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The solution to the problem of increasing the reliability and service life of the welded joint of the rotor involved
obtaining its original structure with improved quality characteristics. Obtaining was achieved by improving the
technology of automatic welding. This improvement was based on the performing the welding process on the optimized
parameters of the mode, which provided the appropriate temperature regime of the one-piece connection that is made.
Thus, the welding heat provided the formation of the original structure with higher quality characteristics in comparison
with a similar structure obtained by the normal mode of welding. It was found that austenitic grains in the structure of
the heat affected zone of the welded joint, which is heated above Acs, are smaller in size compared to similar grains in
the structure of the standard technology. Accordingly, the new decay products of austenite in the area of heat affected
zone, which is heated to the temperature range Aci— Acs, Were sorbitol and troostite. Thus, the proposed mode of

automatic welding has increased reliability and increased by 10...15% of the life of the rotor.

INTRODUCTION

The problem of increasing the reliability of NPP
turbine rotors, in connection with the increase in power of
power units is becoming increasingly important. Welded
turbine rotors are made of high-quality steel 25X2NMFA
(TU 108-995-81), which consists of 0.23-0.27 C; 0.17-
0.35Si; 0.40-0.70 Mn; 1.80-2.20 Cr; 0.40-0.60 Mo;
V<0.05 (by calculation); 1.30-1.60Ni; C<0.25;
S$<0.015; P<0.015. Steel 25H2NMFA is used for
production of forged preparations for welded rotors of
turbines K-1000-60-1500 and their modifications (K-
1000-60-1500-2, etc.). The structure of the specified steel
represented the released lower bainite, Flg 1.

Fig. 1. The structure of the base metal of welded joints of
steel 25H2NMFA. x400

The critical points of the induced steel A¢1 — 715 °C
and Acs— 785 °C. Welded joints of rotors according to
regulatory requirements are subject to individual
definition of mechanical properties with use of special
methods of control.

High and medium pressure rotors, such as the K-1000-
60 / 1500 rotor, operate at a certain high temperature and
are the most responsible component of turbines.
Therefore, increasing the reliability and resource,
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according to the growing requirements, necessitates
improving the performance of the welded rotor.

The performance characteristics of the metal of the
welded joint of the rotor from the induced steel largely
depend on the stability of him structural state. Therefore,
improving the quality of the original structure of welded
joints is an urgent problem. It should be noted that for
chemically and structurally similar welded joints made of
15X2MFA and 15X2NMFA steels, the problem of
obtaining their original, better structure is also extremely
important. These steels are used for the manufacture of
reactor bodies WWER-440 and WWER-1000.

The aim of the work is to obtain a welded connection
of the rotor from steel 25H2NMFA with improved quality
of its initial structure.

FORMULATION OF THE PROBLEM

For research, a model of the welded joint of the rotor
was specially made, which in size and shape corresponded
to the actual welded connection of the rotor. This model
was obtained from steel of the same chemical composition
as the rotor itself, and also subjected to the same heat
treatment. Welding of the prototype of the rotor was
performed in an optimized mode, the parameters of which
were determined by modeling the welding heat of the joint
being manufactured [1, 2]. The modeling involved solving
the thermal problem under Navier-Stokes and Fourier
conditions, which provided the appropriate accuracy in
determining the temperature regime in the metal of the
welded rotor joint. Thus obtained welded joints with
improved quality characteristics of its original structure.

The process of automatic welding involved pre- and
associated heating of 300...350 °C, as well as a certain
cooling rate of the obtained connection. Specially
developed equipment was used for welding, as well as
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welding wire SV-HN2GMY and flux AN-17m. Brewing
of slit processing of edges, Fig. 2 was performed using an
automatic electrode movement control system relative to
the bottom and edges of the slit construction. The
construction was filled with layers that were two rollers.

Fig. 2. Microstructure of the metal of the welded joint of
the rotor made of steel 25 H2NMFA. %11

Metallographic studies were performed on sections of
samples of the respective zones, cut along the cross
section of the welded joint of the rotor, Fig.3. The
working surface of the samples was subjected to etching
in a 20% aqueous solution of ammonium persulfate. Thus,
the structure of the areas of heat affected zone (HAZ),
Fig. 4, where the structural transformations took place,
acquired a significant contrast, which is important for its
study. Optical microscopes MMO-1600 and MBS-7, as
well as electron microscope JEOL-7100E were used to
study the structural state, second phases and morphology

of defects and non-metallic inclusions. Mechanical
properties were determined according to regulatory
requirements.
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Fig. 3. Scheme of cutting samples (1-4) to study the
structure of the welded joint. I-III — welding zones:
11— lower, II — middle, III — upper

Fig. 4. The scheme of sites HAZ of welded connection of a
rotor: 1 — fusion section; 2 — overheating;
3 —normalization; 4 — incomplete recrystallization;
5 — weld metal; 6 — the base metal, which has not
undergone structural changes from welding heat
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RESULTS AND DISCUSSION

Automatic welding of the standard rotor sample was
performed at the modes recommended by the regulatory
documentation [3, 4]. At the same time, automatic
welding of the prototype was performed on optimized
modes [1, 2]. In this way, the quality of the initial
structural-phase state of the weld metal was improved It is
taken into account that the reliability of the welded joints
of the rotors largely depends on their initial structural
inhomogeneity, as well as the presence of structures that
can be conditionally attributed to the rejection. For
example: relatively large austenitic grains in the areas of
fusion, overheating and normalization of HAZ of the
welded joint; new decomposition products of austenite in
the form of recrystallized perlite in the area of incomplete
recrystallization.

Large-scale austenitic grains (grain number 6-8,
DSTU 8972:2019) are formed during welding on standard
modes [3-5] in the areas of fusion, overheating and
normalization of the thermal influence zone, which are
heated to T, — Acs temperatures. Their value depends on
the exposure in the above temperature range. In the works
of I.LA. Borisov [5] made a significant contribution to
solving this problem. Peculiarities of austenitic grains
growth have been studied [5-8]. However, the task of
preventing the formation of large austenitic grains in the
metal structure of the welded joints of this steel has
remained unsolved.

Austenitic grains in the weld metal have a significant
effect on the formation of its original microstructure and
significantly affect the mechanical properties and damage
to the welded rotor joint during its operation. Increasing
the holding time of welded joints to 130 h when they are
released (600 °C) does not completely eliminate the
ability of large austenitic grains to contribute to the
damage of the metal of welded joints. That is why it is
advisable to reduce the size of the austenitic grains in
areas of heat affected zone, the metal of which during
welding is heated to temperatures above Acs. The level of
welding heating and the corresponding holding time in the
areas of fusion, overheating and normalization of the zone
of thermal influence of the welded joint differs
significantly, which leads to a separate consideration of
the conditions for the formation of their austenitic
structure.

Taking into account the results of research [5-7], the
above problem was solved by optimizing the parameters
of the welding mode of the rotor joint being
manufactured. The optimization of parameters was
provided by modeling of welding heating of a rotor [1, 2].

By modeling, the temperature regime of the welding
process was established, which ensured the production of
welded joints with high quality characteristics of their
initial structure, Figs. 5, 6. The places were identified in
the weld metal and in the areas of HAZ, where reject
structures can be formed, as well as structures that can be
conditionally attributed to reject. For example: large
austenitic grains in the areas of fusion. overheating and
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normalization of HAZ; new decay products of austenite in
the form of globular zed perlite in the area of incomplete
recrystallization. It was found that these structures are
mainly formed in the central part of the welded joint (see
Fig. 3, samples 2-3). It was found that the simulation of
welding heating can prevent the appearance of structures,
both rejecting and those that can be classified as rejecting.
The dependence of the size of the austenitic grain on the
level of temperature and the residence time of the metal in
the areas of the zone of thermal influence in the
temperature range of higher 4¢3 was revealed. The
number of austenitic grains in the relevant areas of HAZ
of the experimental sample was 10...12.
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Fig. 5. The structure of the weld metal of the welded joint,
see Fig. 3:
a—sample 1; b —sample 2; ¢ — sample 3. x 400
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Fig. 6. The structure of the site of incomplete
recrystallization of HAZ (see Fig. 3, sample 3). x 400.
New decay products of austenite are indicated by arrows
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Consider the areas of HAZ welded sample made on
the optimized parameters of the welding mode. The fusion
section (size about 0.10...0.15 mm) is heated to the
temperature range T — Ts. The grain size of austenite in
this area in comparison with the grain size of the areas of
overheating and normalization is larger and was mainly
number 6. In the area of overheating, the width of which
is about 1.3...1.9 mm, which is heated to the temperature
range Ts (upper limit) — 1150 °C (close, lower limit), the
grain score corresponded to the 7th number. In the
normalization section, which has a width of approximately
1.2...1.7mm and is heated to a temperature range of
1150 °C (near, upper limit) and 43— lower, the grain
numbers were 8-9 numbers, which is close to the original
steel grain sizes. Thus, by using the optimized parameters
of the automatic welding mode, a welded connection of
the rotor with a smaller austenitic grains were obtained.

In the area of incomplete recrystallization, the metal of
which is heated during welding in the temperature range
Ac1— Acs, new decay products of austenite are formed in
the form of troostite or sorbitol, Fig. 6. In contrast to the
welding in normal conditions, new decay products of
austenite are formed in the form of perlite. The structure
of perlite in the area of incomplete recrystallization of
HAZ can be considered as defective. It is the presence of
perlite that accelerates the damage of the metal in this
area. Note that tempering (600 °C, duration 130 h) also
helps to improve the properties of welded joints.

In general, in the areas of HAZ, which are heated
above Acs, thermal conditions ensure the formation of
granular perlite. Tempering after welding promotes the
further formation of bainite as granular. Gives it a round
shape.

It was confirmed [7] that austenite in the metal of the
fusion sites overheating and normalization of HAZ at a
temperature of 380...420°C does not completely
decompose. This feature indicates the presence of a-phase
formation in part by martensitic kinetics. Residual
austenite (5-7%) is converted into a ferritic-carbide
mixture during tempering. By optimizing the welding heat
of the manufactured joints, conditions were created to
obtain less residual austenite (2...4%). This makes it
possible to prevent the formation of martensite and
significantly reduce the presence of residual austenite.

When welding using optimized mode parameters,
welded joints were obtained, the hardness of which, in
contrast to the hardness indicators [7] differs slightly,
Fig. 7, 8.

Hardness indicators confirmed the absence of
defective structures or structures in the weld metal that
can be conditionally classified as defective.

Indicators of impact strength obtained by advanced
technology of welded joints, compared with similar
indicators of standard technology samples, increased by
10...15% and amounted to, Tables 1-4.
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Fig. 7. Distribution of microhardness on cross section of

welded connection, see Fig. 3:
a—sample 1; b —sample 2

Table 1
Impact strength of samples with V-shaped notch on the
weld metal
Sample number KCV index, Jicm?
Sample 1 159
Sample 2 142
Sample 3 145
Sample 4 147
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Fig. 8. Distribution of microhardness on cross section of
welded connection, see Fig. 3: a—sample 3; b — sample 4

Table 2

Impact strength of samples with a V-shaped notch in the
area of fusion of HAZ

Sample number KCV index, J / cm?
Sample 1 121
Sample 2 119
Sample 3 115
Sample 4 118

Table 3

Impact strength of samples with a V-shaped notch in the
area of overheating HAZ

Sample number KCV index, J/ cm?
Sample 1 177
Sample 2 170
Sample 3 184
Sample 4 186

Table 4

Impact strength of samples with V-shaped notch in the
area of incomplete recrystallization of HAZ

Sample number KCV index, J/ cm?
Sample 1 123
Sample 2 114
Sample 3 126
Sample 4 132

Thus, the problem of obtaining a welded joint of the
rotor made of 25H2NMFA steel with improved quality
characteristics of its initial structure was solved by
introducing automatic flux welding on optimized mode
parameters.

CONCLUSIONS

1.1t is determined that the optimization of welding
heating of the manufactured rotor, reduces the size of
austenitic grains in the areas of fusion, overheating and
normalization of HAZ, which improves the mechanical
properties of welded joints. It was found that in the area of
incomplete recrystallization of HAZ with the use of
optimal welding heating, new decay products of austenite
in the form of sorbitol or troostite are formed.
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2. It has been justified that optimization of thermal
conditions for obtaining integral welded joints ensured the
reduction of structural inhomogeneity in the areas of the
thermal impact zone, which improves the mechanical
properties of the metal of welded joints.

3. It is determined that in areas of fusion, overheating
and normalization of HAZ welded joints made of steel
25H2NMFA forms granular bainite with a small amount
of residual austenite (about 2...4%), which during
tempering turns into a ferrite-carbide mixture, which has
no noticeable effect on the mechanical properties.
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HNIIBUINEHHA AKICHOI'O CTAHY CTPYKTYPHU 3BAPHUX 3°€/IHAHDb
I3 POTOPHOI CTAJII

B.B. Imumpuk, B.JO. Ckyavcokuii, 1. B. Kacvanenko, O.B. Baginos, O.I. Kanmop

Bupimenss npo6iemMu miIBUIIEHHS HAIIHHOCTI 1 TepMiHy HaIpaIfoBaHHS 3BapHOTO 3’ €JHAHHS POTOpa Mependavano
OTpPHUMaHHS HOro BHXIJTHOI CTPYKTYpHU 3 MOKPALICHUMH SKICHUMH XapakTepucTHKaMu. OTpUMaHHS JOCSTalli IUIIXOM
YIOCKOHAJIEHHS TEXHOJIOTIT aBTOMAaTHYHOrO 3BapioBaHHs. Take yJOCKOHAJICHHs! TPYHTYBAJIOCS Ha BUKOHAHHI TpoLECy
3BapIOBaHHS Ha ONTHMI30BaHUX MapaMeTpax pexHuMy, IO 3a0e3Mevmwio BIANOBIAHUI TEMIEpaTYypHUI PpEeXUM
HEepOo3’€MHOTO 3’€JJHaHHS, K€ BUTOTOBJSIETHCSA. TakuM YMHOM 3BaplOBaJibHE HarpiBaHHs 3a0e3nedmsno (GopMyBaHHS
BUXIZIHOT CTPYKTYpH 3 OiJbII BUCOKMMH SKICHUMH XapaKTEPUCTHKaMH B TOPIBHSHHI 3 aHAJOTIYHOIO CTPYKTYpOIO,
OTPUMAHOIO 32 INTATHUM DPEXKHMOM 3BaprOBaHHsJ. BCTaHOBWIIM, IO ayCTEHITHI 3€pHA B CTPYKTYPl 30HH TEPMIYHOTO
BIUIMBY 3BapHOTO 3’€JHAHHS, SIKA HAarpiBa€ThCs BHIIEC Acs, € MEHIIMMH 32 pPO3MipaMy B NOPIBHSHHI 3 aHAJOTTYHUMHU
3epHaMHM CTPYKTYpPH IITATHOI TeXHOJOTii. BiIOBiAHO HOBI MPOIYKTH po3naay ayCTEHITY Ha JIUISHIN 30HH TEPMIYHOTO
BIUIMBY, III0 HArPiBae€ThCsI B OOMacTh Temmeparyp Aci— Acs, ABISHM co0Ot0 copOiT i Tpooctut. TakuMm UYWHOM,
3aMpOIIOHOBAaHUN PEKUM aBTOMATHIHOTO 3BApIOBAHHS 3a0e3IeurB IMiIBUIICHHS HaAidHOCTI 1 30impmenHs Ha 10...15%
TEPMiHy HaIPaIfOBaHHS POTOpA.

MOBBIIEHUE KAYECTBEHHOI'O COCTOSIHUSI CTPYKTYPBI CBAPHBIX COEJMHEHUN
M3 POTOPHOM CTAJIA

B.B. /Imumpux, B.IO. Ckyavckuit, H.B. Kacbaneuko, A.B. Basunos, A.I. Kanmop

Pemenne mpoOieMbl MOBBIMICHNS HA/JACKHOCTH M CPOKa HAPaOOTKM CBApHOTO COEAMHEHHS POTOpa IIPEAIoJIaraio
MOJTy9EHHE €r0 MCXOIHOH CTPYKTYpPHI C YJydIIEHHBIMH KadeCTBEHHBIMH XapakTepucThkamu. [lomydenwe nocturanm
MyTEM YCOBEPIICHCTBOBAHHS TEXHOJOTHH aBTOMATHYECKON CBApKH. Takoe yCOBEPIICHCTBOBAHME OCHOBBIBAJIIOCH Ha
BBITIOJIHEHUH TIpOllecca CBapKW Ha ONTHMHU3MPOBAaHHBIX MapaMeTpax pekHuMa, 4TO O0ECHEeUMSI0 COOTBETCTBYIOIIMIA
TEeMIEpPaTypHbIH PEXUM H3TOTABIMBAEMOTO HEPAa3bEMHOTO COeIMHEHMA. TakuM 00pa3oM, CBapOYHBIM Harper
obecrieuns  (HOPMUPOBAHHE HCXOMHOW CTPYKTYpPHI C 00jiee BBICOKUMH KA4EeCTBCHHBIMH XapaKTECPUCTHKAMU 10
CPaBHEHHIO C aHAJIOTHUHOU CTPYKTYpOM, MOITy4EHHO! MO INTAaTHOMY PEXHMY CBapKH. Y CTaHOBMIIM, YTO ayCTEHUTHBIC
3epHa B CTPYKTYpPE 30HBI TEPMUYECKOT0 BIMSHUS CBAPHOIO COCIMHEHMS, KOTOPas HarpeBaeTcs BhIIIe Ac3, MEHBIINE 110
pa3MepaM, 4eM aHaJOTMUYHBIE 3€pHA CTPYKTYpPBI INTAaTHOM TexHONOruu. COOTBETCTBEHHO HOBBIE MPOAYKTHI pacmajaa
ayCTeHUTa Ha YYacTKe 30HBl TEPMHYECKOTO BO3JEHCTBUS, HarpeBaeMoro B oOyacte Temreparyp Aci— Acs,
IPE/CTABISUIN OO0 cOpOUT M TpoocTUT. Takum 006pa3oM, MPeATIoKEHHbIH PEKUM aBTOMAaTHYECKOH CBapKH 00eCTIeqnI
MOBBILIEHUE HaJIeKHOCTH U yBenndeHue Ha 10...15% cpoka HapaboTku poTopa.
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