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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.
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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 10Kh1IN23T3MR 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 IOKh11N23M3TR
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. %
Taonuua 1. Xumuueckuii cocmas cmanetl, macc. %

Steel grade C Mn Si S P Cr Ni Cu Mo \% Ti
32G2 0.34 1.40 0.28 0.012 | 0.012 0.08 0.07 0.12 0.01 - -
10Kh11IN23T3MR 0.06 0.28 0.24 0.002 | 0.013 | 10.76 | 22.55 - 1.23 0.04 2.85

Fig. 1. Microstructure of steels in the pre-weld condition:
a—32G2; b— 10Kh1IN23T3MR
Puc. 1. Muxpocmpyxmypa cmaneii ¢ cOCmosHuu nepeo C8apKolL:
a—3212; b—10X11H23T3MP

Table 2. Values of RFW parameters used in the experiment

Taonuya 2. 3nauenus napamempos PCT, ucnonvsyemvie 6 Ikcnepumenme

Mode/ Heating Forging
Sample L TP . . s
N Friction force, Friction time*, Rotation speed Upset, Force, Time, Upset*,
0- kN S n, rpm mm kN s mm
1 70 58 12.2
2 140 19 600 6 280 3 33
3 210 11 1.5

Note. *Dependent parameter recorded by the welding machine instrumentation.
Ipumeuanue. *3asucumpiii napamemp, 3aQUKCUPOSAHHBII YCIPOUCMEOM CEAPOUHOU MAUUHDL.

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 10x10%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 yum.

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
32@G2 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 ¢). 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).

Fig. 2. Experimental specimens of welded joints of 32G2-10Kh1IN23T3MR steels
produced by RFW with different heating (friction) forces (32G2 steel on the left side):
a — Mode No. 1; b— Mode No. 2; ¢ — Mode No. 3
Puc. 2. DxcnepumenmanvHuvle 06paszysi ceapHuix coedunenuti cmaneti 3212-10X11H23T3MP,
svinonnennvie PCT npu paznuunom ycunuu na smane Hazpesa (mpenus) (ciesa cmanu 3212):
a — peacum Ne 1; b — pesicum Ne 2; ¢ — pescum Ne 3
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Fig. 3. Impact toughness test results for welded joints of 32G2-10Kh1IN23T3MR 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
Puc. 3. Pezynomamvl ucnvlmaHusi Ha yOaphyio 63K0Cmy ceapuvlx coeounenuti cmanei 321°2-10X11H23T3MP,
NONYYEHHbIX POMAYUOHHOU C8APKOT MPEHUeM.
a — yOapHas 633K0CMb 8 30He CONPANCEHUS CEAPHBIX COCOUHEHUI 8 CPABHEHUU C YOAPHOU BA3KOCIbBIO UCXOOHBIX MAMEPUATIOS,
b — srewnuil 610 UCNLIMAHHBIX 00PA3Y08E

a

b c

Fig. 4. Fracture surfaces of 32G2-10Kh1IN23M3TR 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; ¢ — specimen No. 3
Puc. 4. Hznomwt 06paszyoe ceaphuix coedunenuii cmane 3212-10X11H23M3TP nocne ucnvlmarnuii Ha yOapHulil uzeud
€ HaHeceHueM KOHYEeHMPAmopa 6 30He CONPSIICeHUsL CIaell:
a — obpaszey Ne 1; b — obpazey Ne 2; ¢ — obpaszey Ne 3

The average dimple size is 20-30 um. At the bottom of
the dimples, large particles fractured by cleavage are visible
(Fig. 5 ¢). 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 ¢).

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

Frontier Materials & Technologies. 2026. No. 1
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Fig. 5. SEM image of the fracture surface of specimen No. 1
of the 32G2-10Kh11N23M3TR steel welded joint after impact bending tests:
a— x20; b— x100; ¢ — x500
Puc. 5. COM-uzobpadicenue nogepxnocmu paspyuienus oopazya Ne [
ceaproeo coedunenus cmanei 3212-10X11H23M3TPnocie ucnvimanuil Ha yOapuvlil u3eub:
a— x20; b— x100; c— *x500

Counts

T T
0,00 2,00 4,00 6,00 8,00 10,00

Fig. 6. X-ray spectral analysis data for the particle indicated by the arrow in Fig. 5 ¢
Puc. 6. Jlannvie penmeenocnekmpaibH020 aHaiu3a 4acmuybl, NOMEYeHHOU CMPENKol Ha U300pajceHuu puc. 5 ¢
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Fig. 7. SEM image of the fracture surface of specimen No. 2
of the 32G2-10Kh1IN23M3TR steel welded joint after impact bending tests
Puc. 7. COM-uzobpasicenue nosepxnocmu paspyuenus oopasya Ne 2
ceaprnoeo coedunenusi cmanei 321'2-10X11H23M3TP nocne ucnsimanuii Ha yOapHulil uzeud
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Fig. 8. Spectra of chemical element distribution in the characteristic selected areas in Fig. 7:
a—area l; b—area 2; ¢ —area 3
Puc. 8. Cnexmpoi pacnpeodeneHus Xumudeckux s1eMeHnos 68 XapaKmepHuixX 8blOeeHHbIX 001acmax Ha puc. 7:
a — obnacmy 1; b — obnacmye 2; ¢ — obnacmo 3
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Fig. 9. SEM image of the fracture surface of specimen No. 3
of the 32G2-10Kh1IN23M3TR steel welded joint after impact bending tests
Puc. 9. COM-uz06pasicenue nosepxnocmu paspyuierus oopasya Ne 3
ceaproeo coeounenusn cmaneti 3212-10X11H23M3TP nocne ucnvimaruii Ha yOapHulil uzeud

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 um from the interface on the austenitic steel side,
a chain of isolated phase is revealed, elongated parallel to
the boundary (Fig. 11 b, ¢). 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 a—y—o/
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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Fig. 10. Microstructure of the 32G2-10Kh1IN23M3TR steel interface zone
obtained using EBSD analysis (32G2 steel on the left):
a, b — specimen No. 1; ¢, d — specimen No. 2; e, f— specimen No. 3;
a, ¢, e — microstructure with high-angle boundaries (15°) marked; b, d, f— crystallographic misorientation maps
Puc. 10. Muxpocmpyxmypa 30nul conpsivicenust cmanei 3212-10X11H23M3TP,
nonyuennas ¢ npumenenuem EBSD-ananuza (cneea cmane 3212):
a, b—obpasey Ne 1; ¢, d— obpazey Ne 2; e, f—obpazey Ne 3; a, ¢, e — muxpocmpykmypa ¢ HaneceHuem 6onvuieyenosvix epanuy (15°);
b, d, f—xapma kpucmannoepaghuueckux pazopueHmuposox

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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Fig. 11. Microstructure of the 32G2-10Kh11N23M3TR steel interface zone obtained by optical microscopy:
a — specimen No. 1; b — specimen No. 2; ¢ — specimen No. 3
Puc. 11. Mukpocmpyxmypa 301 conpsicenus cmaneti 321°2-10X11H23T3MP, nonyuennas onmu4eckoti MUKpOCKoOnueu.
a — obpaszey Ne 1; b — obpaszey Ne 2; ¢ —obpaszey Ne 3

Fig. 12. Element distribution near the interface zone on the 10Kh1IN23T3MR steel side
Puc. 12. Pacnpedencrue snemenmog onu3su 30Hul conpsigicenus co cmopoust cmanu 10X11H23T3MP

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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Annomayusn: Tlpo6aema. HecMoTpss Ha MHOTOYMCIICHHBIE HMCCIIEIOBAaHHUSA HPOOJIEM POTAIIMOHHOW CBAPKH TPEHHEM
Pa3sHOPOAHBIX MAaTEpPHAIOB, OTCYTCTBYIOT JAHHBIC 10 BIMSHUIO ITapaMETPOB CBApKW Ha (OpMUpPOBaHHE XPYNKuX (a3
B 30HE CONPSDKCHUS YITIEPOAUCTON M ayCTEHUTHOW CTajM, OKa3bIBAIOIIUX BIMSHUE Ha KOHCTPYKIMOHHYIO IIPOYHOCTH CO-
enuHeHud. Ileanb. OrneHKa BIMSHUS CHIIBI Ha STare TPEHHUsI 3aT0TOBOK HA YAAPHYIO BSI3KOCTh B 30HE COIPSDKEHUS CBAPHBIX CO-
enunennit w3 craneit 32172 u 10X11H23T3MP. Metoasl. [Ipoussenena cBapka mosbIx MAIHHAPUYECKHUX 3arOTOBOK U3 yKa3aH-
HBIX CTaJIed BHEITHUM JJUaMeTPOM 73 MM U TOJIIMHON CTeHKH 12 MM NpH U3MEHEHUH CUIIbI Ha 3Tarle TPeHus B quarna3oHe ot 70
10 210 kH. OcranbHble MapamMeTpbl ObUIN HEN3MEHHBIMHU U COCTaBHIIM: crna npokoBku 280 kH, yactoTa BpareHus Ipy TPEHUH
600 06/MuH., ocanka Ipu HarpeBe 6 MM, BpeMsi POKOBKHM 3 c. [y mccienoBaHuii MUKPOCTPYKTYPBI CBAapHBIX COEIMHEHHH
UCTIOB30BAJIM METO/IbI ONTUYECKON M CKaHMPYIOLIEH EKTPOHHON MHUKpocKonuu ¢ npucraBkoii EBSD-ananu3sa u peHTreHo-
CIIEKTPAJILHOTO aHaimm3a. VchpITaHus Ha yIapHYIO BSI3KOCTH IPOBOIMJIMCH Ha 00Opasmax ¢ V-o0pasHBIM KOHLIEHTPAaTOpOM
HAIpsDKEHUS B 30HE COMPSDKEHUS TP KOMHATHOW Temmeparype. [IpoBeneH mompoOHsIil ppakTorpadmueckuil aHam3 paspy-
IICHHBIX 00Pa3IoB C aHAJIM30M XHMMHYECKOTO COCTaBa OTJACIBHBIX XapaKTEPHBIX yYacTKOB, OTIMUAOIINXCS Mopgoornueit pas-
pyieHus. Pe3yabTarpl. YCTaHOBIEHO, YTO HAMYME KapOWAHOH (a3l TUTaHA, POPMHUPYIOIIEHCS B 30HE COMPSDKEHHS B MPO-
necce IudQy3nun NIEMEHTOB IIPU CBapKe, IPUBOAUT K OXPYINUHMBAHHIO COCNMHEHHS M CHIDKCHHIO yNapHOW Bs3kocTH. [lpu
YMEHBIIEHHUH CHIIBI Ha 3Tare Harpesa 10 70 kH yBemuunBaercss 00beM BBIIABIMBAEMOIO METaIa MPH MPOKOBKE, I()(PEKTHBHO
yaauLsist XpyIKyto ¢asy u odecreunBasi BA3KOCTh B 30HE COTIPSDKEHHS HA YPOBHE 3HAYEHHUI ayCTeHUTHOW cTanu. Beioabl. [Toiy-
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YEHHBIC PE3YNBTAThl IMPOJEMOHCTPHPOBAIN IPUHIMINAIBHYIO BO3MOKHOCTD MOJYYCHHsS COSAWHEHWMI m3 cramei 32172
n 10X11H23M3TP, oGnagarommx BBICOKOH BS3KOCTBIO, TPEACTABIIIOT MPAKTHUECKUH MHTEPEC M MOTYT OBITH IOJNE3HBI TIPH
pa3paboTKe TEXHOJIOTHYECKHUX PEKUMOB CBAPKHU BAJIOB AJIEKTPOABUraTENeH U POTOPOB TYPOOKOMIIPECCOPOB.
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