOprnonMMepbl NONYYMAN OCTaTOYHO WPOKOE PACcnpoCTpaHeHne B Pas3fIMyHbIX OTPacax
npombliwsieHHocTn. OgHOM 13 obnacTen NpUMeHeHNa GTOPONIACTOBLIX MOKPLITUA B HEDTAHOI MPOMBILLIIEHHOCTU ABMSETCA
MCMOJb30BaHMe VX B KaUeCTBe 3alUMTHbIX MOKPLITUI ANA NpefoTBpaLleHnsa OTIOKeHNA NapadrHOBbIX MPOOOK Ha CTEHKAX HAaco-
CHO-KOMMPECCOPHbIX TPYO 1 MPOMbBICNIOBbIX TPybonpoBofoB. [leTanu n3 ¢pToponnactoB HAXOAAT NEPCNEKTUBHOE NPYMEHEHME
B MalUMHAX 1 arperatax HedprenepepabaTbiBaloLMX U HePTEXNMNYECKMX NMPOV3BOLCTB, rAe HEOOXOAVMbI BbICOKAasi KOPPO3MOHHasA
CTONKOCTb, AOCTAaTOYHAA NMPOYHOCTb 1 BbICOKUE TpUHOTEXHMYECKe CBONCTBA. CIOXKHOCTbIO MOBCEMECTHOrO PacnpoCTpaHeH s
MOKPbITWIA Ha OCHOBe GpToponacTa ABAAETCA ero HM3Kasa aare3ns K MeTasyimyeckoi MoBepXHOCTU. B cBA3M ¢ 3TM NOKpbITUA
Ha ocHoBe GTOPOMNIACTOB OOBIYHO MPEACTABMAIOT CIIOXKHbIE CUCTEMBI, BKITHOUalOLLMe HeMOCPeACTBEHHO GTOPOMNNACcTOBbIV NOANMEP,
cBA3yoLWMe fo6aBKY 1 GyHKLMOHabHble HanonHuTenu. Matepuanbl n meTogbl. B riccnenoBaHmy NCNonb30Banuch MeTananye-
CKM1e NnacTuHbl U3 TUTaHOBOrO crnaBa BT6 u yrnepoancToit ctany Cr3 ¢ HaHeCeHHbIM MOKPbITUEM M3 BOAHOW GTOPOMIacToBOM
CYCMeH3Un C HaHOpPa3MepHbIMK YacTLamu. OToponnacToBble NOMMEPHbIE MOKPbLITUA UMEIOT C/1abyio afre3MoHHY0 NMPOYHOCTb
K MeTajlsInyeckoi NOBEPXHOCTA, Ha KOTOPYIO OHM HaHocATCA. Mo3ToMy Ana obecneyeHus BbICOKOTO YPOBHA afire3nun NoKpbITus
K MeTaninyeckor nognoxkKe HeobxoarMo NpYMeHEHVEe KOMIMIEKCHbIX METOAOB MpefBapuTesibHOM NOArOTOBKY MOBEPXHOCTU.
MoKpbITVe HAHOCKNOCH Ha NpefBaPUTENbHO NOArOTOBMIEHHYO MOBEPXHOCTb METAIMYECKUX MIACTUH METOLOM NMHEBMATUYECKOrO
pacnblfieHnsa C NCNONb30BaHMEM KPAacKomnysbTa 1 CKaToro Bo3gyxa. KnouesbiMy napameTpamu popmMmupoBaHma GToponnactoBoit
NNEHKUN ABNANNCH PEXUMbI CYLIKM 1 CNeKaHuA. Afre3us oueHuBanacb no Metoaam «X-obpasHoro» Hagpesa (TOCT 32702.2-2014)
1 OTPbIBA B pa3pbIBHON MaLlnHe Ha uunuHapax (TOCT 32299-2025). PesynbTatbl. B paboTe npefnoxeH metof NOBbILIEHWs agre3unm
dTOpONNACTOBOM NNEHKM TONLWKMHON 500 MKM K MeTaIMyeckon niacTrHe NyTeM HaHeCeHNsA MPOMEXKYTOUYHOIO FPYHTOBOYHOMO
cnof 13 cycneHsuu, cogepxatlen okecug xpoma (lll), docdopHyto kncnoty, Bogy 1 dbToponnact. [IpoMeKyTOUHbIV aAre3voHHbIN
rPYHTOBOYHBbII C/TOM HAHOCKI MHEBMOPACTIbIIEHNEM C TEMI XKe PEXMMaMU, YTO M OCHOBHOE GpTOPOMIacTOBOE MOKPbITME. 3a CHeT
3TOro o6ecneurBanoCb COOTBETCTBME MPEASIOKEHHbIX YCJIOBMIA CYLLKUN U CNieKaHWA K OCHOBHOMY CJ1010. [TpUMeHeH e rpyHTOBKM
MO3BOJIASIO Peann30BaTh MPALVNEHTHBIN Nepexo OT MeTa/lINYeCKo NOASIONKKM K GTOPOMIacTOBOMY CJIOI0 U 3HAUUTESIbHO MOBbLICUTb
aares3voHHble CBONCTBA. 3aKntoueHume. [onyyeHHble pe3ynbTaTbl AeMOHCTPUPYIOT 3HAUMTENIbHOE YyYlleHre aare3nm no CPaBHeHIo
C KOHTPOJNbHbIMU 06pa3Lamu 6e3 rpyHTOBKU: 3HaUeHWe npefena NPOYHOCT MO MeToAy OTpbiBa paBHO 2,56 H/mMm?, a no metogy
X-Happesa — ¢ 5 6annoB go 1 6anna (cneppl OTCaMBaHUA WY YAANIEHUS MOKPbLITUA BAONb Haape3oB). MeToa NpocT B peanu3auun
1 NepcrneKkTUBEH AN MPUMEHeHVA B 3alUTHBIX MOKPbITUAX.

KJTIOMEBBIE CJIOBA: ¢pToponnact, agresus, rpyHToBKa, okcma xpoma (1), pochopHas Kucnota, metop «X- obpasHoro» Hagpesa,
MeToq OTpbIBa

UCTOYHUKN ®UUHAHCUPOBAHWA HAYYHOW PABOTbI, PE3YJISTATOM KOTOPOI CTAJIA NYBJIMKALIWA: Pa6oTa nposoaunach
B pamKax peanusaumu CtpaTternyeckoro npoekTa «HoBble TEXHONOMMM, TEXHUYECKME N MHTENNIEKTYabHble CUCTEMbI B MALLMHOCTPO-
eHnun» nporpammbl pa3suTna GIBOY BO «YdumcKunin rocyaapCcTBeHHbIN HeGTAHOM TEXHNYECKU yHMBepcuTeT» Ha 2021-2030 roabl
B COOTBETCTBMM C NPOrPaMMOii CTpaTermyeckoro akagemmueckoro nugepctaa «Mpuoputet 2030».
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INTRODUCTION

Polytetrafluoroethylene (fluoroplastic) is one of the most
promising fluoropolymers used as protective coatings for
metal structures. Due to its high chemical resistance, low
coefficient of friction, wide temperature range of operation
and dielectric properties, fluoroplastic films are used in
petrochemical equipment, aircraft engineering, mechanical
engineering and a number of other industries. At the same
time, low surface energy and high crystallinity of polytetra-
fluoroethylene lead to its low adhesion to most materials,
which requires special surface preparation and the use of
appropriate primers or copolymer bonds [1]. In particular,
the literature describes in detail the properties and features
of the use of an intermediate layer based on gossypol resin
[2], which demonstrates high compatibility with various
paint materials. Most studies are devoted to modified ep-
oxy compositions [3], which, due to their high adhesion,
often serve as the basis for primers. In addition, studies
are being conducted on polyaniline primer as a functional
component of anti-corrosion coatings that can affect elec-
trochemical processes at the phase interface [4]. In general,
the use of primers and adhesive layers helps to significantly
increase the service life of the coating, including in a cor-
rosive environment, where this sublayer acts as additional
protection against corrosion. In some cases, a system of
a primer and an additional intermediate coating between
the soil and the finish coating is used to protect the metal
from chemically aggressive media.

A number of studies have shown that modification
of the surface of fluoroplastic using plasma treatment,
in particular atmospheric nitrogen plasma, leads to an
increase in wettability, partial surface defluorination and
the introduction of oxygen and nitrogen-containing func-
tional groups, which improves adhesion characteristics
compared to non-modified polymer [5, 6]. Similar effects
are observed during ion-beam treatment of fluoroplastic
films, when ion irradiation causes a change in the chemi-
cal composition of the upper layers, an improvement in
metal adhesion to the modified surface of the polymer [7].
However, such methods require vacuum or plasma equip-
ment and often focus on thin films and specific material
pairs, which limits their use in mass processes. Along with
the modification of the polymer itself, the preparation of
the metal substrate plays an important role. Phosphating
treatments are traditionally used to increase the adhe-
sion of paint and polymer coatings to steels and galva-
nized steel due to the formation of a thin layer of metal
phosphates on the surface [8, 9]. Reviews of conversion
coatings emphasize that phosphate and chromate films
act as an intermediate layer that increases the adhesion
of subsequent coatings [10].

Work on phosphating and the use of phosphate prim-
ers shows that such conversion layers can significantly
increase the adhesion of organic and polymer coatings

to metal substrates. A number of studies have found that
during preliminary phosphating of steel and galvanized
surfaces, subsequent paint and polymer systems form
a stronger and more stable connection with the substrate
compared to unmodified surfaces, while the most pro-
nounced effect is achieved in systems with epoxy, polyes-
ter binders and polymer films applied to the phosphated
layer [11, 12].

The purpose of this work is to experimentally evalu-
ate the adhesion of a 500 um thick fluoroplastic film to a
metal substrate using a primer containing fluoroplastic,
chromium oxide (III) (Cr,0,) in an aqueous medium
and phosphoric acid (H,PO,). This primer is aimed at
the “metal-primer-fluoroplastic (film)” system and uses
fluoroplastic directly in the primer layer, forming a gradi-
ent transition to the main coating.

MATERIALS AND METHODS

The study used metal plates made of titanium alloy
VT6 (analogous to Ti—6Al—4V) and carbon steel St3,
which had dimensions of 120xX60x 1 mm. Before coating,
the plates were cleaned of contaminants and degreased
with acetone xh. in an ultrasonic bath “ODA-MH280”
(China) with a power of 1100 W at a frequency of 40 kHz
for 10 minutes at a temperature of 20—22 °C. This opera-
tion removed surface organic contaminants, which is an
important condition for forming a uniform and stable
adhesive bond.

An aqueous fluoroplastic suspension manufactured
by HaloPolymer Perm JSC was used as the main coating
material. The coating was applied to pre-prepared plates
by a spray method using a spray gun and compressed air.
The working pressure of compressed air was 0.2—0.3 MPa,
the distance from the nozzle to the treated surface was in
the range of 300-400 mm, which ensured uniform forma-
tion of a monolayer of suspension without splashing and
draining.

The key parameters for the formation of the fluoroplas-
tic film were drying and sintering modes. Drying was car-
ried out at a temperature not exceeding 90 °C for 45 min-
utes to complete the removal of free and bound moisture
from the aqueous suspension, while the absence of cracks
and bubbles in the dried layer was monitored. Sintering
was carried out at a temperature of 370 °C for 8—10 min-
utes, followed by cooling in an oven to room temperature.
To achieve a given coating thickness (500 um), the process
was repeated repeatedly in sequence, ensuring the accumu-
lation of layers with control of their thickness and continu-
ity. All drying and sintering operations were carried out in
the laboratory electric furnace “KS-18” (Russia), equipped
with thermal control and uniform temperature distribution
over the working volume.

The adhesion strength of the formed fluoroplastic
films was evaluated using two standard methods: the
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X-cut method according to State Standard 32702.2-2014
and the normal tear method according to State Standard
32299-2025 on samples with dimensions of 50x50x 1
mm. Due to the pronounced release properties and the
difficulty of gluing the bursting cylinders to the surface
of the fluoroplastic film, the use of classical methods for
assessing tear strength has proven difficult. In this regard,
a modified technique has been developed that allows mea-
surements to be carried out without compromising the in-
tegrity of the coating. Films were formed on the end faces
of the pair of plates, contacted and thermoplastic bonded
at 330 °C (near the melting point of the fluoroplastic) for
5—7 minutes. As a result, a continuous layer of fluoro-
plastic serving as an adhesive seam was formed between
the ends. Metal bursting cylinders fixed with epoxy rubber
adhesive KDS-19 were mounted on the thus prepared
glued plates. Adhesion tests by the tearing method were
carried out on the universal test machine “REM-U-A”
(Russia) at a fixed loading speed. The scheme of the pro-
posed procedure is shown in Fig. 1.

A number of studies have shown that in order to im-
prove the adhesive strength of fluoroplastic films, it is
advisable for kmetallic substrates to pre-apply an interme-
diate adhesive layer. In this work, as such an intermediate
layer, a suspension containing fluoroplast, chromium (I1I)
oxide (Cr,0,) in an aqueous medium and phosphoric
acid (H,PO,) was used. This intermediate coating formed
a thin primer layer applied by air spraying under the same
conditions as the base fluoroplastic coating, whereby the
drying and sintering conditions of the base layer were
satisfied. The use of a primer made it possible to realize
a gradient transition from a metal substrate to a fluoro-
plastic layer and improve adhesion properties.

Cylinder 1

RESULTS AND DISCUSSION

When evaluating the adhesion of fluoroplastic films
with a thickness of 500 um using the “X-shaped” notch
method [13], a significant difference was found in the
behavior of coatings on samples with and without primer.
For films formed without a preliminary primer layer, in-
tense and continuous peeling of the coating around the
perimeter of the notch was observed. In the visual assess-
ment on a five-point scale, this corresponded to 5 points.
Which indicates the complete absence of adhesion of fluo-
roplastic films to the metal substrate under direct contact
conditions. For films applied with a primer layer, delami-
nation along the perimeter of the notch was expressed to
a minimal extent. In most cases, only local, fragmentary
flaking was observed, with a visual score corresponding
to 1 point. This indicates a significant improvement in
adhesion strength and the formation of a sufficiently stable
joint capable of withstanding the mechanical effects ap-
plied by the X-notch method.

When evaluating adhesion by the normal tearing
method using the developed method, it was found that
the absence of a primer layer leads to systematic de-
fects in the formation of an adhesive seam. For films
formed from a fluoroplastic slurry without primer and
subsequent thermoplastic bonding of the plate end faces,
spontaneous peeling of the coating from both ends was
observed. The defect manifested itself in the form of
separation of the fluoroplastic film at the border of con-
tact with the ends of the metal plates, which led to the
destruction of the integrity of the “metal-fluoroplastic
(film)” system. As a result, such samples could not be
used to quantify the peel adhesion strength because the

Glue KDS-19

xxxxxxx

Metal plate

The film

under study

id) =

Cylinder 2

P

Fig. 1. Procedure diagram
for PTFE film adhesion test
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Fig. 2. Appearance of coating with primer layer after
normal tearing test (modified method)

failure occurred during the preparation stage and was
not due to external loading.

For films formed using a primer layer, the adhesive
seam at the ends of the plates retained integrity, and the
destruction occurred under the influence of an external
load on the test machine (Fig. 2).

A series of tests on the metal-soil-fluoroplastic (film)
system resulted in the average values presented in Table 1.

These values indicate the formation of a physically
correct and stable adhesive joint, in which the fracture oc-
curs cohesively within the fluoroplastic matrix or adjacent
zone, and not in the form of spontaneous detachment of
the coating from the substrate.

CONCLUSION

1. Application of a primer layer from a suspension
containing fluoroplastic, chromium oxide (III) (Cr,0,)
in aqueous medium and phosphoric acid (H,PO,), in-
creases the adhesion strength of a fluoroplastic film with
a thickness of 500 microns to metal substrates, which is

REFERENCES

Nanobm

Table 1. Peel adhesion test results

Maximum Maximum defor- Tensile strength,
breaking load, N mation, mm N/mm?
1807.35 4.39 2.56

confirmed by both visual assessment by the method of
“X-shaped” notch and quantitative data by the method
of normal separation. In a system with a primer layer, the
degree of delamination is reduced to 1 point according
to State Standard 32702.2-2014, and stable values are
recorded during the test for the separation of registration
under load: the average maximum load is 1807.35 N. The
maximum deformation is 4.39 mm, the ultimate strength
is 2.56 N/mm?, which indicates the formation of a physi-
cally correct adhesive joint.

2. The mechanism of increasing adhesion is associated
with the complex effect of the phosphate oxide layer and
the gradient transition. Phosphoric acid, together with
chromium oxide, forms a porous structure on the metal
surface with a developed actual contact area, improving
mechanical engagement with subsequent polymer and
fluoroplastic coatings. The presence of fluoroplastic in
the primer provides a gradient transition from the metal
substrate through the intermediate layer to the main fluo-
roplastic film, which reduces the jump in physical and
mechanical properties and reduces the concentration of
stresses in the contact zone.

3. The results obtained demonstrate that the devel-
oped primer suspension can be recommended for use in
technologies for applying fluoroplastic coatings to metal
structures, where high chemical resistance, low coefficient
of friction and sufficient adhesive strength are required at
the same time.
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Experimental studies of reinforced concrete structures
in the “HPP supporting piers - powerhouse headwall”
system strengthened with prestressed basalt
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ABSTRACT

Introduction. With long-term operation of head run-of-river powerhouses of hydroelectric power plants (HPP), technical changes
occur that lead to a decrease in operational properties in reinforced concrete structures. To substantiate a new nanotechnology for
strengthening long-term operated hydraulic structures based on the use of prestressed reinforcement from nanomaterials (basalt
fiber reinforced polymer rebar, BFRP), a set of experimental studies with elements of computational studies was carried out, taking
into account the characteristic features of reinforced concrete structures of HPPs. Methods and materials. Experimental studies
were carried out on the basis of reinforced concrete models of hydraulic structures “HPP supporting piers — powerhouse headwall”
(scale M 1:25), which were manufactured and tested for static impact; after which they were strengthened with external reinforce-
ment made of prestressed BFRP nanomaterial, with rebars installed in two directions: along and across the flow. A 3D finite element
model of a run-of-river HPP powerhouse was developed to analyze its stress-strain state (SSS), taking into account seismic actions
of more than 8 points (MSK scale) within the framework of the dynamical theory. Results. As a result of experimental studies of
reinforced concrete models of hydraulic structures “hydroelectric power plant piers — headwall of the HPP powerhouse’, the nature
of crack formation, the width of crack opening and inter-block construction joints were determined, which were recorded in mag-
nitude higher in non-strengthened reinforced concrete experimental models than in models strengthened with prestressed basalt
composite reinforcement. In experimental reinforced concrete models under the acting loads, tensile stresses in the steel reinforce-
ment in the area of the interface of the piers and the headwall were determined, which almost reached the value corresponding
to the yield strength. In the article, calculations of the run-of-river HPP powerhouse were performed using the dynamic theory of
calculation under the action of seismic loads of more than 8 points (MSK scale). At the same time, deformations of the structure and
stresses in its elements in different periods of time (in seconds) were obtained, counting from the beginning of the seismic action.
Discussion. It was obtained that the new technology of strengthening using reinforcement made of BFRP nanomaterial across
and along the river flow leads to a decrease in tensile stresses in steel horizontal reinforcement across the flow in the headwall and
in piers by more than 1.5 times with redistribution to basalt composite reinforcement. In case of seismic actions, the operation of
the above structures will be more complex and the parameters of this work must be determined by calculations, taking into ac-
count all factors that will allow to study and ensure long-term safe operation of HPP structures. To achieve this goal, it is necessary
to develop a 3D mathematical model of experimental reinforced concrete structures and verify it using a set of experimental data
obtained. Further, the verified mathematical model can be used to calculate the SSS of the HPP powerhouse under the action of a
set of loads and influences: static, hydraulic, temperature, seismic. Conclusion. On the basis of a set of experimental and compu-
tational studies of experimental reinforced concrete models “HPP supporting piers — powerhouse headwall’, strengthened with
prestressed basalt composite reinforcement, nanotechnology for strengthening reinforced concrete structures of long-term oper-
ated hydraulic structures based on the use of prestressed reinforcement from nanomaterials (basalt fiber reinforced polymer rebar
BFRP) was substantiated, including the load-bearing capacity, displacement, width of opening of inter-block construction joints
and cracks, deformations of steel and basalt composite reinforcement depending on the method of strengthening of reinforced
concrete structures by external reinforcement.

KEYWORDS: hydraulic structures, HPP supporting piers, HPP powerhouse headwall, inter-block construction joints, nanotechnol-
ogy of reinforcement, prestress, basalt composite nanomaterial, width of opening of inter-block joints and cracks, displacements
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DKcnepuMeHTaNbHble NCCNIef0BaHNA XKene306eTOHHbIX
KOHCTPYKLUIN cuctembl «6b1vykn NC — HanopHas cTeHa
3aaHma NC», ycnneHHON npeaBapuTesibHO HanpsXXeHHON
6a3anbToKOMNO3UTHOM apmatypomn. Yacrb 11V
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AHHOTALMA

BBepeHue. [Npy AnnTeNbHOW SKCMyaTaL MM HAaMOPHbIX PYCIOBbIX 3AaHNI FTMAPO31EKTPOCTaHLUMIA BO3HUKAOT TEXHUYECKME N3Me-
HeHVA, KOTopble NPUBOAAT K CHUMKEHNIO SKCMJTyaTaLMOHHbIX CBOMCTB B Xene3006eTOHHbIX KOHCTPYKLUMAX. [ns 060CcHOBaHUA HOBOW
TEXHONOrMU (HAHOTEXHOMOT L) YCUNEHWA BJINTENBbHO SKCMyaTUPYEMbIX M’MAPOTEXHUYECKNX COOPYKEHWI Ha OCHOBE NPYIMEHEHNSA
npefBapuUTENIbHO HANP>KeHHOW apMaTypbl U3 HaHOMaTepranoB (6a3anbTOKOMMO3NTHOW apMaTypbl) MPOBEAEH KOMMIEKC SKCrepu-
MeHTasbHbIX MCCIeAOBAHMI C SIEMEHTaMMN PACYETHbIX UCCNIeA0BAHUN, YUNTBIBAIOLLMNIA XapaKTePHble 0COOEHHOCTY XKene300eTOHHbIX
KoHCTpyKumi I'TC. MeTogbl n maTepmanbl. JKCNepUMeEHTaNbHble NCCeJOBaHNA MPOBOAUINCH HA OCHOBE Xene306eTOHHbIX Moge-
nen rnapoTeEXHNYECKUX COOpYxeHuni «bbluky IC — HanopHas cteHa 3gaHus IC» (macwTtab M 1:25), KoTopble Obinv N3roTOBEHDI
1 UCMbITaHbl Ha CTaTUYeCKoe BO3AENCTBIE, MOC/Ie YEro OHU ObIN YCWEeHbl BHELLHM apMUPOBaHEeM 13 HaHOMaTepurana — npea-
BapUTENbHO HanpsXeHHOWN 6a3anbTOKOMMO3UTHON apMaTypbl, YCTAHOBJIEHHOW B ABYX HamnpaBs/ieHVAX: BAOMb U Momnepek noToka.
Bbina paspaboTaHa NpoCTpaHCTBEHHAsA KOHEYHO-3/IEMEHTHas Mofenb pycnosoro 3haHus MC ans pacyeTHbix nccnegosanmin HOC
C yUeTOM CeicMUYEeCcKUX Bo3aencTauii bonee 8 6annioB B paMKax AUHaMUyeckol Teopru. Pesynbratbl. B pesynbTaTte skcnepumeH-
TaJIbHbIX NCCNEfOBAHUM OMbITHBIX »KeNe300€TOHHbIX MOAENel rMaPOTEXHUYECKMX COOPYXKeHUI «obluky [IC — HanopHasa cTeHa
3naHuA IC» onpefeneH xapakTep TPewmnHoobpa3oBaHNA, LUIMPUHA PACKPbITUS TPELWMH U MeXOTOUHbIX CTPOUTENbHbBIX LUBOB,
3aVKCMPOBAHHbIX MO BEMNYMNHE BblLLE B HEYCUSIEHHbIX »Ke1e306eTOHHbIX OMbITHbIX MOAENAX, YEM B YCUNEHHbIX NPefBapUTENbHO
HanpsXeHHOW 6a3aNbTOKOMMNO3MTHOW apMaTypoi MogensX. B onbITHbIX »kene306eTOHHbIX MOAENAX NPV AENCTBYIOLLMX Harpy3Kax
ornpegeneHbl pacTArMBaoLL/e HaNPsKEHUA B CTaNIbHON apMaType B 30He COMPsXXeHUs GbIYKOB 1 HAaMOPHOW CTeHbI, KOTOPbIe NpPakK-
TUYECKN JOCTUMN BENMYVHbI, COOTBETCTBYIOLLEN Npefeny TekyyecTu. B HacToswwen paboTe 6bliv BbINOSIHEHbI pacyeTbl PyCc/10BOro
3naHus 3C ¢ npyMeHeHneM AUHAMUYECKON TEOPUM pacyeTa Npu AeNcTBUN CeNCMMYECKMX Harpy3ok 6onee 8 6annos. MNpu sTom
6b111 NonyYeHbl JedopMaLIN COOPYKEHNA 1 HANPSXKEHWUA B €r0 NIEMEHTaX B Pa3fiMyHble Nepuoabl BpeMeHu (B CeKyHaax), oTcuum-
TbIBas OT Hayasa cencMMYecKkoro BosaencTaus. O6cy»kaeHmne. bbino nonyyeHo, YTo HoBas TEXHONOMUA (HAHOTEXHOMOIMSA) YCUNEHUA
C NpYIMEHeHNeM HaHOMaTepurana — NpefABapuUTENbHO HanpsXKeHHON 6a3a1IbTOKOMMO3UTHOM apMaTypbl Mornepek 1 BAOb NoToKa —
NPVIBOANT K CHVKEHUIO PACTArMBAOLWMX HaNPsXeHWI B CTaflbHOV FOPU30HTaNIbHOW apMaType nornepek NoToka B HAaNOPHON CTeHe
1 B 6bluKax bonee uem B 1,5 pasa c nepepacnpegeneHnem Ha 6a3ansTOKOMMNO3UTHYO apmaTypy. [pu ceicMnyecKrix BO3gencTBMsAX
paboTa BbllleyKa3aHHbIX KOHCTPYKLUIA GygeT 6onee CNoXHOM 1 napaMeTpbl 3TON paboTbl HEOOXOAMMO OnpeaenATb pacyeTamu
C yyeToM Bcex GpaKTOpPOB, KOTOPbIE MO3BONAT U3YUnTb 1 0OECNeUnTb OANTENIbHYI0 6€30MacHY0 SKCMyaTauuio rMapPOTEXHNYECKNX
coopy»keHnit MIC. [Ina SOCTUMXKeHWs 3TOW Leny Heobxoaumo pa3paboTaTb TPEXMEPHYIO MAaTeMATYECKYI0 MOZESb XeNle306eTOHHbIX
3KCMEePUMEHTAJTbHBIX KOHCTPYKLMIA 1 MPOBeCTU eé BepudrKaLmio C MICMONb30BaHNEM KOMIMIEKCA MONYyYEHHbIX SKCNepUMEHTaNbHbIX
JaHHbIX. [lanee Bepnd1LMPOBAHHYIO PacUYeTHYO MaTeMaTUYeCKyo MOLEeNb BO3MOXKHO NpUMeHnTb Ans pacyetoB HAC 3gaHua MNC
npw JenCcTBUN KOMMJIeKCa Harpy3oK 1 BO3AeNCTBUN: CTaTUYECKUX, TMAPaBINYECKNX, TeMNepaTypPHbIX, CENCMUYECKX. 3aKnioueHmne
(BbIBOADbI). Ha OCHOBE NPOBEEHHOrO KOMIMJIEKCA SKCMEPUMEHTASTbHbIX 1 PACYETHBIX UCCIIEA0BAHUI OMbITHBIX Kene3006eTOHHbBIX MO-
aeneii «6blukn NIC — HanopHasa cTeHa 3aaHKA [IC», ycnneHHbIX NpeABapUTENIbHO HaNPs>KeHHOW 6a3anbTOKOMMO3UTHO apMaTypo,
6bl1a 060CHOBaHa HAHOTEXHOJOM S YCUIIEHMSA »KeNle300eTOHHbIX KOHCTPYKLMIA ASIMTENbHO SKCMTyaTMpPyeMbIX MTMAPOTEXHNYECKUX
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KJTIOMEBDIE CJIOBA: rugpoTtexHuueckme coopyxeHus, 6biuku MIC, HanopHana cTeHa 3gaHua [IC, Mex65104Hble CTpoUTENbHble
LUBbI, HAHOTEXHOJNIOTUA YCUNEHUA, NPeABapUTESIbHOE HanNpAXXeHne, HaHoMaTepran — 6a3anbTOKOMMO3MTHAA apMaTypa, WNPrHa
PacKpbITUA MeXKOMOUHDBIX LLIBOB U TPELYWH, NepemeLleHna

UCTOYHUKU GUHAHCUPOBAHUA HAYYHOW PABOTbI, PE3YJIBTATOM KOTOPOI CTAJIA MYB/IMKALNA: Pa6oTa BbinonHeHa
VHULATVBHO W3 NINYHbIX CPEACTB aBTOPOB NP HayUYHO-TeXHMYecKol noagepxke punmana AO «MHctutyT Tngponpoekm»—«HUNIC».

ana UUTUPOBAHUA:

Py6un O.[., AHToHoB A.C., AnMacpu A. DKCnepuMeHTasbHble UCCNIe[0BAHMNSA XKeNne306eTOHHbIX KOHCTPYKUMIA CUCTEMbBI «ObIUKN
I'3C - HamopHan cTeHa 3haHunA MIC», yCUNEHHON NpeaBapuUTENIbHO HaNPAXKeHHON 6a3anbTOKOMNO3MTHONM apmaTypoli. YacTb I
HaHnomexHonoauu 8 cmpoumenscmae. 2026;18(5):627-656. https://doi.org/10.15828/2075-8545-2026-18-5-627-656. - EDN: EHJVET.

RESULTS

During the experimental studies, the following main
results were obtained:

1. In the experimental reinforced concrete models
M 1-1 and M 2-1, under the load P = 20.0—30.0 kN,
at the corners on the contact “supporting piers — head-
wall” (Fig. 1) the cracks were formed, with a maximum
crack width of ¢ = 0.53 mmat P= 120 kN (M 1-1), that
is higher than the standard value [24]. The diagram of
the width of crack opening in the corners at the “piers —
headwall” contact are presented in Fig. 2 and 3. It should
be noted that the opening width @, of these cracks is sig-
nificantly higher in the experimental models without re-
inforcement M1-1 and M 2-1 than in the experimental
models reinforced with prestressed basalt composite re-
inforcement M 1-2, M 1-3, M 2-2 and M 2-3.

2. Under the action of a load P = 30.0—60.0 kN, the
inclined cracks appeared on the inner and outer lateral
surfaces of the piers of the experimental reinforced con-
crete models M 1-1 and M 2-1, reaching to the lower
inter-block joint (Fig. 4), which are shown as diagrams in
Fig. 5—8 with a maximum ofam =0.46 mm in the M 2-1
model (Fig. 5), that is higher than the standard value [24].

It should be noted that the opening width of the
inclined cracks is significantly higher in the experimental
models without reinforcement M 1-1 and M 2-1 than
in the experimental models M 1-2, M 1-3, M 2-2 and
M 2-3 reinforced with prestressed basalt composite
reinforcement.

3. In the experimental models M 1-1 and M 2-1, un-
der the load P in the piers and in the headwall, the inter-
block construction joints a/ were opened (Fig. 9—13). In
this case, the opening width of the upper inter-block joint

Fig. 1. Crack formation in the corners of the experimental reinforced concrete models M 1-1 and M 2-1 (top view)
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Fig. 2. Opening width of crack 1 at the contact “piers-headwall” (P = f(a,, )
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Fig. 3. Opening width of crack 2 at the contact “piers- headwall” (P = f(a_,,))
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Fig. 4. Crack pattern in the reinforced concrete models:
inclined cracks in the piers with a transition to the lower
inter-block construction joint

a’, < 0.05 mm (Fig. 9, 11 and 13); the opening width of
the lower inter-block joint @/, < 0.16 mm (Fig. 10 and 12).

It should be noted that the opening width of inter-
block construction joints is higher in the experimental
models without reinforcement M 1-1 and M 2-1than
in the experimental models M 1-2, M 1-3, M 2-2 and
M 2-3 reinforced with prestressed basalt composite re-
inforcement.

4. In the experimental reinforced concrete models
M 1-1 and M 2-1, lateral divergence of the piers was
recorded under the load P = 40,0 kN (Fig. 14) with a
maximum total value of 9.2 mm at P = 120 kN, which
corresponds to 1/74 of the span / = 680.0 mm (Fig. 3,
Part I). It should be noted that the total divergence width
of the piers is higher in the unstrengthened models M 1-1
and M 2-1 than in the models M 1-2, M 1-3, M 2-2 and
M 2-3 strengthened with prestressed basalt composite
reinforcement.

5. In experimental reinforced concrete models (Fig. 5,
Part I) under the load P, deformations (converted into
tensile stresses) in the upper horizontal steel reinforce-
ment in the area of the interface between the piers and
the headwall were determined (Fig. 15-18). The stresses
o, reach a value of 380 MPa at a load P= 120 kN (M 2-1,
Fig. 16), which is close to the standard yield limit R =
390 MPa.

Stresses in the upper horizontal steel reinforcement
in the interface between the piers and the headwall were

recorded to be higher in unstrengthened models M 1-1
and M 2-1 than in models strengthened with prestressed
basalt composite reinforcement M 1-2, M 1-3, M 2-2,
and M 2-3.

It should be noted that the tensile stresses in the up-
per horizontal steel reinforcement in the span of the
headwall o,,and o (Fig. 15— 18) were relatively small
(within up to 20 MPa) due to the formation and open-
ing of corner cracks at the contact interface “piers —
headwall” (Fig. 1) under static load P. Furthermore,
tensile stresses ¢, in the horizontal steel reinforcement
positioned lower down (in the cross-section of the up-
per inter-block construction joint; see Figs. 3 and 7,
Part 1) were approximately 30% lower than in the upper
horizontal steel reinforcement.

6. In the experimental reinforced concrete models
(Fig. 5, Part I) under the load P, strains (converted to
tensile stresses) were determined in the vertical steel re-
inforcement located at the edge of the piers in the zone
of the lower inter-block construction joint (Figs. 19—22).
Tensile stresses reach 52.0 MPa (M 2-1, Fig. 19), which
constitutes 13.3% of the tensile strength of the steel rein-
forcement R = 390 MPa at P= 120 kN.

7. In the experimental reinforced concrete models
(Fig. 5: M 1-2, M 1-3, M 2-2, and M 2-3) under the
load P, strain increments (converted to tensile stress in-
crements Ao af)) in the basalt composite reinforcement
prestressed to 280 MPa were determined (Figs. 23—26).
At the load P = 120 kN, the maximum value was Aof
oo,= 32.5 MPa (M 1-3, Fig. 24), which corresponds
to 32.5/280%100% = 11.6% of the tensile strength of the
basalt composite reinforcement R/,-, =800 MPa.

8. It should be noted that the load Papplied to the ex-
perimental reinforced concrete models was brought up to
P=120-+140 kN, with no signs of brittle failure recorded.

9. It also should be noted that the experimental rein-
forced concrete models, equipped with monitoring and
measuring instrumentation, fully enabled the determina-
tion of the crack pattern and the experimental stress-strain
state under stepwise application of static loads.

CONCLUSION

1. During many years of operation of head run-of-river
HPP powerhouses, deviations from design assumptions
arise, caused by non-design displacements and
settlements, opening of inter-block construction joints
and cracks, and a variety of other factors (as detailed in the
introduction). In this regard, experimental investigations
were required to substantiate the nanotechnology for
strengthening reinforced concrete structures of head
run-of-river HPP powerhouses using nanomaterial —
prestressed basalt composite reinforcement, aimed at
restoring load-bearing capacity to ensure long-term safe
operation of hydraulic structures.
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Fig. 5. Opening width of inclined crack 1 on the outer side surface of the pier (P =f(a
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Fig. 6. Opening width of inclined crack 2 on the outer side surface of the pier (P =f(a
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Fig. 7. Opening width of inclined crack 3 on the inner side surface of the pier (P = fla

cr3
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Fig. 8. Opening width of inclined crack 4 on the inner side surface of the pier (P = fla

cr4
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Fig. 9. Opening width of inter-block construction joint 1 in the pier (P=f(a’' )
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Fig. 10. Opening width of inter-block construction joint 2 in the pier (P=f(a’”* )
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Fig. 11. Opening width of inter-block construction joint 3 in the pier (P=fla” ))
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Fig. 12. Opening width of inter-block construction joint 4 in the pier (P=fla”* )
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Fig. 13. Opening width of inter-block construction joint 5 in the headwall (P =fla” ))
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Fig. 14. Total divergence width of the piers (P = f(Al)
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Fig. 15. Tensile stresses in the upper horizontal steel reinforcement of the headwall in the interface zone with the

piers (P=f(0,,,))
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Fig. 16. Tensile stresses in the upper horizontal steel reinforcement of the headwall in the interface zone with the

HPP piers (P=f(c,,))
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Fig. 17. Tensile stresses in the upper horizontal steel reinforcement of the piers in the interface zone with the
headwall (P=f(0_,,)
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Fig. 18. Tensile stresses in the upper horizontal steel reinforcement of the piers in the interface zone with the
headwall (P=f(0_,.)
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Fig. 19. Tensile stresses in the vertical steel reinforcement of the piers in the zone of the lower inter-block
construction joint (P = f(os_ ,))
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Fig. 20. Tensile stresses in the vertical steel reinforcement of the piers in the zone of the lower inter-block
construction joint (P =f(o, )
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Fig. 21. Tensile stresses in the vertical steel reinforcement of the piers in the zone of the lower inter-block
construction joint (P =f(o, )
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Fig. 22. Tensile stresses in the vertical steel reinforcement of the piers in the zone of the lower inter-block
construction joint (P =f(o,,))
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A-1 — prestressed reinforcement installed across the flow (Fig. 5, Part I)
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Fig. 23. Increment of tensile stresses in prestressed basalt composite strengthening reinforcement installed across
the flow (M 1-2, Fig. 5, Part |; P = f(Ag))
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A-1 — prestressed reinforcement installed across the flow (Fig. 5, Part I)

A-2, A-3, A-4, A-5 — prestressed reinforcement installed along the flow (Fig. 5, Part I)
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Fig. 24. Stress variation in prestressed basalt composite reinforcement oriented across and along the flow (M 1-3,

Fig. 5, Part |; P = f(Ao))
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A-1 — prestressed reinforcement installed across the flow (Fig. 5, Part I)
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Fig. 25. Stress variation in prestressed basalt composite reinforcement oriented across the flow (M 2-2, Fig. 5 Part |;

P=f(Ac))

2. Experimental models of pressure front fragments of
hydraulic structures (“HPP piers — headwall of the HPP
powerhouse”) were fabricated at a scale of M 1:25 and
tested under static loads; they were subsequently strength-
ened with external reinforcement made of nanomaterial —
prestressed basalt composite reinforcement, installed in
two directions: along and across the flow.

3. In the course of experimental investigations, the
crack formation pattern was established:

a) cracks at the contact interface “piers — headwall”
(Fig. 1);

b) inclined multi-directional cracks transitioning to
the lower inter-block construction joint (Fig. 4). It should
be noted that the opening width of cracks and inter-block
construction joints was recorded higher in unstrengthened
reinforced concrete models than in those strengthened
with prestressed basalt composite reinforcement (Fig. 2,
3, Fig. 5—13).
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M 2-3

A-1 — prestressed reinforcement installed across the flow (Fig. 5, Part I)
A-2, A-3, A-4, A-5 — prestressed reinforcement installed along the flow (Fig. 5, Part I)
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Fig. 26. Stress variation in prestressed basalt composite reinforcement oriented across and along the flow (M 2-3,
Fig. 5; Part ;P = f(Ao))

4. In the experimental reinforced concrete models, in models strengthened with prestressed basalt composite
divergence of the piers under the acting load P= 120 kN  reinforcement (Fig. 14).
by a value of 9.2 mm (1/74 of the span) was recorded. At 5. In the experimental reinforced concrete models

the same time, the total divergence width of the pierswas  (Fig. 5, Part I) under loads P, tensile stresses were deter-
higher in unstrengthened reinforced concrete modelsthan ~ mined in the metal reinforcement in the interface zone of
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the piers and the headwall (Fig. 15—18), which practically
reached the value corresponding to the tensile yield limit
R . It should be noted that strengthening with basalt com-
posite reinforcement across and along the flow (Fig. 5,
Part I) leads to a reduction of tensile stresses in the metal
horizontal reinforcement across the flow in the headwall
and in the piers by more than 1.5 times.

6. In the course of experimental investigations, it
was established that strengthening reinforced concrete
structures of complex geometric shape of the “HPP
piers — headwall of the HPP powerhouse” type using
nanomaterial — prestressed basalt composite reinforce-
ment directed across and along the flow significantly af-
fects the stress-strain state, including the level of stresses
in the steel reinforcement, causing their reduction and

REFERENCES

partial transfer to the prestressed basalt composite re-
inforcement.

7. Under seismic actions, the structural performance
of the above structures will be more complex and the
parameters of this performance must be determined by
calculations taking into account all factors that will allow
studying and ensuring long-term safe operation of HPP
hydraulic structures. To achieve this goal, it is necessary
to develop a three-dimensional mathematical model of
experimental reinforced concrete structures and perform
its verification using the set of obtained experimental data.
Further, the verified computational mathematical model
can be applied to calculate the SSS of the HPP power-
house under a combination of loads and impacts: static,
hydraulic, temperature, and seismic.

1. Arshenevsky N.N., Gubin M.F., Mityurev E.L., Mikhailov I.E., Orlov V.A., Popov A.l. Hydroelectric Power Plants.
M.: Energoatomizdat. 1987;464. — EDN: SNSPBJ (in Russian).

2. Raja A.K., Srivastava A.P., Dwivedi M. Power Plant Engineering. New Delhi: New Age International. 2006;354. ISBN
81-224-1831-7. Available at: https://www.academia.edu/attachments/63581667/download_file (accessed: 06.07.2026).

3. Lenkov A. Yu., Fisenko V. F. Experience gained from operation of the hydraulic structures of the Votkinsk hydroelec-
tric power plant. Power Technology and Engineering. 2017;51(1):33-39. https://doi.org/10.1007/s10749-017-0779-y. — EDN:

XNDQPU.

4. Vasilevskaya L. S., Anufrenkova, P. S., Gracheva D. A. Evaluation of Concrete Structure Condition of the Volzhskaya
Hydroelectric Power Plant. Power Technology and Engineering. 2018; 52(2):181-184. https://doi.org/10.1007/s10749-018-

0929-x. — EDN: YBPZOH.

5. Rodrigues R. V. Structural Design of a Surface Hydropower Plant. 7echnical University of Lisbon. 2014; 1-9, Available
at: https://fenix.tecnico.ulisboa.pt/downloadFile/563345090413168 /resumo.pdf (accessed: 06.07.2026).

6. Rubin O.D., Lisichkin, S.E., Baklykov I.V., Almasri A. Objectives of the Computational Studies of the Long-term
Operational Run-of-River Buildings of Tishrin and Baath HPPs Located in Seismic Areas of Syria. VI International Scientific
Conference Construction Mechanics, Hydraulics & Water Resources Engineering (CONMECHYDRO 2024). Karshi, Uzbekistan.

https://doi.org/10.1063/5.0279432

7. SNiP A-I1. 12-62 Construction in seismic areas. Design norms. Moscow. 1963; 54 (in Russian).

8. SNIP 11-7-81* Construction in seismic areas. Design norms. Moscow. 2006; 44 (in Russian).

9. SP 14.13330.2018 Construction in seismic areas. Updated edition of SNiP 11-7-81*. Moscow. 2018; 115 (in Russian).

10. Zaki M., Tobaa A., Shehata A. Potential advantages of basalt FRP bars compared to carbon FRP bars & conventional
steel. Australian Journal of Civil Engineering. 2020;19(1):1-16. https://doi.org/10.1080/14488353.2020.1816638. — EDN:

NENRWE.

11. Subramanian N. Sustainability of RCC Structures using Basalt Composite Rebars. The Master builder. 2010; (9):156-
164. https://www.academia.edu/4328510/Sustainability of RCC using Basalt composite Rebars_Master Builder

Sept2010

12. Mohamed-Akram Khanfour, Ahmed El Refai. Effect of freeze-thaw cycles on concrete reinforced with basalt
fiber-reinforced polymers (BFRP) bars. Construction and Building Materials. 2017;(145):135-146. https://doi.org/10.1016/j.

conbuildmat.2017.03.237

13. Elamathi E., Priyanka R., Sangeetha V. Flexural Study on Basalt Rebar Reinforced Concrete Beams. Journal of
Engineering. 2018;8(1):01-05. https://www.iosrjen.org/pages/volume8-issuel (part-3).html

14. Fareed Elgabbas, Ehab A. Ahmed, M.ASCE, Brahim Benmokrane. Flexural Behavior of Concrete Beams Reinforced
with Ribbed Basalt-FRP Bars under Static Loads. Journal of Composites for Construction. 2016;21(3). https://doi.org/10.1061/

(ASCE)CC.1943-5614.0000752

15. Thilan Ovitigala, Mustapha A. Ibrahim, Mohsen A. Issa. Serviceability and Ultimate Load Behavior of Concrete
Beams Reinforced with Basalt Fiber-Reinforced Polymer Bars. ACI Structural Journal. 2016;113(4):757-768. https://doi.

org/10.14359/51688752

http://nanobuild.ru

info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://www.elibrary.ru/snspbj
https://www.academia.edu/attachments/63581667/download_file
https://doi.org/10.1007/s10749-017-0779-y
https://www.elibrary.ru/xndqpu
https://doi.org/10.1007/s10749-018-0929-x
https://doi.org/10.1007/s10749-018-0929-x
https://www.elibrary.ru/ybpzoh
https://fenix.tecnico.ulisboa.pt/downloadFile/563345090413168/resumo.pdf
https://www.scopus.com/authid/detail.uri?authorId=6603919071
https://doi.org/10.1063/5.0279432
https://www.researchgate.net/profile/Mariam-Zaki?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoiX2RpcmVjdCJ9fQ
https://www.researchgate.net/profile/Amira-Tobaa?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoiX2RpcmVjdCJ9fQ
https://www.researchgate.net/profile/Ahmed-Shehata-48?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicHJldmlvdXNQYWdlIjoiX2RpcmVjdCJ9fQ
https://doi.org/10.1080/14488353.2020.1816638
https://www.elibrary.ru/nenrwf
https://www.academia.edu/4328510/Sustainability_of_RCC_using_Basalt_composite_Rebars_Master_Builder_Sept2010
https://www.academia.edu/4328510/Sustainability_of_RCC_using_Basalt_composite_Rebars_Master_Builder_Sept2010
https://doi.org/10.1016/j.conbuildmat.2017.03.237
https://doi.org/10.1016/j.conbuildmat.2017.03.237
https://www.iosrjen.org/pages/volume8-issue1(part-3).html
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000752
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000752
https://doi.org/10.14359/51688752

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (5): U/
HaHoTexHonorun B cTpouTenbcTee 627-656 NanObL" ]

APPLICATION OF NANOMATERIALS AND NANOTECHNOLOGIES IN CONSTRUCTION

16. Pavlovic A., Donchev T. Pretensioned BFRP reinforced concrete beams: Flexural behaviour and estimation of initial
prestress losses. MATEC Web of Conferences. 2019;289. https://doi.org/10.1051 /matecconf/201928909001

17. Sokairge H., Elgabbas F., Elshafie H. Structural behavior of RC beams strengthened with prestressed near surface
mounted technique using basalt FRP bars. Engineering Structures. 2022;250(9):113489. https://doi.org/10.1016/j.eng-
struct.2021.113489. — EDN: VQHDNK.

18. Thorhallsson E., Zhelyazov T., Gunnarsson A., Snaebjornsson J.T. Concrete beams reinforced with prestressed basalt
bars. Concrete — Innovation and Design, fib Symposium. Copenhagen; 2015. https://iris.hi.is/en/publications/concrete-beams-
reinforced-with-prestressed-basalt-bars/

19. Andri Gunnarsson, Eythor Rafn Thorhallson, Jonas Thor Snaebjornsson. Simulation of Experimental Research of
Concrete Beams Prestressed with BFRP Tendons. Nordic Concrete Research Symposium. Reykjavik, Iceland; 2014. https://
www.researchgate.net/publication/265467614_SIMULATION_OF EXPERIMENTAL RESEARCH_OF _CONCRETE _
BEAMS PRESTRESSED_ WITH_BFRP_TENDONS

20. Eythor Thorhallsson, Sindri Hlifar Gudmundsson. Test of prestressed basalt FRP concrete beams with and without
external stirrups. Proceedings of Fib symposium Engineering a Concrete future: Technology, modelling & Construction. At: Tel
Aviv. Israel. 2013. https://www.researchgate.net/publication/265467715_Test of prestressed basalt FRP_concrete_beams_
with_and_ without_external stirrups

21. Bellendir E.N., Rubin O.D., Lisichkin S.E., Zyuzina O.V. Experimental Study into Prestress Losses of Basalt Compos-
ite Reinforcement Used in the Composition of Concrete Elements. Power Technology and Engineering. 2021;54(5):605—608.
https://doi.org/10.1007/s10749-020-01259-y. — EDN: VLSBAJ.

22. Pearson M., Donchev T., Salazar J. Long-Term Behaviour of Prestressed Basalt Fibre Reinforced Polymer Bars. The
2nd International Conference on Rehabilitation and Maintenance in Civil Engineering. Procedia Engineering. 2013;54:261 — 269.
https://doi.org/10.1016/j.proeng.2013.03.024

23. Rubin O.D., Lisichkin S.E., Zyuzina O.V. Strength of low-reinforced concrete structures with the inter-block
construction joints reinforced by prestressed basalt-composite bars. Prirodoobustrojstvo. 2021;5(1):53—62. https://doi.
org/10.26897/1997-6011-2021-1-53-62. — EDN: ZHAYMH (in Russian).

24. SP 295.1325800.2017. Concrete structures reinforced with polymer composite reinforcement. Design rules. M: Standardin-
form. 2017; 55. (in Russian).

ADDITIONAL INFORMATION

The authors state that generative artificial intelligence technologies and technologies based on artificial intelligence were not
used in the preparation of the article.

INFORMATION ABOUT THE AUTHORS

Oleg D. Rubin - Dr. Sci. (Eng.), Professor, Department of Hydraulics and Hydraulic Engineering, National Research Moscow State
University of Civil Engineering, 129337, Moscow, Yaroslavskoye shosse, 26, Russian Federation, rubinod@niies.ru,
https://orcid.org/0000-0002-0630-3251

Anton S. Antonov - Cand. Sci. (Eng.), Associate Professor, Department of Hydraulics and Hydraulic Engineering, National
Research Moscow State University of Civil Engineering, 129337, Moscow, Yaroslavskoye shosse, 26, Russian Federation,
antonov.an.s@yandex.ru, https://orcid.org/0000-0002-8310-9604

Amer Almasri - Postgraduate Student, Department of Hydraulics and Hydraulic Engineering, National Research Moscow State
University of Civil Engineering, 129337, Moscow, Yaroslavskoye shosse, 26, Russian Federation, ameralmasri3522@gmail.com,
https://orcid.org/0009-0007-4090-4353

CONTRIBUTION OF THE AUTHORS

Oleg D. Rubin - scientific supervision, development of the concept and development of research methodology, analysis of
research results, writing the text of the article, drawing up final conclusions.

Anton S. Antonov - conducting experimental work, processing and analysis of experimental data using machine learning
methods, writing the text of the article, drawing up final conclusions.

Amer Almasri - literature review, collection and systematization of experimental data, writing the text of the article.

The authors declare no conflict of interest.
The article was submitted 19.05.2026; approved after reviewing 28.09.2026; accepted for publication 01.10.2026.

http://nanobuild.ru 656 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://doi.org/10.1051/matecconf/201928909001
https://doi.org/10.1016/j.engstruct.2021.113489
https://doi.org/10.1016/j.engstruct.2021.113489
https://www.elibrary.ru/vqhdnk
https://iris.hi.is/en/publications/concrete-beams-reinforced-with-prestressed-basalt-bars/
https://iris.hi.is/en/publications/concrete-beams-reinforced-with-prestressed-basalt-bars/
https://www.researchgate.net/publication/265467614_SIMULATION_OF_EXPERIMENTAL_RESEARCH_OF_CONCRETE_BEAMS_PRESTRESSED_WITH_BFRP_TENDONS
https://www.researchgate.net/publication/265467614_SIMULATION_OF_EXPERIMENTAL_RESEARCH_OF_CONCRETE_BEAMS_PRESTRESSED_WITH_BFRP_TENDONS
https://www.researchgate.net/publication/265467614_SIMULATION_OF_EXPERIMENTAL_RESEARCH_OF_CONCRETE_BEAMS_PRESTRESSED_WITH_BFRP_TENDONS
https://www.researchgate.net/publication/265467715_Test_of_prestressed_basalt_FRP_concrete_beams_with_and_without_external_stirrups
https://www.researchgate.net/publication/265467715_Test_of_prestressed_basalt_FRP_concrete_beams_with_and_without_external_stirrups
https://www.scopus.com/authid/detail.uri?authorId=8703930300
https://www.scopus.com/authid/detail.uri?authorId=6603919071
https://www.scopus.com/authid/detail.uri?authorId=57217151739
https://doi.org/10.1007/s10749-020-01259-y
https://www.elibrary.ru/vlsbaj
https://doi.org/10.1016/j.proeng.2013.03.024
https://www.scopus.com/authid/detail.uri?authorId=6603919071
https://www.scopus.com/authid/detail.uri?authorId=57217151739
https://doi.org/10.26897/1997-6011-2021-1-53-62
https://doi.org/10.26897/1997-6011-2021-1-53-62
https://www.elibrary.ru/zhaymh
mailto:rubinod@niies.ru
https://orcid.org/0000-0002-0630-3251
mailto:antonov.an.s@yandex.ru
https://orcid.org/0000-0002-8310-9604
mailto:ameralmasri3522@gmail.com
https://orcid.org/0009-0007-4090-4353

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (5): U/
HaHoTexHonorum B cTponTenbcTBe 657-672 NanObL" ]

SYSTEM SOLUTIONS FOR TECHNOLOGICAL PROBLEMS

Original article CCBY 4.0
https://doi.org/10.15828/2075-8545-2026-18-5-657-672

Study of the effect of part geometry on the pressure rise law
of the forming gas using computer simulation
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ABSTRACT

Introduction. Currently, in the industry, the method of superplastic molding (SPM) is used to manufacture complex-profile thin-
walled parts, as well as elements of a hollow structure. To increase the efficiency of the SPM process, it is advisable to pre-form
a nanostructured state in materials. The accuracy of the part geometry, the quality of the final product and the duration of the
production process are significantly affected by the supply of forming gas using a gas distribution system (GDS). One of the key
aspects of GDS operation is the identification of optimal gas supply modes for parts with different geometries. Computer modeling
of the SPM process allows you to analyze molding modes without the need for expensive and lengthy real experiments. The study
is aimed at identifying the relationship between the pressure increase of the forming gas and the geometry of the part. Methods
and materials. Modeling and finite element analysis (FE analysis) of SPM parts of the "dome" type made of titanium alloy VT-6 with
different thickness of workpieces and geometry was carried out using the MSC Marc software package. The results and discussion
are given. The results of the FE analysis of the SPM process are given. In the course of research, it was found that when the thickness
of the billet changes, the graphs of the forming gas supply do not change their behavior, but their scale changes. That is, while
maintaining the running time of the main forming steps, the pressure of the forming gas is significantly increased, resulting in an
increase in the supply rate of the forming gas. Three steps can be distinguished in the molding gas supply plots, and the gas pres-
sure rise between the steps is non-linear. Depending on the shape of the part, these steps may vary. Conclusion. The obtained gas
supply dependencies make it possible to form experience in working with the technological process of molding various parts, as
well as to identify requirements for the development of promising gas distribution systems.

KEYWORDS: nanostructured materials, part, geometry, thickness, superplas-tic molding, molding gas pressure and feed rate, finite
element analysis
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AHHOTALMA

BBepeHume. B HacTosLee Bpems B MPOMBILUIEHHOCTY AJA N3TOTOBAEHUA COXHONPOGUIIbHBIX TOHKOCTEHHDBIX AeTanel, a TakxKe
3/1IEMEHTOB MOMIOW KOHCTPYKLMY UCMOMb3yeTcA METOA CBepxnnactuyeckon ¢opmosku (CM@). Ana nosbiweHns 3GpeKTMBHOCTI
npouecca CM® yenecoobpasHbim ABAAETCA NpeABapuTenbHoe GOpMUPOBaHME B MaTepuanax HaHOCTPYKTYPHOIO COCTOAHNA.
3HaunTeNIbHOE BNIMSHNE HA TOYHOCTb FEOMETPUN AeTanu, KaYeCTBO KOHEYHOTO U3AENVA U NPOLOSIKMTENBHOCTb NPON3BOACTBEH-
HOro npoLiecca oka3sbliBaeT nogaya GopmytoLLero rasa, peannsyemas ¢ MCNOJIb30BaHUEM razopacnpegenutenbHon cuctemsl (TPC).
OfHUM 13 KNtoueBbIX acneKToB paboTbl [PC sBNAeTCA BbISiBNEHME ONTUMAbHbIX PEXMMOB Mofdaum ra3a ajs aeTanei C pasinyHom
reomeTpuen. KomnboTepHoe mofennpoBaHue npouecca CMNd no3sonseT aHanM3npoBaTb pPexmmbl GOPMOBKM 63 Heo6XoANMOCTHY
NpoBefeHNs AOPOroCTOALLMX U AANTENbHbIX PeasibHbIX SKCNepUMeHTOB. VccnefoBaHWe HanpaBneHo Ha BbiAB/IEHME 3aBUCMOCTH
MeXay NoBbllleHVeM JaBneHns GopmytoLlero rasa u reomeTtpureii getanu. Metogbl u matepmanbl. MogennpoBaHue 1 KOHEYHO-
snemeHTHbIV aHanu3 (K3 aHanus) CMO geTtanelt TMna «Kynosn» 13 TUTaHOBOTO cniaBa BT-6 ¢ pa3nnMyHON TONLWMHON 3aroTOBOK U reo-
MeTpurel NPOBOAUNOCH C MOMOLLbIO NporpammHoro komnnekca MSC Marc. Pesynbratbl n 06cyxgeHue. [puBoaatca pesynsTtaTbl
K3 aHanusa npouecca CIN®. B xoge npoBefeHnsa NCCNefoBaHUA YCTAaHOBAEHO, YTO MPU M3MEHEHUN TOSLLNHBI 3arOTOBKU rpaduiki
nopauun GopMyIoLLEro rasa He M3MEHAIT CBOEro XapaKTepa NnoBefeHus, HO NPy 3TOM 13MeHseTca Ux Maclutab. To ecTb npu coxpa-
HeHVU BpeMeHU NPoTeKaHWs OCHOBHbIX 3TarnoB $OPMOBKM 3HAUUTENIbHO YBENNUMBAETCA AaBneHre GOPMOBOYHOrO rasa, Yto NprBo-
[T K MOBbILLEHNI0 CKOPOCTU nogaun ¢opmMoBOUHOro rasa. Ha rpadumkax nogaun ¢opmMoBOUYHOrO raza MOXHO BbIAeNNTb TPY 3Tana,
W POCT AaBNeHNA ra3a Mexay 3Tarnamu NPOUNCXOANT HeNIMHeHO. B 3aB1cMMocT oT GopMbl feTany AaHHble 3Tarbl MOTYT OTIMYATbCA.
3akntoueHume. [onyyeHHble 3aBUCUMOCTM NOJaYV ra3a No3BoNsAT chOPMMPOBaTb OMbIT PAabOTbl C TEXHOIOMMYECKUM NMPOLIECCOM
bOPMOBKM pas3NnMyHbIX feTasneld, a TakxKe BblsBUTb TPe6oBaHNA A5 pa3paboTKM NepcneKTUBHbIX CUCTEM razopacnpenenieHus.

KJTIOMEBbIE CJIOBA: HaHOCTPYKTYpHble MaTepuransbl, AeTasb, reoMeTpus, TONWMHA, CBepxniactuyeckaa ¢opmMoBKa, faBneHne
N CKOPOCTb Nofaun $opMOBOYHOIO rasa, KOHEUHO-3NEMEHTHbI aHanu3

NCTOYHUKU OUHAHCUPOBAHUA HAYYHOW PABOTbI, PE3YJIBTATOM KOTOPOW CTAJIA NYBJIMKAUMUA: ViccneposaHue
BbINOMHEHO B pamKax nporpammbl MUHUCTepCTBa HayKu U Bbicliero obpasoBaHua Poccuiickon Oepepavuun «NMPUOPUTET 2030».
BNIAFTOAAPHOCTW: ABTOpbI BbiparkatoT 611aroaapHOCTb 3a GUHAHCOBYIO MOAAEPXKKY NPOeKTa.

AnAa UMTUPOBAHUA:

CrenaHeHko H.10., YeptoBckux C.B., Kangapos W.B., Py6uos A.B. iccnegoBaHvie BAMAHUA reoMeTpuUn JeTany Ha 3aKOH MOBbl-

WweHUA AaBneHnAa GopmytoLLero rasa C NPMMeHeHeM KOMMbIOTEPHOrO MOAENMPOBaHNA. HaHOMexHo102uu 8 CMpoumesibcmae.
2026;18(5):657-672. https://doi.org/10.15828/2075-8545-2026-18-5-657-672. - EDN: EOTVES.

INTRODUCTION

In modern high-tech industries, such as aircraft and me-
chanical engineering, complex-profile thin-walled parts,
as well as elements of a hollow structure, are widespread.
These parts can significantly reduce the mass of products,
and complex geometry is often used to improve the per-
formance of parts, which makes products competitive. For
example, aircraft engine blades with complex geometry
and hollow structure provide high thrust characteristics
of gas turbine engines [1].

Traditional methods of manufacturing such parts are
labor intensive and time consuming. In some cases, the
use of such production methods is generally impossible.
Therefore, the introduction of innovative technologies,
such as the SPF method, becomes an urgent task [1—6].
This method makes it possible to manufacture parts of
complex geometry and hollow structure with high efficien-
¢y, which is especially important for advanced industries.

The structure of the material is extremely important
for the manifestation of superplasticity of parts. Thus, the
formation of a nanostructured state of the material makes
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it possible to more efficiently mold more geometrically
complex parts, which makes the SPF process more energy
efficient.

One of the key aspects of SPF technology is the in-
jection of blowing gas, which has a significant impact on
the accuracy of the part geometry, the quality of the final
product and the duration of the production process. Gas
distribution stations [7—9] are used to supply gas to the
process complexes of the SPF.

To create and justify the requirements for GDS, it is
necessary to conduct a comparative analysis of gas supply
modes for parts of different geometries. Computer model-
ing of the SPF process allows analyzing molding modes
without the need for expensive and lengthy real experi-
ments [10—18]. This analysis allows you to determine the
optimal parameters for the production of parts of various
geometries, ensuring high quality and accuracy of prod-
ucts. This significantly reduces time and financial costs,
and also accelerates the introduction of SPF technology
into production processes.

In addition, the analysis of gas supply modes in vari-
ous parts helps to optimize the production of parts by
the SPF method, which in turn affects the increase in
the productivity of production lines, reducing the cost of
materials and energy resources.

Thus, comparative analysis of forming gas supply
modes is an important step in the development and op-
timization of the SPF technology.

The purpose of this work is to simulate (with FE
analysis) the process of SPF of parts of the “dome” type
with different thickness of blanks and geometry using the
MSCMarc software package [19].

METHODS AND MATERIALS.

During the FE analysis, two types of part geometry
were analyzed. For each type of geometry, three workpiece

1

RS

Fig. 1. Shape sections: a - form 1; b - form 2

thicknesses are considered: 1, 2, and 3 mm. The considered
material of the parts is titanium alloy VT-6 [20, 21].

The dome part is selected for investigation due to the
fact that its optimal geometry allows to demonstrate the
basic SPF processes. Geometry of this part is taken as
a basis for scientific research and experiments in the direc-
tion of superplasty. Finite element computations were per-
formed in the MSC Marc software package [19, 22—26].

Cross-sections of molds 1 and 2 into which the initial
billet was formed are shown in Figure 1. The workpiece is
a circle with a diameter of 200 mm of various thicknesses
(1, 2 and 3 mm).

The finite element model of the workpiece surface is
shown in Figure 2 and contains 14400 elements.

Fastening the workpiece simulates its clamping at the
edges in a die fixture that fixes along all axes of freedom.
Maximum forming gas pressure limit is 10 MPa.

The workpiece surface and shapes are shown in Fig-
ure 3.

RESULTS AND DISCUSSION

The results of the Form 1 stock calculation are shown
below.

The results of the calculation of the workpiece with
a thickness of 1 mm are shown in Figures 4—5. The maxi-
mum equivalent stresses in the workpiece are 38.9 MPa.
Maximum pressure of forming gas is p = 0.32 MPa, time
of forming process is t = 3061 s.

The results of the calculation of the workpiece with
a thickness of 2 mm are shown in Figures 6—7. The maxi-
mum equivalent stresses in the workpiece are 38.7 MPa,
the maximum pressure of the molding gas is 0.60 MPa,
and the molding process time is 3061 s.

The results of the calculation of the workpiece with
a thickness of 3 mm are shown in Figures 8—9. The maxi-
mum equivalent stresses in the billet are 38.6 MPa, the

b
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Fig. 2. FEM workpiece surface model

a

Fig. 3. Workpiece surface and shapes: a — blank with form 1; b — blank with form 2

maximum pressure of the molding gas is 0.91 MPa, and
the molding process time is 3131 s.

It can be seen that as the thickness of the billet in-
creases, the equivalent stresses in it practically do not
change during the molding process. But this significantly
increases the area of exposure to maximum equivalent
stresses in the part. This should be taken into account
when designing complex-profile products with “thin”
places in geometry.

Equivalent plastic deformations with an increase in the
thickness of the workpiece are also practically unchanged.

The law of gas supply does not change its behavior
when the thickness of the part increases. However, it
should be noted that with an increase in thickness by
1 mm, the process time remains practically unchanged
(an increase of not more than 3%), and the maximum
pressure of the forming gas increases significantly (when
switching from 1 mm to 2 mm, an increase of 100%, when

switching from 2 mm to 3 mm, an increase of 50%). If the

behavior of the gas supply law is unchanged, this means

that the gas supply speed in the main sections of the graph
also increases significantly.

Divide the graph shown in Figure 8 into 3 main area
(Fig. 10):

— area 1 — “opening” of the workpiece — at this stage
the gas pressure overcomes the forces of resistance of
the material to the flow;

— area 2 — the main stage of molding — plastic deforma-
tion of the workpiece occurs with increasing pressure;

— area 3 — “holding” — residual flow of material with
slight pressure release.

We estimate the rate of gas supply (discharge) for each
of the sections. Table 1 shows the gas feed rates for each
section on different thickness blanks.

Analyzing the obtained results, it can be seen that the
pressure increase (decrease) occurs non-linearly, both
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Fig. 4. Distribution of equivalent stresses in the workpiece with thickness 1 mm equivalent plastic deformations:
a —equivalent stresses in the part at the end of the molding process; b - equivalent plastic deformations of the part
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Fig. 5. Diagram of forming gas supply to the billet with thickness of 1 mm
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Fig. 6. Distribution of equivalent stresses in the workpiece with thickness 2 mm and equivalent plastic deformations:
a - equivalent stresses in the part at the end of the molding process; b - equivalent plastic deformations of the part
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Fig. 7. Diagram of forming gas supply to the billet 2 mm thick, MPa/s
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Fig. 8. Distribution of equivalent stresses in the workpiece with thickness 3 mm and equivalent plastic deformations:
a - equivalent stresses in the part at the end of the molding process; b - equivalent plastic deformations of the part

Gas pressure, p, MPa

1,10

100

090

050

0,70

050

050

040

030

020

010

000

Pf‘* T

-’_t'"'"'-*-_..k

h
L

200 400 600 800 1000 1200 1400 1600 1500 2000 2200 2400 2600 2800 3000 3200 3400

Process time, t, s

Fig. 9. Graph of forming gas supply to 3 mm thick preform
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Fig. 10. Main sections of the gas supply schedule: area 1 —“opening” of the workpiece; area 2 — main forming step;

area 3 - “exposure”

Table 1. Gas feed rates to Form 1 blanks of different thicknesses

Workpiece thickness, Gas feed rate, MPa/s
mm Area1 Area 2 Area3
1 0.001700 0.000180 0.000051
2 0.002200 0.000410 0.000100
3 0.005700 0.000590 0.000150

between stages in a workpiece of the same thickness, and
between the same stages in workpieces of different thick-
ness.

The following are the results of the Form 2 billet cal-
culation.

The results of the calculation of the workpiece with a
thickness of 1 mm are shown in Figures 11—12. The maxi-
mum equivalent stresses in the workpiece are 38.9 MPa,
the maximum pressure of the molding gas is 0.57 MPa,
and the molding process time is 1564 s.

The results of the calculation of the workpiece with
a thickness of 2 mm are shown in Figures 13—14. The
maximum equivalent stresses in the billet are 38.7 MPa,
the maximum pressure of the forming gas is 1.14 MPa,
the molding process time is 1581 s.

The results of the calculation of the workpiece with
a thickness of 3 mm are shown in Figures 15—16. The
maximum equivalent stresses in the workpiece are

38.6 MPa, the maximum pressure of the molding gas is
1.68 MPa, and the molding process time is 1590 s.

From the obtained results, it can be seen that with an
increase in the thickness of the workpiece, the equivalent
stresses in it during the molding process practically do not
change, as well as the zone of their influence.

Equivalent plastic deformations with an increase in the
thickness of the workpiece are also practically unchanged.

The law of gas supply does not change its behavior when
the thickness of the part increases. Howeyver, it should be
noted that with an increase in thickness by 1 mm, the pro-
cess time remains practically unchanged (an increase of not
more than 1%), and the maximum pressure of the forming
gas increases significantly (when switching from 1 mm to 2
mm, an increase of 100%, when switching from 2 mm to 3
mm, an increase of 47%). If the behavior of the gas supply
law is unchanged, this means that the gas supply speed in
the main sections of the graph also increases significantly.
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Fig. 11. Distribution of equivalent stresses in the workpiece with thickness 1 mm and equivalent plastic
deformations: a — equivalent stresses in the part at the end of the molding process; b — equivalent plastic
deformations of the part
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Fig. 12. Graph of forming gas supply to T mm thick preform
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Fig. 13. Distribution of equivalent stresses in the workpiece with thickness 2 mm and equivalent plastic
deformations: a — equivalent stresses in the part at the end of the molding process; b — equivalent plastic
deformations of the part
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Fig. 14. Graph of forming gas supply to 2 mm thick preform
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Fig. 15. Distribution of equivalent stresses in the workpiece with thickness 3 mm and equivalent plastic
deformations: a — equivalent stresses in the part at the end of the molding process; b — equivalent plastic
deformations of the part
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Fig. 16. Graph of forming gas supply to 3 mm thick preform
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Let’s divide the graph shown in Figure 16 into 3 main
area (Fig. 17):
area 1 — “opening” of the workpiece - at this stage the
gas pressure overcomes the forces of resistance of the
material to the flow;
area 2 — the main stage of molding - plastic deforma-
tion of the workpiece occurs with increasing pressure;
area 3 — “preforming” - residual geometry forming.
Let’s estimate the gas supply rate for each of the sec-
tions. Table 2 shows the gas feed rates for each section
on different thickness blanks (in section 3 the rate is es-
timated from the averaged curve).

It can be seen that the pressure increase occurs non-
linearly, both between stages in a workpiece of the same
thickness, and between the same stages in workpieces of
different thickness.

Let us compare the moulding gas supply schedules of
mould parts 1 and 2 with each other. As mentioned above,
depending on the thickness of the workpiece, the behavior

Nanob%

of the graphs does not change, only their scale changes,
which entails a significant change in gas supply rates.

For comparison purposes, the superimposed plots are
shown in Figure 18. It can be seen that step 1 and step 2
are approximately the same for both workpiece geom-
etries. But stage 3 is radically different. For comparison,
we give the thickness of the parts during the transition to
the 3rd stage of molding in Figure 19a, b.

For analysis, geometry parts 1 and 2 with a stock
thickness of 2 mm (parts with a stock thickness of 1 and
3 mm behave similarly). Figure 19a shows mold 1 with a
preform thickness of 2 mm at 1111 seconds of the molding
process at a gas pressure of 0.6 MPa. Figure 19b shows
mold 2 with a preform thickness of 2 mm at 885 seconds
of molding at a gas pressure of 0.62 MPa.

It can be seen that mold 1 has a depth significantly
greater than mold 2. Because of this, at the beginning of
the third stage of the molding process, the mold part 2
has already touched the bottom. But the part of the

Area 3 : f\fft
T — .4
— v
\ ’r;/r
5
| 4 ¥/
: q};//
Area 2 | |7
1.2
T~ Jf.\:/'"‘y
\V
—*
/
7 | |
Area | _‘M 3
\ 1
i

Fig. 17. Main sections of the gas supply schedule: area 1 —“opening” of the workpiece; area 2 — main forming step;

area 3 - “preforming”

Table 2. Gas feed rates to mold 2 blanks of different thicknesses

Workpiece thickness, Gas feed rate, MPa/s
Ty Area 1 Area 2 Area3
1 0.00140 0.00018 0.00030
2 0.00240 0.00043 0.00065
3 0.00540 0.00066 0.00098
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Fig. 19. Thickness of the part during the transition to the 3rd stage of molding: a — mold 1, workpiece 2 mm thick;
b — mold 2, billet 2 mm thick
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mold 1 still has a significant margin in terms of distance
to the bottom. Because of this, there is a risk of excessive
thinning of the material during further stretching of the
mould 1 until the bottom is touched, which may lead to
tearing of the blank. In order to prevent this phenomenon,
the molding step 3 of the mold 1 is carried out by releas-
ing the pressure. At the same time, the formation of the
workpiece continues, since the material is already able to
deform with minimal forces.

At the same time, there is no danger of such a phe-
nomenon in form 2. At this time, the plastic deformation
degree of the material in the mold 2 is lower than that
in the mold 1, therefore, it is necessary to increase the
pressure growth rate of the forming gas as compared with
step 2 to obtain the desired geometry. At this point, a new
phase of material drawing begins, when the side zones of
the elongated “dome” begin to form in a new way.

In conclusion, it is worth noting that during the study,
the graphs of the supply of forming gas into a part of the
“dome” type with different geometry and thickness of the
workpieces were studied.

FE analysis of the SMA operations showed that when
the thickness of the preform changes, the molding gas
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Analysis of the OWLv2 model usage for real-time object
detection
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ABSTRACT

The implementation of an Al-enabled video processing system for industry often faces a trade-off between accuracy, speed, cost,
and safety. The authors present a plan and scheme of operation of an industrial Al system for searching objects in images in real
time using only local budget solutions from the user segment. Introduction. This research describes the structure of an industrial
scalable multi-camera system for detecting objects in a production environment based on text descriptors. The system is based on
the OWLv2 (Open-World Localization Vision Transformer) model: a visual transformer for localizing objects in open space. Methods
and materials. A video stream with various objects is used as objects, which must then be recognized and identified. The use of the
open OWLv2 model and Nvidia's user-level GPU together with the microservices architecture allows you to create flexible software
that can be scaled as the needs of the enterprise using a single local service that is completely isolated from the outside world. Such
a service, among other things, will allow you to further implement advanced versions of models that solve complex problems, such
as quality control of composites, without the need to significantly rebuild the service, while maintaining a single API. The system is
designed to process real-time video streams and single images from multiple cameras in real time using graphics processing unit
(GPU) acceleration, distributed task processing on Celery and RabbitMQ, centralized observability with Prometheus, Grafana and
Loki. Results and discussion. The architecture prioritizes operational resilience, cost efficiency, and the ability to scale from two
to a hundred cameras without a fundamental redesign. By adopting a decentralized, microservices approach from the outset, the
project avoids the technical debt and refactoring burden that would arise from building a monolithic system and trying to distribute
it later. Using MinlO, RabbitMQ, Prometheus, Loki, and Celery is a good choice for an industrial solution.

KEYWORDS: Artificial intelligence, OWLv2 model, object detection, system architecture, system requirements, Kubernetes system
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AHanus ncnonbsoBaHua mogenu OWLv2 ana o6HapyKeHus
06DbEeKTOB B peXXume peasnibHOro BpemeHm

KoHcTanTuH lOpbeBuy YcTioxkaHuH (0, Oaipysa TaxsanoBHa 3uradwmHa* (2}, Pernna PumoBHa CagbikoBa

YGUMCKIMI rocyaapCTBEHHbIN HePTAHOM TEXHUYECKMI YyH1BepcuTeT, 450064, Yoa, yniua KocMoHaBToB, 1,
Poccuinckas Oepepauus

* ABTOp, OTBETCTBEHHbIN 3a nepenucky: e-mail: fairusa85@mail.ru

AHHOTALINA

BHeppeHve cnctembl 06paboTKy BraeorHpopMaLmm ¢ nomolybio MW ans npoMbILLIEeHHOCTU YacTo CTaNKMBAETCA C KOMMPOMMCCOM
MeX [y TOUHOCTbIO, CKOPOCTbIO, JOPOrOBM3HOI 1 6€30MacHOCTbI0. ABTOPbI NPeACTaBNSIOT MlaH 1 cxeMy paboTbl NpombineHHon K-
CUCTEMbI MONCKA 06 EKTOB Ha N306PaXKEHUAX B peasibHOM BPEMEHMU C CMONb30BAHUEM TObKO NTOKAJIbHbIX OIOIKETHBIX PELLEHNIA
13 NONb30BaTENbCKOro cermeHTa. BBegieHne. PaboTa onmcbiBaeT CTPYKTYPY NPOMBILLIIEHHON MaclUTabupyemMoin MHOroKaMepHOW
CUCTEMbI IeTEKTNPOBAHUA 06 EKTOB B NMPOM3BOACTBEHHOM OKPY>KEHUM Ha OCHOBE TEKCTOBbIX AECKPUNTOPOB. B 0OCHOBE cucTeMmbl
nexunt mofenb OWLv2 (aHrn. Open-World Localization Vision Transformer): Bu3yanbHblii TpaHCPOpMep NoKanm3aumm o6bekToB
B OTKPbITOM NpocTpaHcTBe. MeTogbl n MaTepuanbl. B kauecTBe 06bEKTOB MCMONb3YEeTCs BUAEOMOTOK C Pa3fiiyHbIMU OObeKTamu,
KOTOopble B JanbHelLeM JOMTXKHbI ObITb pacrno3HaHbl 1 onpegeneHsbl. Micnonb3oBaHue oTkpbiToit Mogenu OWLv2 u M Nvidia nonb-
30BaTeJIbCKOr0 YPOBHSA BMECTe C apXUTEKTYPOI MUKPOCEPBMCOB MO3BOJIAET CO3AaTb rmbkoe M0, KoTopoe MOXXHO MacLITabupoBaTbh
no mMepe Hy»KA NPesnpuATA, UCNONb3YA eAUHbIN JIOKaNbHbIN CePBUC, MOSTHOCTHIO N30SIMPOBAHHDIN OT BHELIHEro mupa. Takown
CcepBuUC, B TOM YnC/ie, MO3BONUT B anbHellweM BHeAPATb NPOABUHYTbIe BEPCMM MOZENEN, PeLllaloWmX COXKHbIE 3aaun, Takme
KaK KOHTPOJIb 32 KaueCTBOM KOMMO3MTOB 6€3 HEO6XOAMMOCTH CYLLECTBEHHOW NEPECTPOIKIN CEPBUCA, MPU STOM COXPAHSAA eIVHbIN
API. Cuctema pa3paboTaHa ana o6paboTKy BUAEOMNOTOKA U eAVHUYHBIX N300PaKeHU B peasibHOM BPEMEHU CO MHOXECTBA Kamep
B peanbHOM BpeMeHH C NCMONb30BaHMEM YCKOpeHUs Ha rpaduryeckom npoueccope (M), pacnpepeneHHo o6paboTkoi 3ajay Ha
Celery n RabbitMQ, ueHTpann3osaHHo HabnlofgaemocTbio ¢ Prometheus, Grafana u Loki. PesynbraTtbl n 06cyaeHus. ApxutekTypa
CTaBUT MPUOPUTETOM OMEPALMOHHYIO YCTONUNBOCTD, SPGEKTUBHOCTL MO CTOMMOCTU 1 BO3MOXXHOCTb MACLUTabMPOBAHUA C IBYX AO
COTHU Kamep 6e3 dyHaamMeHTaNIbHOro pefir3aiHa. lMprMeHss C caMoro Hayana AeLeHTPanM30BaHHbIN, MUKPOCEPBUCHBIV MOAXOL,
NPOEeKT n3beraeT TEXHNYECKOro Aosra 1 6pemeHy pedakTopyriHra, KOTopble BO3HUKM Obl MPY CO3[aHNN MOHOJIMTHOWN CUCTEMBI
1 NOMbITKe ee nocnegytoLlero pacnpeneneHus. Mokas obnayHas cuctema Ha 6ase Kubernetes, rie Kaxablii KOMNOHEHT HE3aBUCUM,
MacLITabupyeTcs No NOTPeOGHOCTU 1 Nerko noafepKusaetcs. Micnonb3osaHre MinlO, RabbitMQ, Prometheus, Loki n Celery — xopo-
LA BbIOOP AN MPOMBILNIEHHOTO pPeLleHus.

KJTIOYEBbBIE CJIOBA: VicKyccTBeHHbIN MHTENNEKT, Mogenb OWLV2, eTekTrpoBaHNe 0ObEKTOB, apPXMTEKTYPa CUCTEMbI, CUCTEMHbIE
TpeboBaHus, cuctema Kubernetes

UCTOYHNKU ®UHAHCUPOBAHUA HAYYHOW PABOTDI, PE3YJIbTATOM KOTOPOW CTAJIA NYBJIMKAUMUA: ViccneposaHue
BbINONHEHO B pamKax nporpammbl MUHUCTepCTBa HayKu U Bbiclero obpasoBaHus Poccuiickon Oegepauun «NMPUOPUTET 2030».

BNNAFOAAPHOCTW: ABTOpbl BblparkatoT 611aroaapHOCTb 3a GUHAHCOBYIO NOAAEPXKKY NPOeKTa.

Ana uuTUPOBAHUA:

YcrioxkaHuH K10, 3nraHwmHa O.T., Cagpikosa P.P. AHanu3 ncnonb3oaHua mogenn OWLv2 ana o6Hapy<eHna 06bekToB B pexnme
peanbHOro BpemeHun. HaHomexHonozuu 8 cmpoumenscmee. 2026;18(5):673-680. https://doi.org/10.15828/2075-8545-2026-18-5-
673-680. - EDN: AXXVVG.

INTRODUCTION vision module [1]. The proposed system operates on the
principle of separation of duties, where each component
This paper offers an overview of the system and the justi-  performs a separate task within the output pipeline. The

fication of design solutions for the creation of a machine  architecture consists of five main layers:

1LEVEL
3 LEVEL

of management 2 Level 4 LEVEL 5 LEVEL
API (application Processing of
programming terminals
interface)

Message queues Monitoring Storage
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This approach reduces latency and does not lead to
system-wide errors.

When implementing artificial intelligence (Al) in pro-
duction, two related problems arise: the cost of imple-
menting a unit of the system in a separate production area
and the limitation of horizontal scaling, which in turn
requires the implementation of an expensive Al system
in each area separately. The increased cost is primarily
due to the limited software licenses and the high cost of
graphics accelerators when implementing isolated Al.
In many industries, security standards do not allow the
movement of company data outside its network, which
makes it impossible to use third-party computing services
and rented facilities. Production Al should be located
inside the network and be isolated from the outside world,
especially when its work is related to the management and
support of production robots and monitoring the state of
production areas. In this paper, the authors propose an
architecture for a scalable computer vision system based
on microservices and Kubernetes orchestration, the cost
of which will grow linearly, not exponentially, and which
will allow for the implementation of updates and improve-
ments without stopping work.

METHODS AND MATERIALS

This paper describes the integration of several technol-
ogies and tools for processing video streams from multiple
cameras. Such technologies are: Kubernetes, Docker,
RabbitMQ, Redis, Prometheus, Grafana, Loki, FastAPI,
and ONNX Runtime [2—6].

As a basis, the principle of dividing the task into
subtasks is used, which create their environment for the

convenience of storing and transferring data, that is, the
principle of microservices architecture. This technology
is achieved using Kubernetes and Docker. To control the
operation of the system, collect and analyze, the following
tools are used: Prometheus, Grafana and Loki, and for
message transfer and data storage in RAM, RabbitMQ
and Redis are used. This principle of operation can be
presented in the form of a diagram shown in Figure 1.

In this case, the Al is launched as a Celery job service
based on the created job in RabbitMQ with access to data
via links to saved objects in Redis. The data itself is stored
in MinlO. FastAPI serves as a layer for managing system
flows, creating and managing work status, and providing
access to information for external enterprise services. The
video stream from the cameras goes directly to MinlO,
the Al works independently, on demand of the task, and
consumes resources only during inference directly, when
the Al was created for image processing. The Al itself can
be any model that can be run on the selected hardware,
but the authors suggest using OWLv2 as the basis for solv-
ing most computer vision production problems based on a
text prompt. At the same time, OWLv2 with an accuracy
of FP16 takes up only 0.35—0.4 Gb along with weights,
activations, and overhead (360 MB of scales, 155 million
parameters).

RESULTS AND DISCUSSION

Below are the justifications for choosing a particular
system and technology.

CPU and GPU Acceleration: Performance and Cost
Analysis. The inclusion of the NVIDIA RTX 5060 Ti
graphics card is a critical decision in system design.

Docker
Subtask 1 ‘ »
) Prometheus |
© (Metrics, data) Visualization
Docker E
() Grafana
Subtask 2 _g (L q
|::> \ 1:: ogs an
< | metrics)
........... Loki
eI (Errors, reports)
Subtask 3

Fig. 1. Approximate scheme of video stream processing
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OWLv2 is a graphics data conversion program with ap-
proximately 1.5 billion parameters [9]. Table 1 below
shows the characteristics of a single stage of data process-
ing using the CPU and the RTX 5060 Ti [10].

The analysis points to the advantage of GPU accel-
eration [11, 12]. A CPU-only system would require eight
to ten high-performance cores to achieve comparable
throughput, which means a larger, more power-hungry
server at a significantly higher cost [12].

Thus, the use of a GPU, despite the cost, allows you
to reduce operating and capital costs. At the same time,
it becomes possible to move to real-time data processing
with high resolution, which will increase the accuracy of
detection [13]. The main limitation of the RTX 5060 Ti
is 4Ti is 8 gigabytes of video memory, which limits the
packet size, image resolution, and the number of streams
from cameras that can be processed simultaneously.

To solve this problem, you can delegate control of
Kubernetes resources [14], allocating them explicitly to
the pods responsible for running the model. If you restrict
access to the GPU only to inference pods, and run APIs,
databases, and support services pods strictly on CPU re-
sources, then the limited GPU resources will be spent
strictly on the most difficult and costly task of the system.

If a monolithic Docker container [15] with a single
FastAPI application and ONNX Runtime [16] were used,
then when moving from 1 camera to 2—3, it would be
necessary to scale the entire instance, which would require
a separate video processor for each additional instance,
each camera [17]. The microservice architecture allows
you to move all resource-intensive tasks into a separate
container, which will run the model and take up GPU

resources alone, but which will be able, firstly, to process
many camera streams simultaneously, and secondly, will
be connected to the rest of the system only through the
API. The advantages of this approach are emphasized in
Newman’s book “Creating Microservices”. The use of
message queues will allow you to receive video streams
from many cameras and process them using limited re-
sources. Table 2 shows a comparison of the two main tools
for organizing queues: RabbitMQ and Redis.

If you need to provide horizontal scaling as in the de-
scribed system, then RabbitMQ is the best choice. It will
allow, among other things, to create queues with different
priorities and tasks for different cameras, which can be
important for large production with many sites. It will
work as a StatefulSet [26] to ensure a constant state during
reboots. In the future, this choice will allow you to expand
the system to several models running on separate GPUs
performing different tasks within a single service. This
approach allows you to provide resource management at
the nanotechnology level and solve priority problems and
flexibly redistribute the load.

At the same time, it would be rational to provide
centralized storage of camera frames, work results, and
system artifacts in the MinlO object storage [18], which
is compatible with S3 [19]. Direct transfer of large ob-
jects through the internal network will introduce undue
delay and increase the load on limited system resources.
MinlO can work locally even in Docker Compose [20]
and provide a compatible S3 API [21], which makes it
possible to unify the protocols for storing and retrieving
information in the system, linking all services to a single
local storage of large objects. It is very popular in the

Table 1. Characteristics of the data processing stage using a CPU and an RTX 5060 Ti

Characteristics

CPU Processing Stage (720p)

RTX 5060 Ti (c 8GB VRAM)

Frame rate (frames per second) 5-10 frames

20-30 frames

Impact on system requirements

Real-time limitation

Real-time application support

Example of human tracking
(at 5 frames per second)

Difficult to track at 5 frames

125 Frames — Smooth Motion and
Analysis

Table 2. A comparison of two tools: RabbitMQ and Redis

throughput

Criterion RabbitMQ Redis
Ease of Use More difficult to set up and operate Easy to use, minimal setup
Performance Suitable for complex scenarios, high Very high, especially for basic operations

Message routing support

Advanced Routing, Priority Queues

Limited routing options

Handling dead-letter messages
and retries

There are mechanisms for handling errors

No built-in error handling mechanisms

Priority queue support Yes

No

Suitable for multidimensional

systems prioritization

Better, thanks to complex processing and

Fewer opportunities for complex scenarios
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Fig. 2. Architecture of the industrial computer vision system
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DevOps community [22] due to its ease of operation.
In this scheme, the stream from cameras will be directly
stored in MinlO, and access to them will be strictly via
the frame URI in RabbitMQ [23]. Similarly, the results
will go directly to the storage without being transferred
between other components of the system. Even in the
event of a storage failure, the system will be able to keep
messages in the queue until access to MinlO is restored.
It is advantageous to run MinlO itself as a StatefulSet
with persistent volumes to preserve data in the event of
a crash [27].

To ensure control over everything that happens in the
system, it is also necessary to add centralized services
for collecting statistics, monitoring and collecting logs.
Prometheus [28] can centrally collect metrics from the
entire system at regular intervals, and Loki will take care
of centralized log collection. Their display can be given to
the Grafana dashboard. In the future, Jaeger traces can be
added [24]. Unlike traditional logging systems [25], with
Loki you can index only median characteristics and access
all other data through filtering and queries.

The system architecture is shown in Figure 2. The
cameras transmit RTSP video in H.264 format to the
FFMPEG decoder, after which they are stored in the
MinlO repository. FastAPI automatically publishes mes-
sages to RabbitMQ for the model with a hint that corre-
sponds to the current task or the objects being searched
for for each of the cameras. Under the inference, it loads
images and hints into the OWLv2 model and stores the re-
sult in MinlO. It runs on Celery with sessions on NVIDIA
Multi-Process Service. The results are post-processed
in a separate pod independent of the model, after which
they are ready to be displayed in the system’s GUI or
transferred.

This architecture is capable of scaling linearly from
two cameras to a hundred with minimal investment. When
adding a new camera, you only need to update the camera
configuration in the API, after which the stream will be
automatically added to the data pipeline without further

involvement of the APT itself. Additional workflows will be
created automatically if the current ones are not enough.
Ifthe GPU itself becomes a bottleneck, then it is enough
to add another GPU to the cluster without changing the
configurations of existing threads or reconfiguring the
system.

The OWLv2 model can find any objects in the im-
age with a high level of confidence from a text prompt,
making it the best choice for the implementation of the
computing core of an industrial vision system, where the
final object of interest is unknown, can change, or has
a complex, variable structure, poor lighting, and com-
plex, volatile backgrounds. When the model is exported
to ONNX format using standard pytorch, with optimum
optimizing for FP16 floating-point accuracy, the use
becomes cost-effective even in the absence of a mes-
sage queue and a direct video stream over the Docker
network.

NVIDIA GTX 4060 8Gb VRAM Laptop GPU, 32GB
RAM, Intel Core i9-13900H graphics card used in the
test. Figures 3—7 show the results of testing the model
on a set of objects.

Search for “tool”, “hose”, “glasses” (Figs. 3—5) in-
dividually at a confidence level of at least 0.2, frame-by-
frame script, stationary objects are shown in Figures 3—5.

Figure 6 shows the search result for “powerbank” at
a confidence level of at least 0.2 for a frame-by-frame
script, an example of a classification error, this is clear-
ly not “powerbank”, a static batch. Figure 7 shows the
search result for “metal dish, tool, hose, glasses” at a con-
fidence level of at least 0.2 for a thread-based ensemble
script, dynamic batch. You can see that the model is
basically able to adapt to the recognition of very differ-
ent objects in noise conditions. Even on miniature and
low-power hardware, the OWLv2 model showed an FPS
of 5—30 frames with direct continuous image streaming.
With the use of OpenCV trackers and periodic updates,
the simplified version of the service consistently produces
60 FPS on a single camera.

Fig. 3. Search for “tool”

Fig. 4. Search for “hose”

Fig. 5. Search for “glasses”
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Fig. 6. Search for “powerbank” (classification
error)

CONCLUSION

Finding a sustainable and scalable solution for com-
puter vision comes down to the task of moving from the
exponential growth of the cost of horizontal scaling to
linear scaling. The use of modern Al requires the use of
graphics accelerators and the division of the task between
loosely coupled services within a single architecture.

Moving on to the real applications of the described
Al system, its application is not field-specific and is not
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ABSTRACT

Introduction. During welding, coating application, and assembly or installation operations, the tool’s position is specified in con-
junction with its orientation. A single specified pose may correspond to various sets of manipulator joint angles, and the solutions
obtained for individual points do not always form a continuous trajectory. In such cases, the transition from one point to another
involves a sudden change in joint angles, a factor that must be taken into account when setting movement speeds. The trajectory
is defined either by joint angles or by an array of Cartesian tool poses. In the latter case, the input data consists of coordinates and
orientations derived from a CAD model, teach points, or an external planner. Calculating the trajectory from this data requires
reconciling inverse kinematics solutions at adjacent points; in the algorithm under consideration, this is achieved by passing the
calculated angles to the computation for the next point. Methods and Materials. The object of study is a six-link manipulator with
six degrees of freedom. Joint angles were determined based on specified Tool Center Point (TCP) positions and orientations using
the pseudoinverse of the numerical Jacobian matrix, while the orientation error component was calculated using ZYX Euler angles.
The solution obtained for a given point served as the initial approximation for the subsequent point. Verification was performed us-
ing trajectories comprising varying numbers of points. Results and Discussion. The procedure for formulating the six-dimensional
error, the Jacobian calculation, and the iteration termination criteria are presented. Position and orientation errors, iteration counts,
and computation times were determined for trajectories consisting of 5, 10, and 20 points; trajectories with up to 50 points were
also examined. Calculation results for an identical geometric trajectory showed average iteration counts per point of 28, 18, and 12,
respectively. Utilizing the previous solution reduced the number of iterations and, in the tests conducted, enabled the maintenance
of the selected solution branch. Conclusion. The developed algorithm enables the derivation of a sequence of manipulator joint
angles from a set of tool positions and orientations. In the calculations performed, the transfer of the solution between adjacent
points ensured smooth angular variation; however, this mechanism alone does not guarantee the avoidance of a solution branch
switch for every possible trajectory. The algorithm’s applicability is constrained by the convergence conditions of the numerical
computation. When approaching a singular configuration or using sparse point spacing, it is necessary to additionally check the
condition number of the Jacobian. Enhancing computational stability may require finer trajectory discretization and regularized
pseudo-inversion.

KEYWORDS: six-link manipulator, inverse kinematics, trajectory tracking, Euler angles, numerical Jacobian, positioning error
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Anropntm o6paTHON KNHEMATUKN AJIA TPAeKTOPUIA
C 3aflaHHOI OpUVeHTauenl NIHCTPYMeHTa

Metp AnekceeBuny Kynakos* (2}, Butanui leHHagbeBn4 ApaHaceHKO

YOUMCKIMI rocyaapCTBEHHbIN HePTAHOM TEXHNYECKMI yH1BepcuTeT, 450064, Yoa, yniua KocMoHaBToB, 1,
Poccuinckas Oepepauus

* ABTOp, OTBETCTBEHHbIN 3a Nepenucky: e-mail: kulakov.p.a@mail.ru

AHHOTALUMA

BBepeHume. pn cBapKe, HaHECEHNW NOKPbLITUIA 1 BbIMOMHEHNM COOPOYHBIX U MOHTaXHbIX OrepaLuii NONoXKeHne NHCTPYMEeHTa
3a/laeTcA COBMECTHO C ero opueHTauuein. OfHOM 3aAaHHON No3e MOryT COOTBETCTBOBATb Pa3fivyHble Habopbl YIoB B CycTaBax
MaHWMyNATOpPa, NprYeM peLleHns, NoyYeHHble AnA OTAENbHbIX TOUEK, He Bceraa obpasytoT HenpepbiBHYI0 TpaeKkTopuio. B Takom
Crlyyae nepexop OT OfHOW TOUKM K APYroi COMPOBOXAAETCA CKaUKOM Yri0B, UTO HEOOXOAMMO YUmnTbIBaTb MPU 3afjaHNM CKOPOCTeA
IOBVKeHUA. TpaeKTopuio 3afaloT yriaMm B CycTaBax JIMbo MacCMBOM [1eKapTOBbIX NO3 MHCTPYMeHTa. Bo BTopom cnyyae ncxogHbiMm
JaHHbIMUM CNy>KaT KOOpAMHaTbl U opreHTaLmu, nonyyeHHble no CAD-mopenu, Toukam obyyeHnsa nnm oT BHELIHEro NnaHnpOoBLLYMKa.
[na pacyeTa No 3TMM JaHHbIM TpebyeTcA cornacoBaTb peLleHna 06paTHON KNHEMATUKM B COCEHUX TOUKaX; B pacCMaTprBaeMoMm
anropuTme 3TO BbINOJHAETCA 33 CUET Nepefaym HaaeHHbIX YII0B B pacyeT ciefytolieli Toukn. MaTepuanbl  meTogbl. O6bekTom
NcCnefoBaHnA ABNAETCA LECTU3BEHHBI MaHWUMNYNATOP C LWEeCTbio CTeneHAMM cBo6oAbI. [10 3ajaHHBIM NONOXEHUAM 1 OPUEHTALUAM
TCP onpepenanunch yribl B CycTaBax C UCMOJIb30BaHNEM NCeBAO06PATHOWM MaTPULbl YNCSIEHHOTO AKOOMaHa, a OpUeHTaLMOHHasA
yacTb oWMBKM paccumTbiBanach no yrnam dinepa ZYX. HauanbHbiM npubnmxeHrem Ana Kakaon nocneayoLlen ToUKu CayXuno
pelueHue, NoslyyeHHoe Ha NpeapblayLuel. lMpoBepKka NpoBeseHa ANA TPAeKToOPuiA C PasfyHbIM YNCIOM Touek. PesynbraTbl 1 06-
cyxpeHue. MNprBefeHbl NOpARoK GOPMUPOBAHUA LIECTUMEPHON OLWNOKY, pacyeT AKo6MaHa 1 yCnoBUA 3aBepLUEeHUA nTepaLuii.
Ona Tpaektopuin n3 5, 10 n 20 ToueKk onpeneneHbl OWNOKM NOMOXKEHNA Y OPUEHTALUK, YNCTO UTEPALUA U BPeMSA pacyeTa; 4oNon-
HUTENBbHO PACCMOTPEHbI TPaeKkTopun Ao 50 Toyek. 1o faHHbIM PAacyYeToB A5 OAUHAKOBOW reOMETPUYECKON TPAEKTOPUN CpefHee
YMCNo UTepaLnii Ha TouKy cocTaBuno 28, 18 n 12 cooTBeTCTBEHHO. Vicnonb3oBaHve NpeabIayLLEero pelleHna yMeHbLUano Ynucio
uTepauuii, a B paCCMOTPEHHbIX TeCTax NO3BONANO COXPaHATb BblOpaHHYto BETBb pelueHusA. BbiBoabl. Pa3paboTaHHbIN anroputm
MO3BOJIAET MO MAaCCUBY MOSNIOXKEHWU Y OPUEHTALMIN MHCTPYMEHTa NOYUnTb NoCiefoBaTeNlbHOCTb YIIOB B CyCTaBax MaHWUMynATopa.
B npoBefeHHbIX pacueTax nepefaya pelleHna Mexay cocefiHMM Toukamm obecneyriBana niaBHOEe N3MeHeHUe yrioB, OAHaKO
cama no cebe He UCKJIIOYaET CMeHY BETBY peLlueHna npu nioboi Tpaektopmmn. ObnacTb NpMMeHeHNA anropmMTMa orpaHnYMBaeTca
YCIIOBUAMU CXOLMMOCTM YNCTIEHHOTO pacyeTa. [pu npnbnmKeHnmn K CUHIynapHOM KOHGUIypaLumuy unv npy pefkom 3afaHum Touek
HeobXxoauMa [ONONHWTENbHaA NPOBEPKa Yncna 06ycnioBNeHHOCTM AKobnaHa. [inA NoBbIleHNA YCTOMUYMBOCTM pacyeTa MOryT Mno-
TpeboBaTbcA 6onee NNOTHaA AUCKPETU3aLMA TPAaeKTOPUK 1 perynaprsoBaHHoe ncespoobpalleHme.

KNKOYEBBIE CJIOBA: L1ecT/3BeHHbI MaHWMNYNATOP, 06paTHasA KNHEMaTUKa, ABUXKEHMWE N0 TPAaeKToprK, Yribl Jiniepa, YNCIEHHDIN
AKo6OMaH, olwmnbKa NO3NLUOHNPOBaHNA

UCTOYHUKN OUHAHCUPOBAHUA HAYYHOW PABOTbI, PE3YJISTATOM KOTOPOI CTAJIA NYBIMKALIUA: Pa6oTa nposoannach
B pamKax peanusaumu CtpaTernyeckoro npoekta «HoBble TEXHONOTNW, TEXHUYECKIME N UHTENNIeKTyalbHble CUCTEMbI B MALLMHOCTPO-
eHunn» nporpammbl pa3suta OrbOY BO «YUMcKmi rocyaapcTBeHHbIN HepTAHOM TEXHUYECKUIA YHBepCuTeT» Ha 2021-2030 rogp!
B COOTBETCTBMM C NPOrpaMMOii CTpaTermyeckoro akageMmmueckoro nupepctaa «puoputet 2030».

BNIAFOAAPHOCTW: ABTOpbI BbiparkatoT 611arogapHOCTb 3a GUHAHCOBYIO MOAAEPXKKY NPOeKTa.
ana uMTUPOBAHUA:

Kynakos N.A., AbaHaceHko B.I[. Anroputm ob6paTHOM KMHEMaTUKN ONA TpaeKTopuiA C 3ajaHHOI OpreHTaumen MHCTPYMEHTa.
HaHomexHonozuu 8 cmpoumesnecmae. 2026;18(5):681-690. https://doi.org/10.15828/2075-8545-2026-18-5-681-690. — EDN: BDBXER.

INTRODUCTION to select solutions that avoid configuration jumps and

exceedance of permissible joint speeds [2—5].

Controlling a manipulator along a trajectory requires
specifying the tool’s position and orientation at each
point. This approach is used in seam welding, coating ap-
plication, assembly, and gripper positioning. For a single
target pose, inverse kinematics yields one or more sets of
joint angles. During continuous motion, it is necessary

Trajectory problems are solved in either joint space
or cartesian space [2—4]. In the former case, joint angles
are specified as functions of time, while the TCP position
and orientation are determined via forward kinematics. In
the latter case, a sequence of target poses is defined, and
the inverse kinematics problem is solved for each pose.
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This approach is advantageous when the trajectory is de-
rived from a CAD model, teach points, or data from an
external planner. However, using an arbitrary initial guess
can cause the algorithm to switch to a different solution
branch. This results in discontinuities in the joint angle
sequence, complicating time-based interpolation [3, 4, 11,
12]. In this study, the solution obtained for the previous
point is used for the next point; with a sufficiently small
step size, this technique preserves the selected solution
branch [2—4].

For a given pose, inverse kinematics can be calcu-
lated using the Jacobian pseudoinverse, the Jacobian
transpose, or the regularized least-squares method [5—9,
16]. Positional error is defined by the difference in Car-
tesian coordinates. Euler angles, axis-angle representa-
tion, quaternions, or a rotation vector can be used for
orientation [7—10]. The algorithm’s convergence and
behavior near singular configurations depend on the
chosen representation. In the algorithm under consid-
eration, orientation error is defined using ZYX Euler
angles, and the numerical Jacobian is calculated via the
finite difference method.

The influence of the sampling step on the continuity
of joint coordinates is discussed in [3, 4, 11—15]. When
poses are specified at sparse intervals, the solution for
a given point may not be sufficiently close to the solution
for the subsequent point, causing the difference ¢, — g,
to increase. This constraint is particularly significant near
singularities, during a switch between solution branches,
and when there is a substantial change in tool orientation.
Therefore, the step size between points is selected based
on changes in position and orientation, rather than solely
on the number of trajectory nodes. The initial trajectory
is represented as an array of target poses obtained from
teaching points or an external planner [3, 4, 11, 12].

The study utilized the kinematic model of the STP3
project [17], for which the forward kinematics, a numeri-
cal Jacobian, and an inverse kinematics algorithm for
a single pose had previously been derived. The objective
was to develop and validate a trajectory calculation algo-
rithm based on specified TCP positions and orientations.
The algorithm takes an array of target poses as input and
generates a sequence of joint angles as output. To achieve
this goal, continuity conditions were formulated, a meth-
od for specifying orientation was selected, convergence
criteria were defined, and calculations were performed
for 5, 10, 20, and 50 points.

A six-link manipulator is considered, the kinematics
of which are defined by Denavit-Hartenberg parameters.
The model corresponds to an anthropomorphic manipu-
lator with revolute shoulder, elbow, and wrist joints. Pa-
rameter values are provided in [17]. Forward kinematics
defines the mapping g ~ 7,5(q), where T’(q) is a 4x4
homogeneous matrix of the form [R(q) p(g); 0 1], g € R®
is the vector of joint angles, p(g) € R?is the TCP position,

and R(q) € SO(3) is the tool orientation matrix [1-5, 17].
For a given pose 7,= (R, p,), it is necessary to determine
a vector ¢’ satisfying the conditions Il p(¢") — p,, Il < €, and

o(R(q"), R) < €. The quantity o(-,") characterizes the

orientation mismatch.

An array of positions p, € R and an array of orienta-
tions R € SO(3),i=1, ..., Nare given. The objective is to
determine a sequence of joint angles g, € R%,i=1,..., N,
such that, for each 7, the matrix 7.¢ (¢,) corresponds to the
specified pose T, = (R, | p,) within a prescribed tolerance.
The differences Il g,,, — ¢, I between consecutive points
must not result in exceeding permissible joint velocities
and accelerations during time-based interpolation [2—4,
11, 12]. The initial guess for point / + 1 is set to the solu-
tion obtained for the previous point: g, = ¢.

The orientation is defined by Euler angles in the ZYX
convention, which are subsequently used to construct a
six-dimensional error vector:

R=R ()R (O)R (¢),n=(¢,0,)".

Taking into account the positional and orientational
components, an error vector is obtained

o= (pd - p(q))
na —n(@)/

The first three components characterize the position
error, while the last three characterize the orientation er-
ror [7—10]. This representation is used when constructing
the numerical Jacobian. Special handling of the angles is
required in the vicinity of gimbal lock.

It is assumed that the target poses are reachable and
not located in the immediate vicinity of singular configu-
rations. If this condition is violated, the Jacobian becomes
ill-conditioned, the number of iterations increases, and
a small change in the target pose can cause a significant
change in the angles [5—9, 16]. Therefore, alongside
solving the inverse problem, it is necessary to monitor

the stability of the calculation and select an appropriate
trajectory step size.

METHODS

The calculation is performed sequentially for points
i=1, ..., N, with an internal iterative calculation carried
out for each point. For i = 1, the initial approximation
g, is set as either the zero configuration or a known con-
figuration close to the first target pose. For the remaining
points — that is, for i >> 2 the previously obtained solution
is used:

qo(l) = q 19

where the initial approximation is set equal to the re-
sult from the previous point. At iteration k, we first deter-
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mine the current pose 7%(q,) and the error e,, then find
the numerical Jacobian J(g,) and the increment

Ag=J(q)e,

After determining the increment, the angles are re-
fined using the formula

Gy = 4, T AAG.

The iterative calculation terminates when ll e, Il <& or
after the specified number of iterations N__ is reached
[5-9, 16].

The ZYX Euler angles (¢, 0, ¢) required to calculate
the orientation error are determined from the rotation
matrix R € SO(3). When writing

R=R ()R (OR, (¢)

the inverse transformation can be performed using
the formulas

6 = atan2 (_rgll ’7"121 + 7(‘221>;

32 133 )
cosf’ cosh/’

¢ = atan2 (

21 Ti1 )
cosf’ cosh

Y= atanZ(

provided that cos@ # 0 [9, 10]. Special handling is
applied in the vicinity of gimbal lock, and the resulting
angles are mapped to the interval [—a, 7z]. These same
angles are used in the six-dimensional error vector and
in the calculation of the numerical Jacobian.

The Jacobian J(g) € R®*¢ relates the increment in
angles Ag to the increment of the “position + orienta-
tion” state vector:

Ax = J(q)Aq.

The i-th column of the matrix is calculated using the
finite difference.

Ji(@) ~ flg+ 66(;-) —f((I)’

Trajectory IK

where f(g) contains the three TCP coordinates and
three Euler angles, e, is a unit vector, and § = 10~ rad [5,
6]. Next, we compute the pseudoinverse matrix J* using
scipy.linalg.pinv or an equivalent SVD procedure. Using
this matrix, we determine the increment Ag = J*e that
minimizes the residual norm Il JAg — e .

In the implementation used, the condition number
cond(J) is not automatically monitored. When cond(J)
> 10°, standard pseudoinversion should be replaced by
a regularized damped least squares scheme.

Jr= 7T ph

where u > 0 is the regularization parameter [7—9, 16].
Regularization limits the increment Ag when the singular
values of the Jacobian decrease.

Convergence is determined based on the error norm
lle Il. The threshold e combines the positional component
(in meters) and the orientational component (in radians).
If the required accuracy is not achieved after N__ itera-
tions, the calculation can be repeated using a different
initial guess or a regularized pseudoinverse [5—9]. In the
developed script, the parameter A remains constant. For
a point where convergence is not achieved, a warning is
issued, and the value g, is set equal to the previous solution
g, ,- This prevents a large increment from propagating to
subsequent points, although it increases the error at the
node in question.

At each step, forward kinematics, error generation,
Jacobian calculation, increment determination, and stop-
ping criterion check are performed. In Figure 1 shows
the sequence of operations and shows the transfer of the
result of the previous point as an initial approximation.

The step size determines what fraction of the calcu-
lated increment is used to refine the angles. If the matrix J
is well-conditioned, the increment is fully utilized when
A =1; however, in the presence of a large initial mismatch,
such a step may lead to oscillations in the solution. To
limit the step size, values of A € [0.5, 1] are considered,
or the coefficient is made dependent on the current error:

. Ao
A = min (1, —),
el
where 4 is the base coefficient for step-size selection
[5—9]. A different approach was adopted for the calcula-
tions: a value of A = 0.7 was selected based on preliminary

TCP pose array H Warm-start IK HSequence q_i )—{FK and error check

Fig. 1. Block diagram of the IK algorithm for the trajectory
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tests and used for all iterations. The relationship shown
illustrates a possible method for varying A; however, adap-
tive step-size selection was not implemented in the version
tested.

When formulating the error vector e € R®, there are
three positional components (expressed in meters) and
three orientation components (expressed in radians). In
the calculation model, these are included in the combined
vector without additional weighting coefficients:

€p
e= .
(cy)
With this calculation, the overall norm depends on the
chosen units for position and orientation. If the permis-
sible orientation mismatch differs from the positional

requirement, the influence of the angular component can
be adjusted by introducing a weighting factor:

e = (o)
Wn€nJ>

where w, =~ 0.1...0.2 [7—10]. Separate tolerances can
also be specified: €, for position and g~ 10~* rad for ori-
entation, with w, = 1. In this case, the convergence con-
dition is expressed as il ¢ = [z + <2. The error on the order
of 10-% rad observed in experiments allows for the use of
separate criteria without imposing stricter requirements
on the solver.

Several iterations are performed for a single point.
In each iteration, forward kinematics, a numerical Ja-
cobian, and a 6X6 pseudoinverse matrix are calculated.
The greatest computational cost is associated with the
numerical Jacobian, as its construction requires six ad-
ditional forward kinematics calculations. The total time
can be estimated by the expression

T ~N

total TOYeK iter ~ iter”

where N 1 18 the average number of iterations per
point, and T, is the time for a single iteration [3—6, 14,
15]. To reduce computation time, an analytical Jacobian,
the storage of intermediate matrices, and compiled linear
algebra libraries can be employed. In the algorithm under
consideration, the initial approximation obtained at the
previous point reduces computational cost by decreasing
the number of iterations.

Figure 1 shows the data flow from the array of TCP
poses to the array of joint angles. This scheme corre-
sponds to the sequence of operations in the algorithm’s
software implementation.

Calculations were performed in a Python 3 environ-
ment using the kinematic model described in [17]. The
script ‘ik_trajectory.py’ utilized functions for forward
kinematics, the numerical Jacobian, and the inverse ki-
nematics solution for a single pose. Coordinates were
specified in meters, and angles in radians.

Three scenarios were considered. In the first case, the
trajectory consisted of five points located along a straight
line segment within the workspace; the tool orienta-
tion remained constant. In the second case, ten points
were defined along an arc in the x—y plane at a constant
height, with the orientation either remaining constant or
changing to align with the direction of motion. The third
scenario involved twenty points with a uniform change
in position and a rotation of the orientation around the
vertical axis.

For each scenario, the following parameters were de-
termined: the number of iterations, the position error
I p(q,) — p,Il, the orientation error based on the difference
in Euler angles, and the total computation time for the
sequence q,, ..., q, [3-9, 11, 12]. Trajectory smoothness
was evaluated based on the change in angles between ad-
jacent points.

The calculations utilized a convergence threshold of
€ =107°, a maximum iteration count of N__ = 100, and
a step coefficient of A = 0.7. The value A = 0.7 was se-
lected based on preliminary tests; A remained constant
thereafter — meaning no adaptive step-size adjustment
was applied. For the first point, the initial approxima-
tion was set to the zero configuration ¢, = (0,0,0,0,0,0),
while the solution from the previous point was used for
each subsequent point. No additional weighting factors
for orientation error were introduced.

Calculations were performed on Windows 10 using
Python 3.8 and the NumPy, SciPy, and Matplotlib li-
braries. The total trajectory computation time (excluding
visualization) was measured using the time.perf counter
function. Based on the results, the TCP trajectory and
plots showing position error and joint angle changes were
generated.

Additionally, points at the boundary of the workspace
and small pose variations relative to a previously obtained
solution were tested. With small pose variations, the num-
ber of iterations decreased. Calculations were performed
for a single geometric trajectory using N =5, 10, 20, 50.
As the number of nodes increased, the average number
of iterations per point decreased. At N = 50, the total
time was 1—2 seconds, making the algorithm suitable for
offline planning.

For a trajectory consisting of 15 points, a 30° orienta-
tion rotation around the z-axis was specified. The resulting
sequence g, was continuous, and the error did not exceed
the established threshold. When the same extended seg-
ment was defined by only three points, a solution branch
switch occurred in one of the calculations, resulting in
ajump in joint angles. For trajectories of 10 and 20 points,
the condition number cond(J/) remained within the range
of 8—12. At certain nodes of the 5-point trajectory, how-
ever, it reached higher values. Consequently, the density
of pose specification significantly influences the algo-
rithm’s performance [2—4, 11, 12].
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RESULTS

The convergence condition was met for five points.
The highest number of iterations was required for the
first point, for which the zero configuration was used.
According to Table 1, the average number of iterations
for this trajectory was also the highest. The position error
did not exceed 10~ m or 10~* mm (Fig. 2). The resulting
TCP trajectory matches the target trajectory within the

specified accuracy, and the joint angles vary smoothly
[5—10] (Fig. 3).

As the number of points increased, the average num-
ber of iterations decreased from 28 at N=5to 18 at N =
10 and to 12 at N =20 (Table 1). Position and orientation
errors did not exceed the specified threshold. The compu-
tation time for 20 points allows the algorithm to be used
for offline planning (Fig. 4). Operation at a frequency
of 100—500 Hz would require an analytical Jacobian or

—&— Target

o & %
150
'>-—§ —9
1001 o ;F — )
= i —®
8 50 s ——
2
[0) 0
? oint 1
£ =50 - -0 ) |
-@- Joint 2
—-100 4 =@ Joint3
-@- Joint4
—150 4 —@ Joint5 )
-@- Joint 6 —)
000 ©25 050 07 100 125 150 LJI5 200
Point index
Fig. 3. Joint angles based on trajectory points
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Table 1. Number of iterations and inverse kinematics computation time for the trajectory

N points Average number of iterations per point Max. iterations per point Total time (ms)
5 28 45 180
10 18 35 220
20 12 28 320

100 A

80 A
€

s 604
=
@]
=

o 404

20 A

0 ) 1 1 I I
-5 0.0 0.5 1.0 1.5

Fig. 4. Positioning error along trajectory points (mm)

a faster implementation of the computational operations
[3-8, 14—16].

For a trajectory consisting of 10 points, the position er-
ror did not exceed 10~ m or 10~* mm. This value is smaller
than the relevant manufacturing tolerances; therefore, in
practical application, accuracy will be determined by the
kinematic model, calibration, and specified tolerances.

A comparison was made with a calculation in which a
zero initial guess was specified for each point (Fig. 5). In
that case, the number of iterations increased, and a switch
to a different solution branch could occur. Using the pre-
vious result reduced the average number of iterations by
a factor of 2—3 and eliminated discontinuities in the tra-
jectories under consideration (Table 1). Thus, the initial
guess affects both the computation time and the continu-
ity of joint coordinates [2—4, 7—9].

The number of iterations and the computation time for
a single geometric trajectory were compared across differ-
ent discretization levels (Table 1). As N increases, adjacent
target poses become closer to one another; consequently,
the previously found solution requires fewer refinements
when transitioning to the next point.

Table 1 shows that the average time per point decreases
from 36 ms for a 5-point trajectory to 16 ms for a 20-point

Point index

trajectory. At the same time, the total computation time
increases from 180 to 320 ms: the reduction in the num-
ber of iterations per point does not compensate for the
increase in the number of points themselves.

Based on the calculation results, the discretization step
should be selected by taking into account the changes in
position and orientation between adjacent poses. When
approaching a singularity, the condition number should
be monitored, and a switch made to regularized pseudo-
inversion. For trajectories consisting of 10 and 20 points,
cond(J/) remained moderate, whereas poor conditioning
was observed at specific nodes of the 5-point trajectory. If
orientation requirements are less stringent than position
requirements, one can maintain w, = 1, set a tolerance
of ¢ = 10~* rad, and use the criterion el [s2+2. The
algorithm is designed for offline trajectory generation
and can be implemented as part of a planning module
[3,4,7-9, 11-16].

The algorithm was developed using engineering con-
trol of solution continuity, orientation representation via
Euler angles, monitoring of singular configurations, and
regularized pseudoinversion. The combination of these
methods aligns with the Russian and international ap-
proaches discussed previously [2—9, 16].
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Warm-start effect on trajectory IK
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—
10 20 30 40 50

Number of points

Fig. 5. Comparison of warm start and zero-order approximation

Table 2. Russian and foreign views on trajectory inverse kinematics

Criterion Russian practice International practice
Primary focus Solution continuity and engineering resilience | Warm start, branch consistency, task-space
pipelines

Representation of orientation | More often Euler angles and matrix Euler, quaternion, axis-angle
description

Primary risk Switch solution branch Loss of continuity near singularity

Typical sources Robotics training courses and engineering Craig, Siciliano, Buss, Wampler
manuals

CONCLUSION occur even when using the previous result. For trajecto-

An inverse kinematics algorithm is proposed for tra-
jectories with specified tool orientation, utilizing the solu-
tion from the preceding point as the initial approximation.
For the trajectories analyzed, this computational approach
ensured continuity of joint coordinates and reduced the
number of iterations. By employing the pseudoinverse
of the numerical Jacobian and ZYX Euler angles, a po-
sitional error on the order of 10~ m was achieved with
a threshold of e = 10~ [5—10].

Convergence conditions deteriorate as the system ap-
proaches a singular configuration; furthermore, if poses
are defined sparsely, a switch in the solution branch may

ries consisting of 10 and 20 points, the condition number
remained moderate, whereas an increase was observed at
specific nodes of a 5-point trajectory. These results high-
light the need to monitor cond(J/), refine the discretization
step, and apply regularization when signs of instability
arise [7-9, 16].

The algorithm enables the determination of joint co-
ordinates based on Cartesian poses specified by an opera-
tor or a CAD system, thereby reducing the manual effort
required for trajectory definition. Future research could
focus on incorporating joint constraints, avoiding singular
configurations, utilizing an analytical Jacobian, and validat-
ing the algorithm on a physical manipulator [3, 4, 11—17].
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Choice of a method for assessing the depth of the tempered
layer in a martensitic steel welded joint
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ABSTRACT

Introduction. This review considers the choice of a nondestructive testing method for estimating the depth of the tempered
martensitic layer in welded joints of martensitic steel pipes after high-temperature tempering. During heat treatment of welded
joints, martensite does not always decompose through the entire weld thickness, especially in the root zone of thick-walled pipes,
and averaged characteristics may conceal local areas of increased hardness and brittleness. Methods and Materials. Four groups
of methods were compared: eddy current testing, magnetic Barkhausen noise analysis, ultrasonic methods and magnetic coercim-
etry. For each group, the depth from which the signal carries information about the structural-phase state and nanoscale features
of the weld metal was assessed. Results. Eddy current and Barkhausen methods mainly characterize the surface and near-surface
layer. Ultrasonic methods can probe deeper layers, but when the acoustic contrast between structures is weak, the tempered-layer
boundary is difficult to identify from the backscattered signal, and the results are difficult to interpret. Coercimetry was chosen for
field conditions. Interchangeable attached U-shaped electromagnets of different sizes magnetize the metal to different depths,
which makes it possible to construct a conditional layer-by-layer magnetic profile. Discussion. It is proposed to select transducers,
construct calibration curves on welded specimens, and check the transformed-layer thickness estimate by metallography, micro-
hardness testing and, if necessary, X-ray diffraction. Conclusion. The resulting layer-by-layer profile is conditional. Depth estima-
tion requires calibration for the specific steel grade and welding technology, with allowance for residual stresses and transducer
orientation. Pipe inspection also requires allowance for lift-off, surface curvature and weld reinforcement.

KEYWORDS: nondestructive testing, martensitic steel, welded joint, high-temperature tempering, coercimetry, coercive force,
magnetic testing, nanoscale structural state
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AHHOTALMA

BBepeHme. B 0630pe paccmMoTpeH BbI6Op METOAUKU Hepa3pyLUaloLWero KOHTPoNA rybuHbl OTMNYLWEHHOro MapTeHCUTHOrO C/10A
B CBAPHbIX LWBaX TPy6 13 cTanei MapTeHCUTHOrO Knacca Nocse BbICOKOro oTnycka. lNpu Tepmuyeckoin 06paboTke cBapHbIX coeau-
HeHWIn pacnaj MapTeHCUTa He BCera NPOoXoAmnT Mo BCe TOMLWMHE LBa, 0CO6EHHO B KOPHEBO 30He TONCTOCTEHHbIX TPYO, a ycpea-
HeHHble XapaKTepPUCTMKN MOTYT CKPbIBaTb JIOKalbHble y4aCTKM C NMOBbILLEHHON TBEPAOCTbIO M XpynKocTbio. MeToabl n maTepuanbl.
CpaBHMBanu YyeTbipe rpynbl METOAO0B: BUXPETOKOBbIN KOHTPOJIb, aHann3 MarHUTHOTO Wyma bapKray3eHa, ynbTpa3BykoBble MeTOAbI
N MarHUTHYI0 KO3pLUUTUMETPUIO. [1NA KaxKAoW oLeHMBanu, ¢ Kakow rayouHbl curHan HeceT HGOpMaLMio O CTPYKTYpHO-$a3oBom
COCTOSIHUW U HAHOCOCTOAHMN MeTanna Waa. Pesynbratbl. BuxpeToKoBbIN 1 6apKray3eHOBCKUIA METOAbI AA0T CBeJeHNA B OCHOBHOM
0 NOBEPXHOCTU 1 MPUMOBEPXHOCTHOM Cl0e. YNbTPa3BYyKOBble METO/bl MO3BONAIOT NCCNIefoBaThb 6onee rnyboKme cion, ofHaKo npu
cnabom aKyCTMYeCKOM KOHTpAcTe CTPYKTYP BbIAENNTb rPaHuLly OTNYLEHHOro CoA no obpaTHopacceAHHOMY CUTHany COXKHO,
a VHTeprpeTauma pe3ynbTaToB 3aTpyAHeHa. [1nA nonesbix yCnoBuii BbibpaHa KospunTumeTpusa. CMeHHble npucTaBHble M-06pa3Hble
3/1eKTPOMarH1Tbl Pa3HOro pa3mepa NPoMarHMYMBailoT MeTasl Ha Pa3Hyto ryOuHyY, 4TO MO3BONAET MOCTPOUTb YCIOBHbIN MOCOMHbII
MarHuTHbI Npodunb. O6cyxaeHme. NMpeanoxeHo nogbrpaTtb NpeobpasoBaTeny, CTPOUTb FPaAyPOBOYHbIE 3aBUCMMOCTY Ha CBap-
HbIX 06pasLax, a OLEeHKY TOJILLMHbI NPeBpPaLLeHHOro C/I0A NPOBEPATb MeTannorpaduei n No MUKPOTBEPAOCTH, NPY HEO6XOANMO-
CTV PEHTreHOCTPYKTYPHbIM aHam3oM. 3aKaueHme. [onyyaemMblii TOCNONHBIA NPpodunb ycnoseH. [1nAa oueHKU ry6uHbl Hy>KHa
rpaflympoBka Noj KOHKPETHYIO CTaslb 1 TEXHOJTOTMIO CBaPKU C yH4ETOM OCTaTOUHbIX HaNpPAXeHWI 1 opreHTaLnmn npeobpasoBaTens.
Mpwy KoHTpose TPyb yUnTbIBAIOT TaKXKe 3a30p, KPUBU3HY MOBEPXHOCTUN 1 YCUEHMe LBa.

KJTKOYEBDIE CJIOBA: Hepa3pyLualoLwmin KOHTPOJIb, MAPTEHCUTHAA CTaslb, CBAPHOMN LLIOB, BbICOKMI OTMYCK, KO3PLMTUMETPUA, KOIP-
LUMTUBHAA Ca, MarHUTHBINA KOHTPOJb, HAHOCTPYKTYPHOE COCTOAHNE

NCTOYHNKU ®UHAHCUPOBAHUA HAYYHOW PABOTbI, PE3YJIBTATOM KOTOPOW CTAJIA NMYBJIMKALMA: Pa6oTa BbinonHe-
Ha npu ¢uHaHCoBOV nNoaaep ke M1HMCTEPCTBA HayKM U BbiClLero ob6pasoBaHus Poccuiickoin Defepaunv B paMKkax nporpammbl
«MpropuTteT-2030» (HaLMOHaNbHbIN NPOEKT «HayKa 1 YHNBEPCUTETbI»).

anda uUTUPOBAHUA:

QanpywnH A.M., TymaHosa E.10., Co6aukuH A.C., imaes M.®., Tokapes A.C., MycuHa [1.P. Bbi6op METOAUKN OLEHKM rMyOuHbI OT-
NyLEHHOro C/1051 CBAPHOTO LWBa MapTeHCUTHOW CcTanu. HaHomexHonozuu 8 cmpoumenscmae. 2026;18(5):691-700. https://doi.
org/10.15828/2075-8545-2026-18-5-691-700. - EDN: CQGODM.

INTRODUCTION

Martensitic-grade steel pipes are widely used in the oil
and gas industry. Domestically produced pipes range from
11 to 550 mm in diameter, while wall thicknesses range
from 1.5 to 40 mm depending on the forming process
(cold or hot) and the applicable standard [1]. Pipes of
this class — most commonly grades 15Kh5M, 20Kh13,
15Kh11MEF, and 12Kh11V2MF — are manufactured by
a seamless process and used under severe service con-
ditions in petroleum refining (cracking furnace tubes),
the chemical industry, and well construction involving
highly corrosive fluids [1, 2, 3]. During cooling after fu-
sion welding, a martensitic structure forms in the weld
metal. Because martensite is brittle, high-temperature
tempering is required to decompose it into ferrite and ce-
mentite. Tempering is generally performed using surface-
mounted electric heaters. However, martensite does not
always decompose through the full weld depth; it often
remains in the weld root, especially in thick-walled pipes.
Selecting a nondestructive testing (NDT) method for as-
sessing the extent of martensite decomposition is therefore
important. A characteristic averaged over the weld depth
is insufficient because the transformation depth must also
be estimated. An averaged characteristic does not reveal
the distribution of tempering through the depth and may

conceal local areas of untempered martensite. A thin layer
of untempered or insufficiently tempered martensite may
contribute little to the average value, so a welded joint
may meet the acceptance criterion based on the average
value even though a locally harder and more brittle zone
remains at the surface, the fusion line, the weld root, or
in the heat-affected zone (HAZ), where it acts as a stress
concentrator. Tempering changes martensite lattice te-
tragonality, the dislocation structure, and carbide disper-
sion. These changes affect the coercive force [17—19],
so magnetic measurements provide indirect information
about the structural state of the metal. Their individual
contributions cannot be separated using a single magnetic
parameter.

The aim of this work is to select an NDT method suit-
able for field assessment of the heat-treatment quality of
martensitic-grade steel pipe welds, including evaluation
of the completeness of martensite decomposition through
the wall thickness of the welded joint.

METHODS AND MATERIALS

The NDT methods applicable to this task are consid-
ered below (Table 1). Eddy current testing is sensitive to
changes in electrical conductivity and magnetic perme-
ability and can therefore respond to structural heterogene-
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Table 1. Effectiveness of NDT methods for assessing the completeness of tempering through the welded-joint

cross-section

NDT method

Measured quantities

Potential for estimating the depth
of the tempered zone

Main limitation

Eddy current testing

Probe impedance, electri-
cal conductivity, magnetic
permeability

High for assessing tempering qua-
lity in near-surface metal layers. At
depths of 1-3 mm and low frequen-
cies, quantitative accuracy is limited
because sensitivity to property
gradients decreases

Skin effect (limited pen-
etration depth); effect of
sensor-to-metal lift-off;
geometric heterogeneity of
the weld

Magnetic Barkhausen
noise

Root-mean-square (RMS)
voltage and amplitude of the
noise electromotive-force
(EMF) envelope

High sensitivity for mapping struc-
tural changes in the near-surface
layer

Limited information depth
because of the skin effect

Ultrasonic testing

Propagation velocity, at-
tenuation coefficient, and
backscattered-wave param-
eters

Applicable to millimeter-scale re-
gions when a pronounced structural
gradient is present

Requires a pronounced
acoustic boundary ora
calibration model

Coercive-force magnetic
testing (coercimetry)

Demagnetizing current and
coercive force (H ) of the
magnetized region

Allows the layer thickness to be es-

timated under field conditions from
readings of transducers with differ-

ent geometries, after calibration

Requires transducers with
different geometries and
the construction of calibra-
tion curves

ities caused by martensite decomposition [4]. Its principal
limitation in ferromagnetic steels is the skin effect [5]. The
standard depth of eddy current penetration is given by:

o 1
0= NETTTTY M

where 0 is the penetration depth (skin depth); fis the
alternating-current frequency; u, is the permeability of
free space; W is the magnetic permeability of the medium;
o is electrical conductivity.

In ferromagnetic steel, high u sharply reduces 0; at
megahertz frequencies, the penetration depth is therefore
a fraction of a millimeter [5]. Millimeter-scale depths re-
quire low frequencies, multifrequency or pulsed configu-
rations, control of sensor-to-metal lift-off, and calibration
using specimens of the same steel and geometry [4]. Eddy
current testing is consequently suitable as a surface and
near-surface indicator [6]. Estimating the tempered-zone
depth in a weld quantitatively with this method is difficult,
because the instrument must be precisely calibrated for
the specific microstructure and lift-off variations on the
uneven weld bead must be taken into account [7].

The magnetic Barkhausen noise method is based on
detecting jumps of domain walls pinned by dislocations,
secondary-phase particles, grain boundaries, and residual
stresses. It is used for mapping near-surface tempering,
residual stresses, and structural heterogeneity [8]. The
signal formation depth is small and, in hard, fine-grained
structures, including martensitic ones, amounts to tens or
hundreds of micrometers [9]. The thickness of hardened
layers in the millimeter range was estimated indirectly,
using models built on specimens that relate near-surface

signal parameters to hardening depth [10, 11]. In the pres-
ent task, the method is suitable for preliminary testing of
the weld surface but does not measure the tempered-layer
depth directly.

Ultrasonic methods can probe metal to a depth of
several millimeters. In [12, 13], the depth of hardened
and carburized layers was determined from the back-
scattered signal of shear waves introduced at an angle
to the surface. For welded joints of martensitic chro-
mium steels after heat treatment, tomograms (maps of
elastic-wave velocity) have also been constructed [14].
Boundary detection from the backscattered signal has
been described for induction-hardened parts, where the
structure changes sharply at the edge of the hardened
layer [15]. In a tempered weld, the transition between
the martensitic and partially tempered (sorbitic) struc-
tures may be gradual, and if the weld metal and HAZ
are nearly homogeneous through the wall thickness, the
boundary is difficult to identify from this signal. Instead,
the phase or group velocity of the waves and their attenu-
ation or scattering are mapped [16], and the resulting
maps are compared with metallography and microhard-
ness measurements.

Magnetic coercimetry, based on measurement of the
coercive force (H ), was selected for further analysis be-
cause the depth of the tested zone can be changed by
selecting the dimensions of the attached electromagnetic
transducer. The method is applicable to ferromagnetic
steels and allows the magnetic properties of individual
regions of a welded joint to be assessed. The Barkhausen
noise signal is formed by weak high-frequency electro-
magnetic pulses that attenuate in the metal at depths of
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fractions of a millimeter. Under quasistatic magnetiza-
tion reversal in coercimetry, the testing depth is governed
mainly by transducer geometry and magnetic circuit re-
luctance.

RESULTS

Coercive force is a structure-sensitive parameter of
ferromagnetic steels. It increases with the density of fine
structural defects and dislocations, the total extent of grain
boundaries, and internal stresses that act as effective ob-
stacles to domain-wall motion. During high-temperature
tempering, the supersaturated solid solution decomposes,
martensite lattice tetragonality decreases, carbon redis-
tributes, nanoscale carbides precipitate and coarsen, and
microstresses relax. In most cases, these processes reduce
magnetic hardness relative to the freshly quenched or un-
dertempered condition. H_measurements have therefore
long been used to monitor the quality of thermal and ther-
mochemical treatment of steel products [17, 18, 19].

The basic principle for measuring H_in extended
products is local magnetization to saturation using an
attached U-shaped electromagnet [17, 20] (Fig. 1). An at-
tached electromagnet made of a soft-magnetic material
magnetizes a local region, rather than the entire object, to
a specified depth below the surface. From the depth distri-
bution of magnetic induction in a massive plate, Mikheev
[17] concluded that when the pole width blD equals the
width of the magnetized plate, the magnetization depth
z, of a U-shaped electromagnet with a pole thickness-
to-width ratio a :bp = 1:3 is approximately equal to the
pole thickness. As the plate surface area increases, z, may
decrease to O.Sap because of lateral magnetic-flux leakage.

a
3
2 4
1 5
] |

[ T e

7

Reference [21] summarizes H measurements of mas-
sive products using attached two-pole electromagnets of
different geometries. It shows that the minimum thick-
ness h_ of a homogeneous massive body, above which
a further increase in thickness has almost no effect on the
coercimeter reading, is approximately proportional to the
square root of the pole area:

h =2vVS,. ()

This means that the magnetic properties of layers lo-
cated deeper than h have almost no effect on the mea-
sured demagnetizing current. The value h_ can therefore
be regarded as the maximum depth from which a given
attached electromagnet can obtain information about
material structure.

For a surface-hardened layer, a maximum measurable
thickness h, was also introduced. Up to h,, the coercim-
eter reading depends appreciably on layer thickness, which
allows this range to be used for quantitative estimation of
hardened-layer depth:

h, ~0.6VS,. 3)

When the layer thickness exceeds h,, the increase in
the reading slows, and the instrument increasingly char-
acterizes the layer’s own coercive force rather than its
thickness. For an electromagnet with a pole width-to-
thickness ratio b/a = 3, h, is close to the pole thickness a,
consistent with earlier reccommendations for selecting the
geometry of attached electromagnets [17].

An initial thickness h was also defined; a thinner layer
has almost no effect on the coercimeter reading [21]:

h.=~0.03VS,. @)

Fig. 1. (a) Schematic of an attached U-shaped electromagnet on the test object: 1, 5 — magnetizing (demagnetizing)
coils; 2, 4 — core elements; 3 - magnetic-field sensor (ferroprobe); 6 — test object; § - lift-off gap. (b) Diagram of
a rectangular electromagnet, where a, bp, and t are pole thickness, pole width, and interpole distance, respectively

[19, 20]
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The given electromagnet does not reliably measure the
thickness of such a layer, and the reading depends mainly
on the properties of the substrate or core.

The three boundaries h , h,, and h_ divide the gen-
eralized curve reported in [21] into four regions (Fig. 2).
Thickness is measured in region II between h_and h,,
where the readings depend simultaneously on the coer-
cive force of the magnetically hard layer, its thickness,
and the properties of the core. In region I (h <h, ), the
readings are determined mainly by the core. In region 111
(h, <h<h, ), the effect of layer thickness weakens, and in
region IV (h > h ) the readings correspond to a homoge-
neous massive product. Knowing these boundaries, one
can select the pole area for the expected layer thickness
or, conversely, evaluate the capabilities of an existing elec-
tromagnet with a known S .

For a correct H_ measurement, the object must be
magnetized to a level close to technical saturation. Mod-
eling has shown that preliminary magnetization of the
test region to near technical saturation is achieved when
the cross-sectional area of the test region is smaller than
or comparable to the cross-sectional area of the electro-
magnet poles and any lift-off gaps between the transducer
and the object are sufficiently small. When magnetizing
massive objects, the interpole distance should be reduced
by using converging pole pieces to obtain the required
magnetic-flux density [22].

An attached electromagnet does not measure H_ di-
rectly. The instrument measures a demagnetizing current
I, that is related to H . For a U-shaped attached transduc-
er with a built-in zero magnetic-flux indicator, reference
[23] expresses the relationship between the demagnetizing
current I and the coercive force H_of a homogeneous
magnetized volume as:

m v

h/S.

9

[\ M e e g VAPV

Fig. 2. Generalized coercimeter response curve in
relative units. Ordinate notation: | - demagnetizing
current; I"pc - demagnetizing current of a structurally
homogeneous massive product with thicknessh > h_;
pco - demagnetizing current of the soft-magnetic core

[21]

Rp Ugy

+ U
I W[RF1+R5+Ru cep ®)

where W is the total number of turns in the electro-
magnet winding; U_ is the magnetic-potential drop across
the test object; U__ is the magnetic-potential drop across
the electromagnet; R, is the reluctance of the flux path
through air between the poles; R; is the reluctance of the
lift-off gaps between the poles and the object; and R is
the reluctance of the test object.

Because U_ is related to H_and to the length of the
magnetic field line in the object, the expression shows
that the demagnetizing current depends not only on metal
properties but also on object geometry, lift-off, and circuit
reluctance. For a welded joint, the instrument reading
therefore requires calibration and characterizes the mag-
netized volume as a whole rather than the intrinsic H_ of
an individual microregion.

Approximate H_values for the steels of interest in dif-
ferent structural states are useful when selecting mea-
surement equipment and planning experiments. For the
widely used 15Kh5M steel, these data were not found
together in a single publication. Reference [24] reports
H_ = 6—7 A/cm for 15Kh5M furnace coils after long-term
service. T91/P91 steel, an analogue of 15Kh5M, has H_ =
19.65—20.47 A/cm in the as-welded condition, whereas
after prolonged tempering it does not exceed 10.75 A/cm
[25]. Published H_values can be used only as reference
points, and acceptance testing of a welded joint requires
a dedicated calibration.

Basic Methodological Framework

In surface-hardened products, the hardened layer fol-
lows the product surface. A weld is oriented differently: its
plane runs across the product surface. The welded joint
is also structurally heterogeneous. Moving outward from
the weld metal, the weld (solidification) zone, the fusion
zone (the boundary between weld metal and base metal),
and the HAZ occur in sequence. The model of a surface
layer over a substrate therefore applies only partially to
a welded joint. In thick-walled products, it is difficult to
measure the coercive force of the weld metal separately
from the contributions of the HAZ and base metal, even
when the electromagnet pole width is comparable to the
weld width. In practice, an attached electromagnet aver-
ages the response of the weld, the HAZ, and part of the
base metal. If the weld is sufficiently wide and the wall is
thin, howeyver, the attached electromagnet can be oriented
along the weld. This orientation reduces the influence of
the fusion zones and HAZ, allowing the depth profile of
the weld metal itself to be estimated [26, 27].

After high-temperature tempering of a martensitic
steel weld, the surface layer of the joint consists of tem-
pered or decomposed martensite and has a lower H_than
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the martensitic core. The initial values of the generalized
curve will therefore exceed unity (Fig. 3), where I”‘pC is the
demagnetizing current of a structurally homogeneous
massive product with a soft-magnetic structure and thick-
nessh > h_,and I , is the demagnetizing current of the
magnetlcally hard core In region I (0 to h = 0.03VS),
corresponding to electromagnets with large pole cross-
sections, coercimeter readings are almost constant and
depend mainly on the coercive force of the martensitic
core. In region IT (h_to h, = 0.6VS,), corresponding to
a medium-sized electromagnet, the readings depend on
the coercive force and thickness of the tempered layer and
on the coercive force of the martensitic core. In region I11
(h toh_=2V8S), corresponding to an electromagnet with
a still smaller cross-section, the readings are governed
mainly by the coercive force of the tempered layer and
depend only weakly on changes in its thickness and the
properties of the martensitic core. In region IV (h > h_ ),
corresponding to electromagnets with the smallest cross-
sections, the readings depend only on the coercive force
of the tempered layer.

Procedure for Measuring Transformed-Layer
Thickness

1. Prepare the test area: remove scale and contami-
nants, ensure repeatable pole contact, specify the permis-
sible lift-off, use radius-matched tooling for the pipe, and
define the orientation of the U-shaped electromagnet
relative to the weld.

Lo

~

*
c

~
*

peo

~
*

pc

[S—y

m v

h/JS.

3

B e e e e e s )

Fig. 3. Expected generalized coercimeter response
curve in relative units for a product with a soft-
magnetic surface layer and a magnetically hard core

2. For each interchangeable electromagnet, determine
S, =a x b and calculate h = 0.03YS , h, = 0.6VS_, and
h = 2V S.. Select a set of transducers such that the ex-
pected transformed-layer thickness lies within the working
interval h_ <h <'h, for at least one transducer.

3. Prepare calibration specimens made from the same
steel and welded joint: specimens in the as-welded condi-
tion without tempering, after the standard high-temper-
ature tempering cycle, and after cycles that produce dif-
ferent depths of transformed or undertempered material.

4. Select the criterion that defines the transformed-
layer boundary and measure its depth on metallographic
sections. Examine the micro- and nanostructure and the
microhardness distribution through the weld depth and, if
necessary, assess the degree of martensite decomposition
by X-ray diffraction.

5. For each selected electromagnet, use the calibration
specimens to construct an I .(h) or H _(h) relationship,
preferably in normalized form as a functlon of h/V S..
Because the tempered layer is magnetically softer than
undertempered martensite, the calibration curve will have
the reverse trend (Fig. 3), but the working boundaries h ,
h,, and h_ retain their meaning.

6. On the test object, perform a series of measure-
ments at the same weld locations. First demagnetize
the region or stabilize its magnetic state, install the
transducer, magnetize to near technical saturation, and
record the demagnetizing current L, or the calculated
H_. Make at least three repeated measurements at each
point and discard readings associated with an evident
loss of contact.

7. Use the calibration curve to find the normalized
thickness x = h/V'S_and calculate h = xVS,. An estimate
obtained within h < h < h, is considered quantitative.
Values below h indicate a layer thinner than the lower
sensitivity limit of that electromagnet; values above h,
provide only a lower bound for thickness or indicate that
a larger transducer is required.

8. Reconcile the results obtained with several electro-
magnets. If the readings of the small transducer have al-
ready reached the plateau of the calibration curve (h > h,)
while the medium transducer remains within its working
interval, determine the depth from the medium trans-
ducer. If the readings of all transducers are on the plateau,
report h > h, for the largest working transducer and, if
necessary, use an electromagnet with a larger S_. If only
the small transducer detects a deviation, classify the layer
as surface or near-surface.

9. In the test report, state not only the estimated
thickness h but also the pole dimensions and orientation,
lift-off, surface curvature, weld-reinforcement height,
number of repeats, scatter of the readings, and the cri-
terion used to correlate the magnetic boundary with the
transformation boundary determined by metallography
or microhardness.
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Instruments for Method Implementation

A single fixed attached electromagnet cannot cover
the full practically significant range of pipe wall thick-
nesses. An instrument system is therefore used, compris-
ing a magnetic structure analyzer or coercimeter with a set
of interchangeable U-shaped transducers and pole pieces.
Traditionally, such tasks were addressed using KIFM-1
and KF-1 coercimeters and their modifications [18, 19,
28, 29]. Multiparameter systems are also used that are
capable of measuring not only coercive force but also
residual flux, maximum magnetic flux, or the tangential
field within a single cycle. Reference [30] demonstrates
the capabilities of the SM-401 magnetic structure analyzer
with an attached electromagnet for monitoring quench-
ing and tempering. Reference [23] shows the advantages
of measuring H_by the internal field, and in [31] H_ was
used together with magnetic flux to selectively estimate
layer thickness and degree of hardening.

Interchangeable pole pieces are required in three
cases. First, when pipes of different diameters are tested,
flat poles produce variable lift-off on a curved surface;
quantitative measurements therefore require pole pieces
matched to the outside radius. Second, narrow pole pieces
are used for testing a narrow weld or fusion line to reduce
the influence of the HAZ and base metal. Third, thick
welds require poles with a larger cross-section, because
the contribution of the deep region to the reading of
a small transducer is small and the testing depth increases
with the pole cross-sectional area (Eqs. 2—4). Calibration
is valid only for the pole-piece configuration with which it
was performed. Pole geometry changes circuit reluctance
and flux distribution and, with them, the depth of the
region contributing to the reading.

DISCUSSION
Calibration, Errors and Limitations

The tempered-layer thickness can be estimated quan-
titatively only after calibration on welded specimens of
the same steel, with a similar thickness and made us-
ing the same welding procedure. Criteria obtained for
P91, 30KhGSA, or carburized layers can be used only
as a physical reference for 15Kh5M steel. We propose
including specimens in the as-welded condition without
tempering, after the standard high-temperature tempering
cycle, and after undertempering. Tempering time, tem-
perature, or heating power is varied to obtain specimens
with different structural distributions through the depth.
Each specimen is first measured with all transducers and
then sectioned for metallography and microhardness
measurements. Changing the tempering cycle affects both
the layer depth and the degree of tempering within the
layer. To establish the relationship between instrument

readings and layer thickness, specimens with similar layer
and core structures and microhardness values are there-
fore compared. If this similarity has not been confirmed,
a relationship based on thickness alone is insufficient:
the calibration model must account for differences in
structural state. The tempered-layer boundary is defined
by the chosen metallographic or microhardness crite-
rion. The magnetically altered zone is compared with this
boundary on the calibration specimens; their depths are
not assumed to coincide.

The magnetic measurements are compared with the
results of macrosection and microsection examination.
The HAZ width and structure are determined on these
sections. Microhardness is measured along profiles from
the surface and from the weld axis. X-ray diffraction is
used to refine the phase composition. The tetragonality
of martensite is estimated from the splitting of diffrac-
tion peaks. At the low tetragonality typical of low-carbon
and tempered martensite, the peak splitting may not be
resolved. The following relation is used:

1 h%+k% 12
di., T g2 c?
where d, , is the interplanar spacing for the reflection

with indices hkl and a and c are the tetragonal lattice pa-
rameters of martensite. A decrease in the ¢/a ratio during
tempering is one indicator of martensite decomposition,
but for a welded joint this criterion must be compared
with microhardness and microstructural analysis.

A significant error is introduced by the lift-off gap
between the poles and the product. It increases circuit
reluctance and lowers the coercimeter reading [22].
A 1 mm lift-off reduced KIFM-1 readings by more
than 33%, whereas the readings of MMT-3, which op-
erates using the internal field, decreased by less than
9% |23]. Lift-off effects can be reduced by accounting
for additional magnetic parameters and measuring the
tangential field component [32, 33]. The symmetry of
the measured field also depends on the positions of the
field and flux sensors in the transducer [34]. On a pipe,
surface curvature and weld reinforcement add to the
lift-off. The procedure specifies the permissible lift-off
and reinforcement height in advance. It defines surface
preparation, magnet orientation, and the demagnetiza-
tion sequence. The number of repeated measurements
and the outlier-rejection rule are fixed before testing.
Residual stresses and residual magnetization affect the
readings as well. The stress and structural contributions
cannot be separated from a single H_measurement. Be-
cause high-temperature tempering both relieves stresses
and changes the structure, it is validated on a calibration
series whose stress state is close to that of the actual
product. Without such validation, the detected magnetic
heterogeneity cannot be unambiguously related to the
depth of the tempered layer.
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Method Limitations

The instrument averages the response over the entire
volume through which the magnetic flux closes. For this
reason, the layer-by-layer profile obtained with a set of
electromagnets is conditional. It does not resolve adjacent
layers in a narrow HAZ. Different transducers sample
non-coincident volumes of metal. Magnetic anisotropy
due to directional solidification of the weld and precipi-
tation of dispersed carbides during tempering influence
the readings as well. Calibration is performed on welded
specimens for each steel grade. A calibration relationship
from another grade may be used if testing on specimens of
the steel under examination confirms that the thickness
estimates meet the error limit specified in the procedure.
Otherwise, a new calibration relationship is established.
CONCLUSION

Of the NDT methods considered, magnetic coercim-
etry with a set of interchangeable attached transducers was
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ABSTRACT

Introduction. Industrial pipeline valves are among the most important elements of energy metering, both within common gas
distribution systems and as a precision control element directly acting on an actuator or mechanism. The most specific requirements
apply to shut-off and control devices (SCDs) used in high-risk industries, as well as in precision high-tech critical manufacturing.
The ability to change and regulate the flow characteristic, as well as the response time of the element separating the two parts of
the communicating system, play a significant role. The use of SCDs to shape an inert gas flow, according to the established law, is
a key requirement for actuators in systems for manufacturing parts (the material of which is, as a rule, in a nanostructured state)
using superplastic forming (SPF). The requirements for the actuator of a gas distribution system to perform the SPF operation are
determined by a graph based on the part geometry. A bellows shut-off needle valve is adopted as the actuator unit, as it is optimal
in design due to the seal used, as well as a metering needle that allows changing the flow cross-section of the channel. Methods
and Materials. Modeling and finite element (FE) analysis to determine the flow characteristics of a bellows shut-off needle valve
in a gas distribution system were performed using a specialized software package for scenarios of control rod handle rotation at
10°,45°, and 90°, taking into account the required boundary conditions. Full-scale tests to verify the finite element method (FEM)
calculations were carried out on a test bench using a bellows shut-off needle valve with the required parameters of the test bench
elements. Results and Discussion. The article presents the results of finite element analysis (FE) and full-scale bench tests to verify
the modeling results. The research revealed that the dependence of the working fluid flow rate on the angle of rotation of the
control rod handle is not linear. In the range of handle rotation angles from 0° to 40°, a stable increase in flow rate is observed. With
a further increase in the handle opening angle from 40° to 60°, the nature of the change in the working fluid flow rate changes.
Abrupt changes are observed, which can be explained by a relatively large opening of the housing seat. This leads to phenomena
(stalls, flow swirls, etc.), causing flow rate fluctuations. After reaching a rotation angle of 60°, the flow rate graph becomes oscilla-
tory. In this section, the flow is constantly exposed to significant turbulent phenomena and becomes unstable, which complicates
the accurate determination of the working fluid flow rate. Conclusion. A combination of finite element modeling and a full-scale
experiment allowed us to verify the flow characteristic obtained through FEM calculations in a specialized software package with
data from full-scale bench tests of a bellows-sealed shut-off needle valve. The discrepancy between the FE analysis results and
those obtained during full-scale tests is within 5%, allowing the method described in this article to be used to obtain sufficiently
accurate and reliable results.

KEYWORDS: blowdown, superplastic forming, bellows-sealed needle valve, flow characteristic, finite element analysis, nanostruc-
tured materials
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WccnepoBaHme pacxonHol XapaKTepucTuKm
3aMoOpHO-perynnpyloLero ycTponcraa
ana opmnpoBaHuA ynpasnsiemMmoro noToKa rasa

Hukonait lOpbeBuy CtenaHeHko (=), Cepreit Bnagumuposuy Yeprosckunx* (), Anekcein Bauecnasosmny Py6uos (),
Hwkurta EBreHbeBuny iBaHoB

YOUMCKIMI rocyaapCTBEHHbIN HePTAHOM TEXHNYECKNI yHBepcuTeT, 450064, Yoa, yn. KocmoHasTos, 1,
Poccninckas Qepepauus

* ABTOp, OTBETCTBEHHbIN 3a nepenucky: e-mail: chertovskikh@mail.ru

AHHOTALMA

BBegeHue. [pombliLneHHas Tpyb6onpoBoaHas apMaTypa ABIAETCA OOHUM 13 BaXKHENLLVX SIEMEHTOB JO3MPOBAHUA NepenaBaeMoi
SHEeprnn Kak BHyTPW pacnpoCTpaHeHHbIX ra3opacnpenenmTenbHbiX CUCTEM, TaK 1 OpraHOM NpPeLM3NOHHOIO BO3L4ENCTBMA HeMo-
CPefCTBEHHO Ha UCMONMHUTENIbHOE YCTPOMCTBO UM MexaHn3m. Hanbonee KOHKPETM3MPOBaHHBIMU ABNAIOTCA TPeOOBaHWSA K 3aMopHO-
perynupyowmm yctporctaam (3PY), npumeHAembIM B OTPaCIAX NPOMBbILLIEHHOCTY, UMEIOLLX MOBbILIEHHYI0 OMACHOCTb, @ TakXe
Ha NPeLn3NOHHbIX BbICOKOTEXHOMOMMYHbIX OTBETCTBEHHbIX MPOU3BOACTBAX. 3HAUUTENbHYIO POSb UrPaeT BO3MOXHOCTb U3MEHEHNA
1 ManasoH perynnpoBaHns PacXOAHOWN XapaKTepUCTHKK, a TakxKe ObICTPOAENCTBIME SIEMEHTA, Pa3fensioLero Be YacTu coobLya-
towelics cuctembl. MpumeHeHne 3PY ons dopmMmpoBaHKa NOTOKa MHEPTHOTO ra3a, CorfacHo CGOPMUPOBAHHOMY 3aKOHY, ABAAETCA
K/toueBbIM TPe6OBaHMEM K UCMONHUTENbHbBIM IEMEHTaM CUCTEMbI [/1A U3rOTOBJIeHWA AeTanel (MaTepuan KOTOpbIX HAXOAWTCS, KaK
NpaBwio, B HAHOCTPYKTYPHOM COCTOSIHUN) METOAOM CBepXxmnnacTnyeckon popmosku (CMD). DopmmpoBaHue TpeboBaHMI K CMOS-
HUTENbHOMY Y31y ra3opacrnpefenuTenbHo cCucTembl AN ocywectaneHns onepauun CMNO onpepensaetca rpaduKom, OCHOBAHHbIM
Ha reomeTpum feTanu. B kauecTse MCMONHUTENIbHOTO Y3/1a NPUHAT CUbGOHHBIV 3aNOPHBI roNIbYaTbIN KNanaH Kak ONTUManbHbI
MO KOHCTPYKLUMW BBUAY NCMONb3YeMOro YMIOTHEHUA, a TakxKe J03UPYIoLLen Nrbl, MO3BONAIOLWEN N3MEHATb NPOXOAHOE ceveHre
kaHana. Metogbl n matepuanbl. MogenmpoBaHne 1 KOHeUYHO-31eMeHTHbIN (K3) aHanr3 ¢ uenbio onpefgeneHna pacxodHbIX Xa-
paKTepUCTVK CUbGOHHOIO 3aMOPHOro UIrofIbYaToOro KnarnaHa rasopacnpenenutesibHo CUCTeMbl MPOBOAWANCH C MPUMEHEHVEM
cneymann3MpoBaHHOro NPOrpPamMMHOro KommnieKkca AN CueHaprieB NoBOPOTa PYKOATKM yNpaBnsAtoLero wroka Ha: 10°, 45° n 90°
C yYEeTOM Heob6XoAVMbIX FPaHNYHbIX YCIIOBUIA, @ MPOBEAEHME HAaTYPHbIX UCMbITAHWI C Lenblo Bepudrkaumy pacyeToB METOLOM
KOHeUHbIX 3n1emeHToB (MK3) ocyLlecTBAANOCh Ha CTEHAE C UCMOJb30BaHVEM CUITbHOHHOIO 3aMOPHOro UroNbYaTOro KianaHa npu
TpebyeMbIx NapameTpax 3/1eMeHTOB CTeHAa. Pe3ynbratbl n o6cyxaeHue. MNprBoasaTca pesynbTaTbl KOHEYHO-31eMeHTHOro (K3)
aHanv3a v HaTypPHbIX CTEHOBbIX UCMbITaHWI Ans BeprdUKaLmm pesynsTtaToB MOAeNMpPoBaHMs. B xoae npoBeeHMs nccnefoBaHUin
YCTaHOBJIEHO, UTO 3aBMCMOCTb pacxoa pabouelt cpefbl OT yria NOBOPOTA PYKOATKYM YNPABAAIOLLEro LUTOKA He ABAAETCA NIMHENHOW.
B guanasoHe yrnoB noBopoTa pykoATky oT 0° o 40° HabntogaeTca ctabunbHoe yBenmueHune pacxopa. Mpu ganbHenwem yBenmyeHnm
yrna oTKpbITUA pyKoATKM oT 40° Ao 60° xapaKTep n3MeHeHWs pacxofa pabouel cpefbl MeHsAeTcsA. HabniogatoTcs ckaukoobpasHble
nepenagbl, KOTOPble MOXXHO 06BACHUTb OTHOCUTENBHO HGOMbLIVIM OTKPBITYEM CefJia Kopryca. 9To MPUBOANT K ABJIEHUAM (CPbIBbI,
3aBUXPEeHNA NOTOKa U T.4.), Bbi3blBaloLWMM KonebaHusa pacxopa. Mocne goctukeHns yrna noBopota B 60° rpaduk pacxoga nprob-
peTaeT KonebaTenbHbI XapakTep. Ha faHHOM y4YacTKe NMOTOK UCMbITbIBAET MOCTOAHHOE 3HAUMTENIbHOE BO3AENCTBUE TYPOYNeHTHbIX
ABJIEHWI N CTAHOBUTCA HECTabWIIbHbIM, UTO 3aTPYAHAET TOUHOE OnpefesieHme pacxoda pabouelt cpeabl.

3aknioueHne. CoBMeCTHOe NpoBefeHre KOHEYHO-2NIEMEHTHOrO MOAENNPOBaHMA U HATYPHOrO SKCNeprMeHTa NO3BOJINIIO MPOBECTH
BeprdUKaLMo PaCXOAHON XapaKTepuCTUKK, MONTlyYeHHON B xofe pacyeTta MK B cneynanmsmpoBaHHOM NPOrpaMMHOM KOMMeK-
Ce C faHHbIMUN HATYPHbIX CTEHAOBbIX UCMbITaHU CUIbGOHHOMO 3aNOPHOro0 UroIbYATOrO KanaHa. PacxoxaeHne pesynsratos K3
aHanv3sa c pesynbraTamu, NOyYEHHbIMY B XOfe HaTyPHbIX UCMbITaHWIA, HAXOAWTCA B NpeAenax 5 %, UTo No3BossAeT MCNOoNb30BaTb
MeTOAVKY, NPUBEAEHHYI0 B CTaTbe, AJ1A MONYUYeHNA JOCTaTOUYHO TOUHbIX 1 [JOCTOBEPHbIX Pe3y/bTaToB.

KJTIOYEBbBIE CJIOBA: npofyBKa, cBepxmniactryeckasa GpopMoBKa, CUTbGOHHbIN 3aMOPHbBIN ronbyaTbli KNanaH, pacxofHan Xapak-
TEPUCTNKA, KOHEYHO-3SIEMEHTHbIN aHaNn3, HAHOCTPYKTYPHble MaTepuransbl.
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INTRODUCTION

Shut-off and control valves (SCVs) play a vital role in
many industrial processes. The safety and quality of the
processes in which they are used depend on the charac-
teristics and precision of their operation. Commonly used
in industry are dampers, gate valves, ball valves, and other
types of shut-off valves. These valves have a relatively
simple design, but they have a short service life under
continuous, high-cycle conditions and lack the ability to
smoothly regulate flow. Various types of pressure valves
and regulators are among the most suitable for smooth
control. Compared to shut-off valves, these devices have
a more complex design and are less suitable for complete
flow shut-off due to their poorer sealing properties due to
their specific design.

One type of shut-off switchgear is the bellows-type
shut-off needle valve (Fig. 1). It is a high-tech device
designed for precise regulation and hermetically sealed
shut-off of the flow of the working medium in various
engineering systems [1—3].

Thanks to its special design, this valve can operate
under high pressure and temperature conditions, which
can be harsh on common industrial materials. These
advantages allow these valves to be used in various gas
distribution systems, including as part of the SPF process
complex for the process of forming parts, the material of
which, as a rule, is in a nanostructured state.

The valve consists of a handle 1, which is connected
to a control stem 2, at the end of which is a metering
needle 6, a stainless steel body 3, gas line connections 4,
and a metal bellows 5.

When the handle 1 is rotated, the control rod 2 moves
along the thread of the body 3. When the valve is closed,
the control rod 2 moves downwards and thereby inserts
the metering needle 6 into the seat located in the body 3.
This seals the channels connecting the connection points
of the gas main. When the valve is opened, the control rod
2 rises, removing the metering needle 6 from the seat. In
this case, the metering needle 6 and the seat of the body 3
are designed in such a way that when the metering needle
6 is raised, the flow between the channels occurs along a
variable cross-section, adjusted depending on the height
of the metering needle 6. Bellows 5, connected to the body
3 and the control rod 2, is necessary to ensure the tight-
ness of the valve body and protect the control rod 2 from
the effects of the working medium on it [4—5].

In many technological processes, the control of bel-
lows valves is automated using various devices (e.g., servo
drives), which allows for increased speed and accuracy of
process control. The initial parameter for writing a control
program for valve operation corresponding to the techno-
logical process is the flow characteristic (the dependence
of its flow area on the angle of rotation of the control
rod). The flow characteristic is also necessary to ensure
the quality of a large number of technological processes

Fig. 1. Bellows shut-off needle valve: 1 — handle; 2 — control stem; 3 - body; 4 - gas line connections; 5 - bellows;

6 — metering needle; a) — 3D model; b) - design
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[1-3, 6]. Thus, in the SPF operation, the quality of the
manufactured part directly depends on the accuracy of
the forming gas supply.

A current method for obtaining the flow characteristics
of bellows valves is mathematical modeling of the working
fluid flow in valves under various operating conditions.
The study of mathematical modeling of bellows valve op-
eration is driven by the need to improve the efficiency and
accuracy of technological processes (e.g., SPF), as well
as to reduce the costs of experimental research. Model-
ing allows for the prediction of valve flow characteristics,
which subsequently makes it possible to optimize process
parameters [7—8].

Thus, the aim of this work is to model (with the imple-
mentation of FE analysis) the flow characteristics of a bel-
lows valve in various operating modes with verification of
calculations using bench tests.

METHODS AND MATERIALS

The FE analysis portion of the study was conducted
using a specialized software package.

To calculate the flow characteristics, a model of a bel-
lows-sealed needle valve section was used, consisting of:
— the working fluid inlet section;

— the metering needle and body seat, which regulate the
valve flow area;
— the working fluid outlet section.

The position of the metering needle relative to the
body seat (i.e., the height of the metering needle’s lift
from the seat) corresponds to the n-th angle of rotation
of the valve handle. This lift is determined by converting
the pitch of the body thread along which the control stem
moves and the angle of rotation of the stem handle. The
calculated air flow model is shown in Fig. 2.

The simulation was performed using the finite ele-
ment method (FEM) using a specialized software package
[2, 9—17]. To confirm the accuracy of the FEM analysis
results, several calculations were performed using points
obtained during the blowdown, specifically, rotating the
control rod handle by 10°, 45°, and 90°.

The valve flow area between the metering needle and
the body seat for various calculation options is shown in
Fig. 3.

Fig. 2. Calculation model of air flow in a section of a bellows-type shut-off needle valve

Fig. 3. Cross-section of the air flow model in a bellows shut-off valve when the handle is opened by 109, 45° and 90°

http://nanobuild.ru 704

info@nanobuild.ru


http://nanobuild.ru/ru_RU/

2026; 18 (5):
701-712

Nanotechnologies in construction
HaHoTexHonornn B cTponTenbCcTBe

1SSN 2075-8545 (online)

Nanob

SYSTEM SOLUTIONS FOR TECHNOLOGICAL PROBLEMS

The mesh model in all calculation variants has a finer
mesh at the point where the working fluid passes between
the metering needle and the body seat, as well as prismatic
layers near the walls on long straight sections of the work-
ing fluid’s entry and exit from the valve. The mesh model
for calculating air flow in a bellows shut-off needle valve,
using the example of a variant with the handle opened by
10°, is shown in Fig. 4.

The boundary conditions for the calculation were:

— total pressure at the valve inlet — 1.42 MPa;

— free flow to the atmosphere —p, = 101325 Pa, T =
15°C;

— working fluid — air;

— turbulence model — k—e¢.

The k—e turbulence model was chosen because, in
this problem, we are concerned not with losses in the

wall air flow, but with the parameters of the main flow.
This turbulence model has also been successfully applied
in numerous studies of hydraulic flow characteristics [9,
18]. The computational model with boundary conditions
is shown in Fig. 5.

Full-scale tests to verify the FEM calculations were
conducted on a test bench using a bellows-sealed shut-off
needle valve, the design of which is shown in Figure 1b.
The technical characteristics of the test valve are presented
in Table 1.

The stand for determining the flow characteristics of
the valve is an installation, the diagram of which is shown
in Fig. 6 [2, 12].

In this case, the device supplying the working fluid
(air) is a compressor with a large-volume receiver. Using
a preset pattern, the operator rotates the flow regulator

Fig. 4. A grid model for calculating air flow in a bellows-type shut-off needle valve, using the example of a handle
opening of 10°: a) - mesh model of air flow in a bellows shut-off needle valve; b) — prismatic layers in the section of
the inlet/outlet of the working medium in the mesh model; ¢) - the result of mesh refinement in the place where the
working medium passes between the metering needle and the body seat

Fig. 5. Calculation model with boundary conditions
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Table 1. Technical characteristics of the tested valve

Parameter Value
Nominal diameter, DN, mm 10
Working fluid temperature, °C, max 350
Working fluid pressure, MPa, max 20

of the bellows-type shut-off needle valve to the required

angle. A flow meter measures the flow of the working

fluid at the valve outlet. The air is released into the at-
mosphere.
Parameters of the test bench components:

— the compressor supplies compressed air at a pressure
of p, = 1.42 MPa;

— the position template of the bellows shut-off needle
valve flow regulator allows for precise setting of the
angular position of the regulator handle in 5° incre-
mentsl;

— the flow meter measures the flow rate of the working
medium at the valve outlet with an accuracy of +1%.
Blowing on the stand was carried out according to

the following law: turning the handle of the control rod

in 5° increments and holding for one minute to equalize
the flow indicators.

The error calculation was carried out using the relative
error method, according to the following formula:

5=A/x,_.+100%, (1)

where A — limits of permissible absolute error;
x — the value of the measured quantity at the input
(output) of the measuring instrument.

RESULTS AND DISCUSSION

The results of determining the flow velocity vectors in
the valve, as well as the results of the total pressure distri-
bution in the valve cross-section (Pa) when the control
rod handle is opened by 10°, 45°, and 90° during the FE
analysis are presented in Fig. 7—12.

The obtained results show that, with a sufficiently large
valve opening (45° and 90°), turbulent phenomena (swirl,
flow mixing, etc.) arise and continue to grow, the impact
of which on the flow significantly exceeds the impact of
similar phenomena when the valve is opened by 10°. Sub-
sequently, it is these phenomena that play a key role in the
occurrence of pulsations in the flow rate of the working
medium, shown in Fig. 13.

Table 2 shows the experimental data obtained as a re-
sult of bench tests of a bellows shut-off needle valve.

Based on the results obtained during the FE analysis,
as well as the results of bench tests, the dependence of air

Device for

supplying Belllows Flow meter
working BHE=
medium

Fig. 6. Diagram of the stand for determining flow
characteristics

flow on the angle of rotation of the handle of the control
rod of the bellows shut-off needle valve was established,
which is presented in the form of a graph in Fig. 13.

Analysis of the results obtained during the blowdown
test shows that the flow rate of the working fluid is not lin-
early related to the valve handle angle. A steady increase
in flow rate is observed over a range of handle angles from
0° to 40°. This indicates that, with a relatively small valve
opening, the working fluid flows through the valve without
significant disturbances.

As the handle opening angle increases further from
40° to 60°, the flow rate pattern changes. The graph shows
abrupt changes, which can be explained by the relatively
large opening of the valve seat. This leads to phenomena
(flow stalls, turbulence, etc.), causing flow rate fluctua-
tions on the graph [9].

After reaching a 60° rotation angle, the flow rate curve
becomes oscillatory. In this section, the flow is constantly
and significantly affected by turbulence and becomes un-
stable, making it difficult to accurately determine the air
flow rate.

Table 3 provides a comparative analysis of the air flow
rates obtained from the finite element analysis and from
the results of full-scale rig tests.

Having analyzed the results presented in Table 3, we
can conclude that the discrepancy between the air flow
values obtained during the FEM calculation and during
bench tests, depending on the value of the valve handle
rotation angle, is no more than 5%, which confirms the
required accuracy and correctness of the FEM analysis.

CONCLUSION

Based on the data obtained from the research con-
ducted, the following main conclusions were formulated:

1. It has been shown that the design of the bellows
shut-off needle valve allows it to be used as a high-quality
shut-off switchgear in critical industries with high operat-
ing environment parameters (pressure, temperature and
flow).

2. A rig test of the bellows valve was conducted,
which resulted in its flow characteristic being deter-
mined. The test results revealed that, due to the geom-
etry of the working channel, flow stalls and turbulence
occur at large opening angles, leading to an oscillatory
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Fig. 7. Flow velocity vectors of the medium flowing through the valve when the control rod handle is opened by 10°

Total Pressure
Contour 1
1462249
1250286 ’
1038322
826359
614395
402431
190468
-21496
-233459
-445423

-657386
[Pa]

Fig. 8. Distribution of total pressure in the cross-section of the valve (Pa) when the control rod handle
is opened by 10°
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Fig. 9. Low velocity vectors of the medium flowing through the valve when the control rod handle is opened to 45°

Total Pressure
Contour

1486206
977670
469134
-39401
-547937
-1056473
-1565008
-2073544
-2582079
-3090615

-3699151
[Pa]

Fig. 10. Distribution of total pressure in the cross-section of the valve (Pa) when the control rod handle
is opened by 45°

http://nanobuild.ru 708 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

1SSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (5):
HaHoTexHonornn B cTtponTenbcTee 701-712 NanOb

SYSTEM SOLUTIONS FOR TECHNOLOGICAL PROBLEMS

Fig. 11. Flow velocity vectors of the medium flowing through the valve when the control rod handle
is opened to 90°
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>

Fig. 12. Distribution of total pressure in the cross-section of the valve (Pa) when the control rod handle
is opened by 90°
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Fig. 13. Graph of air flow versus handle rotation angle of a bellows-sealed needle valve: 1 - experimental results;

2 - simulation results

Table 2. Experimental data obtained from bench tests of a bellows shut-off needle valve

Angle of rotation of the control rod handle a. deg. Air flow. Q. kg/s
5 0.000255
10 0.000934
15 0.001468
20 0.002823
25 0.003778
30 0.004588
35 0.006216
40 0.007087
45 0.007250
50 0.007424
55 0.008687
60 0.008962
65 0.008936
70 0.009894
75 0.009180
80 0.009084
85 0.009949
920 0.009978
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Table 3. Comparative analysis of air flow values obtained from the results of the FE analysis, as well as from the

results of full-scale tests on the stand

Calculation/ Airflow obtained as aresult | Airflow obtained as a result Dlscr'epancy between r'esults
Parameter of FE analysis, Q, kg/s of full-scale tests, Q, kg/s obtained by FE analysis and
i ! full-scale tests, %
Opening the valve 103 103
handle by 10° 0,96-10 0,93-10 32
Opening the valve PPN A0
handle by 45° 7,49-10 7,25-10 33
Opening the valve 103 103
handle by 90° 10,2:10 9,98:10 2,2

flow characteristic after the valve’s control stem handle
is opened more than 60°.

3. The FE method for analyzing the flow of the work-
ing medium in the valve allows us to determine the air
flow through the valve at a certain opening angle of the
control rod handle with an error of no more than 5%

Thus, data on the flow characteristics of bellows valves,
obtained using mathematical modeling using the FE analy-
sis method, will allow the creation of control programs for
these valves for the required technological process, im-
proving the quality of manufactured products and process
safety, as well as minimizing the time of pilot testing of

compared to full-scale tests on a bench. technological systems in which these valves are used.
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PUBLICATION ETHICS AND PREVENTION
OF MALPRACTICE PUBLICATION

Compliance requirements of publication ethics in the preparation and publication of the journal Science Editor
and Publisher apply to all members of the publishing process, i.e., authors, editors, reviewers, and the publisher of
the journal. The editorial board monitors compliance with the ethics requirements based on the manuals prepared
by international specialized organizations, associations and publishers, as well as the Association of Science Editors
and Publishers. The main standards relied on by the journal «<Nanotechnologies in construction» are those developed
by the Committee on Publication Ethics (Committee on Publication Ethics) in the United Kingdom, by the publisher
Elsevier (Netherlands), and other non-Russian editorial associations and information systems, as well as the declara-
tion of «Ethical Principles of Scientific Publications», adopted by the Association of Science Editors and Publishers
(Russia).

The responsibility of the authors of material for the journal «<Nanotechnologies in construction»

1. The author submits materials for review, which have not been previously published. If the article is based on
previously published material which are not academic articles or based on materials presented on the Internet, the
author should notify the editorial staff of the journal.

2.The author does not submit the same article to different journals for review.

3. All co-authors consent to the submission of their articles to the journal.

4.The author should inform the editorial staff about a potential conflict of interest. In the case of the absence of
any competing interests the author should claim that by writing «Author declare the absence of any competing in-
terests» in the paper.

5.The author takes the necessary steps to ensure the correctness of citations in the submitted article.

6. The list of authors included only individuals who have made significant contributions to the research.

7.The author correctly cites his or her previous work as to avoid self-plagerism in the manuscript and the artificial
increase of volume of publications (salami-slicing).

8. The author, who is acting as the contact with journal, informs all other co-authors of all changes and sugges-
tions from the editorial staff, and does not make decisions regarding the article alone without the written consent of
all co-authors.

9.The author properly corresponds with the reviewer through contact with the editor and responds to comments
and observations if they arise.

10. If necessary, the authors either adjust the data presented in the article, or refute them.

Responsibility of the editors of the journal <Nanotechnologies in construction»

1.The editors are personally and independently responsible for the content of the materials published and recog-
nize that responsibility. The reliability of the work in question and its scientific significance should always be the basis
in the decision to publish.

2.The editors of the journal can check the materials with anti-plagiarism system «Antiplagiat» detecting borrowed
fragments to provide copyright protection.

3. The editors make fair and objective decisions, regardless of any commercial considerations and provide a fair
and efficient process for the independent review.

4. The editors evaluate manuscripts’ intellectual content without regard to race, gender, sexual orientation, reli-
gion, origin, nationality, and/or the political preferences of the authors.

5.The editors do not work with articles for which they have a conflict of interest.

6. The editors resolve conflict situations arising during the editorial process, as well as use all available means to
resolve these situations.

7.The editors of the journal publish information concerning corrections, rebuttals, and review articles in case the
need arises.

8.The editors of the journal do not publish the final version of the article without the consent of the authors.
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The responsibility of the reviewers of the journal <Nanotechnologies in construction»

1. The reviewer evaluates his or her own availability before the examination of the manuscript and accepts materi-
als for review only if the reviewer is able to allow for sufficient time as to ensure the quality his or her work.

2. The reviewer must use the form created by the editors and delivered with paper. The reviewer may give ex-
tended review.

3. The reviewer notifies the editorial staff of any conflict of interest (if one exists) before the start of the review of
the paper.

In the case of the absence of any competing interests the reviewer should claim that by writing «The reviewer
declares the absence of any competing interests» in the review.

4.The reviewer does not send information about the article and or any of the data contained within the article to
any third party.

5. The reviewer does not use the information obtained from the article for any personal and or commercial pur-
poses.

6. The reviewer does not make conclusions about the quality of the article on the basis of subjective data, e.g. the
personal relationship to the author, gender, age, religion, etc.

7. The reviewer uses only proper and appropriate language and explanations in respect to the articles, avoiding
any personal remarks.

The responsibility of the publisher of the journal <Nanotechnologies in construction»

1. The publisher not only supports scientific communication and invests in the process, but is also responsible for
complying with all current guidelines and standards for publishing scientific work.

2.The publisher does not affect the editorial policy of the journal.

3. The publisher provides legal support to the journal if necessary.

4.The publisher provides for the timely release of futures issues of the journal.

5.The publisher publishes changes, explanations, and recalls articles that have been identified to contain scientific
misconduct and or critical errors.

The responsibility of the editor-in-chief of the journal <Nanotechnologies in construction»

1. The editor-in-chief is responsible for making a decision which of submitted papers are to be published in the
journal. This decision always must be based on the examination of paper reliability and its importance for scientists
and readers. The editor-in-chief may be guided by methodical recommendation elaborated by the editorial board of
the journal. He also may take into account legal requirements, such as exclusion of libel, infringement of copyright
and plagiarism. When making decision on the publication, the editor-in-chief may consult with the members of edito-
rial board, reviewers.

2. The editor-in-chief evaluates submitted papers by the intellectual content, regardless of the race, sex, sexual
preference, religion, ethnic origins, citizenship and political views of the author.

3. The editor-in-chief, editorial staff, members of the editorial board must not disclose information on the submit-
ted manuscript to the third person except for the author, reviewers, potential reviewers, and the publisher.

4.The information contained in the submitted paper cannot be used in the paper of the editor-in-chief, members
of the editorial board without author’s written permission. Confidential information or ideas obtained during review
must be kept in secret and must not be used for self-profit.

5. The editor-in-chief should not review the paper if there is a conflict of the interests evolving from competition, co-
operation or other relations with someone from the authors, companies and organizations which are related to the paper.

6. The editor-in-chief should ask all authors to present information on the certain competitive interests and pub-
lish corrections if the conflict of the interests has been revealed after the publication. If necessary another appropriate
action such as publication of disproof or expression of a concern can be performed.

7. The editor-in-chief should take reasoned and prompt measures if he gets complaints of ethnic character in re-
spect to the submitted manuscript or issued paper, contacting with the editors and publisher.

Complaints and appeals handling

In the case of incoming complaints and appeals a commission is formed. The commission can consist of the pub-
lisher, the editor-in-chief, deputy editor-in-chief, members of editorial council, authors and specialists which are com-
petent in the considering subjects.

An investigation is held and the results of it are reported to all interested parties. According to laws, if it is neces-
sary, the materials are delivered to competent state bodies.
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Policy of disclosure and conflicts of interest /competing interests

Unpublished data from manuscripts submitted for consideration can not be used for personal research without
the expressed written consent of the author.

Information or ideas obtained through peer review and related actives, which potentially can be beneficial to any
party other than the author, must be kept confidential and not be used for personal gain.

The editors and reviewers should not participate in the examination of manuscripts in the event of a conflict of
interest that is a result of any competitive, cooperative, and or other interactions and relationships with any of the
authors, companies, and or other organizations involved in the creation or presentation of the works.

The politics of the journal concerning data exchange and reproductibility

The journal papers (metadata of papers) are available for free access at the journal’s website and at the websites of
different citation systems (data bases).

The authors of the materials published in the journal permit using their content according to the license Creative
Commons CC-BY «Attribution». This kind of license allows other people to distribute, edit, correct and base on the
work of the authors, even with commercial purpose, while the authors mention them as co-authors. The license is
recommended to distribute widely and use licensed materials.

The politics of the journal concerning data exchange and reproducibility are aimed at providing «transparent» sci-
ence and transparency is a guarantee of high-quality research and innovations.

Ethical oversight of the published materials

The publisher and the editor-in-chief should deal with protection of reputation of the published materials by
studying and evaluating claimed or potential delinquency (research, publications, reviews and editorial activities)
jointly with scientific community.

That means interaction with the author of the manuscript and detailed consideration of the complaints or declared
reclamations. To detect such delinquencies as plagiarism, the editor must use proper license software or systems.

If the editor-in-chief obtains proved evidence of delinquency, he must inform the publisher and the members of
editorial council about this, as well as immediately notify the author about necessity to correct the paper or paper
retraction (in dependence on the situation).

Derivation and plagiarism

During the consideration of an article, the editorial staff of the journal «<Nanotechnologies in construction» may
conduct a verification of the submitted materials with the help the Anti-plagiarism system. In the case of the discov-
ery of multiple incidents of content matching, the editorial staff acts in accordance with the rules of COPE.

Intellectual property
The editors should carefully deal with the issues concerning intellectual property and interact with the publisher
when settling the cases of probable delinquencies and agreements on intellectual property protection.
The editors aside from using plagiarism detecting tools can also:
- support the authors whose copyright was infringed or those who suffered from plagiarism;
- cooperate with the publisher to protect copyright and to pursue infringer (for example, by applying for paper
retraction or removing materials from websites).

Discussion of the papers published in the journal. Corrections made after publication

The editors must be open for the researches that oppose the papers published earlier in the journal; to encourage
and to be ready to consider valid criticism of the papers published in the journal.

The authors of the criticized works should have an opportunity to respond the criticism. The papers describing
only negative results can also be published.

Preprint and postprint policy

During the submission process, the author must confirm that the article has not been published and or accepted
for publication in any other journal. When citing articles published in the journal «Nanotechnologies in construction»,
the publisher requests the authors to provide a link (the full URL of the material) to the official website of the journal.

Articles, which have been previously posted by the author on personal and or public websites that have no rela-
tionship to any other publishers, are allowed to be submitted to the journal.
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On the procedure in case of abusive practice (infringement)

Publisher, editor-in-chief, each member of editorial staff member of editorial board, author, reviewer or reader
must comply journal’s Publication Ethics and are obliged to report any known facts concerning committed or poten-
tial infringement.

The journal’s editors immediately launch investigation on all messages that state abusive practice (infringements).
If the information is confirmed, the measures to eliminate claimed abusive practice (infringements) will be taken. Ac-
cording to legislation, all materials, if it is necessary, are referred to proper state bodies.

In response to all author’s claims the editors give full and substantiated replies and make great efforts to resolve
any conflicts.

Policy of using generative artificial intelligence

Generative artificial intelligence (Al) and artificial intelligence-based technologies can be used to improve the
language of a manuscript, such as grammar, syntax, and spelling. In this case, no statements about the use of Al are
required from the author(s).

In all other cases, the authors should disclose the use of generative Al technologies in the “Additional information
section of their manuscript. The application may be as follows: “During the preparation of the manuscript, we used
[the name of the tool/service] for [a reason]. After using this tool/service, we have reviewed and edited the content
as necessary and assume full responsibility for the content of the published article!” This means that the use of Al-
generated technologies should be accompanied by human supervision and control. Authors should carefully check
and edit the results obtained, as the text generated by Al can often be erroneous, incomplete, or biased. The authors
are fully responsible for the content of their work.

If the manuscript contains images created or modified using generative Al or Al-supported tools, the authors
should report this in the “Additional Information” section. They should provide a detailed description of when and
how these tools were used. In addition, the authors must confirm that they have obtained all permissions to use the
materials.

The authorship of a manuscript can only be attributed to a person. Al and Al-enabled technologies cannot be
listed as author(s) or co-author(s) due to their inability to meet the criteria of authorship. They cannot take responsibil-
ity for the work, approve publication, manage copyrights, or resolve issues related to conflicts of interest.

”

Personal Data Processing Policy (for Authors, Reviewers, and Readers)

The Editorial Board of the Electronic Edition «Nanotechnologies in Construction: A Scientific Internet Journal» has
established its policy regarding the processing of personal data of authors, editors, reviewers, and readers in ac-
cordance with the Provisions of the Federal Law of the Russian Federation dated July 27, 2006, No. 152-Federal Law
«On Personal Data» (hereinafter referred to as the «Personal Data Law»). This policy is aimed to ensure the protection
of human and civil rights and freedoms during the personal data processing, including the protection of the right to
privacy, personal privacy, and family confidentiality.

More detailed information is available on the website of the Electronic Edition «<Nanotechnologies in Construction:
A Scientific Internet Journal».

http://nanobuild.ru 716 info@nanobuild.ru


http://nanobuild.ru/ru_RU/
https://nanobuild.ru/en_EN/personal-data-processing-policy/
https://nanobuild.ru/en_EN/personal-data-processing-policy/

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (5): '
HaHoTexHonorum B cTponTenbcTBe 717-722 NanObL" ]

AUTHOR GUIDELINES

Admission of articles

The authors submit to the editors:
« electronic manuscript by e-mail: info@nanobuild.ru;
« accompanying letter (the editors send the sample of the letter to the authors on demand).

The authors of the materials published in the journal permit using their content according to the license Creative
Commons Attribution 4.0 International (CC-BY 4.0); agree to publish full texts (parts or metadata) of the paper in free
access in Internet at the official website of the edition (www.nanobuild.ru), citation systems (data bases). All that
authors indicate in the cover letter. More details about the license Creative Commons Attribution 4.0 International
(CC-BY 4.0) are available here https://creativecommons.org/licenses/by/4.0/.

When submitting articles to the journal, it is presumed that:
« the work has not been previously published in any other journal;
 thearticle is not under consideration in any other journal;
- all co-authors consent to the publication of the article;
. thereis implicit or explicit consent of the organization in which the study was conducted.

Information about the conflict of interest
The article should exclude any actual or potential conflict of interest. If there is no conflict of interest, you should
write that «the author declares no conflict of interest.»

When submitting a manuscript to the journal, authors should ensure that the content of the paper corre-
sponds the topic of the journal; the structure and the format of the paper meet the editorial requirements; all citations
are properly formatted and the source of tables and figures are shown (unless otherwise indicated, it is assumed that
the tables and figures created by the author).

Basic sections of the journal:
- construction material science;
+ the study of the properties of nanomaterials;
- theresults of the specialists’and scientists’ researches;
« manufacturing technology for building materials and products;
- international scientific and technical cooperation;
« overview of inventions in the field of nanotechnology;
- development of new materials;
- rational use of natural sources;
- efficient use of recycled resources;
+ the application of nanomaterials and nanotechnologies in construction;
« system solutions for technological problems;
- inrelated sectors;
- forums, exhibitions, conferences and events in the area of construction and nanoindustry.

These are the topics of the papers published in the journal: creation of new functional materials; nanostruc-
tured systems strength and penetrability formation theory development; the problems of nanomaterials and nano-
technologies implementation in construction and building materials; cement and other binders with mineral and
organic additives; diagnostics of building systems nanostructures and nanomaterials; modification of building mate-
rials with nanofibers; disperse composite materials with nanocoating; formation of nanostructure coatings by means
of laser sputtering; technologies aimed at studying nanomaterial properties; the systems of teaching the fundamen-
tals of nanotechnologies; technological principles of nanostructures creation (liquid melts, sol and gel synthesis).
The topics may be different, directly or indirectly related to the areas mentioned above.

The journal can also publish: original article, review article, editorial, discussion paper, individual bibliography, edi-
torial notes, book reviews, article reviews, etc.
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The structure of the paper
IN ENGLISH

NAME OF THE SECTION (In English)

Original article (review article, editorial, discussion paper, individual bibliography, editorial notes, book reviews,
article reviews, etc.) (In English)

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

Title (In English)

Authors’ First name. The first letter of the patronymic (if any) Last name (In English)

place of employment of each author, city, country (In English)

(name of institution (organization) at which the author works or studies is given without legal form: Ltd, SOE, etc.)
*Corresponding author: e-mail: XXXXXXXXXX

ORCID author:
first name and last name — https://orcid.org/xxxx-Xxxx-XXxX-XXxx

Abstract: the source of information, which is independent on the paper and which allows Russian and foreign
specialists to make conclusion about the quality of the content of the paper (extended abstracts must be informative,
original, novelty, contain main results of research, structured according to IMRAD (Introduction, Methods and Materi-
als, Results and Discussion), compact — 200-250 words) (In English):

Abstract: Introduction... Methods and Materials... Results... Discussion... Conclusion...

Keywords: (In English) They are separated from each other by commas and there are no dots placed after the last one

Acknowledgments / Sources of funding for scientific research: (In English)

For citation: (In English)

Example.
For citation: Nizin D.R., Nizina T.A., Spirin I.P, Chibulaev L.A., Pivkin N.A. The effect of the concentration of nano-
modifiers and the moisture content of samples on the change in the properties of epoxy polymers. Nanotech-
nologies in Construction. 2024;16(6):499-509. https://doi.org/10.15828/2075-8545-2024-16-6-499-509. — EDN:
QGYFFZ.

© authors, 2025

Text of the paper: (In English, number of words 3000-6000)
«-INTRODUCTION

« METHODS AND MATERIALS

« RESULTS

« DISCUSSION

« CONCLUSIONS

References (In English) (according to Vancouver Style).

Example:

1. Nizin D.R., Nizina T.A., Maryanova A.V., Mironov E.B. Moisture absorption of 3D-printed PETG plastic Samples.
Bulletin of MGSU. 2023;18(7):1078-1088. https://doi.org/10.22227/1997-0935.2023.7

2. Venkatraman V. Conventions of Scientific Authorship. Science. 16 April 2010. Available at: https://www.sci-
ence.org/content/article/conventions-scientific-authorship-0 (accessed: 13.05.2024).

3. Allen L., Scott J, Brand A, Hlava M., Altman M. Publishing: Credit where credit is due. Nature.
2014;508(7496):312-313. https://doi.org/10.1038/508312a

4. Mekeko N., Tikhonova E. Description of Author Contributions while Submitting a Manuscript: The CREDITSys-
tem. Journal of Employment and Career. 2022;1(4):5-7. (In Russ.) https://doi.org/10.56414/jeac.2022.24

Note: 1. The titles of journals, books, etc. are indicated in italics.
2. Materials published only in Russian are indicated (In Russ.)

http://nanobuild.ru 718 info@nanobuild.ru


http://nanobuild.ru/ru_RU/

ISSN 2075-8545 (online)

Nanotechnologies in construction 2026; 18 (5): '
HaHoTexHonorum B cTponTenbcTBe 717-722 NanObL" ]

Additional information (on the use of generative artificial intelligence and artificial intelligence-based technolo-
gies) (In English)

Examples:

The authors declare that generative artificial intelligence technologies and technologies based on artificial
intelligence were not used in the preparation of the article.

or

During the preparation of this article, [tool/service name] was used for [reason]. After employing this tool/
service, the content has been revised and edited as needed and | take full responsibility for the content of the
published article.

Information about the author (authors) (In English)

— First name The first letter of the patronymic (if any) Last name (full);

—academic degree;

—academic title;

—-name of institution (organization) and its department at which the author works or studies is given without legal
form: Ltd, SOE, etc.;

- address of the institution (organization), its department at which the author works or studies (city and country);

— authors’ e-mail address;

- Open Researcher and Contributor ID (ORCID) (if available).

E-mail address is given without word “e-mail” and is not followed by dot. ORCID is given as an electronic address
in Internet and is not followed by dot. Name of institution (organization), its address, e-mail address and ORCID of the
author are separated with a comma.

The editors can give additional information about the author: position, honorary title, membership in organiza-
tions, etc.

Example.

Zhanna V. Pisarenko - Dr. Sci. (Econ.), Professor, Saint-Petersburg State University, Economic Faculty, Depart-
ment of Risk Management and Insurance, Saint-Petersburg, Russian Federation,

z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Contribution of the authors (In English):

author’s First name The first letter of the patronymic (if any) Last name (full); author’s personal contribution in
article writing is briefly described (concept, collection of materials, analytical work, article writing, scientific editing of
the text, etc.).

Example.

Marina S. Morozova - scientific management; research concept; methodology development; participation in
development of curricula and their implementation; writing the draft; final conclusions.

Elena V. Bokova - participation in development of curricula and their implementation; follow-on revision of
the text; final conclusions.

The authors declare no conflicts of interests.

The article was submitted XX.XX.202X; approved after reviewing XX.XX.202X; accepted for publication XX.XX.202X.

IN RUSSIAN

NAME OF THE SECTION (In Russian)

Original article (review article, editorial, discussion paper, individual bibliography, editorial notes, book reviews,
article reviews, etc.) (In Russian) / (In English)

https://doi.org/10.15828/2075-8545-202X-X-X-X-X

Title (In Russian)
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Authors’ first name and last name (In Russian)

place of employment of each author, city, country (In Russian)

(name of institution (organization) at which the author works or studies is given without legal form: Ltd, SOE, etc.)
* Corresponding author: e-mail: XXxxxxxxxx

ORCID author: first name and last name (In Russian) — https://orcid.org/xxxx-XxXX-XXXX-XXXX

Please note! Manuscripts without an ORCID will not be accepted. If the author does not have an ORCID, they must
register at https://orcid.org/ and fill in the required information.

Abstract: the source of information, which is independent on the paper and which allows

Russian and foreign specialists to make conclusion about the quality of the content of the paper (extended ab-
stracts must be informative, original, novelty, contain main results of research, structured according to IMRAD (Intro-
duction, Methods and Materials, Results and Discussion), compact — 200-250 words) (In Russian):

Abstract: Introduction... Methods and Materials... Results... Discussion... Conclusion...

Keywords: (In Russian)

Acknowledgments / Sources of funding for scientific research: (In English)

For citation: (In Russian)

Example.

Ona yntuposanus: HusuH [.P, HusmHa T.A., CnnpuH WM., Ynbynaes W.A., NMusknH H.A. BnusiHue KoHueHTpa-
UMM HaHOMOAUPUKATOPOB 1 BflarocoaepkaHnsa o6pasLoB Ha M3MEHEHME CBOWCTB SMOKCMAHbIX MONIMMEPOB.
HaHnomexHonozuu 8 cmpoumenscmee. 2024;16(6):499-509. https://doi.org/10.15828/2075-8545-2024-16-6-
499-509. - EDN: QGYFFZ.

Article Metadata (In English)

The title of the article (In English)

First name The first letter of the patronymic (if any) Last name of the author(s) (In English)
mandatory indication of the affiliation for each author, city, country (In English)

* Corresponding author: e-mail: XXxxxxXxxx

Abstract: Introduction... Methods and Materials... Results... Discussion...Conclusion...(In English)
Keywords: (In English)

Acknowledgments / Sources of funding for scientific research: (In English)

For citation: (In English)

© authors, 2025

Text of the paper: (In Russian, number of words 3000-6000)
- INTRODUCTION

« METHODS AND MATERIALS

- RESULTS

- DISCUSSION

- CONCLUSIONS

References (in the original language of the article — Russian or English) (Vancouver Style)

Example:

1. Husun O.P, HnsmHa T.A., MapbsiHoBa A.B., MupoHoB E.b. BnaronornouieHue 3D-nevatHbix o6pasuos PETG-
nnacTtunka. Becmnux MICY. 2023;18(7):1078-1088. https://doi.org/10.22227/1997-0935.2023.7

2. Venkatraman V. Conventions of Scientific Authorship. Science. 16 April 2010. Available at: https://www.sci-
ence.org/content/article/conventions-scientific-authorship-0 (accessed: 13.05.2024).

3. Allen L., Scott J, Brand A, Hlava M., Altman M. Publishing: Credit where credit is due. Nature.
2014;508(7496):312-313. https://doi.org/10.1038/508312a

4. Mekeko H.M., TuxoHoBa E.B. OnncaHne aBTopcKoro Bknaga npu nogave pykonucu: cuctema CREDIT. XypHan
Paboma u Kapeepa. 2022;1(4):5-7. https://doi.org/10.56414/jeac.2022.24

Note: 1. The titles of journals, books, etc. are indicated in italics.
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Additional information (on the use of generative artificial intelligence and artificial intelligence-based technolo-
gies) (In Russian)

Examples:

The authors declare that generative artificial intelligence technologies and technologies based on artificial
intelligence were not used in the preparation of the article.

or

During the preparation of this article, [tool/service name] was used for [reason]. After employing this tool/
service, the content has been revised and edited as needed and | /we take full responsibility for the content of
the published article.

Information about the author (authors) (In Russian)

— Last name First name Patronymic (if any) (full);

- academic degree;

—academic title;

- name of institution (organization) and its department at which the author works or studies is given without legal
form: Ltd, SOE, etc. (affiliation);

- address of the institution (organization), its department at which the author works or studies (city and country);

— authors’ e-mail address;

- Open Researcher and Contributor ID (ORCID) (if available).

E-mail address is given without word “e-mail” and is not followed by dot. ORCID is given as an electronic address
in Internet and is not followed by dot. Name of institution (organization), its address, e-mail address and ORCID of the
author are separated with a comma.

The editors can give additional information about the author: position, honorary title, membership in organiza-
tions, etc.

Example.

MucapeHKko XKaHHa BUKTOPOBHa — [JOKTOP SKOHOMUYECKUX HayK, Npodeccop Kadeapbl yNpaBneHus prckamm
N CTpaxoBaHWsA 3KOHOMMYECKOro ¢akynbteta CaHKT-MeTepbyprckoro rocyfapCTBEHHOTO YHUBEPCUTET],
r. CaHkT-lNeTepbypr, Poccuickas Qepepauns, z.pisarenko@spbu.ru, https://orcid.org/0000-0002-9082-2897

Contribution of the authors (In Russian):
author’s last name and initials; author’s personal contribution in article writing is briefly described (concept, col-
lection of materials, analytical work, article writing, scientific editing of the text, etc.).

Example.

Mopo3oBa M.C. — HayuyHOe PYKOBOACTBO; KOHLENUWA WCCEfOBaHWA; pa3BUTME METOAONOrMM; yyactue
B pa3paboTke yuebHbIX NPOrpaMm 1 UX peanm3aLmm; HanMcaHne NCXOLHOO TEKCTA; UTOFOBbIE BbIBOADI.
BokoBa E.B. - yuacTue B pa3paboTke yuyebHbIX Nporpamm 1 nx peanusauun; gopaboTka TeKcTa; MTOroBble
BbIBOADI.

The authors declare no conflicts of interests. (In Russian)

The article was submitted XX.XX.202X; approved after reviewing XX.XX.202X; accepted for publication XX.XX.202X.
(In Russian)

Manuscript text

File format
The editors accept texts saved using Microsoft Word in .rtf format.

Text layout
« Use the font Times New Roman, font size — 14 pt., and 1.5 line spacing;
« Do not use an underscore in the text (for subtitles — use bold, to highlight text — use italics);
- Non-Russian languages titles (journals, organizations, etc.) should be left in the original, enclosed in quotes.
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Abbreviations
All abbreviations should be defined when first used. If the article contains a large number of abbreviations, a list
deciphering each of them can be included before the text of the article

Tables and Figures

All tables and figures must be numbered and identified, they should be a reference in the text. The tables should
not contain empty columns. Figures should be of good quality, suitable for printing. Figures should be submitted
together with the article, with each figure submitted as an individual file.

One way to check the quality of the image, is to increase its size using any image manipulation software. A high
quality image is not burred or distorted when enlarged.

Footnotes
If necessary, use footnotes with continuous numbering (Arabic numerals) throughout the document. Footnotes
can be quotes from the works mentioned in the text, for more information.

Citations and bibliography

The journal requires the use of the Vancouver Citation Style (a reference in the text in square brackets, full biblio-
graphic description of the source in the bibliography in the order mentioned in the text of the article).

The editorial board would like to remind the authors to take into account the citation policy of the journal when
preparing the References section.

A proper citation (References) not only shows the quality of the research, but it also ensures that the cited publica-
tions will be taken into account when assessing the scientific work of the author. International indexing databases
format all submitted references according to a unified structure. Therefore, strict requirements for unification and
standardization apply to this section of scientific articles.

The journal uses an adapted version of Vancouver Citation Style, one of the styles recognized by international
indexing databases.

References

The list of references includes sources used in the text.

References accepted for publication but not yet published articles must be labeled with the words “in press”;
authors should obtain written permission to refer to these documents and evidence that they are accepted for pub-
lication. Information from unpublished sources must be marked with the words “unpublished data / documents,” the
authors must also receive written confirmation of the use of such materials. The journal adopted the Vancouver style
of reference design and citation.

Copyright Notice

Authors who publish in journal agree to the following:

1. Authors retain copyright of the work and provide the journal right of first publication of the work.

2.The authors retain the right to enter into certain contractual agreements relating to the non-exclusive distribu-
tion in the published version of the work here form (eg, post it to an institutional repository, the publication of the
book), with reference to its original publication in this journal.

3.The authors have the right to post their work on the Internet (eg in the institute store or personal website) prior
to and during the review process of its data log, as this may lead to a productive discussion and a large number of
references to this work.

Privacy Statement
Specified when registering the names and addresses will be used solely for technical purposes of a contact with

the Author or reviewers (editors) when preparing the article for publication. Private data will not be shared with other
individuals and organizations.
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