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FOR DAMAGE TO HEAT EXCHANGE PIPES OF STEAM
GENERATORS PGV-1000

A.S. Mitrofanov
National Science Center “Kharkov Institute of Physics and Technology”, Kharkiv, Ukraine
E-mail: mitrofanov@Kkipt.kharkov.ua

Operational damage to heat exchange tubes (HET) in the steam generators of power units WWER-1000 was
studied using metallography and electron microscopy. The mechanism of crack initiation and growth has been
established. It includes the combined action of non-metallic TiN inclusions in 08Cr18N10T steel, their drawing during
pipe rolling, as well as vibration loads in HET. An interpretation is given for differences in HET damage rates in
steam generators PGV-1000 and PGV-440. Activities to reduce the level of HET damage and increase the resource

capabilities of steam generators is proposed.

INTRODUCTION

During the period of intensive construction of NPP
power units, the issue of materials with the required
properties has acquired particular relevance. Moreover,
this issue applied not only to the materials of the reactor
core itself, but also to the heat exchange equipment. For
WWER-1000 projects, the choice of material of heat
exchange tubes of steam generators has become a top
priority. In the previous prototypes, WWER-440
projects, austenitic stainless steel 08Cr18N10T pipes
were used in the heat exchangers of steam generators.
The same steel was chosen as the material for heat
exchange tubes in VVER-1000 reactors.

However, under the operating conditions of VVER-
1000 power units, it was found that local damages appear
in the HET metal over time: corrosion pits and cracks.
Both types of damage pose a threat to the safe operation
of power units. As it was established [1, 2], the metal
ulceration is caused by the deposition of products of
corrosion and erosion wear of the secondary circuit
equipment, leading to contact corrosion. This reason was
eliminated in the process of fine-tuning the operating
modes of steam generators and making structural changes
of the system of their cleaning.

To date, there is no consensus regarding the cause of
the appearance of cracks in the walls of the HET,
although it is generally recognized that this is due to the
properties of steel 08Cr18N10T. In Refs. [3, 4] it was
shown that non-metallic TiN inclusions in steel can be the
cause of crack initiation, and crack growth is due to
alternating stresses stimulated by HET vibration.
However, the evidence bases of the positions put forward,
according to the authors themselves, was not convincing
enough.

Taking into account the importance of the proposed
concept, additional studies of cracks in the walls of the
HET were carried out in order to specify the mechanism
of cracking. This paper presents the results of these
researches.
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EXPERIMENTAL PROCEDURE

The objects of research were HET fragments cut from
the steam generator PG-1 at the second power unit of the
South Ukraine NPP after its decommissioning [2]. The
state of the outer surface of the HET, located in the
medium of the second circuit of the reactor, and cracks in
the walls of the HET were investigated. Metallographic
thin sections for research were made in the longitudinal
and transverse sections of the HET segments. To reveal
the microstructure and defects of 08Cr18N10T steel,
electroetching was used, as well as chemical etchants
based on solutions of ethyl alcohol and nitric acid.

For comparison, samples of the initial material from a
pipe of the same range and size that was used for the
manufacture of HET were also examined. The revealed
inclusions and defects were analyzed using the methods
of metallography and electron microscopy. Optical
microscopes MMO-1600AT and MBS-7 with
attachments for digital photography and scanning
electron microscope JEOL JSM-7001 Energy350 with an
energy dispersive microanalysis (EDS) system were used
in the studies.

RESULTS

In high-quality steel 08Cr18N10T, which is used for
the manufacture of HET, non-metallic inclusions of
nitrides, sulfides and carbonitrides are allowed at the
level of the fourth point according to the standards [5].
The presence of titanium nitride inclusions in steels
alloyed with titanium was also found in [6], where the
non-metallic phase in austenitic stainless steels
08Cr18N10T and 03Cr18N10T was studied by scanning
electron microscopy. When studying the HET material,
in addition inclusions of titanium nitrides, inclusions of
metallic titanium (Fig. 1) and globular titanium sulfides
(Fig. 2) were found in it.

The number of inclusions in the HET material did not
exceed the established norms. The presence in the
compositions of inclusions of elements included in steel
08Cr18N10T can be explained by the small size of the
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inclusions, which are comparable to the diameter of the
analyzer probe (3 um). The focus of the work was on TIN
inclusions because the titanium nitride inclusions are
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Fig. 1. Microsection in the cross section of HET with the
inclusion of titanium in steel 08Cr18N10T (a), EMF
spectrum (b) and elemental composition of the inclusion
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Figs. 3 and 4 show TIN inclusions found on the HET
surface. The inclusion in Fig. 3 was pressed by a rolling
roller into the metal surface without dragging.

In the manufacture of pipes using the cold rolling
method, TIN inclusions leave grooves on the metal
surface. Fig. 4 shows the surface of the metal with a trace
from the dragging of the inclusion before it was pressed
into the metal and partially collapsed. It can be assumed
that inclusions and grooves from them are the centers of
crack initiation during the operation of HET.

Fig. 5 shows the surface of the HET with the ends of
the cracks. The surface is cleaned of oxide deposits and
etched electrolytically. The ends of the cracks are located
in the depths of the “troughs” formed as a result of the
washing out of the oxidized metal in the vicinity of the
crack. The cubic Ti crystal is located directly above the
crack channel (Fig. 5,a).
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much more common than others. Moreover, globular
inclusions have a lesser effect on crack formation than
acute-angled inclusions.
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Fig. 2. Thin section in cross section HET. Inclusions
of titanium in steel 08Cr18N10T (a), EMF spectrum

(b) and elemental compaosition of the inclusion

The matrix material (steel 08Cr18N10T) has an
austenitic structure with a grain size of 5...10 pm. The
crack propagated through the grains in a transcrystalline
manner (see Fig. 5,b).

The ends of other cracks are shown at higher
magnification (Fig. 6). As can see, cracks break off
rectangular fragments from austenite grains, and these
fragments are TIN inclusions.

Cracks in the middle part are shown in Fig. 7. Smooth
bends and branchings characteristic of transcrystalline
cracks are observed (see Fig. 7,a,b). Cracks opening in
their middle part it can be quite large (see Fig. 7,c), while
the outlines of the coasts do not correspond to one
another. TiN inclusions partially embedded in the metal
are observed on the banks of cracks (highlighted by
contours). This confirms the participation of inclusions in
cracking.
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Fig. 3. Inclusion of TiN on the HET surface Fig. 4. Inclusion and trace from its dragging

Fig. 5. Crack endings on the HET surface: TiN above the crack channel (a), transcrystalline nature of crack
growth (b)

Fig. 7. Middle part of cracks and inclusions of titanium nitrides on the HET surface (a,b,c)

Fig. 8 shows a fracture in the middle of a crack on the Under the layer of oxides, the outlines of a cubic
tube surface. It can be seen that the crack bed is filled inclusion are guessed, similar to the inclusions of
with corrosion products. titanium nitrides shown earlier.
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Fig. 8. Fracture on the surface of the tube. The arrows
indicate the oxidized grain of the matrix metal and the
cubic inclusion

The shapeless fragment in the center (shown by the
arrow) is an oxidized grain of the matrix metal that has
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broken off from the crack wall, which most likely
contains an inclusion of titanium nitride. It can also be
seen that around the inclusion, along the grain
boundaries, the edges of the crack collapsed, obviously,
when it collapsed under the action of vibrations.

Cracks in the walls of the HET. Cracks in the walls
of the HET were studied on thin sections in the cross
section of the tubes. Cracks propagate into the metal
perpendicular to the outer surfaces of the tubes.
Secondary cracks branch off from the main crack. In this
case, the general direction of cracking is preserved (Figs.
9, 10). The channels of cracks are widened due to
deposits of corrosion products in them. One can to see
TiN inclusions near the crack tip (Fig. 10,b).

Fig. 10. Cracks in HET walls: middle part (a), crack tip and inclusions (b)

DISCUSSION

It can be seen from the above data that, in most cases,
HET cracking is accompanied by TiN inclusions. The
nature of the cracks is typically fatigue, and the presence
of oxides inside the cracks makes it possible to concretize
them as a manifestation of corrosion fatigue. Cracks in
the pipe walls begin on the outer surface of the HET, the
direction of the cracks is longitudinal, their length is
limited to approximately 15 mm.

All the above figures testify in favor of the fact that
the cracks were formed on the scratches left on the
surface of the HET by inclusions and their fragments.
The performed studies, in our opinion, give an idea of the
mechanism of the influence of titanium nitride inclusions
on the cracking of HET. It is well known that non-
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metallic inclusions often play a decisive role in the
initiation of destruction of metal structures. In the
monograph [7], modern ideas about the effect of
inclusions on fracture processes in steels are quite fully
presented. The initiation and development of cracks near
non-metallic inclusions and the formation of various
kinds of defects can be facilitated by mechanical loads,
an aggressive (or non-aggressive) environment,
deformation conditions (temperature, speed, degree,
method of exposure).

The anti-corrosion property of stainless steels is based
on the creation of a protective film of chromium oxide on
their surface.

The thickness of this film is about 0.1 pm [8]. It was
pointed out in [3] that the presence of TiN inclusions on
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the steel surface leads to discontinuity of the oxide film
and, accordingly, to local corrosion. Such inclusions do
not significantly affect the mechanical properties of the
metal.

In our case, the effect of inclusions is manifested in
the processes of local corrosion of stainless steel
08Cr18N10T. When the HET is bent, the inclusion-
matrix bond is broken. The cavities formed near the
inclusions on the HET surface open the access of the
liqguid medium to the inclusion-matrix interface. The
juvenile surfaces of the matrix that border with the
inclusion interact with the active liquid medium to form
oxides that are deposited inside the cavity. Such a process
intensively takes place in HET with their bending
vibrations at the moments of tensile stresses. Over time,
the cavity is filled with oxides. At the moments of action
of compressive stresses in the inclusion-matrix system,
the interface grows and the initial microcrack is formed
deep into the metal. The microcrack volume, as well as
the boundary cavity, is also filled with a liquid medium
at the moment of the next stretching cycle, with the
subsequent formation of oxides. Then, when the crack
collapses in a cyclic mode, the acts of its growth take
place.

Subsequently, the wedging effect is exerted by oxide
deposits on the juvenile surfaces in the cavity of the
formed initial crack. Periodic openings of the cavity
between the inclusion and the matrix during pipe
vibration cause steel corrosion processes near the
inclusions and crack growth. The growth of a crack is
associated with the accumulation of oxides in the crack,
their loose structure, the nature of the vibration and the
activity of the medium.

Over time, the inclusion on the HET surface loses its
connection with the matrix and is pushed out of it by
oxide deposits and compression cycles during vibration.
Apparently, therefore, it is often impossible to see the
inclusion in the oxide layer directly in the crack channel.
Under the influence of the wedging action of oxides, the
initial crack is transformed into a macroscopic one,
which continues to grow deep into the metal until its
channel is completely filled with oxides and the liquid
active medium stops flowing to its tip.

The chains of fragments of TiN inclusions shown in
the figures above and the scratches formed by them are
stress concentrators that stimulate the growth of a crack
along the HET surface.

Based on the above concepts, it is possible to explain
the features and causes of defect formation in the HET of
horizontal steam generators of the PGV types. In these
steam  generators, the headers are arranged
asymmetrically, and a tube bundle zone with the most
intense steam release is formed between them. The
increased vibration of the HET in this zone causes the
greatest alternating stresses in them. This, in our opinion,
explains the fact that, according to statistics, this zone has
the largest number of HET defects in both PGV-1000 and
PGV-440 [9]. The methods of eddy current testing also
note a common feature for these steam generators:
defects are formed in HET mainly near the tube bundle
supports (near the spacer grids). The reason for this is the
greatest alternating stresses in these zones during the
vibration of the HET. This also indicates a significant
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role of vibrations and inclusions in the formation of
damage. Long-term operation of PGV steam generators
shows that the HET damage rate in PGV1000 is higher
than in PGV-440. The vibration level of HET depends on
their thermal load. The specific heat load of the heating
surface in PGV-440 (90 kW/m?) is less than in PGV-
1000 (123 kW/m?) [10]. With the complete similarity of
the designs of these steam generators, the HOT vibration
level in PGV-1000 is obviously higher, which explains
their more frequent damage.

The considered facts confirm the assumptions made
earlier that it is the inclusions in steel 08Kh18N10T, as
well as vibrations together with them, that are the causes
of operational damage in the HET of steam generators.

The topical question is what measures should be
taken to reduce the level of HET damage, taking into
account the fact that the operation of power units is
extended by 30 and 60 years in excess of the design life.
In the initial period of operation of steam generators at
WWER-1000 power units, a large percentage of HET
damage was observed, and at different NPPs, the damage
rates were different. A large number of HETS failed due
to the formation of corrosion pits in the areas of steam
generators filled with sludge deposits. In particular, for
this reason, four steam generators that had not worked out
their design life at the power units of the South Ukraine
NPP were replaced.

Measures were taken to remove sludge and
chemically wash the heat exchanger, as well as to
optimize the aquatic environment (secondary circuit
water chemistry). It became obvious that the operation of
steam generators in the presence of sludge deposits is not
permissible. At present, as a result of the organizational
and technical measures taken, the formation of corrosion
pits in the HET metal has been reduced to an acceptable
minimum. Therefore, this type of damage is not
considered in this work. However, it should be noted that
the mechanism of formation of corrosion pits on steel
08Cr18N10T remains insufficiently studied. As for the
causes of HET cracking, much has become clear with the
disclosure of the role of non-metallic inclusions.

Steel 08X18H10T for the production of TOT.
Regarding the prospects for the applicability of steel
08Cr18N10T for the production of HET, two interrelated
issues are of practical interest:

1) what are the possibilities of eliminating non-
metallic TiN inclusions during the smelting of blanks
from steel 08Cr18N10T and the manufacture of HET,;

2) how it is possible to improve the performance and
durability of structures in the presence of titanium nitride
inclusions in steel. From the foregoing, it follows that the
precipitation of inclusions in castings of steel
08Cr18N10T, their concentration and size are
determined by many technological factors: the method of
introducing the charge, the grain size of the material, the
method of mixing during melting, and so on. On different
steam generators operating in the same modes, there are
different rates of damping due to a different number of
defects in the metal. This can be explained by the
different content of inclusions in the HET metal, which
is a matter of metallurgical technologies. The process of
smelting steel 08Cr18N10T is constantly being
improved. Apparently, with the development of melting
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modes, it will be possible, if not completely avoided, then
significantly reduce the concentration and size of
inclusions.

The mechanism of formation of cracks in the walls of
HET on the traces of drawing of inclusions left during
cold rolling, considered in the work, gives grounds for
recommendations to produce pipes up to the size of HET
by hot rolling. Solid TiN inclusions during hot rolling are
pressed into the matrix without drawing along the
surface. Inclusions do not leave scratches and do not act
as stress concentrators. The degree of cleanliness of the
pipe surface during hot rolling decreases, however, in our
opinion, this will not have a significant effect on the
performance of the HET. Concerning the issue of the
influence of inclusions on the resource characteristics of
HET, it should be noted that the HTC methods show a
large number of cracks in them that have stopped
growing at the level of permissible defects. There are also
through cracks that do not leak. This is quite
understandable, based on the features of the crack
formation mechanism discussed above, and suggests that
the current Kill criteria are do not quite correspond to the
actual performance of the HET.

Thus, the decision to kill HET according to the HTC
data should, apparently, be made taking into account the
kinetics of crack growth, which should reduce the rate of
killing.

CONCLUSION

The paper considers new experimental data obtained
as a result of in-depth studies of cracks in HET using
metallography, scanning electron microscopy and energy
dispersive microanalysis.

Based on experimental studies, it has been shown that
the formation of cracks in HET is caused by the presence
of non-metallic inclusions and scratches in the near-
surface layer of 08Cr18N10T steel, which are left by
inclusions on the surface of pipes during their rolling, as
well as by HET vibrations. The first two factors depend
on the technology of steel smelting and pipe
metalworking. Pipe vibration is determined by the design
features of steam generators.

It is recommended to take into account the kinetics of
their growth when making a decision on killing HET with
defects such as cracks.

ACKNOWLEDGEMENTS
Author would like to thank E.A. Krainyuk and
R.L. Vasilenko for participation in experiments.

REFERENCES
1. IM. Hexmono, JI.C. Oxwuros, A.C. Mutpo-
¢anoB, C.B.Toxenko. Kopo3siiiHi  ymIKOMIKEHHS
TEII00OMIHHMX  TpyO  maporeneparopiB  FOxHo-

VYxpaiacekoi AEC: C6. nayynvix mpyoos CHUAD u I1.
2003, B. 8, c. 55-63.

2. WM. Hexmronos, A.C. Murpodanos, JI.C. Oxu-
roB. DKCIUTyaTalliOHHBIE Ae(PEeKTh B TEIIOOOMEHHBIX
Tpybax maporeneparopoB ADC //  Dizuko-ximiuna
MmexaHika mamepianie. JIbBiB, 2008, 1. 44, Ned, c. 109-
114,

3. B.M. Boesonin, A.C. Murpodanos, C.B. I'oxe-
ko, P.JI. Bacunenko, €.0. Kpaitniok, A.B. baxykos,
A M. Ianii, I1.€. Menouuk. HemeTanesi BKIIFOUEHHS B
cranmi 08X18H10T sik npuunHa BUHUKHEHHS Ne(eKTiB y
TeII00OMIHHNX TpyOax maporeHeparopis AEC //
Dizuxo-ximiuna mexauixa mamepianie. 2019, Ne2 (55),
c. 16-23.

4. B.H. BoeBoamn, A.C. Murpodanos, C.B. T'oxe-
HKO, E.A. Kpaiiaiok, P.JI. Bacunenko, A.B. baxykos,
A.H.Tamuii, B.B. Huuenypenko, IL.E. MenpHuk.
Ou3KKO-MEXaHUYECKUE ACTEKThl JNerpajlallid MeTaia
TEII000OMEHHBIX TpyO maporeHepaTopo Ttuma [1I'B-
1000 // Bonpocwr amomnoii nayku u mexnuxu. Cepus
«DPITu PM». 2019, Ne2(120), c. 91-98

5. Tpybvr Oecwiogrvle U3 KOPPOIUOHHO-CMOUKUX
cmaneil € NOBLIUEHHLIM KA4eCcmeoM HNOBEPXHOCMel
(cmm.). TY 14-3P-197-2001. Bmemen 01.04.2001.
Hepxarens nogeHanka AO «YpanHUTW» 29 c.

6. O.K. Toxoso#, I.B. Ilabypos. HccnemoBanue
HEMETAUIMYECKUX BKIIOYEHUH B BaKyyMHPOBaHHOM
ayCTEHUTHOM HEprKaBeIoIlel CTalld METOJOM PACTPOBOM
JNIEKTPOHHOW MuKpockonuu //  HMzeecmus —@vlcuiux
yuebnvix 3asedenuil. UYepnas memannypeus. 2015,
Ne58(12), c. 891-895.

7. C.HU. T'yoenko. Hememaniuueckue xkuoueHusr u
npounocms cmaneti. Palmarium Akademik Publishing,
T'epmanus, 2015, 468 c.

8. N.B. CemenoBa, I''M. ®nopuanosuu, A.B. Xo-
poumioB. Kopposus u 3awuma om xopposuu / Ilox pen.
N.B. Cemenopoii. M.: ©DUSMATJINT, 2002, 336 c.

9. A.C.Murpodanos, €.0. Kpaiintok, P.JI. Bacu-
nenko, B.M. Boesonin, A.B. baxykos, [1.€. MensHuk.
Ywurooowcenns it ocobrusocmi memany menioooMiHHO20
obnaonanns AEC 3 BBEP. T'epmanist, sug. «GLOBEY,
2021.

10. H.b. Tpynos, FO.I'. IparynoB. Coseputerncmeo-
sanue koncmpykyuu I1I' ADC ¢ BBOP;
https://www.dissercat.com » content

Article received 22.03.2022

BILJIMB TiN-BKJIIOUEHbB I BIBPAIIIHHAX HABAHTAKEHDb HA TTOIIKO/)KYBAHICTD
TEINJIOOBMIHHUX TPYB TAPOI'EHEPATOPIB III'B-1000

A.C. Mumpodghanos

3a pmomomoroio Metajorpadii Ta CKaHYHYOi eNeKTPOHHOI MIKPOCKOIi JOCHIMHKEHO eKCIDTyaTamiiHi
nomko/pkeHHs TermtoooMinHux Tpy6 (TOT) y maporeneparopax eneproosiokis BBEP-1000. BcranoBiieHO MexaHi3m
3apODKEHHS 1 3pOCTAHHS TPILMH, SKUH BKIIIOYAE CHUIBHY Iif0 HeMeTamiuHux BioueHb TIN y cram 08X 18T10T, ix
BOJIOUIHHS TPH MPOKaTi TpyO, a Takok BiOpariiini HaBanTaxeHHs B TOT. OTpuMaHO MOSCHEHHS BiIMIHHOCTEH Y
temnax nomkopkeHHs: TOT Ha eHepro6mokax BBEP-1000 Ta BBEP-440. Po3riisiHyTo mUTaHHSI, SIKMX 3aXOiB CIiJ
BXKUTH JIJIS 3HIDKEHHS piBHs momkoxeHHs TOT Ta miABHIICHHS peCypCHUX MOXKIIMBOCTEH apOTreHEepaTopiB.
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BJUSHUE TiN-BKJIIOYEHU U BUBPALIMOHHBIX HAT'PY30K
HA ITIOBPEXJAEMOCTbDb TEIINTOOBMEHHBIX TPYB TIAPOI'EHEPATOPOB III'B-1000

A.C. Mumpoghanos

C nomompio MeTamIorpaduu U CKaHUPYIOIIEH 3IEKTPOHHON MMKPOCKOIHMH HCCIEJOBaHbI 3KCILUTyaTalluOHHBIE
nopexaenus rermnooomenHbIx Tpyo (TOT) B maporeneparopax snepro6nokos BBOP-1000. YcraHoBiieH MexaHU3M
3apOKIEHUS U POCTA TPEIIUH, KOTOPHIM BKIIOYAa€eT B ce0s1 COBMECTHOE JAE€HCTBUE HEMETAUTNYECKUX BKIIOUeHuid TIN
B craimu 08X18T10T, ux BonoueHue mpu mpokare TpyO, a Tarkke BuOpanuonHsle Harpy3ku B TOT. Ilomyueno
o0bsICHeHHE pa3nuumii B Temnax nospexaaemoctd TOT B maporeneparopax I1I'B-1000 u I1I'B-440. Paccmorpen
BOIPOC, KaKUe MePHI CIeyeT NPEeANPUHATE 11 CHIDKEHUS ypoBHA noBpexaaeMoctd TOT u noBeIIeHNs peCypCHBIX
BO3MOKHOCTEH apOreHepaTOPOB.
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