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Abstract. The technical condition of the metal in a steam turbine rotor disk was analysed, and the causes of its
failure were determined. It was shown that, despite the mechanical properties of 30KhN3M1FA steel meeting regulatory
requirements under tension and impact, damage occurred in one of the rotor stages, leading to a forced shutdown of the
rotor. Metallographic studies of the steel structure revealed an excessive amount of non-metallic inclusions, the high
corrosive activity of which facilitated the dissolution of the matrix in their vicinity. These point defects became the sites
of fatigue crack initiation. High contact stresses between the surfaces of rivets and holes in the rotor disk, and the
constant increase in their relative displacement due to clearance violations during long-term operation, contributed to
contact fatigue and the initiation of a network of microcracks in the vicinity of the holes. The string-like arrangement of
structurally determined corrosion defects facilitated their coalescence, forming a continuous fatigue crack front. Its
propagation culminated in the destruction of the bridges between the rivet holes in the rotor disc flange. Consequently,
the combined effects of both corrosive inclusions and the increasing displacements in the contact zone of the elements
contributed to the formation of localized crack initiation zones and intensified the growth of the main fatigue crack. Its
propagation was accompanied by the formation of parallel fatigue striations at the disc fracture surface. Furthermore,
the crack propagation front during localized stages of its growth was accompanied by the appearance of decorative pits
on the operational fracture surface. This confirmed that non-metallic inclusions present in the steel structure facilitated
crack growth not only at the initiation stage but also during the propagation stage due to the coalescence of the crack
front with these defects.
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1. INTRODUCTION

The specific nature of steam turbine operation, namely high temperature and
intensive static and cyclic loads combined with the influence of the technological
environment, inevitably contributes to the development of damage in the constituent
elements of turbine rotors (shaft, discs, blades) [1, 2]. Defects caused by mechanical and
thermal treatments, which primarily occur in the surface layers of these elements, contribute
to the fatigue damage of rotor elements and are therefore classified as additional factors
negatively affecting their performance [3, 4, 5]. The initiation and growth of circumferential
cracks in steam turbine rotor shafts, caused by the influence of torque, are also considered
negative consequences of their operation [6]. In general, when investigating the causes of
operational damage in steam turbine rotor elements, indicators of all types of fatigue are
visualized. These include signs of low-cycle and high-cycle fatigue, thermal fatigue, and
corrosion fatigue. Furthermore, under the combined effect of a high static component of
cyclic stresses and a corrosively active environment, signs of stress corrosion cracking
(SCC) are also found in the rotor discs [7, 8, 9, 10]. Therefore, any rotor with an operating
life exceeding 20 years is inspected for the presence of these signs [11].
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At the same time, in complex structures such as steam turbine rotors, there are also many
locations where the surfaces of elements that transmit steam energy to the rotor shaft come into
contact with one another during longtime operation. Specifically, such locations include the
interaction zones between the blades' roots and the rotor discs' crests, which are joined into a
single unit by through rivets [12].

As aresult, conditions for fretting fatigue arise between them. Furthermore, considering
the increasing relative displacements between the elements due to wear during long-time
operation, prerequisites for high-load contact fatigue are created. The increased stress
concentration near the rivet holes in both the disc crests and the blade roots can only contribute
to the further propagation of failure across their entire working cross-section.

However, available sources scarcely provide little information on failures caused by
contact fatigue under high specific loads between rotor elements. Therefore, the aim of this
work is: based on a complex of metallographic, fractographic, and mechanical studies, to
identify the signs of contact fatigue as the mechanism responsible for crack initiation in a steam
turbine rotor disc, and to demonstrate its involvement in the premature failure of one of the
rotor stages.

2. OBJECT OF ANALYSIS AND RESEARCH METHODS USED

Real fractures of a prematurely failed steam turbine rotor disc from one of the power
units were analyzed. The disc was made of the heat-resistant steel 30KhN3M1FA. Despite the
rotor's operating conditions conforming to the station's regulations (steam temperature and
pressure were 400°C and 10 MPa, respectively), its service life did not even reach 122x10° h.

To certify the 30KhN3M1FA steel for compliance with the requirements of industry
regulatory documents, its chemical composition, hardness, and mechanical properties under
tension and impact were determined. The content of elements in the disc steel was determined
using an optical spark atomic emission spectrometer, SPECTROMAX LMF 0.5. Tensile
specimens were tested on a UME-10T machine at a strain rate of 3-10° s™!. Standard
cylindrical specimens with 5 mm diameter and a gauge length five times the diameter were
used. The following characteristics were determined: ultimate tensile strength curs and
yield strength oys, relative elongation & and reduction of area y. The steel's resistance to
brittle fracture (impact toughness KCV) was evaluated on standard Charpy specimens (the
radius of the V-notch was 0,25 mm), which were tested by impact on an [0-5003 pendulum
impact tester. A scanning electron microscope, EVO-40XVP, was used to study the
structural signs of damage and the fractographic features of the operational fracture surfaces
of the rotor disc.

3. FINDINGS AND ANALYSIS

The chemical composition of the 30KhN3MI1FA rotor disc and the requirements
established by the technical specifications, are presented in the table. Evidently, the analyzed
steel complied with the requirements of this document with respect to the content of all
elements.

Table

Chemical composition of the disk metal, wt. %

C Si Mn Cr S P Ni \Y Mo |Cu| Fe
0,30 0,019 0,32 1,67 10,0046(0,0005] 3,42 0,14 0,54 |0,11] other
Regulated Content of Elements (TS 108.11.918-87)
0,27-0,32<0,17] 0,2-0,45 | 1,3-1,7 |<0,015|<0,015|3,4-3,8/0,12-0,18

0,5-0,7|<0,2| other
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The fractures on the rotor disc's crest were located between adjacent rivet holes
connecting the forked blade roots to the rotor disc's crest. Macroscopically, the cracks that
developed in the bridges between the holes in the disk crest were oriented normally to the
direction of the centrifugal forces generated during rotor operation. In the diametrical cross-
section of these bridges that had not yet completely failed during operation, cracks originating
from the rivet holes were detected (Fig. 1 a). At the microscopic level, these cracks were
characterized by both macro- and micro-branching and a curvilinear propagation path (Fig. 1 b).
Furthermore, the gap between their edges was filled with corrosion products formed as a result
of the interaction of steel with the process medium during prolonged contact. All these signs
indicate that the failure of the bridges between the holes occurred via a corrosion-fatigue
mechanism, rather than as a result of spontaneous failure due to a single rotor overload. Taking
into account the orientation of the operational fractures on the rotor disc crest, the mechanical
properties of the steel were determined using specimens oriented radially relative to the rotor
axis (Fig. 1 c¢). This was done to ensure that the macro-orientation of the specimen fractures and
the operational fractures of the disk coincided. The results of the mechanical tests on these
specimens showed that their cyzs and oys values were 773 and 653 MPa respectively, 6 and y
were 22 and 71%, and KCV was 1,64 J/em?. All these indicators did not exceed the
requirements of the industry technical specifications TS 108.11.918-87. Thus, despite the
compliance of the rotor's operating conditions, the steel's chemical composition, and its
mechanical characteristics with the regulatory requirements, the rotor disc still failed.

Figure 1. Macro- (a) and microscopic (b) view of cracks from a rivet hole and scheme of cutting samples (c)
from the crest of a steam turbine rotor disk

Metallographic studies of the structure of 30KhN3M1FA steel in the diametrical cross-
section of the disc revealed typical morphological signs of highly tempered martensite (Fig. 2),
which were more clearly identified at high magnification. The characteristic orientation of
packets of practically parallel martensite laths changed during the transition from one austenite
grain to another, within which they were formed. A feature of the structure was also an
excessively high number of quite large (up to 15 pm) non-metallic inclusions, the high density
of which was more clearly revealed at lower magnifications (Fig. 2 a). In the structure of the
analyzed disc, their density was several times higher than the acceptable value for rotor disc
metal (up to 2-3 particles per 1 mm? of polished surface area).

Since the rate of local corrosion generally increases with increasing density of non-
metallic inclusions, this was considered a dangerous factor influencing the intensity of corrosive
damage formation. They were classified as corrosion-active non-metallic inclusions [13], the
row arrangement of which contributed to the initiation of corrosion-fatigue cracks in the bridges
between the holes in the rotor disc crest. Considering the access of the process medium to the
contact zones between the surfaces of the holes in the disc and the rivets, the corrosive activity
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of these inclusions created the preconditions for the localization of deformation processes in
areas with their high density. Indeed, the corrosive pits that formed on these inclusions (due to
the dissolution of the inclusions themselves or the matrix around them) acted as structural stress
concentrators. They were observed even near the transitions from the surface of the rivet holes
in the disk crest to the surface of its fracture in the form of unidirectional rows of corrosive
defects connected by a crack parallel to the fracture and located directly below it (Fig. 3 a).

a b

Figure 3. Banded arrangement of corrosion pits of corrosive pits initiated by non-metallic inclusions on the
surface of the rivet hole (in the lower part of the image), in the vicinity of its transition to the operational
fracture surface (a), as well as typical contact fatigue cracks found on the diametrical polished section of

the rotor disc crest under the surface of the rivet hole (b)

Such cracks are typically associated with contact fatigue. They are usually inclined
relative to the contacting surfaces, and therefore, in cross-section, they appear parallel to
them. The growth of contact fatigue cracks occurred through the destruction of the bridges
between the closest non-metallic inclusions, which confirmed their negative role in the
nucleation of damage (Fig. 3 b). Both the number of such cracks and the depth at which
they were detected under the hole surface increased closer to the zone from which the disc
crest failure occurred. Due to the action of high contact loads, cracks located at various
distances from the hole surface in the disc crest connected via a shear mechanism,
destroying the bridges between the nearest non-metallic inclusions. The transformation of
one of these cracks into a main crack was accompanied by its reorientation (to one radially
oriented relative to the rivet hole) and subsequent propagation under the action of cyclic
tensile loads, but now as a crack oriented normally relative to the direction of the centrifugal
forces acting on the disc.
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During the visual inspection of the damaged elements of the disc crest, traces of contact
fatigue were also found on the inner surface of the rivet holes in the damaged disc, in the form
of a crack on the steam inlet side to the stage (Fig. 4). The crack is oriented along the axis of
the hole (across the traces of rough machining on the hole surface). Along its growth path,
corrosive pits caused by non-metallic inclusions were detected. It was these pits that determined
the curvilinear propagation trajectory of the contact fatigue crack, which propagated from one
pit to another. A significant portion of these inclusions, based on their elemental composition,
are classified as corrosion-active non-metallic inclusions [13]. These non-metallic inclusions
contributed to the active dissolution of both the inclusions themselves and the matrix phase in
their vicinity when moisture entered the contact zone of the rivet surfaces and the holes in the
disk crest. Taking into account the micro-displacements of the rivets relative to the hole surfaces
in the disc, these local structural defects facilitated the formation of a network of fine
microcracks initiated from them.

Figure 4. Traces of rough machining on the inner surface of a rivet hole formed during the disc
manufacturing stage, and the curved trajectory of a contact fatigue crack propagating along the axis of this
hole (a, in the upper photo), as well as typical features of macro-fractures in the bridges between the closest
rivet holes in the crest of the steam turbine rotor disc (b)

To limit the movement of the blade roots and the disk crest along the rivets, the rotor
disk assembly technology included cold heading of the rivet ends at the exit of the holes..
However, due to non-compliance with the requirements for the cleanliness of the contact
surfaces and the gaps between them, which only increased during the operation of the rotor, the
circumferential movements between the rivets and the disc crest became increasingly easier,
and their amplitude grew. As a result of the intensive deformation of the metal's surface layers
under the surfaces of the rivet holes, the microcracks from corrosive pits on the non-metallic
inclusions connected, and longitudinal contact fatigue cracks formed on the surfaces of the
holes.

Macro-level analysis of the fractures in the bridges between the rivet holes showed
that all failures began in the form of angular segmental cracks on the steam inlet side of the
stage (Fig. 4). Their relatively smooth morphology at the initial stage typically ended in a
rough final fracture with characteristic brittle tear ridges, corresponding to the overload
stage upon reaching a critical state.

In addition to mechanical damage, fracture surfaces of the disk, were also covered
with a dense film of high-temperature oxidation products, which hid the details of the
fractures and made them practically unsuitable for fine fractographic studies at the
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microscopic level (Fig. 5 a). This was considered direct proof that the fractures were
exposed to the high-temperature process medium for a long period, and therefore, their
formation did not occur instantaneously due to overload but over a long period of the disc's
service life. However, even in this state, quarter-circular marks were visible on the fractures,
densely decorated with rows of circular pits (up to 5 um in diameter), which formed due to
the corrosive interaction of non-metallic inclusions with the process medium. The same pits
decorated the front of the propagating fatigue crack at each subsequent stage of its growth.
Based on this, it was concluded that inclusions in the steel structure (as a result of
imperfections deoxidation process, incomplete homogenization of the solid solution, etc.)
play a decisive role in reducing its fracture resistance.

Figure 5. Typical fractograms of fractures of the bridges between the holes in the disc crest at the fracture
initiation stage by the contact fatigue mechanism (a, b) and at the stage of further propagation of
a fatigue crack by the fatigue striation mechanism (c, d)

To visualise the fine details of the relief of the fractures, whose depth could
be even less than the thickness of the surface oxide film, it was gradually removed
by chemical means in order to at least partially access the metal underneath,
while preserving the fine features of the relief. According to the results [14, 15, 16],
the depth of the relief with fatigue striations is measured from tens to hundreds of
nanometres. Thus, in order to unambiguously prove that the destruction of the disk crest
occurred not as a result of a single overload of the rotor during its operation, but as a result
of its long-term cyclic loading, it was necessary to preserve the fatigue striations at the
fractures.

Even partial cleaning of the fractures revealed a series of parallel cracks
on the surface of the rivet disk hole, visualised by opening their edges (Fig. 5 b, parallel
steps in the lower left corner of the fractogram). Secondary cracks, decorated with
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non-metallic inclusions, are clearly visible on the fractures of the disk crest. These
cracks are traces of contact fatigue cracks, propagating from the surface of the rivet
holes to their intersection with the fracture surface. These secondary cracks were not
considered to be traditional branches of the crack in the direction of its propagation, which,
as a rule, relax the stress at their tips and slow down their growth. However, these cracks
most likely represented alternative fracture initiation pathways from the hole surface,
intersecting the fracture but behind the main fracture front. In our case, this is an effective
way to visualise contact fatigue cracks in the fractures of the bridges between the rivet
holes.

After repeated cleaning of the fractures, it was possible to confirm that the crack
initiation stage via the contact fatigue mechanism from the rivet hole surfaces in the disc
crest gradually transitions to its propagation via the high-cycle fatigue mechanism.
According to the results of the analysis of the fracture of the bridge between the holes in
the damaged fragment of the disc crest at the stage of the angular quarter-circular crack
propagation from the steam inlet side, typical signs of fatigue failure were discovered (Fig.
5 ¢, d). The most important of these was the presence of parallel rows of fine fatigue
striations located across the festoons, extending in the main direction of fatigue crack
propagation. These striations were the traces of the crack's stage-by-stage advancement
during each load cycle of the disc.

The crack growth in the bridges via the high-cycle corrosion-fatigue mechanism
continued until it propagated through the entire thickness of the disc crest. This indicated
that favorable conditions for the growth of fatigue cracks from the inner surface of the
holes in the crest existed for a considerably long period of the rotor's operation. The
spacing of these striations did not exceed 0,5...0,9 pm. This made it possible to
determine the crack growth rate in the analyzed bridge of the disc fragment, which
reached 10® m/cycle. This corresponds to the upper part of the second region of the fatigue
crack growth rate diagram for this class of steels [17]. The initiation and propagation of
fatigue cracks in only a certain portion of the briges between rivet holes with the most
unfavorable structural and design features (density of non-metallic inclusions, tightness of
rivet fit density in the holes, and conditions for medium penetration into the element contact
zone), gives grounds to state that the fatigue crack initiated and propagated in the turbine
rotor disc over a fairly long period of operation, and not as a result of a single act of
destruction due to overload.

After the destruction propagated via the high-cycle corrosion-fatigue mechanism
through the entire thickness of the disc crest, when the quarter-circular crack weakened the
working cross-section of the bridge between the holes across its entire thickness, fracture began
from the adjacent hole on the steam outlet side, but now via the low-cycle fatigue mechanism.
However, this stage of fracture propagation was also closely related to the structural features of
the disc steel, namely the presence of an unacceptably large number of non-metallic inclusions
in its structure.

4. CONCLUSIONS

Based on a detailed analysis of the damaged disc crest fractures, it was revealed that
small crack initiation sites of contact fatigue initially formed on the rivet hole surfaces in the
disc crest on the steam inlet side. Slight circumferential movements of the rivet surfaces relative
to the holes in the crest, the access of the process medium to their contact zone, and the presence
of a significant quantity of quite large non-metallic inclusions in the steel structure all
contributed to the nucleation of crack in the bridges between the rivet holes via the contact
fatigue mechanism.
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The cracks propagate across the entire thickness of the rotor disc crest and
then over a significant portion of the bridge length to the adjacent rivet hole by the
mechanism of high-cycle corrosion fatigue, forming a classic fatigue relief with festoons
extended along the main crack growth direction, and parallel rows of fatigue striations
oriented perpendicular to them. The significantly higher stress concentration at the
tips of such cracks compared to that in the rivet holes facilitated their propagation
even at a low tensile stress intensity factor (far from that typical of resonance overloads).
The formation of such cracks in several bridges between adjacent holes accelerated the
spread of each of them until their final destruction due to the mechanism of low-cycle
fatigue.
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Structural-fractographic indicators of operational damage in steam turbine rotor disc steel
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CTPYKTYPHO-®PAKTOPT'A®IYHI IOKAZHUKHA
EKCINIYATAIIMHOI ITOIIKO/KEHOCTI CTAJII AUCKA
POTOPA NAPOBOI TYPBIHU

Ilerpo Couogeii'; N'asmmna Kpeukoscebka'?; Onexcanapa Cryaent’

L Disuxo-mexaniunuii incmumym imeni I'. B. Kapnenxa Hayionanenoi akademii
Hayk Ykpainu, Jlveie, Ykpaina
’Hayionanvnuti ynieepcumem «JIvsiecoka nonimexuixay, JIvsie, Yipaina

Pe3tome. [Ipoananizo8ano mexuHiuHu Cman Memaiy OUCKa pomopa naposeoi mypOiHu ma 6CmMaHO8IeHO
npuyuny tioeo pyunysanus. Iloxkaszano, wo Hesgadcaiouu Ha 8iONO0GIOHICMb MEXAHIUHUX 8lacmugocmeti cmani
30XH3MIDA 3a pozmsazy ma yoapy peclamMeHmHuM UMO2aM 8 OOHOMY 3i CHMYNEeHi8 pomopa GUHUKIU
HOWKOOIICEHHS, WO CNPUHUHUIU BUMYULEHY 3YRUHKY pomopa. Memanoepadiunumu 00CrioNHceHusaMU CmpyKmypu
cmani UABUNU HAOMIPHY KiNbKICMb HeMemanesux 6KII0YeHb, BUCOKA KOPO3iliHA AKMUBHICMb AKUX CHPUALA
po3uuHenHio mampuyi 6 ix oxoni. L{i moukosi depexmu cmasanu ocepeokamu 3apoONCeHHs BMOMACHUX MPIUUH.
Bucoxi xonmaxmui nanpyscenus Midc no8epxXHAMU 3aKIENOK | 0meopie Y OUCKY U NOCMIUHO HAPOCMAHHSA iX
nepemiujeHHs 0O0He w000 OOHO20 Hepe3 NOPYUIeHHS 3a30pi8 MIdC HUMU 6 npoyeci mpueanoi eKcniyamayii,
CHpUsAU KOHMAKMHIU 6MOMI Ma 3aPOO0NCEHHIO Mepedici MIKpompiwur 6 oKoai omeopis. A cmpiukose
PO3MAULYBAHHS CINPYKIMYPHO 3YMOGIEHUX KOPO3IUHUX OegheKmig CRpusio (opmysauHro CyyiibHo2o Gpoumy
8MOMHOI mpiwuru 6HACTIOOK ix 3numms. [lowupenus mpiyuHy 3a8epuunocs pyuHy8aHHAM NepemuHoK Midxc
omeopamu 0Jid 3aKNenoK y epeberi oucka pomopa. Omoice, CYKYNHULL 6NIUE KOPO3IUHO-AKMUBHUX GKIIOUEHD |
3pocmaroyux nepemiujerb y 30Hi KOHMAKMY eieMeHmie CHpUsiiu (QOPMYBAHHIO 30H JIOKATbHO2O 3APO0NCEHHS
mpiwun ma inmencupixysanu picm mazicmpanvnoi emomuoi mpiwuny. Ii nowwupenns cynpoeoodacyeanocs
VMBOPEHHAM HA 31AMI OUCKA NAPANIETbHUX 8MOMHUX O0po3enok. Kpim moeo, ponm nowupenns mpigunu Ha
JIOKATIbHUX emanax ii 3p0CmaHms Cynpo8ooH#Cy8ascs HAAGHICMIO 0eKopy 3 BUPA3OK HA eKCHIYAMAayiliHoMY 31aMi.
L]e niomeepoaicysano, wo icCHyIoui y CmpyKmypi cmaii HemMemanesi GKIOYeH S NOe2Uy8aIU Picm mpiuuHu Ha
emanax i 3apoodNCenHsl, I NOWUPEHHS 3a80AKU 00 €OHAHNIO PPOHMY MPIWUHU 3 YuMU OeheKmamil.

Knrwuosi cnoea: cmanv 30XH3MI®DA, ouck pomopa naposoi mypOinu, MmiyHicms, NIACMUYHICD,
yOapHa 8 ’s3Kicmbv, CMpyKmypd, Gpakmozpagiuni 03HAKu pyuHy8aHHs.
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