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Abstract

Introduction. As numerous production tests show, the use of manual arc welding (MAW) of thick-walled fittings of
small diameter (up to 80 mm) does not provide a high-quality weld joint that meets the requirements of regulatory and
technical documents of nuclear power plants (NPP). The solution to this problem is possible on the basis of research
and development of welding technology with optimal heat input instead of MAW. Existing fusion welding technologies
do not allow for optimal regulated heat input. However, this can be realized during the development and further use of
the friction welding (FW) method. Therefore, this work aimed at developing a technology based on an automated
technique of friction welding, which could provide the enhancing of the quality of weld joints of small diameter fittings
of power equipment to the level of regulatory requirements.

Materials and Methods. Small diameter fittings with a conical contact surface made of low-alloy steel 1I0GN2MFA
were used. The experimental study was performed on a friction welding machine MST—41. Methods of non-destructive
and destructive quality control were used in accordance with the regulatory and technical documentation of nuclear
power engineering.

Results. A methodology was developed, and the optimal dimensions of the conical contacting surface under welding
were determined. It was shown that optimal heat input during friction welding was achieved by preparing a conical
contacting surface in the angle range o =30°—40°. The methodology and parameters of the friction welding mode for
models of small diameter fittings were experimentally tested. In the course of the research, a cyclogram of the friction
welding process was obtained and described, which confirmed the stage-by-stage formation of the weld joint due to the
sequential inclusion of annular sections of the conical surface of the connected parts in the heating stage. The results of
non-destructive and destructive testing were obtained, confirming the presence of a high-quality weld joint at the level
of the requirements of the regulatory and technical documents of the NPP.

Discussion and Conclusion. The obtained research results can be used to develop the technology of friction welding of
pipes, as well as products made of carbon and low-alloy steels.

Keywords: fitting simulator, manual arc welding, friction welding, conical surface, cyclogram, mode parameters,
optimal heat input, mechanical properties
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IIpeumyiecTBa CBapKu TPEeHHEM IITYLHEPOB ¢ KOHUYECKOM
KOHTAKTHpYolIei popMoii Majioro ruamMmerpa

FO.B. ITosieraes™, B.B. Illlenkuu " DX

JIoHCKOM rocy1apCTBEHHBIN TEXHUYECKHH YHUBEPCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
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AHHOTALINA

Beeoenue. Ilo cBuperenscTBaM MHOTOUYUCICHHBIX HPOM3BOJACTBEHHBIX WCIBITAHMN, NMPUMEHEHHE PY4YHOH TyroBoil
cBapku (PJIC) ToncTOoCTEeHHBIX MITYIIEPOB Mayoro auamerpa (10 80 MM) He oOecrieuuBaeT MOTyICHHsST KaueCTBEHHOTO
CBapHOTO COEIMHEHHUS, YIOBICTBOPSIONIETO TPEOOBAHMSIM HOPMATHBHO-TEXHHUYECKHX JOKYMEHTOB AaTOMHBIX
anexTpuueckux craHiuii (ADC). Pemenne ykazaHHOW mIpoOJieMbl BO3MOXKHO Ha OCHOBE pa3pabdOTKH TEXHOJOTMH
CBapKU C ONTHMAaJbHBIM TEIUIOBIOXKEHUEM M IpuMeHeHHs ee B3ameH P/IC.  CymecTByromue TEXHOJIOTUH CBapKu
IUIABJICHUEM HE IO3BOJIIOT OOECIIEUHTHh ONTHMAIBHOE pEryjupyeMoe TeruloBioxkeHue. OJHAKO 3TO MOXKET OBITh
peaan3oBaHO TpH pa3padOTKe U AaibHeWIeM ncrosb3oBanuu criocoda ceapku TperneM (CT). [Toatomy mens naHHON
paboTel 3akirodanack B pa3pabOTKe TEXHOJIOTMM Ha OCHOBE aBTOMAaTH3MPOBAHHOTO CIIOCO0a CBApKH TPEHHUEM,
MO3BOJSIOIIEH IOBBICUTh KAaueCTBO CBAapHBIX COEAMHEHHUI MITyIEpOB MAaJOro JHAMETpa 3HEPreTHYECKOro
000pyaOBaHUs 710 YPOBHS HOPMATHBHBIX TPEOOBaHHH.

Mamepuanst u memoost. VIcTIONb30BaIK MITYIEPH MAJIOTO AUAMETPa ¢ KOHYCHOH KOHTaKTHPYIONIEH MOBEPXHOCTHIO U3
Hu3koserupoBanHoi cramum 10H2M®A. DxcneprMeHTalbHOE MCCICIOBAHWE BBIIONHSIM HAa MAIIWHE CBAapKH
tpeareM MCT—41. Vcrions30BaHbI METOABI HEpa3pyIIAONMIETo U pa3pyNIaloniero KOHTPOIIs KauecTBa B COOTBETCTBUH C
HOPMAaTHBHO-TEXHUYECKOH JOKYMEHTAI[EeH aTOMHOTO SHEPTeTHYECKOT'0 MAITHHOCTPOCHUSI.

Pezynomamut  uccnedosanua. Pa3paboTaHa MeToquKa U OIpEJENeHBl ONTHMANbHBIE pa3Mepbl KOHYCHOM
KOHTaKTHPYIOIIEH MOBEpXHOCTH NpH cBapke. IlokazaHO, 4TO ONTHMAalbHOE TEIUIOBIIOKEHHE IPH CBapKe TPEHHEM
JIOCTUTAeTCsl TMPH TOATOTOBKE KOHYCHOW KOHTAKTHPYIOUIEH TIMOBEPXHOCTH B JMamna3oHe yrioB o = 30°—40°
DKCIIepUMEHTAIFHO OTpaboTaHa METOAMKA M IapaMeTphl PeXHMMa CBAapKH TPEHHEM MOJeNeH INTyLepoB Majoro
nuamerpa. B xozie mccnenoBaHuMil modydeHa M ONMMCaHA IMKJIOTpaMMa IpOLecca CBAPKH TPEHHEM, NOATBEpAMBIIAS
cranuitHoe (OPMHPOBAHME CBAPHOTO COCJUHEHUS 3a CYET IMOCJIEOBATENBHOTO BKIIOUEHHWS B CTAIHI0 Harpesa
KOJIBLIEBBIX YYaCTKOB KOHHYECKOM MOBEPXHOCTU COEAMHAEMBIX JeTanel. IloaydeHsl pe3yapTaThl Hepa3pylIaonero u
pa3pyLIaonero KOHTPOJIs, MOATBEpANBIINE HAJIMYNE KauyeCTBEHHOTO CBAPHOTO COCAMHEHHMS Ha YpPOBHE TpeOOBaHWMH
HOPMAaTUBHO-TEXHUUYECKUX JOKyMeHToB ADC.

Oobcysycoenue u 3axnovenue. TlomydeHHbie pe3yabTaThl UCCIETOBAaHUI MOTYT OBITh HCIIOJIb30BaHBI I Pa3pabOTKH

TEXHOJIOIT'NU CBAPKU TPCHUCM l'Iany6KOB, a TaKXKE PI3£[€JIPII>'I H3 YIJIICPpOAUCTBIX U HU3KOJICTUPOBAHHBIX cTaleil.

KaoueBble cioBa: HUMHUTATOp MITyHEpa, pydHas AyroBas CBapKa, CBapka TpPCHUCM, KOHHUYCCKass IHNOBCPXHOCTD,

HUKJIOTrpaMMa, rnapaMmeTphbl peKnumMa, OITUMAJIbHOC TCIVIOBJIOKCHUE, MEXAaHUYCCKUE CBOMCTBa

BaarogapHocTH. ABTOPBI BBIPQXKAIOT OJIarOAapHOCTh PEAAKIUU M PEICH3CHTAM 3a BHUMATEIbHOE OTHOIICHHE K

CTaTbC U YKa3aHHBIC 3aMCUaHMsA, KOTOPBIC ITO3BOJIMJIN ITOBBICUTH €€ Ka4CCTBO.

Jas umrupoBanus. Iloneraes 10.B., Illenkun B.B. IlpeumyiuecTBa cBapkd TpEeHHEM IUTYLEPOB € KOHMYECKOU
KOHTaKTHpYIOmei (opmoit manoro auamerpa. Advanced Engineering Research (Rostov-on-Don). 2023;23(4):376-386.
https://doi.org/10.23947/2687-1653-2023-23-4-376-386

Introduction. The key problem of welding small diameter fittings is short weld length, which does not allow for
full control of the quality of the manual arc welding process. Supplying welding equipment to the welding site is also
not always technologically possible.

Weld-in and weld-on fittings are connected to the basic part by a fillet seam through manual arc welding with a

coated electrode. Weld-in fittings are welded from the outside or from the inside with a constructive faulty fusion. In
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any case, the presence of non-welded gaps in the joints, which are stress concentrators, reduces the operability of the
structure, as it can cause cracks. A more perfect connection is one that has no unwelded gap. Sometimes, to obtain a
guaranteed penetration of the entire wall of the fitting and to exclude the possibility of cracking from faulty fusion, a
moulding back ring removable after welding is used, or a thick-walled pipe blank is soldered in. After welding, it is
drilled out to the internal diameter specified in the drawing (Fig. 1). This is quite time-consuming, but justified in
critical structures, e.g., in the manufacture of equipment for nuclear power plants [1]. This method is shown in Figure 1,
where the fitting assembly is shown before (a) and after welding (b). Here: D — inner diameter of fitting; 4, b —
welded joint legs; S — fitting wall thickness. According to the normative document!, from which the drawing is
borrowed, the permissible size for the wall thickness of the fitting should be >2 mm; bluntness of the welded joint —
4+1 mm; included angle — 50°+5°.

h, b — KaTeTbl CBAPHOTO COEIMHEHUS; S — TOJIIMHA CTEHKH mTynepa. COrnacHo HOPMaTHMBHOMY JIOKYMEHTY?, U3
KOTOPOT'0 3aWMCTBOBAaH PHUCYHOK, JIONMYCKaeMblii pa3Mep Ha TOJIMHY CTEHKH IITylepa JO0JKEH OBITh >2 MM;

MIPUTYIUICHHE CBAPHOTO COeNUHEHUsT — 441 MM; yroJ pa3iejKu KpOMOK ToJT cBapKy — 50°£5°,

>2
h S

L5
4+1

D D

a) b)

Fig. 1. Fitting unit: ¢ — before welding; b — after welding and removing the weld root

To weld the fitting, the following process operations are performed: turning the hole in the housing, grooving on the
fitting, assembly of the unit maintaining perpendicularity, tacking the fitting, multilayer welding, removal of the weld
root through boring the inner diameter to the standard dimensions.

The known disadvantages of the MAW do not allow for stable quality of the welded joint and are characterized by a
large volume of cast weld metal in a limited space. This causes overheating and high residual stresses, which requires
additional operations of heat treatment. The cost of repairing equipment in the event of a breakdown is high. This
results in time and economic expenditures [2—6].

The analysis of the results of the literature review and production experience indicate the technical and economic
feasibility of abandoning the use of the MAW method for obtaining welded thick-walled connections of fittings and
pipes of small diameter (up to 80 mm) [7, 8].

In this regard, it was decided to investigate the effect of the grooving shape and the method of friction welding
instead of MAW to provide optimal minimum heat input and stable quality of welds. Friction welding is characterized
by optimal heat input (compared to fusion welding methods), in which a fine-grain structure is formed with a low level
of residual welding stresses and a high level of mechanical properties [9, 10].

The objective of the work is to raise the quality of welds of small diameter fittings of power equipment to the level
of regulatory requirements based on the development of an automated friction welding method.

Materials and Methods. Theoretical and experimental studies were carried out on welds made of low-alloy steel
10GN2MFA, used as the basic structural material for the manufacture of a steam generator, pressure compensator, and

other critical NPP equipment?.

! Basic Provisions on Welding and Surfacing of Components and Structures of Nuclear Power Plants, Experimental and Research Nuclear Reactors

and Installations 1513-72. URL: https://docs.cntd.ru/document/564412851 (accessed: 02.08.2023). (In Russ.)
2 Ocnogmvie nonodCeHUA N0 CeapKe U HANIAEKE Y3106 U KOHCMPYKYULl GMOMHbIX 1eKMPOCMAHyuLl, ONbIMHbIX U UCCTCO06AMENbCKUX AOEPHDIX
peaxmopos u yemanogox OI1 1513-72. URL: https://docs.cntd.ru/document/564412851 (nata oopauienus: 02.08.2023).
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In the work, a computational and experimental method was used to select the optimal shape of the joined surfaces

under welding.
The developed friction welding technology was implemented when performing welded joints of fittings on the

MST-41 installation.

Methods and volumes of non-destructive (radiographic, ultrasonic, visual-measuring, hardness determination) and
destructive (static strength and impact bending tests, metallographic studies of the welded joint) control used in the
manufacture of welded structures of NPP were applied to assess the quality of welds.

Research Results. Taking into account the process capabilities of the FW, at the first stage, the assembly technique
was tested without grooving preparation in the form of a “classic” T-joint (Fig. 2 a) [11]. Parameters of the welding
mode were selected according to the recommendations given in [11].

Break

a) b)

Fig. 2. Fitting unit simulators: a — T-joint simulator;
b — connection with pre-grooving: di — fitting simulator diameter; d>— housing simulator diameter; A — gap

Quality control showed that the assembly of the fitting and the cylindrical housing of the equipment provided that
gap A, whose value varied depending on the diameter of housing d> and fitting d;. This form of joint did not provide
uniform heating of the contacting surface, which caused the formation of sections of plastic material and their slippage
with violation of the weld.

Taking into account the negative results of FW at the first stage, at the second stage, a friction welding procedure
with preliminary grooving on the body (Fig. 2 b) was proposed and worked out. As the experimental results showed, at
the initial stage of welding, the annular part was heated, the alignment was disturbed, and the subsequent separation of
the lower part of the fitting simulator occurred, which ultimately caused the formation of a shapeless welded joint.

In the course of the experimental studies, it has been established that to obtain a high-quality weld of a large
thickness base with a certain radius of curvature and a thick-walled fitting of small diameter obtained through friction
welding, it is required:

—to develop a design of the connected surfaces that provides a reliable connection and high mechanical
characteristics of the welded connection of small diameter fittings in a state without subsequent heat treatment or with
heat treatment to lower temperatures;

— to provide optimal heating of the joining surfaces through the use of reasonable values of the welding mode
parameters.

The analysis of the experimental data obtained indicates the need to develop a design of the connected surfaces to

provide more uniform heating and the formation of a high-quality connection under FW. The conical shape of the
surfaces was chosen as one of the options for obtaining such a compound [12—15].

3 Federal norms and rules in the field of the use of atomic energy. Welding and surfacing of equipment and pipelines of nuclear power plants NP-104-
18. Order of the Federal Service for Environmental, Technological and Nuclear Supervision No. 554, dated 14.11.2018. URL:
https://sudact.ru/law/prikaz-rostekhnadzora-ot-14112018-n-554-ob/np-104-18/ (accessed: 02.08.2023). (In Russ.)
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In the process of selecting the optimal contact surface, a verification calculation of the strength of welds of
cylindrical and conical shapes was performed (Fig. 3). Calculations for the cylindrical surface were performed
according to formula [16]:

N, =[oc,]-L-S, (1)

Y

Where [Gp] — tensile strength, MPa; L — weld length, mm; S — weld thickness, mm.

A <
-~
N S N N N
a) b)

Fig. 3. Types of weld joints: a — cylindrical connectable surface; b — conical connectable surface:
N — load; L — weld length; o — angle of connectable surfaces

Calculations for the conical surface were performed according to formula:

y Lol LS

sina

2

It can be seen that the shortest weld joint and the destructive load rate is characteristic of a model with a cylindrical
contact surface. When moving to the conical contact surface, the length of the weld joint and the destructive load rate N
naturally increase. These characteristics depend directly on angle a, whose optimal range, according to the calculation

results, is presented in Table 1.

Table 1
Influence of angle of inclination o on strength indicators
Connection type Angle of inclination, o,° Load N, N
Cylindrical - 59,283
30 118,566
32.5 110,396
Conical 35 101,609
37.5 97,396
40 94,959

Note that an unreasonable change in value a both up and down causes a decrease in strength (with a decrease in the
weld length), or an increase in overheating and the amount of welding deformations (with an increase in the weld
length).

In this regard, it is proposed to use a conical contacting surface on the one hand — on the fitting, on the other — a

reciprocal conical surface on the housing (Fig. 4 @)
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Metal exposed to

\\/ thermal deformation

a) b)
Fig. 4. Fitting unit: « — shape of the contact surface; b— ompleted weld
This design provides performing welds regardless of the diameter of the housing, since ductile metal fills the

connected surface evenly under welding (Fig. 4 b).
Since the developed design provides uniform filling of the weld preparation regardless of the shape of the housing, it
was proposed to use a flat surface of the housing for further experimental studies. The design and manufacture of

models of fittings with different angles of the conical surface was carried out (Fig. 5).

40
p

lg o f S
) = = SN F
g1 13118 & 183
Q

4

O]
140

60

Fig. 5. Fitting unit model: o — fitting cone angle; § — housing cone angle

The dimensions of the angles of the mating surfaces of the joint were selected taking into account the calculation
results, as well as the energy capacity of the MST-41 welding machine and the expected dimensions of the weld [18].

When preparing the surfaces of model elements for welding with cone angles a = 30.0°; 32.5°; 35.0°; 37.5° and
40.0°, welds were formed qualitatively with reasonably selected parameters of the FW mode. At the same time, the
highest quality connection was obtained with a surface angle of 37.5°.

In the course of experimental studies, a pattern was established in the formation of a weld, namely, a gradual process
of friction, heating, and plastic deformation took place on the surface of the welded joint. These differences from the
known methods of forming joints in FW did not allow using the classical cyclogram of the welding process [11]. This
required a more detailed study of the sequence of formation of the compound and the description of the cyclogram of

the process in accordance with the specifics (Fig. 6).
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Fig. 6. FW process cyclogram:
n — angular velocity; F — heating pressure; M — friction moment; N — heat generation power;
T — temperature in the connection zone; Al — upsetting; T1—17 — cycle phases

In the welding process, phases 1, T2, T3 are similar to the initial phases of the FW cylindrical surfaces. In the first
phase, the surface is lapped with separate microirregularities, but, unlike the classical methods, lapping does not go over
the entire surface, but only on the area in contact with the cone. In the second phase, there is an increase in the area of
the contacting surfaces and, as a result, temperature rise. The third phase is characterized by a rise in temperature and
the release of plasticized metal (burr). The fourth phase 14 — phase of sequential heating of the entire cone surface. In
this phase, there is a partial repetition of the processes occurring in the second and third phases. The difference is that
the areas entering the heating process are already partially warmed up. In the fifth phase 15, a process of uniform heating
of the entire welded surface occurs, close to a quasi-stationary state. The sixth 16 and seventh t; — the braking and
forging phases, in which the process of complete stop of rotation and compression occurs.

The implementation of this cyclogram is possible using the developed technique for calculating the parameters of
the friction welding mode [17]. The basic parameters include: welding time t., heating pressure P, rotation speed V,

and forging pressure P,. The calculation results are shown in Table 2.

Table 2
Parameters of FW process of fitting model
Sample Heating pressure, | Forging pressure, Rotation speed, Welding time,
Material number MPa MPa rpm sec.
10-1 0.323 0.539 1,200 27
10GN2MFA Steel 102 0.367 0.539 1,200 32
10-3 0.340 0.539 1,200 30

It is possible to significantly reduce the heating pressure and increase the welding time due to the sequential
inclusion of annular sections of the conical surface of the connected parts in the heating stage.

The proposed process solutions make it possible to obtain high-quality connections with lower operating parameters,
which reduces heat input in the weld, providing a reliable connection and minimal grain growth. In addition, with this
method of welding, the annular sections entering into heating at the point of friction have a layer of ductile metal from
the previous layer, which acts as a lubricant. This reduces the friction coefficient, and thereby reduces the required

power of the welding machine.
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The authors carried out the control of welds by non-destructive and destructive methods. The quality control results
and mechanical properties of welds are shown in Table 3. The results of hardness measurement (Fig. 7) and
microstructure (Fig. 8) of the welds meet the requirements of regulatory and technical documents.*

The hardness values in all samples indicate a fairly uniform structure over the entire weld section. Hardness values
corresponding to the hardness of quenching structures were not revealed. Figure 7 shows a slight increase in hardness
along the fusion line. To align the values along the cross-section of the weld, it is recommended to carry out heat

treatment — thermofixation.
Table 3
Results of mechanical tests, radiographic and ultrasonic inspection of the fitting welds

Control

Steel grade
3, %

v, %
Bend angle
Impact strength
KCV, J/m?

Sample number

MAW
uT

Stress limit o, MPa
Yield strength .2,
MPa
Relative elongation
Relative narrowing

595 251 sat sat

—_—
T
—_—
3
3
T
~J
o0
L
[\
w

10-1 6

W
(9]

127 195 sat sat

[@))
\\]
-
—_

lOGNIMFA | 10-2 510 425 12-16

10-3 770 650 15 68-70 125 273 sat | sat

HV

360

—_

320

Base metal Base metal

280 remelted metal

240 TIZ TIZ

/

0 1 5 10 15 20 25 L, mm

200

Fig. 7. Hardness distribution over the width of the weld joint made of 10GN2MFA steel
(TIZ — thermal impact zone)

4 Testing rules of metal for equipment and pipelines of nuclear power plants during manufacture and installation. NP-105-18. Order of the Federal
Service for Environmental, Technological and Nuclear Supervision No. 553, dated 14.11.2018. (In Russ.)
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Fig. 8. Microstructure of various zones of a weld from 10GN2MFA steel
made by friction welding (%500): ¢ — thermal impact zone; b — fusion line

Discussion and Conclusion. High and stable quality of the weld is obtained due to optimal heat input under friction
welding of the contacting surfaces through the sequential including of the annular sections of the conical welds in the
heating and friction process. This contributes to the metal structure refinement of the weld and the thermal impact zone,
and obtaining high mechanical properties of the metal of the weld.

As a result of the experimental study, the positive effect of the basic structural and processing factors and, above all,
the conical shape of the connected surfaces, on the quality of thick-walled welds of small diameter fittings (up to
80 mm) was established. The obtained positive results of destructive and non-destructive testing confirm the required
quality and prospects for the use of friction welding of fitting welds with a conical surface in the manufacture of NPP

equipment.
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06 asmopax:

IOpnii BennmamuuoBuu IlosieTaeB, NOKTOp TEXHMYECKMX HAyK, CTapIIMi HaydHBIH COTpYIHHK, Tpodeccop
Kadenpbl MallMH M aBTOMATH3allMM CBAPOYHOIO MPOU3BOJACTBAa JIOHCKOTO TOCYAapCTBEHHOTO TEXHHUYECKOTO

yuuepcurera (344003, P®, r.Poctos-Ha-/lony, tur ['arapuna, 1), SPIN-kom: 7763-3543, ScopusID, ORCID,
anclav51@mail.ru

Buxtop BuxtopoBuu IllenkuH, accucTeHT Kadeapbl MAmIUH W aBTOMAaTH3allMH CBAapOYHOI'O IPOU3BOJICTBA

JloHCKOTO TOCYIapCTBEHHOTO TexHU4eckoro yauBepcuteTa (344003, P®D, r. PocroB-Ha-/lony, . ["arapuna, 1), SPIN-
kox: 2093-6094, ScopusID, ORCID, shepkinviktor@rambler.ru

3asenennviii 6xk1a0 cOasMopos:

B.B. lllenkun — ¢dopmupoBaHre OCHOBHOW KOHIICTIIIMHW, IENH W 3aadd HCCIICNOBAaHUS, NMPOBEJCHUE PacyeToB,
MOJITOTOBKA TEKCTa, (POPMHUPOBAHUC BEIBOJIOB.

10.B. [ToneraeB — Hay4HOE PYKOBOJCTBO, aHAIHM3 PE3yJILTATOB UCCICOBAHMM, TOpabOTKa TEKCTa, KOPPEKTHPOBKA
BEIBOJIOB.

Kongnuxm unmepecos: aBTopsI 3asBISIOT 00 OTCYTCTBUH KOH(IINKTa HHTEPECOB.

Bce agmopur npouumanu u 0006punu oxonuamenbHulil apUAHM PYKORUCH.
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