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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 A¢;, 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. In general, by obtaining a better structure allowed to increase the reliability and increase the service life of

the rotor by 10...15%.

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...0.35 Si; 0.40...0.70 Mn;
1.80...2.20Cr;  0.40...0.60 Mo; VvV <0.05 (by
calculation); 1.30...1.60 Ni; 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
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Fig. 1. The structure of the base metal of welded joints
of steel 25H2NMFA, x400

The critical points of the induced steel 4 — 715 °C
and A3 — 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. With regard to primary turbines for
nuclear power plants, the level of regulatory
requirements is higher.

Rotors made of induced steel (high and medium
pressure) operate at a certain high temperature and are
the most responsible component of turbines. Therefore,
increasing the reliability and resource, according to the
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growing requirements, necessitates
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. Note
that for similar in chemical composition and structure of
steels 15X2MFA and 15X2NMFA, which are used for
the manufacture of reactor bodies WWER-440 and
WWER-1000, this problem is also extremely important.

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 [1], the parameters of which were determined by
modeling the welding heat of the joint being
manufactured [2]. 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
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.

improving the
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Fig. 2. Microstructure of the metal of the welded joint of
the rotor made of steel 25H2NMF, x]1

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 sites of 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.

4
X@X
I X Y X I
% \i
4 [ ]
3 A X X
2 | f ]
I 5 oz

Fig. 3. Scheme of cutting samples (1-4) to study the
structure of the welded joint. I-11I — welding zones:
I lower; II — middle; 717 — upper

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

ISSN 1562-6016. BAHT. 2022. Ne1(137)

of austenite in the form of perlite in the area of
incomplete recrystallization.
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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

In the zone of thermal influence of welded joints,
where the metal is heated to the temperature range T,—
Acs (areas of fusion, overheating and normalization of
HAZ) during welding at normal conditions can form
large austenitic grains. Their value depends on the
exposure in the above temperature range. In the works
of I.A.Borisov [5], significant in level, 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 welded joints remained unsolved.

Austenitic grains in the metal of the welded joint
have a significant impact on the formation of its original
microstructure and significantly affect the mechanical
properties and damage to the welded 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 grain in areas of the thermal 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.

Aware of the previously performed studies [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 [2].

The simulation involved solving a thermal problem.
Thus, 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). By modeling, places were
found 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 normalization of HAZ; new decay products of
austenite in the form of globularized perlite in the area
of incomplete recrystallization. It was found that these
structures are mainly formed in the Central zone of the
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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 43 was revealed. Thus, the solution of the above
problem with respect to welded joints made of
25H2NMFA  steel was made possible by the

introduction of automatic flux welding at optimized
mode parameters.
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Fig. 5. The structure of the welded joint (see Fig. 3):
a — weld metal, sample 1; b — weld metal, sample 2;
¢ —sample 3, x400

Area of
overheating

Consider the areas of HAZ welded joint of the
prototype made on the optimized parameters of the
welding mode. The fusion section (size about
0.10...0.15mm) 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 greater and was 67
points ((GOST-5639-82), see Fig.4). In the area of
overheating, the width of which is about 1.3...1.9 mm
and is heated to the temperature range Ts (upper limit) —
1150 °C (close, lower limit), grain score — 7-8. In the
normalization section, which has a width of
approximately 1.2...1.7mm and is heated to the
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temperature range of 1150 °C (near, upper limit) and
As— lower, the grain score was 8-9, which is close to
the initial value of steel grain. Thus, by using the
optimized parameters of the automatic welding mode, a
welded connection of the rotor with a smaller austenitic
grain was obtained.

recrystallization of HAZ (see Fig. 3), sample 3, x400.
New decay products of austenite are indicated by
arrows

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 (see 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 also helps
to improve the properties of welded joints.

In general, in the areas of HAZ, which are heated
above A, 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 by martensitic Kkinetics. Residual
austenite (5...7%) is converted into a ferritic carbide
mixture during tempering (600 °C, duration 130 h). By
optimizing the thermal conditions for obtaining welded
joints, conditions are created for obtaining as little
residual austenite as possible. 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
(Figs. 7, 8).

Indicators of impact strength of welded joints
obtained by advanced technology, compared with
similar indicators increased by 10...15% and amounted
to (Tables 1-4).

ISSN 1562-6016. BAHT. 2022. Ne1(137)



i{lll
300

200

100

0 20 30

Weld
metal

mm

Base
metal

H/II
300

*

200

100

mm

Weld
metal

Base
metal

b
Fig. 7. Distribution of microhardness on cross section of
welded connection (see Fig. 2):
a—sample 1; b — sample 2
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Fig. 8. Distribution of microhardness on cross section of
welded connection (see Fig. 2):
a—sample 3; b —sample 4

Table 1 Table 4
Impact strength of samples with W-shaped notch on the Impact strength of samples with V-shaped notch in the
weld metal area of incomplete recrystallization of HAZ
Sample number KCV index, J/cm® Sample number KCV index, J/cm?
Sample 1 159 Sample 1 77
Sample 2 142 Sample 2 65
Sample 3 145 Sample 3 67
Sample 4 147 Sample 4 72

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 76
Sample 2 68
Sample 3 70
Sample 4 72

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
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CONCLUSIONS

1. It 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.

2. Optimization of thermal conditions for obtaining
integral 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.

3.1t 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 5...7%),
which during tempering turns into a ferrite-carbide
mixture, which has no noticeable effect on the
mechanical properties.
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ITOBBIINEHUE KAYECTBEHHOT'O COCTOAHUS CTPYKTYPbI
CBAPHBIX COEIJUHEHHWU N3 POTOPHOU CTAJIN

B.B. /Imumpuk, B.FO. Ckyavckuii, H.B. Kacvanenko, A.B. Basunoe, A.I. Kanmop

Pererre npo6eMbl OBBIIIEHHS HAIEKHOCTH M CPOKA HApaOOTKU CBAPHOTO COEIMHEHHsI POTOPA MPEII0JIaraio
IIOJIyYEHUE €r0 HCXOJHOW CTPYKTYpbl C YIy4UICHHBIMH KauyeCTBCHHBIMU XapakrTepucTukamu. Ilomyuenue
JOCTUTAIM MYTEM YCOBCPUIICHCTBOBAHUA TEXHOJIOTHUU aBTOMAaTHYECKOM CBapKH. Taxoe YCOBEPUICHCTBOBAHUC
OCHOBBIBAJIOCH Ha BBIMOJHCHUU MPOHECCa CBAPKU Ha ONTHMHU3HUPOBAHHBIX MapaMeTpax pexuma, 4To OGeCHe‘-II/IJ'IO
COOTBETCTBYIOIINN TEMIIEPATYPHBIA PEXKUM HM3TOTABIMBAEMOr0 HEPA3hEMHOIO COeIuHeHHs. Takum oOpazom,
CBApOYHBIA HarpeB obecrmeunst (OPMUPOBAHHE HCXOMHOW CTPYKTYphl C 0ojiee BBICOKMMH Ka4eCTBEHHBIMH
XapaKTePUCTHKAMK TI0 CPAaBHEHWIO C AHAJOTHYHOM CTPYKTYPOH, MOJYYEHHOW II0 IITATHOMY PEXHUMY CBapKH.
VCTaHOBHUIIH, YTO AyCTEHUTHEBIE 3€pHA B CTPYKTYPE 30HBI TEPMUUECKOTO BIMSHHA CBAPHOTO COETMHEHUS, KOTOpast
HarpeBaeTcsl BhIE Acs, MEHBIIME IO pasMepaM, YeM aHaJOTHYHbIE 3€pHA CTPYKTYPHI IITATHONW TEXHOJIOTHH.
COOTBETCTBEHHO HOBBIE TPOAYKTHI pacliaja ayCTeHWTa Ha YYacTKe 30HBI TEPMHYECKOTO BO3IECHCTBHS,
HarpeBaeMoro B o0sacTu temreparyp Aci—Acs, TPEACTABISUT CO00H COPOUT M TPOOCTUT. B 1iesom, B pesysbrare
moJrydeHus: Oojiee KauyeCTBEHHOW CTPYKTYpHl yJajloCh IOBBICUTh HAAEKHOCTh M YBEJIHYHUTH pecypc HapabOTKH
portopa Ha 10...15%.

IIABUINEHHSA SAKICHOI'O CTAHY CTPYKTYPU 3BAPHUX 3’€THAHb
I3 POTOPHOI CTAJII

B.B. /Imumpuk, B.IO. Ckyavcokuii, 1. B. Kacvanenko, O.B .Baginos, O.I. Kaumop

BupimienHss npobsieMu MiABMINEHHS HaJIMHOCTI 1 TepMiHY HampaloBaHHS 3BapHOTO 3’€JHAHHS POTOpa
nependavyago OTPUMaHHS HOTro0 BUXIAHOI CTPYKTYpH 3 MOKPAIEHUMH SKICHUMH XapakrepucTukamu. OTprUMaHHsS
JIOCSITANIN IIJISIXOM yYIOCKOHAJICHHSI TEXHOJIOTIT aBTOMAaTUYHOI'O 3BaplOBaHHs. Take yJIOCKOHAJECHHs IPYHTYBaJOCs
Ha BUKOHAaHHI MpOIIECY 3BapIOBaHHSA HA ONTHUMI30BAHMX IapaMeTpax pexXuMy, IO 3a0e3MedmiIo BiIIMOBiTHUN
TEMIIEPaTYPHHUH PEKUM HEpO3’€MHOTO 3’€IHAHHS, SIKE BUTOTOBISIETbCS. TakuM 4MHOM, 3BapiOBajibHE HArpiBaHHs
3a0e3neqmno GOpMYBaHHS BHUXIZHOI CTPYKTYpH 3 OULTBII BUCOKHMH SIKICHIMH XapaKTEepHUCTHKAMHU B MOPIBHAHHI 3
AHAJIOTIYHOI0 CTPYKTYPOIO, OTPUMAHOIO 32 LITATHUM PEXMMOM 3BaplOBaHHS. BcTaHOBMIM, IO ayCTEHITHI 3epHa B
CTPYKTYpi 30HH TEPMIYHOI'O BIUIMBY 3BapHOTO 3’€JHAHHS, SIKa HarpiBa€ThCs BHUIIE Ac3, € MEHIINMH 32 pO3MipaMu B
MOPIBHSAHHI 3 aHAJIOTIYHMMHU 3€pHAMH CTPYKTYpH IITATHOI TeXHOJIOTii. BiANOBIIHO HOBI MpOAYKTH po3namy
ayCTEHITy Ha JIUISHII 30HM TEPMIYHOTO BILUIMBY, L0 HarpiBaeThcs B 00nacTi Temueparyp Aci—Acs, SBISIA CO00I0
copOIT 1 TPOOCTHT. 3arajioM, NIUITXOM OTPHUMAHHS OUIBII SIKICHOI CTPYKTYpH BZIAJOCS IiJBHIIMTH HAMIHHICTB i
30UIBIIMTH pecypc HampamoBaHHsa potopa Ha 10...15%.
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