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Summary. The technical condition of the metal of the steam turbine blade was analyzed and the reasons
for its fracture were established. It was shown that the relative elongation 6 of the blade metal varied from 7.4 to
11.5%, and was lower than the regulated level. The low values of 6 and the obtained values of the ratio between
yield strength and ultimate tensile strength ovs / ours, which varied from 0.8 to 0.89, indicate a low margin of
plasticity of the blade metal, which contributed to its cracking under the action of working loads. Metallographic
analysis revealed pores in the surface-hardened layer of the blade. They caused low adhesion of the layer with the
base metal of the blade, and also of crack initiation. The high stress concentration and the contact of the blade
metal with the working medium contributed to the growth of a subcritical corrosion-fatigue crack in the cross-
section up to its complete destruction.

Key words: 15Kh11MF steel, steam turbine blade, strength, plasticity, impact toughness, structure.

https://doi.org/10.33108/visnyk_tntu2023.02.046 Received 02.03.2023

Formulation of the problem. The rotor of a steam turbine is classified as a dangerous
element because its destruction causes not only economic losses, but also threatens thermal
power plant (TPP) personnel and the environment as well. The costs for the manufacture of the
blades are 17...27% of the total cost of the entire turbine, and the complete blading is from
10...12%. Steam turbine blades are considered to be heavily loaded elements, so they are subject
to mandatory technological control. Destruction of the blades in the initial stages of operation
does not occur often, mainly due to violations of the manufacturing and installation technology,
and also non-compliance with the regulated operating parameters of the turbines.

Among the frequent causes of blade damage are initiation and propagation of fatigue
cracks from technological stress concentrators due to an excessively high level of vibration and,
accordingly, an increase in the amplitude of cyclic loads with a high static component of the
load, caused by the impact of excessive centrifugal forces on the blades, which ensures a high
asymmetry of their load cycle. Besides, during the blades operation, additional influences
cannot be avoided, in particular bending and torque moments, working high-temperature and
corrosive-active environment, which brings to erosion, cavitation, facilitates the propagation of
corrosion-fatigue cracks, etc. Such destruction of even individual blades of any stage of the
rotor can cause failure of the entire turbine if it is not stopped in time.

In general, the performance of the elements of the blade apparatus of a steam turbine
depends on the structure of heat-resistant steel, their mechanical properties [1-11], fatigue
characteristics, static and cyclic crack resistance [12-17], the embrittlement effect of the
technological environment [18-21] and the degradation of steel at the microstructural level
during long-term operation [15, 22-25]. It is clear that in the initial state, the mechanical
characteristics and structure of the steel must correspond the requirements stipulated by the
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current regulatory documents. If this condition is met, it is important to ensure the stability of
these properties during operation. Actually, this is a guarantee of the integrity of the rotor
elements during long-term operation. Given the extreme importance of the reliability of the
blade apparatus and the danger of consequences from their damage, one of the important tasks
is to analyze the reasons of their damage in order to take into account the experience gained
during the operation of other turbines and the design of new units.

Objectives of the research. Based on the assessment of the mechanical properties of
strength, plasticity and impact toughness of the metal, hardness measurements and
metallographic studies of the metal structure, find out the causes of damage to the steam turbine
blade.

Object and methods of the research. A fragment of the working blade of the low-
pressure cylinder of the TPP turbogenerator after 7400 h. of operation and 8 shutdowns of the
technological process (Fig. 1) was studied. The blade is made of 15Kh11MF steel. The content
of chemical elements in it did not exceed the limits regulated for this steel (Table 1).

Table 1

Chemical composition of the blade metal, wt. %

C Si [Mn Cr S P Ni V Mo Cu Fe
0.17 |0.30/0.45/ 10.50 |0.0035|0.0005/0.20| 0.34 0.73 |0.08| Balance
Regulated content of the elements (RD 153-34.1-17.462-00)
0.12...0.19|0.50|0.70{10...11.5| 0.025 | 0.03 |0.60/0.25...0.40(0.6...0.80/0.30|  Balance

The technical condition of the blade metal was assessed by standard tensile mechanical
characteristics. The characteristics of strength (ultimate tensile strength cuTs and yield strength
ovs) and plasticity (elongation d and Reduction of area y) were determined on smooth cylindrical
specimens with a diameter of 5 mm and five times the length of the working part. Specimens
were made from the peripheral (deformed) part of the feather of the blade, its about-shank part,
and from the shank. In order to eliminate grinding marks, which could serve as stress
concentrators during tensile tests, the samples were polished with polishing pastes of different
grain sizes. According to the recommendations [26], the samples were loaded in tension until

failure on the UME-10T machine.

i 4

Figure 1. Macro view of broken blade and the scheme cutting of specimens for tensile (1) and impact (2) testing,
the chemical composition estimation (3) and metallographic analysis (4)

In addition, the technical condition of the blade metal was also estimated by the impact
toughness, which was determined on the Charpy V-notch specimens with a tip radius of
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0.25 mm and Mesnager U-notch specimens with a tip radius of 1 mm. During the tests, the
requirements [27] were followed. The scheme of cutting samples is shown in Fig. 1. All samples
were tested on a pendulum copra type 10-5003.

The hardness of the analyzed blade was measured by the ultrasonic method using the
NOVOTEST portable universal rigidity tester.

The chemical composition of steel was determined on prismatic specimens 20%20x4 mm,
using an atomic emission spectrometer SPECTROMAX LMF 0.5.

The metallographic features of the blade metal were studied using SEM EVO-40XVP
with an INCA Energy 350 spectral microanalysis system.

Results of mechanical tests. The hardness was measured along the blade plate along
the lines of inflection on the concave and convex surfaces of its plate parts and on the surface
of the shank. It was established that the average values of 15Kh11MF steel hardness on the
surfaces of the blade plate were 264 and 260 HB, and on the surface of the shank it was 260
HB (Table 2). On the basis of these measurements, it was found that the hardness of the
15Kh11MF steel along the length of the blade changed insignificantly, which indicates the
uniformity of hardening and tempering of the blade during its heat treatment. However,
according to current regulatory documents, the hardness of the steel blade should be within
241...244 HB. The obtained values of the hardness of the blade metal are higher than the set
limit, which increases the tendency of the metal to brittle fracture.

Table 2

Hardness HB of the 15Kh11MF steel of the TPP rotor blade

Place of cutting Blade surface HB HB&
concave 255...270 264
The profile part of the blade plate
convex 241...275 260
Shank part of the blade 245...272 260
Regulated hardness level 241...244

The impact toughness is considered basic for determining the technical condition
of the metal during routine inspections or maintenances. According to the results of
impact tests of specimens from the profile part of the blade plate, the values of
impact viscosity were KCU = 1.41 MJ/m?, KCV = 0.99 MJ/m?, and from its shank part
KCV =0.87 MJ/m? (Table 3). In accordance with the requirements of regulatory documents
(GOST 5949-2018), KCV values of 15Kh11MF steel should not be lower than 0.39 MJ/m?,
and KCU values > 0.59 MJ/m?. Therefore, the obtained values of the impact toughness of
the analyzed blade do not exceed the regulated levels. More than twice the impact toughness
of a steel blade indicates that its resistance to brittle failure is high enough to minimize the
possibility of its failure on impact. Therefore, it was believed that its fracture due to a one-
time (even shock) overload is unlikely.

Table 3

Impact toughness of the 15Kh11MF steel of the TPP rotor blade

Place of specimen cut KCU, MJ/m? | KCV, MJ/m?
The plate part of the blade 1.41 0.99
Shank part of the blade - 0.87
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The strength and plasticity characteristics of 15Kh11MF steel were analyzed on
specimens from the peripheral (deformed) and from the blade plate located near its shank part
and from the blade shank itself (Fig. 1). The strength and plasticity characteristics obtained
from the results of the tensile tests of the specimens are given in Table. 4. Practical invariance
of the strength characteristics along the plate of the peripheral part of the blade were observed.
The average values of the ultimate tensile strength outs Of steel, determined on all specimens,
were 801 to 815 MPa, and the yield strength oys were 710 and 690 MPa, respectively. These
values do not exceed the requirements regulated for 15Kh11MF steel (cuts > 784 MPa,
ovs = (666...813) MPa after heat treatment in the quenching mode from 1050°C + tempering at
680°C), and also correspond to the values specified by supply certificate (cuts = 785 and
809 MPa, oys= 677 and 706 MPa). The characteristics of strength and plasticity of the shank
part and near shank part of the blade were also within the regulated values (Table 4).

Table 4

Mechanical characteristics of the 15Kh11MF steel of the TPP rotor blade

Place of cutting outs, MPa| ovys, MPa | §,% | w,% |ovs/outs
. 815 690 8.3 69.8 0.85

Peripheral part of the blade plate 801 =10 =2 645 0.89

Near shank part of the blade plate 786 630 11.5 63.0 0.80

Shank part of the blade 786 627 11.0 64.2 0.80

Regulated values, according to GOST 5949-2018

15Kh11MF steel > 690 >490 >15.0 | >55.0 -

The relative elongation 6 of steel from all analyzed parts of the blade was lower than the
regulated value, and the relative narrowing met the requirements for 15Kh11MF steel (Table 4). In
the supply certificate, the values are also higher, namely 6 = 17% and vy = 57%. The relative
elongation of the blade metal was from 7.4 to 11.5%, which turned out to be lower than the regulated
level, and indicates a low margin of plasticity of the used steel. In addition, the ratio cvs/ curs,
which varied within 0.80...0.89, also confirms the low margin of plasticity of the blade metal.

Metallographic studies. The microstructure of the blade was studied on transverse
sections from the peripheral part of the blade plate located at a distance of up to 50 mm from
its fracture surface. The structure of the blade plate around its leading edge, which was surface
hardened by electrospark alloying technology, the morphology of surface damage and the
structure of the base metal of the blade plate were analyzed.

The macro heterogeneity of the surface hardened layer structure on the leading edge of
the blade, obtained by the electrospark alloying method, porosity and uneven distribution of
carbides of refractory elements in the cross-section were noted. The thickness of this layer
varied and was a maximum of 160 pm near the leading edge of the blade and a minimum of
45 um on separate sections of its convex surface (Fig. 2). Refractory tungsten carbides or
intermetallic compounds (of the Fe7We type) in the hardened layer were located along the
boundaries of columnar grains of ferrite highly alloyed with chromium, approaching the
boundary with the base metal of the blade (Fig. 2 a). Their morphology is determined by the
direction of heat removal during the cooling of molten metal microvolumes at the contact points
of the electrodes during electrospark alloying with the cold surface of the blade plate. As the
distance from the blade surface increased, the grains in the layer structure became rounded, and
the spherical tungsten carbides became comparable in size to them (Fig. 2 b). At an even greater
distance from the blade base metal, chromium carbides were released from the highly
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chromium-alloyed matrix (Fig. 2 c). Their clusters formed star-shaped elements on the
background of the alloyed matrix, and small tungsten carbides were found only occasionally
along their boundaries. Bands with similar structural features alternated throughout the
thickness of the layer.

a b c

Figure 2. Microstructure of the surface hardened layer on the leading edge of blade

By X-ray microspectral analysis it was established (Fig. 3) that the main alloying
elements of the surface hardened layer obtained by the electrospark alloying method were
Ti, Co, Cr, W. In the surface hardened layer of the blade, the average content of elements
was, wt. %: 1.8 Ti 2.2 Co, 10.1 Cr and 29.7 W. Moreover, the lighter the areas in the cover
structure, the higher the content of W and Cr and the lower the content of Fe, and vice versa
when the areas are darker. Bright white inclusions in the electrospark alloyed surface
hardened layer had an increased content of Cr and Fe and were therefore considered to be
tungsten carbides or intermetallics. Areas of light gray background corresponded to
chromium doped ferrite.
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Figure 3. X-ray microspectral analysis of the blade surface hardened layer

A significant number of large round pores was noticed on the surface of
the blade layer hardened by electrospark alloying technology. Their maximum size reached
30 um (Fig. 4a). The growth of cracks was recorded from almost all observed pores,
due to which gave it was possible to consider them as ready-made stress concentrators
that facilitated the nucleation of fatigue cracks in the surface layer and, accordingly,
their propagation into the blade body (Fig. 4b, c). Such technological defects of steam
turbine blades were considered one of the main reasons for their premature destruction [28,
29]. These cracks were recorded on the transverse section. It is obvious that on the
axial grind, due to the favorable tensile load scheme of the leading edge of the blade, it
was possible to record a larger number of cracks (including those that would grow into
the body of the blade). In particular, on the surface that corresponded to the fracture
surface of one of these cracks, oriented across the blade plate and located slightly below the
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surface of the cutting wheel (therefore not damaged during its manufacture), the
characteristic signs of fatigue crack propagation, namely, small fatigue grooves could be
seen. It was located at a distance of almost 5 mm from the leading edge on the side of the
convex surface of the blade. Based on the analysis of defects in the surface layer of the
blade, it was considered that the presence of large pores could cause its fatigue cracking
during operation.

Figure 4. Cracks in the of the surface hardened layer of the blade

At the boundary of the surface-strengthened layer and the base of 15Kh11MF steel
blade plate, a chain of pores up to 7 um in size, caused either by the Kirkendall effect (due
to unequal counter-diffusion of alloying elements across the boundary between the blade
and the ESA layer), or by unsatisfactory preparation of the surface of the blade before use
was observed.

a b

Figure 5. Chains of pores at the boundary between the base metal and the surface hardened layer formed by
electrospark alloyed method

Tensile stresses of up to 500 MPa can occur at the boundary, which, when combined
with the working stresses acting on the blade, can significantly affect their fatigue life
(especially under the influence of condensate with aggressive components dissolved in it) and,
thereby, significantly reduce their service life. These chains facilitated the penetration of cracks
from the electrospark alloyed layer into the base metal of the blade, and, therefore, contributed
to the destruction of the blade.

A loosely structured layer of the base metal of the blade up to 10 pm thick was adjacent
directly to the surface hardened layer using the electrospark alloying technology, within which
the needle structure of sorbite (high-tempered martensite) was less clear than in the base metal
of the blade. In general, the blade plate steel had a sorbite-like pearlite structure that inherited
the martensite parallel crystal packet morphology characteristic of this type of hardened steel
after high tempering. A fairly uniform distribution of crystal sizes in the blade was noted, which
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is obviously due to the uniform distribution of former austenite grains by size, within which
martensite crystals were formed (the average grain size was 52 um) (Fig. 6 a).

Figure 6. Microstructure of the base metal of the of steam turbine rotor blade

At a high resolution in the structure of the blade plate, the allocation of very small carbides
(0.05 pm) along the boundaries of the packets and unevenly distributed (not on all boundaries)
slightly larger carbides along the boundaries of former austenite grains up to 0.8 um in size were
observed for complex chromium-based carbides (Fig. 6b). It is evident that the release of carbides
along grain boundaries and packets of needle-like formations reduces the chromium content in
the matrix. In addition, in the cross-section of the blades, a significant number of non-metallic
2...7 ym inclusions were found, around which cavities were formed, which is also an undesirable
structural factor affecting the performance of such elements as steam turbine rotor blades.

Conclusions. After analyzing the mechanical properties of the 15Kh11MF steel of the
steam turbine rotor blades, the most likely causes of its destruction were established. It is shown
that in terms of mechanical properties during tensile and impact tests, the steel meets the
requirements of the regulated documents. Non-compliance with these requirements was
detected only by the relative elongation of steel, which as a rule is considered a sign of its low
margin of plasticity.

Metallographic analysis revealed unsatisfactory melting of the surface of electrospark
alloyed strengthened layer, which contributed to the appearance of large pores on its surface.
This created extra stress concentration around the leading edge of the blade. In addition, the
uneven thickness of the reinforced surface hardened layer and the low plasticity of the blade
plate metal also contributed to the appearance of cracks in the blade under the action of working
loads. A change in the frequency of natural oscillations of the blade (due to the cracking of its
surface hardened layer) contributes for its resonance with a corresponding increase in the load
amplitude. In the presence of an increased stresses concentration (pores and microcracks in the
surface hardened layer of the blade) and the possibility of contact of the blade base metal with
condensate (with aggressive components of the technological environment dissolved in it),
favorable conditions have been created for corrosion-fatigue subcritical crack growth in the
cross section of the blade plate up to its destruction.
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Establishing the causes of premature damage of steam turbine rotor blades of TPP

C8i0UUMb NPO HUZLKUL 3anac NAACMUYHOCII Memany JONamKu, o CHPUAN0 1020 pO3MPICKY8aHHIO Ni0 Oi€lo
pobouux nasanmasicenv. Bemanosunu, wo cepeoui snauenns meepoocmi cmani 15X11M®D na nosepxusax nepa
nonamku cmanosunu 264 ma 260 HB, a na nosepxui xeocmosuxa — 260 HB. Ha ocHosi yux 3amipie koHcmamysaiu,
wjo meepdicmo cmani 15X11M®D no 0oexcuni 1onamxu 3MiHIOBANACA HEICMOMHO, WO C8I0YUMb NPO PIBHOMIDHICTb
npoz2apmosyeanta U GiONYcKy Jnonamku ni0 uac ii mepmiunozo obpobnenna. Memanospagiunum ananizom
ecmanosunu, wo cmanw 15X11IM®D nepa ronamku mae cmpykmypy copoim-nodioHo2o nepaimy, AKuil CnaoKyeas
MOpDOn02ito nakemis 3 napanenbHUX KpUCmaie MapmeHcumy, Wo 1dCmueo maxKo20 Muny 2apmoeaHum Cmaism Nicis
8UCOKO020 8i0NycKy. Biosnauumu docmammuvo pieHoMipHUL pO3nOOLN 3a pO3MIpAMU KPUCIATIE Y IONAMYi, Wo, 04e8UOHO,
3YMOBNICHO DIGHOMIDHUM PO3NOOLIOM KONUWIHIX 3ePeH AyCMeEHImy 3a pO3MIpAMU, 8 Medlcax sKUX Qopmyeanucs
Kpucmanu mapmencumy (cepeoHiti posmip 3epna cmanosus 52 mxm). Biosnauunu MaxponeoOHopioHicms cmpykmypu
Nn0BePXHEO-3MIYHEH020 Wapy Ha 6XIOHill Kpaiiyi nonamku, ompumanozo memooom EIJI, nopucmicme ma
HEPIBHOMIDHICMb PO3N00iNy KapOIOie my2oniaeKux eleMeHmie y nonepeuHoMy nepepizi. B okoni ocHoeroeo
Memainy JOnamku my2oniaski kapoiou eonvgpamy abo inmepmemaniou (muny FeWs) posmawosysanucs y
8ULTIAOT OMOPOUKU 8300824C MEIC CIOBNYACINUX BUCOKONE208AHUX XPOMOM hepumnux 3epen. Busasneno nopu 6
NOBEPXHEBO-3MIYHEHOMY WAPI TIONAMKU, AKI CHPUYUHUIU HUZLKY A02e3i10 wapy 3 OCHOGHUM MEMAanioM JONAMKU,
a MaKodsic CManu 0cepeoKkamu 3apoodcens mpiwun. Bucoka konyenmpayis nanpysicens (nopu i MikpompiwuHu
6 NOBEPXHEBO-3MIYHEHOMY Wapi IONAMKYU) Mma KOHMAKM Memaiy JONamKu 3 pooouum cepedosuujem, CRpUusIu
KOPO3ilIHO-6MOMHOMY OOKPUMUYHOMY POCHY Mpiyunu y NOnepeyHoMy nepepisi ii nepa ajxc 00 HACKPI3ZHO20
DVUHYBAHHSL.

Knrwuosi cnoea:. cmani 15X11M®, nonamxa naposoi mypbinu, miynicms, RIACMUYHICMb, YOApHA
6 A3Kicmb, cmpyKkmypa.
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