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Abstract: Problem. Despite numerous studies on the problems of rotary friction welding of dissimilar materials, there 

is a lack of data on the influence of welding parameters on the formation of brittle phases in the mating zone of carbon and 

austenitic steels, which affect the structural strength of the joints. Aim. The objective of this study is to evaluate the influ-

ence of the friction force on the impact toughness of the mating zone of welded joints made of 32G2 and 

10Kh11N23T3MR steels. Methods. Welded hollow cylindrical workpieces made of these steels with an outer diameter of 

73 mm and a wall thickness of 12 mm were performed with friction force varying from 70 kN to 210 kN. The remaining 

parameters were held constant: forging force of 280 kN, friction speed of 600 rpm, upsetting during heating of 6 mm, and 

forging time of 3 s. Optical and scanning electron microscopy with EBSD and X-ray spectral analysis were used to study 

the microstructure of welded joints. Impact toughness tests were conducted on specimens with a V-shaped stress concen-

trator in the joint zone at room temperature. A detailed factual analysis of the fractured specimens was conducted, includ-

ing an analysis of the chemical composition of individual characteristic areas with distinct fracture morphologies.  

Results. It was established that the presence of a titanium carbide phase, which forms in the joint zone during diffusion of 

elements during welding, leads to embrittlement of the joint and a decrease in impact toughness. Reducing the heating 

force to 70 kN increases the volume of metal extruded during forging, effectively removing the brittle phase and ensuring 

toughness in the joint zone comparable to that of austenitic steel. Conclusions. The obtained results demonstrated the fun-

damental possibility of producing joints from 32G2 and 10Kh11N23M3TR steels, which have high viscosity, are of practi-

cal interest and can be useful in developing technological modes for welding electric motor shafts and turbocharger rotors. 

Keywords: rotary friction welding; dissimilar joint; medium-carbon steel; austenitic steel; interface zone; impact 

toughness; brittle phase 
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INTRODUCTION 

The demand for energy-efficient structures is growing 

daily across various industries. Often, the production of 

such structures involves the need to join dissimilar materi-

als with different physical and mechanical properties.  

Obtaining joints from combinations of carbon and austenit-

ic steels opens up possibilities for manufacturing electric 

motor shafts, turbocharger rotors, and drill pipes with speci-

fied operational characteristics and an optimal strength-to-

weight ratio. Moreover, these structures are subjected to 

high loads and vibration during operation, making the 

quality of welded joints critically important for their relia-

ble performance. 

Producing reliable joints from combinations of aus-

tenitic and carbon steels is difficult due to differences in 

chemical composition and thermophysical properties. 

Fusion welding methods for joining such materials have 

significant drawbacks associated with high heat input, 

which leads to increased stress and strain concentration 

[1], as well as to the inevitable formation of martensite 

and a decarburized zone, causing a deterioration in me-

chanical properties [2; 3]. Study [4] reports the occur-

rence of several cracks in joints of carbon steel with 

stainless steel, welded in a shielding gas atmosphere, 

after a short period of service life. 

The most promising types of welding for producing 

high-quality joints between austenitic and carbon steels 

are solid-state joining methods, as demonstrated in [5–7] 

using the example of friction stir welding. However, for 

joining bodies of revolution, such as shafts for electric 

motors, turbocharger rotors, and drill pipes, it is advisable 

to use the rotary friction welding (RFW) method. This 

method is carried out by friction of a rotating component 

against another, which moves along the axis under pres-

sure. When a specified axial shortening is achieved, rota-

tion stops, and a higher compressive forging pressure is 

applied to the joined parts [8; 9]. Thus, the RFW process 

consists of two stages: the workpiece heating stage and 

the forging stage. The main parameters of the first stage 

are the heating force, rotation speed, and linear shortening 

(or heating time). The parameters of the second stage are 

the forging force and forging time. 

A review of the literature on producing joints of austen-

itic and pearlitic class steels by RFW has shown the funda-

mental possibility of obtaining high-quality joints from 

these materials [10–12]. Studies [10; 11] present research 

results on joining low-carbon 1045 and 1040 steels (ana-

logues of 40G and 45G) with stainless austenitic 304 steel 

(analogue of 08Kh18N10), which demonstrated the possi-

bility of obtaining a joint with strength equal to that of the 

stainless steel under tension. The structural factor determin-

ing the strength of the joint from these steel combinations is 

the thickness of the chromium carbide interlayer formed at 

the steel interface as a result of diffusion, which depends on 

the welding parameters. The presence of chromium car-

bides at the interface of stainless and carbon steels was also 

demonstrated in [13; 14] when studying the fatigue proper-

ties of the joint. 

Obviously, the welding parameters will influence  

the thermomechanical conditions of the welding process 

and determine the development of diffusion processes and 

the presence of a brittle phase. Optimization of welding 

parameters to achieve the highest strength of joints between 

carbon and stainless steels was carried out in [15; 16]. Stud-

ies [17; 18] established that the pressure and time during 

the friction stage have a greater influence on the joint 

strength than other welding parameters. 

Despite extensive research on the relationship between 

microstructure and properties such as tensile strength and 

hardness of carbon and stainless steel joints made by RFW, 

there is a gap in studies examining the correlation between 

microstructure and fracture toughness. For the pair of 32G2 

and 10Kh11N23T3MR steels, characterized by high initial 

strength, such a relationship has not been established in  

the literature. At the same time, impact toughness is recog-

nized as a sensitive criterion for assessing resistance to this 

type of fracture [19]. Current research confirms that  

the mode of plastic deformation during the forging stage, 

which depends on the welding parameters, plays a decisive 

role in controlling the microstructure and displacing brittle 

phases from the steel interface zone.  

The aim of this work is to establish the relationship 

between the microstructure, impact toughness, and strain 

intensity of workpieces during the forging stage in RFW 

of 32G2 medium-carbon steel and 10Kh11N23T3MR 

high-strength austenitic steel, and to assess the potential 

for producing joints from these steels with high impact 

toughness. 

 

METHODS 

Materials 

The chemical composition of the 32G2 medium-carbon 

steel and the 10Kh11N23M3TR high-strength austenitic 

steel used in this study is given in Table 1. 

Prior to welding, workpieces made of these steels were 

subjected to strengthening heat treatment. For 32G2 steel, 

quenching and tempering were applied, resulting in a tem-

pered martensite structure (Fig. 1 a). For 10Kh11N23M3TR 

steel, the heat treatment consisted of quenching and aging, 

which produced an austenitic structure with inclusions of 

intermetallic particles (Fig. 1 b). 

The workpieces to be welded were tubes with an outer 

diameter of 73 mm and a wall thickness of 12 mm.  

The length of the workpiece made of 10Kh11N23T3MR 

steel was 135 mm (rotating part), and the workpiece made 

of 32G2 steel was 350 mm (stationary part). 

Welding equipment and technology  

Thompson-60 welding equipment (UK) was used for ro-

tary friction welding (RFW). The specific values of  

the RFW parameters are given in Table 2. 

In this experiment, the force during the heating stage 

was varied. Changing this parameter with equal values of 

the specified upset at this stage determines the friction pro-

cess time, as well as the upset during forging, which de-

pends on the degree of material softening. 

The values of these parameters were recorded by  

the welding equipment devices. 
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Table 1. Chemical composition of steels, wt. % 

Таблица 1. Химический состав сталей, масс. % 

 

 

Steel grade С Mn Si S P Cr Ni Cu Mo V Ti 

32G2 0.34 1.40 0.28 0.012 0.012 0.08 0.07 0.12 0.01 – – 

10Kh11N23T3MR 0.06 0.28 0.24 0.002 0.013 10.76 22.55 – 1.23 0.04 2.85 

 

 

 

     

 a b 

Fig. 1. Microstructure of steels in the pre-weld condition: 

a – 32G2; b – 10Kh11N23T3MR 

Рис. 1. Микроструктура сталей в состоянии перед сваркой: 

a – 32Г2; b – 10Х11Н23Т3МР 

 

 

 

Table 2. Values of RFW parameters used in the experiment 

Таблица 2. Значения параметров РСТ, используемые в эксперименте 

 

 

Mode/ 

Sample 

No. 

Heating Forging 

Friction force,  

kN 

Friction time*,  

s 

Rotation speed  

n, rpm 

Upset,  

mm 

Force,  

kN 

Time,  

s 

Upset*,  

mm 

1 70 58 

600 6 280 3 

12.2 

2 140 19 3.3 

3 210 11 1.5 

Note. *Dependent parameter recorded by the welding machine instrumentation. 

Примечание. *Зависимый параметр, зафиксированный устройством сварочной машины. 

 

 

 

Methods for investigating welded joints 

Samples for impact toughness testing and metallograph-

ic investigations were fabricated from the welded tubular 

workpieces by electrical discharge machining. 

Impact toughness tests were carried out in accordance 

with GOST 9654. Samples measuring 10×10×55 mm, 

with a V-shaped stress concentrator in the steel interface 

zone, were tested on a WANCE PIT100 pendulum  

impact tester (China) at room temperature. Impact tough 

ness values were evaluated by determining the average 

value of three tested samples. 

Fractographic analysis was performed using  

an OLYMPUS optical digital microscope (Japan) and  

a JEOL JSM-6460LV scanning electron microscope  

(Japan). The elemental content in individual areas of  

the fracture microrelief was assessed using an INCA En-

ergy 350 energy-dispersive X-ray microanalysis attach-

ment (Oxford Instruments). 
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The microstructure of the welded joints was studied 

using optical and electron microscopy on microsections 

prepared by a standard method and etched on the carbon 

steel side with a 4 % solution of nitric acid in ethyl alco-

hol. The research equipment used included a Nicon 

Eclepse optical microscope (Japan) and a Tescan MIRA 

LMS scanning electron microscope (Japan) equipped 

with an AZtecLive Advanced Ultim Max energy-

dispersive analysis system (accelerating voltage up to 

30 kV). During electron microscopy studies, distribution 

maps of the main alloying elements in the steel interface 

zone were constructed. 

Investigations of the grain structure and texture in  

the interface zone were carried out using EBSD analysis 

with a ThermoScience Scios 2 LoVac scanning electron 

microscope (Japan) equipped with an Oxford Instrument 

Symmetry EBSD detector (accelerating voltage 20 kV) 

using the AZtec software package. The scanning step 

was 0.2 μm. 

 

RESULTS 

Experimental samples of welded joints 

As follows from Fig. 2, as a result of heating and plastic 

deformation of the near-contact metal volumes, the largest 

volume of flash (extruded metal) is observed on the side of 

32G2 steel. The smaller flash volume on the austenitic steel 

side is due to its higher heat resistance and, consequently, 

greater resistance to deformation at high temperatures.  

A dependence is observed between the force at the heating 

stage and the volume of extruded flash. With an increase in 

the friction force from 70 to 140 kN, the flash volume de

creases, which correlates with the recorded values of linear 

upset during forging (Table 2). 

Impact toughness and fractographic analysis 

Fig. 3 presents the results of determining the impact 

toughness in the interface zone of the welded joints and  

the appearance of the tested specimens, as well as the im-

pact toughness values of the original materials. 

According to the obtained data, the original 32G2 

steel possesses the highest toughness in terms of  

the KCV value. The KCV values in the steel interface 

zone depend on the welding mode and, after implement-

ing Mode No. 1, are closest to the value of the austenitic 

steel base metal. When varying the workpiece heating 

force in the range from 70 to 210 kN, an almost twofold 

decrease in the KCV value is noted. 

As follows from fractographic analysis, specimen No. 1, 

obtained with a lower heating force, has a matte, uniform 

fracture (Fig. 4 a). In contrast, specimens No. 2 and No. 3 

demonstrate a more complex macrostructure characterized 

by the presence of separate zones and areas. The formation 

of smooth banded regions having a concentric direction 

relative to the axis of the tubular workpieces is observed.  

In specimen No. 3, the smooth banded microrelief domi-

nates (Fig. 4 c). In the central part of the fractures of speci-

mens No. 2 and No. 3, separate brittle areas with a charac-

teristic sheen are also present. Their proportion is approxi-

mately 50 % in specimen No. 2 (Fig. 4 b) and about 10 % 

in specimen No. 3 (Fig. 4 c). 

A detailed study of the fractures using electron micros-

copy showed that specimen No. 1 has a completely dimpled 

microrelief characteristic of ductile fracture (Fig. 5).  

 

 

 

 

         
 

         

 a b с 

Fig. 2. Experimental specimens of welded joints of 32G2-10Kh11N23T3MR steels  

produced by RFW with different heating (friction) forces (32G2 steel on the left side):  

a – Mode No. 1; b – Mode No. 2; c – Mode No. 3 

Рис. 2. Экспериментальные образцы сварных соединений сталей 32Г2-10Х11Н23Т3МР,  

выполненные РСТ при различном усилии на этапе нагрева (трения) (слева стали 32Г2):  

a – режим № 1; b – режим № 2; c – режим № 3 
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 a b 

Fig. 3. Impact toughness test results for welded joints of 32G2-10Kh11N23T3MR steels  

produced by rotary friction welding: 

a – impact toughness in the joint interface zone compared to the impact toughness of the original materials;  

b – appearance of the tested specimens 

Рис. 3. Результаты испытания на ударную вязкость сварных соединений сталей 32Г2-10Х11Н23Т3МР,  

полученных ротационной сваркой трением: 

a – ударная вязкость в зоне сопряжения сварных соединений в сравнении с ударной вязкостью исходных материалов; 

b – внешний вид испытанных образцов 

 

 

 

         

 а b c 

Fig. 4. Fracture surfaces of 32G2-10Kh11N23M3TR steel welded joint specimens after impact bending tests 

with the notch located in the steel interface zone: 

a – specimen No. 1; b – specimen No. 2; c – specimen No. 3 

Рис. 4. Изломы образцов сварных соединений сталей 32Г2-10Х11Н23М3ТР после испытаний на ударный изгиб  

с нанесением концентратора в зоне сопряжения сталей: 

a – образец № 1; b – образец № 2; с – образец № 3 

 

 

 

The average dimple size is 20–30 μm. At the bottom of  

the dimples, large particles fractured by cleavage are visible 

(Fig. 5 c). X-ray spectral analysis (Fig. 6) revealed that 

these particles contain a high concentration of titanium, 

niobium, and molybdenum, which corresponds to the com-

plex intermetallic phases (G-phase) present in the initial 

state of the austenitic steel. 

The results of investigations of various areas of the frac-

tures of specimens No. 2 and No. 3 are presented in 

Figs. 7, 8, 9. At higher magnification of the smooth areas,  

it is evident that they consist of tiny particles merged into  

a single sheet. X-ray spectral analysis showed a high titani-

um content in them (Fig. 8 a). The shiny fracture areas re-

vealed during macro-examination are represented by  

the formation of quasi-cleavage facets and secondary cracks 

propagating inward. As shown in Fig. 8 b, these areas are 

characterized by the absence of chromium, titanium, and 

nickel, which presumably indicates their belonging to 32G2 

steel. Individual areas of the fracture have a dimpled micro-

relief characteristic of austenitic steel. The belonging of 

these areas to the austenitic steel was confirmed by the high 

content of the main alloying elements – nickel, chromium, 

titanium (Fig. 8 c). 

Thus, the fracture mechanism of specimens No. 2  

and No. 3 is a combination of quasi-cleavage, dimple frac-

ture, and fracture along the boundaries of a phase with 

Mode No. 1 

Mode No. 2 

Mode No. 3 
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 a b 

 

с 

Fig. 5. SEM image of the fracture surface of specimen No. 1  

of the 32G2-10Kh11N23M3TR steel welded joint after impact bending tests: 

a – ×20; b – ×100; с – ×500 

Рис. 5. СЭМ-изображение поверхности разрушения образца № 1  

сварного соединения сталей 32Г2-10Х11Н23М3ТРпосле испытаний на ударный изгиб: 

a – ×20; b – ×100; с – ×500 

 

 

 

 

 

 

Fig. 6. X-ray spectral analysis data for the particle indicated by the arrow in Fig. 5 c 

Рис. 6. Данные рентгеноспектрального анализа частицы, помеченной стрелкой на изображении рис. 5 с 
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Fig. 7. SEM image of the fracture surface of specimen No. 2  

of the 32G2-10Kh11N23M3TR steel welded joint after impact bending tests 

Рис. 7. СЭМ-изображение поверхности разрушения образца № 2  

сварного соединения сталей 32Г2-10Х11Н23М3ТР после испытаний на ударный изгиб 

 

 

 

    

 a b 

 

c 

Fig. 8. Spectra of chemical element distribution in the characteristic selected areas in Fig. 7: 

a – area 1; b – area 2; c – area 3 

Рис. 8. Спектры распределения химических элементов в характерных выделенных областях на рис. 7:  

a – область 1; b – область 2; c – область 3 
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Fig. 9. SEM image of the fracture surface of specimen No. 3  

of the 32G2-10Kh11N23M3TR steel welded joint after impact bending tests 

Рис. 9. СЭМ-изображение поверхности разрушения образца № 3  

сварного соединения сталей 32Г2-10Х11Н23М3ТР после испытаний на ударный изгиб 

 

 

 

a high titanium content. Obviously, the crack develops pre-

dominantly along the plane of new phase formation, occa-

sionally changing its trajectory either towards the 32G2 

steel, forming transcrystalline facets, or towards the austen-

itic steel, forming a dimpled microrelief. 

Microstructure of the steel interface zone 

As shown by the results of metallographic studies, in 

32G2 steel, the formation of a predominantly acicular 

structure occurred, observed in Fig. 10 b, c. The austenit-

ic steel does not undergo phase transformations; it is 

only subjected to dynamic recrystallization. It is evident 

that an increase in the force during heating leads to an 

increase in grain size in the near-contact zones. 

Photographs of the interface zone microstructure obtained 

by optical microscopy, presented in Fig 11, demonstrate a dis-

tinct boundary between the two materials. In 32G2 steel,  

a microstructure of ferrite and acicular bainite was found. In 

the near-contact region on the 32G2 steel side, a decarburized 

layer is observed. In specimens No. 2 and No. 3, at a distance 

of 7–10 μm from the interface on the austenitic steel side,  

a chain of isolated phase is revealed, elongated parallel to  

the boundary (Fig. 11 b, c). In specimen No. 3, this chain is 

almost continuous (Fig. 11 c). 

Analysis of the element distribution (Fig. 12) revealed 

that the particles in the chain consist mainly of titanium and 

vanadium, with no traces of nickel, chromium, or iron. 

 

DISCUSSIONS 

According to data provided in sources [20; 21], dur-

ing the welding of this type of material, the workpieces 

are heated to temperatures of 1200–1400 °C. Under  

the influence of deformation and high temperature, dy-

namic recrystallization processes occur in the steels [22]. 

Furthermore, the 32G2 carbon steel undergoes α→γ→α/ 

phase transformations, which leads to the transformation 

of the initial microstructure into coarse acicular bainite 

near the steel interface zone. Similar observations of 

microstructural changes were presented in detail in [23] 

during the investigation of carbon and austenitic steel 

joints produced by RFW. 

Under conditions of high temperatures and significant 

plastic deformations, diffusion processes are activated in 

the zone of joining dissimilar steels. Considering that car-

bon in steel is the most diffusion-mobile element, and tita-

nium has a high affinity for carbide formation, it can be 

assumed that the identified particles are (Ti,V)C carbides. 

Obviously, they cause embrittlement of the joint. The re-

tention of the carbide phase in the steel contact zone after 

welding depends on the degree of workpiece deformation dur-

ing the forging stage. Experimental data show that with an 

increase in the heating force from 70 to 210 kN, the linear 

shortening of the workpieces during the forging stage decreas-

es from 12.2 to 1.5 mm. This trend is caused by a decrease in 

the extent of the heated material volumes during the friction 

stage. A significant increase in friction time to 58 s with a de-

crease in force to 70 kN led to an increase in the heating depth 

of the workpieces and the degree of material softening in the 

near-contact regions. This allowed significant volumes of heat-

ed metal, including the brittle phase from the contact zone, to 

be extruded into the flash. 

A decrease in the deformation intensity of the workpieces 

during the forging stage contributes to the retention 
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 a b 

     

 с d 

     

 e f 

Fig. 10. Microstructure of the 32G2-10Kh11N23M3TR steel interface zone  

obtained using EBSD analysis (32G2 steel on the left):  

a, b – specimen No. 1; c, d – specimen No. 2; e, f – specimen No. 3;  

a, c, e – microstructure with high-angle boundaries (15°) marked; b, d, f – crystallographic misorientation maps 

Рис. 10. Микроструктура зоны сопряжения сталей 32Г2-10Х11Н23М3ТР,  

полученная с применением EBSD-анализа (слева сталь 32Г2):  

а, b – образец № 1; с, d – образец № 2; e, f –образец № 3; а, с, e – микроструктура с нанесением большеугловых границ (15º);  

b, d, f –карта кристаллографических разориентировок 

 

 

 

of the embrittling phase in the joint zone. This effect is ob-

served with an increase in the heating force to 140 kN. Indirect 

confirmation of a higher degree of steel deformation with a 

decrease in heating force is the formation of a finer-grained 

structure in the austenitic steel in the near-contact regions. 

The study showed that the impact toughness of welded 

joints of 32G2 and 10Kh11N23M3TR steels could be con-

trolled by varying the welding parameters that influence  

the deformation during forging. This, in turn, determines 

the amount of (Ti,V)C carbide phase in the steel interface 

zone. Maximum toughness is achieved with complete elim-

ination of this phase from the contact zone, which ensures  

a uniform, ductile fracture typical of austenitic steels. Simi-

lar results demonstrating high toughness of carbon and 

stainless steel joints in the absence of brittle phases were 

also obtained in [23]. 

Based on the results of the study, an important conclu-

sion can be drawn: to produce a strong and tough joint, it is 

not necessary to increase the pressure during the forging 

stage, as shown in [10]. It is sufficient to reduce the force 

during heating, thereby increasing the friction time and  

the degree of material softening. This promotes the extru-

sion of the undesirable phase from the joint zone. Such  

an approach may be useful when the force applied to  

the workpieces is limited by the capabilities of a continu-

ous-drive welding machine. 
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 а b c 

Fig. 11. Microstructure of the 32G2-10Kh11N23M3TR steel interface zone obtained by optical microscopy:  

a – specimen No. 1; b – specimen No. 2; c – specimen No. 3 

Рис. 11. Микроструктура зоны сопряжения сталей 32Г2-10Х11Н23Т3МР, полученная оптической микроскопией:  

а – образец № 1; b – образец № 2; с –образец № 3 

 

 

 

         
 

         

 

Fig. 12. Element distribution near the interface zone on the 10Kh11N23T3MR steel side 

Рис. 12. Распределение элементов вблизи зоны сопряжения со стороны стали 10Х11Н23Т3МР 

 

 

 

CONCLUSIONS 

The obtained results demonstrate the fundamental feasibil-

ity of producing a joint between 32G2 medium-carbon steel 

and 10Kh11N23T3MR high-strength austenitic steel by rotary 

friction welding (RFW) with a toughness in the joint zone 

comparable to that of the original 10Kh11N23T3MR steel. 

The key factor determining the achievement of high tough-

ness is the absence of the (Ti,V)C brittle carbide phase in 

the interface zone, which forms as a result of diffusion pro-

cesses of carbon and alloying elements between the steels. 

When selecting welding parameters, it is important to 

ensure sufficient deformation during the forging stage to 

remove the undesirable phase from the contact zone. This 

can be achieved by reducing the force during the friction 

stage of the workpieces. The joint will then possess high 

strength and toughness in the interface zone. The obtained 

results may be useful in developing RFW modes for com-

ponents of electric motor shafts, turbocharger rotors, and 

corrosion-resistant drill pipes. 
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Аннотация: Проблема. Несмотря на многочисленные исследования проблем ротационной сварки трением 

разнородных материалов, отсутствуют данные по влиянию параметров сварки на формирование хрупких фаз  

в зоне сопряжения углеродистой и аустенитной стали, оказывающих влияние на конструкционную прочность со-

единений. Цель. Оценка влияния силы на этапе трения заготовок на ударную вязкость в зоне сопряжения сварных со-

единений из сталей 32Г2 и 10Х11Н23Т3МР. Методы. Произведена сварка полых цилиндрических заготовок из указан-

ных сталей внешним диаметром 73 мм и толщиной стенки 12 мм при изменении силы на этапе трения в диапазоне от 70 

до 210 кН. Остальные параметры были неизменными и составили: сила проковки 280 кН, частота вращения при трении 

600 об/мин., осадка при нагреве 6 мм, время проковки 3 с. Для исследований микроструктуры сварных соединений  

использовали методы оптической и сканирующей электронной микроскопии с приставкой EBSD-анализа и рентгено-

спектрального анализа. Испытания на ударную вязкость проводились на образцах с V-образным концентратором 

напряжения в зоне сопряжения при комнатной температуре. Проведен подробный фрактографический анализ разру-

шенных образцов с анализом химического состава отдельных характерных участков, отличающихся морфологией раз-

рушения. Результаты. Установлено, что наличие карбидной фазы титана, формирующейся в зоне сопряжения в про-

цессе диффузии элементов при сварке, приводит к охрупчиванию соединения и снижению ударной вязкости. При 

уменьшении силы на этапе нагрева до 70 кН увеличивается объем выдавливаемого металла при проковке, эффективно 

удаляя хрупкую фазу и обеспечивая вязкость в зоне сопряжения на уровне значений аустенитной стали. Выводы. Полу-
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ченные результаты продемонстрировали принципиальную возможность получения соединений из сталей 32Г2  

и 10Х11Н23М3ТР, обладающих высокой вязкостью, представляют практический интерес и могут быть полезны при 

разработке технологических режимов сварки валов электродвигателей и роторов турбокомпрессоров. 

Ключевые слова: ротационная сварка трением; разнородное соединение; среднеуглеродистая сталь; аустенит-

ная сталь; зона сопряжения; ударная вязкость; хрупкая фаза 
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