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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 10GN2MFA 
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 α = 30º–40º.  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, 
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Научная статья 

Преимущества сварки трением штуцеров с конической  
контактирующей формой малого диаметра 
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Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 

🖂🖂 shepkinviktor@rambler.ru  

Аннотация 
Введение. По свидетельствам многочисленных производственных испытаний, применение ручной дуговой 
сварки (РДС) толстостенных штуцеров малого диаметра (до 80 мм) не обеспечивает получения качественного 
сварного соединения, удовлетворяющего требованиям нормативно-технических документов атомных 
электрических станций (АЭС). Решение указанной проблемы возможно на основе разработки технологии 
сварки с оптимальным тепловложением и применения ее взамен РДС.   Существующие технологии сварки 
плавлением не позволяют обеспечить оптимальное регулируемое тепловложение. Однако это может быть 
реализовано при разработке и дальнейшем использовании способа сварки трением (СТ). Поэтому цель данной 
работы заключалась в разработке технологии на основе автоматизированного способа сварки трением, 
позволяющей повысить качество сварных соединений штуцеров малого диаметра энергетического 
оборудования до уровня нормативных требований. 
Материалы и методы. Использовали штуцеры малого диаметра с конусной контактирующей поверхностью из 
низколегированной стали 10ГН2МФА. Экспериментальное исследование выполняли на машине сварки 
трением МСТ–41. Использованы методы неразрушающего и разрушающего контроля качества в соответствии с 
нормативно-технической документацией атомного энергетического машиностроения. 
Результаты исследования. Разработана методика и определены оптимальные размеры конусной 
контактирующей поверхности при сварке. Показано, что оптимальное тепловложение при сварке трением 
достигается при подготовке конусной контактирующей поверхности в диапазоне углов α = 30º–40º.  
Экспериментально отработана методика и параметры режима сварки трением моделей штуцеров малого 
диаметра. В ходе исследований получена и описана циклограмма процесса сварки трением, подтвердившая 
стадийное формирование сварного соединения за счет последовательного включения в стадию нагрева 
кольцевых участков конической поверхности соединяемых деталей. Получены результаты неразрушающего и 
разрушающего контроля, подтвердившие наличие качественного сварного соединения на уровне требований 
нормативно-технических документов АЭС.  
Обсуждение и заключение. Полученные результаты исследований могут быть использованы для разработки 
технологии сварки трением патрубков, а также изделий из углеродистых и низколегированных сталей. 

Ключевые слова: имитатор штуцера, ручная дуговая сварка, сварка трением, коническая поверхность, 
циклограмма, параметры режима, оптимальное тепловложение, механические свойства 
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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; h, b — 
welded joint legs; S — fitting wall thickness. According to the normative document1, 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 — катеты сварного соединения; S — толщина стенки штуцера. Согласно нормативному документу2, из 
которого заимствован рисунок, допускаемый размер на толщину стенки штуцера должен быть ≥2 мм; 
притупление сварного соединения — 4±1 мм; угол разделки кромок под сварку — 50°±5°. 

  

     а) b) 

Fig. 1. Fitting unit: a — 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 equipment3.  

 
1 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 Основные положения по сварке и наплавке узлов и конструкций атомных электростанций, опытных и исследовательских ядерных 
реакторов и установок  ОП 1513-72. URL: https://docs.cntd.ru/document/564412851  (дата обращения: 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].  

 

                       
  

а) b) 

Fig. 2. Fitting unit simulators: a — T-joint simulator;  
b — connection with pre-grooving: d1 — fitting simulator diameter; d2 — housing simulator diameter; А — 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 d2 and fitting d1. 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]:  

 ,ц рN L S = σ ⋅ ⋅    (1) 

Where р σ   — tensile strength, MPa; L — weld length, mm; S — weld thickness, mm. 

 

 

                              а)                                                                                           b) 

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

Calculations for the conical surface were performed according to formula:  

  
[ ]

sin
P

к

L S
N

σ ⋅ ⋅
=

α
  (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 α, whose optimal range, according to the calculation 
results, is presented in Table 1.  

Table 1 
Influence of angle of inclination α on strength indicators 

Connection type Angle of inclination, α,º Load N, N 

Cylindrical – 59,283 
 
 

Conical 

30 118,566 
32.5 110,396 
35 101,609 

37.5 97,396 
40 94,959 

 
Note that an unreasonable change in value α 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 a)  

 
 
 
 
 
 
 

N L N N N 
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а) b) 

Fig. 4. Fitting unit: a — 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). 

 
 

Fig. 5. Fitting unit model: α — fitting cone angle; β — 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 α = 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; ∆l — upsetting; τ1–τ7 — cycle phases 

In the welding process, phases τ1, τ2, τ3 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 τ4 — 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 τ5, a process of uniform heating 
of the entire welded surface occurs, close to a quasi-stationary state. The sixth τ6 and seventh τ7 — 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 tc, heating pressure Рн, rotation speed V, 
and forging pressure Рп. The calculation results are shown in Table 2. 

Table 2 
Parameters of FW process of fitting model 

 
Material 

Sample 
number 

Heating pressure, 
MPa 

Forging pressure, 
MPa 

Rotation speed, 
rpm 

Welding time, 
sec. 

 
10GN2MFA Steel 

10–1 0.323 0.539 1,200 27 
10–2 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. 

F n F 

N M 

∆l T 

∆l 

T 

N 

M 

n 

τ 

τ 

τ τ1 τ2 τ3 τ4 τ5 τ6 τ7 
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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.4 

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 
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10GN2MFA 

10–1 635 595 14–17 70–78 123 251 sat sat 

10–2 510 425 12–16 67–71 127 195 sat sat 

10–3 770 650 15 68–70 125 273 sat sat 

 
 

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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    а)     b) 

Fig. 8. Microstructure of various zones of a weld from 10GN2MFA steel  
made by friction welding (×500): a — 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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