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Summary. The mechanical characteristics of the fastening nuts steel of the high-pressure cylinder (HPC) of the steam turbine of
the heat power plant (HPP), operating under the influence of hard temperature- power conditions for 21x10* hours, are outside the limits of
the regulated values. It is the indicator of steel degradation. Using different types of heat treatment (HT), including recommended for
25Kh2ML1F steel in the initial state, made it possible (in a certain extent of course) to restore the properties of the metal used for fastening
fittings. The obtained results substantiate the efficiency of using of the HT for restoring the mechanical characteristics of steel for nuts of the
HPC of the steam turbine in order to prolong their service lifetime.
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Introduction. Fasteners are used to connect the body parts of HPP steam turbines after
their disassembling during scheduled or forced repairs [1]. During assembly operations the
studs are mounted on their proper places in the case and the removable rotor case cover is
attached to it by nuts in cold condition. The final tightening of nuts on studs with diameter more
than 64 mm is carried out under the studs elongation control [2, 3].

During operation, the contact pressure in the connection of HPC case parts should be
three times higher than the internal medium pressure. Initial stresses in studs, which provide
satisfactory seal of the flange connection between the two body parts of modern steam turbines,
reach 300 MPa [4]. As a result the high tensile and bending stresses act on the fasteners, and
their threads work in the shear mode [3, 5]. It is clear that the high temperature and difficult
operation conditions can cause their damage. A significant gradient of thermal stress during the
start-stop of the technological process and the design features of the fastening elements
determine high requirements to the properties of the steels for their manufacture. The stability
of steel characteristics for these elements during long-term operation is of great importance
since complex temperature-power conditions of their operation change the structure [6] and
worsen the mechanical characteristics of heat-resistant steels [7, 8].

Overload of fasteners caused by unsuccessful constructive decision, which was not
sufficient for optimal stress distribution between the mounting elements due to excessive
distances between them, the high level of vibration and uncontrolled overload of elements due to
non-compliance with regulatory requirements during installation and disassembling of the rotor
body are listed among the fasteners damage causes. Therefore, the achievement of necessary body
parts tightening does not lose its relevance today [9—11]. Taking into account the threatening
consequences of the seal breaking in the flange connection of the HPC case parts [12], the leading
manufacturers of power equipment and operators continue to pay particular attention to the
fasteners reliability [13, 14].

The objective of the paper is to estimate the mechanical characteristics of steel
25Kh2MI1F from the nut operated in the HPC of the steam turbine in comparison with its
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regulated values, to reveal structural features of its operational degradation and to substantiate
the possibility of the following operation of similar nuts after their repeating heat treatment for
structure and mechanical characteristics restoration of steel.

The object and methods of investigation. The heat-resistant steel 25Kh2M1F from the
nut, used for connection of two HPC case parts of HPP steam turbine was investigated.
Assuming that the pressure and temperature in HPC change linearly (from 24 MPa and 540°C
at the level of the first stud to 6,2 MPa and 360°C at the eleventh level), and the distance
between the studs in the case is approximately the same, it was supposed that in the level of the
investigated (ninth) stud the pressure and the temperature were ~10 MPa and ~450°C
respectively. Under these conditions, the tested nuts operated for 21-10* hours before they were
damaged. The chemical composition of steel 25Kh2M1® of the analyzed nut is given in
Table 1.

Table 1

The chemical composition of the investigated 25Kh2M1F steel, mass. %

Element C Cr Mo Vv Ni Si Mn Cu S P
Nut 0,26 2.1 0,9 0,4 0,3 0,31 054 | 013 | 0,004 | 0,027

Content

according |0,22-0,29| 2,1-2,6 | 0,9-1,1 | 0,3-0,5 | % 10,17-0,37| 0,4-0,7 | 013 | 700,02 ™
[15] 0,25 0,03

The mechanical characteristics of steel 25Kh2M1F are specified before its release to
service [5] and at the beginning of nut operation are given in Table. 2

Table 2

Mechanical properties of 25Kh2M1F steel from the nut in the initial state

A oyts, MPa cus, MPa 3, % v, % HB KCU, MJ/m?
In the initial state 804 765 18 66 242 0,85
Accoégétgntgnip[i%']fy N9 5785 667...785 | =17 >65 197...229 05

Characteristics of strength and plasticity of steel 25Kh2M1® were determined on
smooth cylindrical five-fold samples with 5 mm diameter of axial orientation according to
GOST 1497-84 [16]. The samples were tested on the tensile machine UME-10T at the sample
deformation rate 3-102 s,

The hardness of HB steel was measured on the flat parallel grinding sample in radial
section of the nut on TK-2 device under the load on indenter 750 H in accordance with
GOST 9012-59 [17].

The impact strength of steel was determined on the axial Mesnager samples according
to GOST 9454-78 [18]. The tests were carried out on pendulum impact machine 10-5003.

For metalographic and fractographic investigations of heat-resistant of the 25Kh2M1F
steel, the optical microscope Neophot-21 and scanning electron microscope EVO-40XVP were
used.

Analysis of HPC damaged nut of HPP steam turbine. A large number of radial cracks
(Fig. 1 a) were observed on the operated nut. They propagated from the thread, i.e. from the
surface, which during steam turbine HPC operation was in direct contact with studs. This gave
grounds for association of these cracks with thermal fatigue [19].

Fractographic investigation of nut fracture at low resolution revealed the smooth relief
in the area of thermal fatigue crack origin and viscous relief in the complete breaking area
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(Fig. 1 b). At the highest resolution (Fig. 1 c), in the local areas of crack origin, the through-
grain quasisplitting character of the fracture caused by thermal fatigue was defined.

Figure 1. Thermal fatigue cracks from the internal thread on the nut (a) and the features of its fracture surface
formed during operation in the high-pressure cylinder case of HPP steam turbine at the lower (b) and higher
(c) of microscope resolutions

The nut operated for ~21-10% hours at temperature 450°C and under high operating
loads, which contributed to the structure degradation of low alloyed heat-resistant steels
associating with redistribution of carbon and doping elements [20—26]. Analysis of
metallographic results showed that as the result, the ferrite-carbide structure was formed in the
investigated steel after the operation. Most ferrite grains were of irregular shape, and their sizes
varied in the range from 60 um to 150 um. The carbides inside these grains were up to
0.5 microns in diameter, and along the grain boundaries up to 2...3 microns. Intensive
separation of carbides along the grain boundaries and their coagulation reduced the content of
the doping elements in solid solution resulting in worsening the characteristics of high-
temperature function of heat-resistant steels. These structural features of operating steel were
considered as the root cause of the decrease of steel resistance to the fatigue cracks origin and
growth in HPC nuts of HPP steam turbine.

Nuts are rather expensive fastening elements, which does not contribute to their
simultaneous replacement even in one unit. Therefore, there is the need for the possibility of
extending the operating nuts lifetime of, in which no defects were determined by the non-
destructive testing methods.

In order to substantiate the possibility of restoration of the of operating nuts, repeated
samples heat treatment was used according to the modes shown in Fig. 2. For the nuts made of
steel 25Kh2M1F, normalization and high tempering were used to provide necessary mechanical
characteristics in the initial state. Therefore, normalization was also used for repeated HT. We
tested three versions of steel normalization (from 960°C, 1050°C and dual from 1050°C and
960°C), followed by their high temperature tempering at temperature 690°C.
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Figure 2. Changing of the temperature during restoration heat treatment according to modes 1 (), 2 (b) and 3 (c)
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Quantitative characteristics of the structure elements and HB hardness of the
25Kh2MI1F steel. The main structural characteristics that are used to estimate the structural
changes in metal are considered to be the average values of the grain size D and the ds carbides.
They were determined by both the cross-section method, and by means of computer program [27,
28].

From the analysis of results of the average grain size D and ds carbides determination,
it was concluded that due to the use of restoration HT according to any mode, the sizes of both
grains and carbides in the steel structure decreased (Figures 3a, b). But the maximum reduction
was reached by applying double normalization according to mode 3. In this case, the grain sizes
in the structure of the treated steel are decreased by ~ 50%, and carbides — by ~ 65% compared
to the operating steel 25Kh2M1®.

Due to such structural transformations, the composition of steel 25Kh2M1F ferrite
matrix significantly changed, in comparison with the operating one. The doping elements
(chromium and molybdenum) from large carbides transformed into the solid solution and
strengthened the ferrite matrix.

ET g o
% ~20% ., T 1%
a = I 130 ~ 0)
wl ~25% 15% 240 13%
15)
40k ~50% 0 ~35% 210 |
= T = =
2 £ 65% £
wl P2 sk F 2 ~05% | o} P S
5 E =
= 1 3 1 3 = 3
0 0,0 — 150 '
a b c

Figure 3. The average values of the grains sizes Ds (a) and carbides ds (b) in the structure of steel 25Kh2M1F
and its hardness HB after operation and after its restoration according to different HT modes (1, 2, 3). Numbers
above the bars indicate the values (in the percentages) characterizing Ds, ds decrease and HB hardness after steel

relatively to its characteristics after its operation

Having analyzed the steel hardness after ~21-10* hours of operation in HPC case of TPP
steam turbine, a significant nut metal strengthening was determined (Fig. 3 c). Its hardness even
went beyond the specified limits. Steel hardening was associated with excessive nut heating,
which is provided by mounting or disassembling technology of HPC case cover of HPP steam
turbine, and their subsequent sub-hardening during cooling.

After HT of the samples from the operating nut according to all modes, the steel
hardness decreased (Fig. 3 c). Particularly, after HT according to mode 1, its hardness decreased
by more than ~ 40% and became significantly lower than the minimum permissible value, and
after the HT according to mode 2, the steel hardness practically reached the lower limit of the
specified range (Fig. 3 ¢). The use of metal double normalization made it possible to obtain the
most optimal hardness, which is included in the specified range (Fig. 3 ¢) corresponding the
smallest grain and carbide sizes along their boundaries.

Strength and plasticity characteristics of the 25Kh2M1F steel. The efficiency of the
repeated HT for properties restoration of steel from the nut, which ensure its operational
workability at the beginning of operation, was checked using the above three mentioned HT
modes of maintenance.

As the result of structural changes in the 25Kh2MI1F steel caused by nut operation
conditions of, its strength characteristics increased (Fig. 4 a, b) corresponding to the increase
of the operating steel hardness, and plasticity (Fig. 4 c, d) decreased to the level lower than the
specified one, possible during sub-hardening of nuts in the air during assembly operations.
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Figure 4. Tensile characteristics of 25Kh2M1F steel after ~ 21-10* h of operation in the nut of the high-pressure
cylinder case of HPP steam turbine and after subsequent recovery according to three heat treatment
modes (1, 2, 3). The horizontal lines in the figure indicate the specified ranges of change or the smallest
permissible value of mechanical characteristics of this steel for such elements. The numbers (in a percentage)
above the bars indicate the effect of HT on the change in these characteristics relatively to the corresponding
values for the operating steel

After the samples from the nut HT according the mode 1, the steel strength
characteristics decreased by ~ 40% and became lower than the specified values (Fig. 4 a, b). At
the same time, the plasticity characteristics increased by ~ 2 times (Fig. 4 c, d). With the use of
mode 2 the steel strength significantly increased, meeting the requirements of the regulation,
but plasticity went beyond the specified values. And only using HT according to mode 3 it was
possible to obtain the characteristics that gave reasons to recommend this mode for restoration
of the operating nut properties. Since the characteristics of the recovered steel strength and
plasticity corresponded to the values specified for this steel.

Impact toughness of the 25SKh2MI1F steel. The positive effect of the restoration HT
was the most strongly manifested in the impact toughness test of (Fig. 5).
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8 5 Figure 5. Impact toughness KCU of 25Kh2M1F steel in nut after
= operation and restoration HT according to three modes (1, 2, 3).
wer The minimum permissible value of KCU for this steel in such
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0,2 | 'T;

1 2 3
0,0 - I

If, after operation, the brittle resistance of metal from the nut was critically low, then
after HT according to mode 1, the impact toughness increased twice, but did not reach the
specified level. After HT according to mode 2, the impact toughness of the nuts samples
increased by 6 times and exceeded the specified level. At the same time, after double
normalization according to mode 3, the steel impact toughness increased additionally by 10
times relatively to the values for the operating steel, and steel plasticity characteristics were
restored to the specified levels (Fig. 5).

Mechanical characteristics ranking. The certain mechanical and structural
characteristics of the 25X2M1F steel from the nut after operation and restoration HT according
to mode 3 relatively to its corresponding characteristics in the initial state were compared
(Fig. 6). Relative change of characteristics was determined by the ratio A=((PexpiHT)—
Pinitiat)/Pinitial) < 100%, where PexpiiT) ) IS the value of the analyzed mechanical characteristic of
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the operating steel (or after HT according to mode 3); Pinitiar iS the value of the corresponding
steel characteristic in the initial state (according to Table 2).
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Fugure 6. Ranking of the mechanical characteristics of 25Kh2M1F steel from the nut after operation (a) and after
restoration heat treatment according to mode 3 (b) relatively to the corresponding characteristics of this steel in the
initial state

-100 -

Thus, the degradation effect (the increasing of strength characteristics, the reduction of
plasticity and impact toughness, and the significant increase in the size of carbides, which were
allocated along the grain boundaries, leaning the matrix phase on the doping elements content
in it) of the operating steel relatively to the non-operating one is illustrated (Fig. 6 a).

At the same time, on the example of HT according to mode 3 (Fig. 6 b), the effect of the
steel characteristics restoration is shown, which has the most strong influence on plasticity and
impact toughness of steel 25Kh2M1F. Moreover, the relation of such change with the carbides
size in the steel structure is evident. After all, the largest average size of carbides in the steel
structure corresponds to the worst mechanical characteristics, and the smallest one -
respectively, the largest.

Hence, after double normalization of steel from the stud the uniform structure with
equiaxed and the smallest in size grains and with the smallest carbides, the hardness was
completely restored, and strength and plasticity characteristics met the specified requirements
was obtained. This gave reasons to recommend double normalization for restoration of the
operating 25Kh2M1F steel characteristics and extend the nuts service life.

Conclusions. 1. A significant increase in grain size, intensive allocation of carbide along
the grains boundaries and their coagulation with the decrease in the doping elements content
(chromium, molybdenum) in the solid solution were determined in 25Kh2MI1F steel after
~21-10* hours of its operation in the nut of HPC case of HPP steam turbine. It was considered
as structural features of steel operation degradation, which affect metal resistance to load action
at high operating temperatures.

It was shown that mechanical characteristics of 25Kh2MI1F steel after ~21-10* hours
operation were no longer correspond to the requirements of specification documents.
Particularly, the impact toughness decreased by more than 80%, the strength characteristics (os
and oo,2) increased by ~ 32% and ~ 8%, and the maximum plasticity properties reduction
reached ~ 60%, indicating the metal operational degradation.

The possibility of double normalization use (at 1050°C and 960°C) with the subsequent
high-temperature tempering at 690°C of the operating 25Kh2MIF steel for its mechanical
characteristics restoration to the levels specified for the attachment fitting elements in the initial
condition is substantiated. This proves the rationale for the use of heat treatment of the nuts
operating in the HPC case of HPP steam turbine in order to extend their service lifetime (but
only if cracks defects are not detected in them by non-destructive research methods).
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BIJHOBJIEHHSA POBOTO3JATHOCTI EKCIINIYATOBAHUX
EJEMEHTIB KPIIIVIEHHSA KOPITYCY IBT TIAPOBUX TYPBIH

Jlecs Cipcbka

Dizuko-mexaniunuu incmumym im. I'. B. Kapnenka HAH Ykpainu,
JIveis, Yrpaina

Pe3tome. Kpinunvhi enemenmu 6i0HOCAMb 00 00CMAMHLO 00PO2UX M BIONOBIOANLHUX eleMeHmis, adice
IX nowKoOicenHs y npoyeci eKkCuayamayii 3a2poxicye nepcorany ma 008KILII0, MOXHCe CAPULUHUMU MACUMAOHT
PYUHYBAHHSA CMAHYITIHO20 YCMAMKYBAHHS | 3a80AMU 3HAYHUX eKOHOMIYHUX empam. Mexaniuni xapakmepucmuxu
(meepOicmy, MiyHiCMb, NAACMUYHICIL [ YOAPHA 8 A3KICMb) CMAi KPINUIbHOI apmMamypu yuiiHopa 8UCOK020
mucky (LBT) naposoi mypbinu TEC, excnayamoeanoi enpoooexc 21x10*200. 3a eniuey mcopcmxux
MmemMnepamypHoO-CUI06UX YMOE, GUULUIY 3a MEICi peSlaMenmOBaHUX 3HAUEHb, WO € 03HAKOI0 eKCNyamayitinoi
Oezpadayii memany. 30kpema, yoapHa 8 A3Kicmb 3pa3Kié 3 Memaiy eKCniyamosanoi eauku 3HUUIACA HA NOHAO
80%, xapaxmepucmuxu miynocmi (o i oo2) 3pocau 8ionogiono ma ~32% i ~8%, a xapaxmepucmuxu
naacmuyrHocmi 3uusuaucs Ha ~ 60%. YV 36’a3xy 3 yum eunuxna nompeba OOIPYHMYSAMU MOICIUBICHIDL
NPOO0BHCEHHS PECYPCYy eKCHIYAMOBAHUX efleMeHmie Kpinnenus kopnycuux yacmun L{BT napoeoi mypoinu,  axux
Memooamu 8i3yanbHO20 00CMENCeHHs Ma HePYUHIBHO20 KOHMPOTIO He 8usasieHo Oegexkmis. Lle oano 6 3mozy
si0mepMiny8amu ix 3amiHy 8 4aci excniyamauyii.

s 6ionoenenns poOOmMO30AmMHOCMI eKCHAYamo8aHux 2atoKk 6UKOPUCMANU HOGMOPHE MepMiuHe
obpobnenns (TO) 3paskie. Ockinvku 0ns eatiok 3i cmani 25X2M1® sukopucmosgyroms HOpMA3ayito i UCOKULL
8I0NYCK, sIK 6a308i 0114 3a0e3neueHHss HeOOXIOHUX MeXAHIYHUX XAPAKMepUucmux iti y uxionomy cmaui, mo i ons
nosmopnozo TO euxopucmanu nopmanizayiro. Anpobysaru mpu eapianmu nopmanizayii cmani (6io 960°C,
1050°C i noosiiiny 6io 1050°C i 960°C) 3 nodanvuium eionyckom 3a memnepamypu 690°C. Ilpome nicisi Komniekcy
00CNI0JICEHb  BUABUNU, WO MEePIiCIb, XAPAKMEPUCTUKY MIYHOCMI § NIACMUYHOCMI Ma ONip KPUXKOMY
DPYUHYBAHHIO Memauny 3 2auKu 60dn0Cs GIOHOGUMU 00 pe2lamMeHmMOGAHUX 3HAYEHb Auule 3a BUKOPUCIAHHA
noogitinoi nopmanizayii. 3okpema, yoapna 8’s3kicme cmani 3 eauku 3pocia y ~ 12 paszie, xapaxmepucmuxu
MiyHocmi memany eauku 3HUSUAUCS, A NAACMUYHOCIT — NIOBUWUIUCS 00 Pe2laMeHmMOBanux pisHie. Ompumani
pesyiomamu  daau 3mozy obrpynmysamu Ooyinehicms eukopucmanna TO 0nst 8iOHOGIEHHA MeXAHIYHUX
xapaxmepucmux cmani eatiox I{BT naposux myp6in TEC, y saxux uepyuHiGHUMU MemOOamu OOCAIONCEHb He
BUABNEHO MPIWUHONOOIOHUX Oepexmis. Lle Oae niocmasu pexomenoysamu 6ionogmosarvry TO Ona
NPOO0BIUCEHHST pecypcy eautioK nicis ix mpueanoi excniyamayii 3i 6mpamor Memany pecidMeHMOBAHUX
Xapaxmepucmux.

Kniouoei cnosa: kpinuavbui eremenmu, decpadayis Memany, CmpyKmypd, XapaKxmepucmuxi MiyHocmi
i naacmuunocmi, 8iOHOGAEHHS POOOMO30AMHOCHIL.
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