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1ZVOD

U radu je predlozen nacin ocene kriticnog stanja
degradacije termootpornih celika za komponentie
slozenih sistema termoenergetskih postrojenja (paro-
vodi, kotlovi ili parne turbine).

Eksperimentalna istrazivanja termootpornih celika
izvedena su ispitivanjima razaranjem i bez razaranja.
Ispitivanje razaranjem je izvedeno na bazi toplotnog
zamora, sa periodom zadrzavanja i bez njega. U
drugom slucaju paznja je posvecena naponu koji je
otpusten puzanjem pri maksimalnoj temperaturi u
poluciklusu perioda zadrzavanja. Predstavijeno je
kumulativno ostecenje materijala parovoda izlozenog
zamoru i puzanju. Ispitivanja bez razaranja
posvecena su istrazivanju zavisnosti metalografskog
parametra A i stanja degradacije materijala, pri
Cemu je stanje degradacije razmatrano statisticki.

UvOD

Stalni rast tehnoloskih parametara (nivo mehanickog i
toplotnog optere¢enja, dugotrajni radni rezim) razliite
opreme koja radi pod visokim mehanickim i toplotnim
optere¢enjem uslovljen je kako tehnickim (povecanje
jedini¢nog kapaciteta, maksimalna efikasnost, rukovanje,
odrzavanje) tako 1 ekonomskim zahtevima (smanjenje
utroSka materijala i ukupna cene opreme).

Osnovna odlika koriS¢enja komponenti koje su deo
termoenergetskih postrojenja (kotlovski bubnjevi, sabirnici,
zaporni ventili, cevi generatora pare, kuciSta turbina,
vratila, vijci, cevi i prirubnica) /1/, /2/ je nestacionarno
toplotno i mehani¢ko opterecenje. To izaziva cikli¢ni
karakter elasto-plasti¢éne deformacije materijala i procesa
degradacije, koji obi¢no nastaju kao posledica dejstva
neizotermickih radnih uslova.

U slucaju parnih kotlova visokog pritiska u postrojenju
parne turbine, zbog njegove specificne eksploatacije
iskazane duzinom trajanja stabilnog rezima, oSteCenje
puzanjem je veée od oSteéenja ciklicnim opterecenjem,
izazvanog niskocikli¢nim zamorom.
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ABSTRACT

The paper proposes the method for the assessment of
critical degradation state of heat resistant steels for
the components of power plant complex systems
(steam pipelines, boilers or steam turbines).

The experimental investigations of heat resistant
steels were performed by destructive and non-
destructive testing. The destructive testing was based
on thermal fatigue, with holding time and without it.
In the second case the attention was paid to the stress
relieved by creep at maximum temperature in the
holding time semicycle. The cumulative fatigue -creep
damage of a steam pipeline material was presented.
The non-destructive testing was devoted to the
research of the correlation between metallographic
parameter A and the statistically considered material
degradation state.

INTRODUCTION

The continuous increase of the technological parameters
(the level of the mechanical and thermal loading, long-term
regime) of different equipment operating under high
mechanical and thermal loading is imposed by the technical
(unit capacity increase, maximum efficiency, handling,
maintenance) and by the economic requirements (reduction
of material consumption and the total cost of equipment).

Basic feature of the application of the components,
which are part of the thermal power plants (boiler drums,
collectors, shutt-off valves, steam generator pipes, turbine
casings, shafts, bolts, pipes and flanges) /1/, /2/ is the non-
stationary thermal and mechanical loading. This gives a
cyclic character to the elastic-plastic strain of materials and
degradation process, which is usually caused by the effects
of non-isothermal service conditions.

In case of a high-pressure steam boiler in the steam
turbine plant, due to its specific exploitation, exhibited by
the duration of stable regime, creep damage is higher than
the damage caused by cyclic loading, induced by low-cycle
fatigue.
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Do unutrasnjeg sprecavanja toplotnih deformacija dolazi
zbog dejstva temperaturnog gradijenta u komponentama
velikog poprecnog preseka (vratila, kucista i lopatice parnih
turbina); ove deformacije proizvode elastoplasticni nisko-
cikli¢ni zamor (na nivou napona tecenja materijala i iznad
njega). U drugim slucajevima deformacije komponenata
opterecenih u prelaznom rezimu (ciklicna promena tempe-
rature) su potpuno ili delimi¢no blokirane spolja, Sto takode
izaziva o$tecenje niskocikli¢nim toplotnim zamorom.

Medutim, najostriji uslovi optereénja javljaju se u
zonama koncentracije napona /3/, i prema /4/ toplotni
naponi rastu od 0,25AT pri jednoosnom naponskom stanju
do 0,63AT pri troosnom naponskom stanju, karakteristic-
nom za zone koncentracije napona (AT je razlika tempera-
tura u toplotnom ciklusu).

U novije vreme pritisak u parnim kotlovima sa
natkriticnim pritiskom povecavan je i do 335 bar, a
temperatura do 620°C, zavisno od vrste Celika (temperatura
pare na izlazu 580°C i pritisak na izlazu iz pregrejaca od
275 bar) /5/, /6/.

Faktori koji odreduju nivo degradacije prethodno
navedenih komponenti, izloZzenih optere¢enju visokim
pritiskom i temperaturom, su:
1. nestacionarni toplotni i

eksploatacije;

2. visoka temperatura;

3. visok temperaturni gradijent;

4. niska frekvencija ciklicnog opterecenja i mali broj
ciklusa (niskocikli¢ni karakter);

5. dugotrajna eksploatacija u stabilnom rezimu.

mehanicki rezim u toku

EKSPERIMENTI SA TOPLOTNIM ZAMOROM

Toplotno-mehanicki model ponasanja materijala izlozenog
toplotnom zamoru

Prva ispitivanja toplotnog zamora izveo je 1954. Kofin
/7/. On je koristio uredaj koji omoguéava potpuno spre-
Cavanje toplotnih deformacija. Za ispitivanje sa razli¢itim
amplitudama deformacije bilo je potrebno da se u uredaj za
ispitivanje ugradi elasti¢ni element (elasticna membrana ili
luk) /3/, /8/. To je omogucilo delimi¢no sprecavanje
toplotne deformacije i zato Manson-Kofinov izraz povezuje
pocetnu deformaciju Ag;, i broj ciklusa do loma Ny

Ispitivanje niskocikliénog zamora definisano je postup-
kom ASTM E 606 /9/. Ispitivanje toplotnog zamora
posebno je definisano u standardu GOST 25.505-85 /10/.
Propisan je poseban postupak za ispitivanje toplotnog
zamora pri ¢emu se navode vrsta epruvete, zahtevani nivo
krutosti pri ispitivanju i uslovi ispitivanja.

Slika 1 predstavlja toplotno-cikli¢ni model optereenja
/3/. Ispitivana komponenta 1 (koja predstavlja epruvetu ili
deo opreme) mehanicki je povezana u seriji sa elastiénim
elementom 3. Pretpostavlja se da je ispitivana komponenta
1 izlozena ponovljenim ciklusima zagrevanja i hladenja.
Blok 2 (obicno ga c¢ine svi nepokretni elementi kompo-
nente 1, osim elasticnog elementa 3 i pokretnih delova
komponente 1) ima krutost C,= .
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The internal blocking of thermal strains occurs due to the
effect of the temperature gradient in the components of
large cross sections (shafts, steam turbine casings and
blades); these strains induce -elastic-plastic low-cycle
fatigue loading (at the level of material yield stress and
beyond it). In other cases, the strains of the components
loaded in transient regime (cyclic variation of the tempe-
rature) are totally or partially externally blocked, which also
causes a low-cycle thermal fatigue damage.

However, the most severe loading conditions occur in
the stress concentration zones /3/, and according to /4/ the
thermal stresses increase from 0.25A7 in the uniaxial stress
state to 0.63AT in the triaxial stress state, typical for the
stress concentration zones (A7 is a temperature difference
in thermal cycle).

Recently, the pressure in the steam boiler with
supercritical pressure has been increased up to 335 bar and
temperature up to 620°C, depending on the steel quality
(the overheater outlet steam temperature of 580°C and the
outlet pressure of 275 bar) /5/, /6/.

The factors which determine the degradation level of the
above mentioned components, subjected to high pressure
and temperature loading, are:

1. non-stationary thermal and mechanical regimes in
operation;

2. high temperature;

3. high temperature gradient;

4. low frequency of cyclic loading and small number of
cycles (low-cycle character);

5. long-term exploatation in stable regime.

THERMAL FATIGUE EXPERIMENTS

Thermo-mechanical behaviour model of material subjected
to thermal fatigue

The first thermal fatigue testing was performed in 1954
by Coffin /7/. He used a device enabling total blocking of
thermal strain. For testing with different magnitudes of the
strain amplitude it was necessary to introduce an elastic
element (elastic membrane or arc) in the test device /3/, /8/.
It allowed to obtain a partial blocking of the thermal strain
and therefore the Manson-Coffin expression correlates
initial strain Ag;, and number of cycles to fracture Ny

The low-cycle fatigue testing is defined by the ASTM E
606 procedure /9/. The thermal fatigue tests are defined
specifically in the standard procedure GOST 25.505-85
/10/. Special procedure is prescribed for the thermal fatigue
testing, indicating the specimen type, the required stiffness
level for testing and testing conditions.

Figure 1 presents the thermal cyclic loading model /3/.
The investigated component 1 (representing a specimen or
part of the equipment) is mechanically connected in series
with an elastic element 3. It is supposed that the
investigated component 1 is subjected to heating-cooling
repeated cycles. The block 2 (usually formed of all fixed
elements of the component 1, except the elastic element 3
and non-fixed parts of component 1) is of stiffness C,= oo.
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Krutost elasti¢nog elementa 3 je C; < C;.

Ovakav odnos krutosti obezbeduje razvoj delimicne
toplotne deformacije u analiziranoj komponenti 1.
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The stiffness of the element 3 is C; < C;.

These stiffness relation enables the development of a
partial thermal strain in the analysed component 1.

fils]

Slika 1. Model toplotno-mehanickog ponasanja analizirane komponente pri toplotnom zamoru /3/ a) elasti¢ni element;
b) toplotni ciklus; c) histerezisna petlja elasto-plasticne deformacije; (compr. — pritisak; tens. - zatezanje)

Figure 1. The model of the thermal-mechanical behaviour of the analysed component subjected to thermal fatigue /3/
a) elastic element; b) thermal cycle; c) hysteresis loop of the elastic-plastic strain

Koeficijent blokiranja (ili krutost opterecenja) R je
uveden radi kvantitativnog odredivanja uticaja ovih faktora
toplotne deformacije:

R= ASM/AST (1)

gde je Agy mehanicka elastoplasténa deformacija, a Aer je
toplotna deformacija.

Uvodenje promenljive krutosti sistema u postupak
ispitivanja toplotnog zamora omogucava odvajanje toplot-
nih od energetskih faktora. Osnovni termo-cikli¢ni
parametri za temperaturu i za vreme se mogu na taj nacin
varirati. Krive toplotnog zamora mogu se dobiti pri
odgovaraju¢im uslovima. Poznavanje uticaja osnovnih
parametara toplotnih i mehanickih ciklusa na izdrzljivost
omogucava istrazivanje otpornosti materijala prema
toplotnom zamoru.

Seme ispitivanja toplotnog zamora

Sema sistema za ispitivanje moZe se izabrati na osnovu
prethodno prikazanog modela toplotnog zamora. Postojanje
ovog modela omogucava razvoj sistema toplotno-ciklicnog
optereCenja epruvete i sistema za ispitivanje sa promen-
ljivom krutos¢u. To omoguéava konstantnu razliku
temperatura (AT = const) za svaki opseg (Ag, = constant)
konstantne ukupne deformacije.

Slika 2 prikazuje tri nacelne Seme za ispitivanje top-
lotnog zamora. Ispitivanje se sastoji od ciklicnog hladenja i
zagrevanja epruvete 1, koja je hvataljkama 2 i 3 pricvrséena
za noseci okvir.

INTEGRITET I VEK KONSTRUKCIJA
Vol. 3, br. 2 (2003), str. 51-64

The blocking coefficient (or stiffness of loading) R is
introduced for the quantitative evaluation of the effect of
these thermal strain factors:

R= ASM/AST (1)

where Agy, is mechanical elastic-plastic strain, and Aer is
thermal strain.

The introduction of the variable stiffness of the system
in the thermal fatigue testing procedure enables the separa-
tion of the thermal factors from the mechanical ones. The
main thermal cyclic parameters for temperature and time
can be varied in this way. The thermal fatigue curves can be
obtained under corresponding conditions. The knowledge
of the effects of thermal and mechanical cycles main
parameters on the durability enables the investigation of
material thermal fatigue resistance.

Thermal fatigue testing schemes

The scheme of the testing system can be chosen on the
basis of above presented thermal fatigue model. The
existence of this model enables the development of thermal
cyclic loading systems of the specimen and the testing
system with varying stiffness. This enables constant
temperature difference (AT = constant) for each range (Ag,
= constant) of constant total strain.

Figure 2 presents three principle schemes for thermal
fatigue testing. The testing consists of the cyclic heating-
cooling of the specimen 1, fixed with clamping dies 2 and 3
on the supporting frame.
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Slika 2. Sheme uredaja za toplotni zamor /3, 11, 12/

Figure 2. Schemes of the devices for thermal fatigue /3, 11, 12/

Noseci okvir moze biti izveden od stubova 6 i Sipki 41 5
promenljive krutosti (sl. 2a), ili od stubova 5 i krutih Sipki 4
i 6 1 elastiénih lukova 7 1 8 (sl. 2b), ili od stubova 2 1 9 sa
krutim Sipkama 1 i 3 i od pokretne Sipke 5 izmedu epruvete
6 i luka 4, koja moze da se pomera po vertikalnim
vodicama (sl. 2c).

U prvobitnom uredaju koji je Kofin /7/ napravio 1954.
godine potpuno su sprec¢ene slobodne toplotne deformacije
epruvete, pa se na taj nafin one potpuno pretvorene u
mehanicke deformacije epruvete.

Radi odredivanja raspona aksijalne deformacije, Kofin je
koristio katetografsku metodu, koja je prilicno netacna i
zametna. Crtanje dijagrama histerezisne petlje takode je
prili¢éno netacno.

Novija konstrukcijska reSenja uredaja za ispitivanje
toplotnog zamora, koja su posle Kofina razvili Karden /13/,
/14/ i Filatov /15/, donela su znacajna unapredenja u
konstrukciji i rukovanju uredajem tokom ispitivanja. U dva
uredaja, koje je predlozio Karden epruveta se neposredno
zagreva elektriénom strujom. Drugacije Seme, zasnovane na
ovom principu ispitivanja toplotnog zamora, koje su
predlozili Siniavski /16/, /17/ i drugi /18/, /19/, koriS¢ene su
za ispitivanje termootpornih legura.

Postupak transformacije radijalne deformacije u aksijal-
nu objasnjen je u dodatku ASTM postupka ispitivanja /9/.
Avercenko nudi jo§ precizniju metodu /17/. On uzima u
razmatranje tacnu vrednost modula elastiCnosti E(7) i
Poasonovog koeficijenta p(7), koji zavise od dostignute
temperature u svakom trenutku.

Uredaj za ispitivanje toplotnog zamora (ISIM)

Uredaj za ispitivanje toplotnog zamora je projektovan i
izraden u Institutu za zavarivanje i ispitivanje materijala
(ISIM) u Temisvaru /20/, /21/, /22/, a programi za
upravljanje, prikupljanje podataka (temperatura, sila,
deformacija) i njihovu obradu razvijeni su na Katedri za
automatizaciju Politehnickog univerziteta u TemiSvaru
prema algoritmima koji definisao prvi autor. Opsti izgled
uredaja razvijenog u ISIM prikazan je na sl. 3, a Seme blok-
dijagrama upravljanja i prikupljanja podataka, zajedno sa
izgledom histerezisne petlje date su na sl. 4.
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The supporting frame can be formed of columns 6 and
bars 4 and 5 with variable stiffness (Fig. 2a), or of column
5, the rigid bars 4 and 6 and the elastic arcs 7 and 8 (Fig.
2b), or of columns 2 and 9 with rigid bars 1 and 3 and the
bar 5 between specimen 6 and arc 4, mobile on the column
guides (Fig. 2¢).

The original device made by Coffin in 1954 /7/
completely eliminated the specimen free thermal strain, so
that they were totally converted in mechanical strains in the
testing specimen.

For the determination of the axial strain range, Coffin
used the cathetographic method, which is rather inaccurate
and complex. The recording of the hysteresis loop is also
rather inaccurate.

After Coffin's, new design versions of thermal fatigue
testing device were developed by Carden /13/, /14/ and
Filatow /15/, which brought important improvements in the
design and the handling of the device during testing. The
two devices suggested by Carden used heating system with
the electric current, conducted through the specimen. Other
schemes, based on this principle for thermal fatigue testing,
proposed by Siniawskii /16/, /17/ and the others /18/, /19/,
were used for investigation of heat resistant alloys.

The procedure of the diametral strain conversion in the
axial strain is explained in the annex of the ASTM testing
procedure /9/. Averchenko presented a still more accurate
method /17/. He took into consideration the exact value of
the elasticity module £(7) and also the Poisson's ratio p(7),
depending on the attained temperature in each moment.

The device for thermal fatigue testing (ISIM)

The device for thermal fatigue testing was designed and
produced in the Institute for welding and material testing
(ISIM) in Timisoara /20/, /21/, /22/, and the control, data
acquisition (temperature, force, strain) and processing prog-
rammes were developed by the Automation Department of
the Politehnica University in Timigoara, according to the
algorithm defined by the first author. General view of the
device developed in ISIM is presented in Fig. 3, and the
schemes for control block and for data acquisition, together
with the hysteresis loop view, are given in Fig. 4.
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Uredaj je opremljen sa pet zamenljivih lukova razliite
krutosti, od 60 do 300 kN/mm, §to omogucéava primenu pet
razli¢itih nivoa amplitude ukupne (ili plasticne) deformacije
za epruvete iste veli¢ine. Na uredaju mogu da se ispituju
epruvete od cilindricne cevi ili kalibrisanog cilindri¢nog
preseka (sl. 5) cikliénim optere¢enjem napona pritiska u
poluciklusu zagrevanja i napona istezanja u poluciklusu
hladenja. Veli¢ina nazivnog popre¢nog preseka epruvete je
$13/012, sa krajevima za pri¢vrsc¢ivanje navojem M16.

Slika 3. Opsti izgled uredaja za ispitivanje
toplotnog zamora ISIM /20/, /21/

Figure 3. The general view of the thermal fatigue
testing device ISIM /20/, /21/

Kao posledica ciklicne promene temperature i delimic¢-
nog spreCavanja pomeranja krajeva epruvete javljaju se
deformacije i naponi koji prelaze napon tecenja materijala
(elasto-plasti¢na oblast).

Uredaj moze da ispituje dve nezavisne grupe. Svaka
ispitna grupa dobija signal za poluciklus zagrevanja od
softvera na raCunaru tipa 586 pomocu analogno-
numeriCkog pretvarata (CAN) interfejsa tiristorskog
sistema za podeSavanje snage clementa za zagrevanje.

Zagrevanje se postize zracenjem halogene sijalice snage
1 kW. Upotrebom nekih CAN kanala interfejsa upravlja se
sistemom razvoda u dovodu gasa, $to omogucava pristup
vazduha (ili pristup inertnog gasa) kalibrisanom delu
epruvete. Komanda za vreme zadrzavanja temperature
(Traw> Tmin» respektivno) izdaje se softverom za podesa-
vanje elementa za zagrevanje.

Kada se radijalni pretvara¢ koristi za prevodenje radi-
jalne u aksijalnu deformaciju koriste se preporuceni
postupci ASTM E 606 /9/, kao i oni iz rada /17/. Prednost
poslednjeg je u tome $to racuna sa promenom modula elas-
tiCnosti £ 1 Puasonovog koeficijenta v sa temperaturom.
Radijalni pretvara¢ je takode razvijen u ISIM (sl. 6) za
ispitivanja toplotnog zamora i neizotermnog niskocikli¢nog
zamora. Elementi koji su u kontaktu sa zagrejanom
epruvetom izradeni su od kvarcnih Sipki, a kao osetljivi
element koris¢en je induktivni pokretni pretvarac, koji je
povezan sa mostom za pojacanje.
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The device is provided with five replaceable arcs of
different stiffness, ranging from 60 to 300 kN/mm, which
enables the application of five different amplitudes of total
(or plastic) strain for the specimens of the same size. The
device can be used for the specimens of cilindrical pipes or
those of calibrated cylindrical section by applying cyclic
loading of compression stress in the heating semicycle and
tensile stress in cooling semicycle. The specimen nominal
cross section is ¢13/¢12, ending with M16 thread for fixing.
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Slika 4. Blok-dijagram upravljanja instalacijom
za ispitivanje toplotnog zamora /20/, /21/

Figure 4. Control block scheme of the thermal
fatigue testing installation /20/, /21/

As a consequence of the cyclic variation of temperature
and of partial blocking of the specimen ends displacements,
the stresses and deformations appear which exceed the
material yield stress (the elastic-plastic region).

The device can test two independent groups. Each
testing group receives the signal for the heating semicycle
from the software of the 586 type computer by analog-
numerical converter (CAN) interfaced to thyristors power
adjusting system of the heating element.

The heating is achieved by the radiation from an 1kW
halogen lamp. By means of some interface CAN channels
system gas distribution coil is controlled, which allows the
air access (or the access of an inert gas) to the calibrated
section of the specimen. The signal to hold the temperature
(Twaws Tin» respectively) time is given through the software
for adjustment of the heating element.

When the radial converter is used for conversion of
radial into axial strain the procedures recommended in the
ASTM E 606 /9/ are used, but also the procedure given in
Ref. /17/. The last one has the advantage that it takes into
account variation of the elasticity modulus £ and of the
Poisson’s ratio v with the temperature. The radial converter
is also developed at ISIM (Fig. 6) for thermal fatigue
testing and non-isothermal low-cycle fatigue. The elements
in contact with the heated specimen are made of quartz
bars, and an inductive mobile converter is used as a
sensitive element, connected with an amplification bridge.
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Slice 5. Epruveta na pocetku ispitivanja toplotnog zamora
i polomljena epruveta posle ispitivanja

Slika 6. Pretvarac radijalne deformacije u aksijalnu u kontaktu sa
epruvetom

Figure 5. Initial shape of specimen for the thermal fatigue testing Figure 6. The radial strain converter for conversion radial into axial

and cracked specimen after testing

Eksperimentalna istrazivanja toplotnog zamora

Ispitivanje toplotnog zamora izvedeno je na kompjuteri-
zovanom uredaju IIOT — 2, projektovanom i izradenom u
ISIM /20/. Kori$¢eni su standardni postupci ispitivanja
ASTM E606 /9/ i GOST 25.505-85 /10/. Temperatura,
napon i radijalna deformacija ostvareni u eksperimentima
odgovarali su zahtevima standardnih ispitivanja (maksimal-
na greSka manja od 1% za temperaturu i manja od 2% za
napon i deformaciju). Cilindri¢ne epruvete (sl. 5) su imale
spoljnji pre¢nik 13 mm i unutra$nji preénik 12 mm. Tac¢nost
dimenzija epruveta ispunjavala je zahteve standardnog
postupka ispitivanja. Hemijski sastav ispitivanih Celika dat
je u tabeli 1.

strain in contact with the specimen

Experimental investigations of thermal fatigue

The thermal fatigue testing had been performed on the
computer controlled testing device IIOT — 2, designed and
produced by ISIM /20/. Standard testing procedures from
ASTM E606 /9/ and GOST 25.505-85 /10/ were used. The
temperature, stress and radial strain achieved in
experiments corresponded to the standard testing require-
ments (maximum error less than 1% for temperature and
less than 2% for stress and strain). The cylindrical speci-
mens had outer diameter 13 mm and inner diameter 12 mm.
Specimens dimension accuracy met the requirements of the
standard testing procedure. Chemical composition of tested
steels is given in Table 1.

Tabela 1. Hemijski sastav ¢elika koji su ispitivani toplotnim zamorom

Table 1. Chemical composition of the thermal fatigue tested steels

Celik Hemijski sastav (prema standardu), %
Steel Chemical composition (according to standard), %
C Mn Si P S Ni Cr Mo \% ostalo - rest
12HIMF 0.15- | 0.015-0.035
0.08-0.15| 0.4-0.7 [0.17-0.37| <0. <0. <0. 09-1.2 10.25-0.35| ) '
(GOST 1050) 0.03 0.025 0.25 030 Al
14CrMo4 max. max. max
0.35-0.840.13-0.37 - 0.68-1.040.38-0.62 - -
(STAS 2883-80) 0.19 0.045 | 0.045

Ruski celik 12 HIMF korisc¢en je u energanama za ele-
mente parnih kotlova i za parovode u CET - Bukurest.
Rumunski ¢elik 14 CrMo 4 obicno se koristi za elemente
parnih kotlova i u hemijskim postrojenjima za transport
procesnog gasa. Ceski Gelik 15.128.5 upotrebljen je za
izradu parovoda u CET. U tabeli 2 su date mehanicke
karakteristike ispitivanih Celika.

Za svaki Celik ispitano je termickim zamorom najmanje
12 epruveta, na 4 nivoa raspona ukupne deformacije Ag,, do
pojave prsline duzine 1-2 mm na 3 uzorka pri razlici tempe-
ratura AT. Nivo raspona deformacije Ag, ostvaren je pogod-
nim izborom opsega temperatura, debljine zida epruvete i
krutosti luka, koji je serijski povezan sa epruvetom.
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The Russian steel 12 HIMF was used in power plants for
steam boiler components and for the steam pipelines in
CET- Bucuresti. The Romanian steel 14 CrMo 4 is usually
used for the steam boiler components and in chemical
plants for process gas transport. The Czeck steel 15.128.5
was used for the steam pipelines in CET. Mechanical
properties of tested steels are given in Table 2.

For each steel minimum 12 specimens were tested by
thermal fatigue, at 4 range levels of total strain Ag, up to
the occurrence of 1-2 mm long crack on 3 samples at tem-
perature range AT. The strain range level Ag, was achieved
by convenient choice of temperature range, specimen wall
thickness and arc stiffness, in series linked to the specimen.
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Tabela 2. Mehanicke karakteristike ispitivanih ¢elika

Table 2. Mechanical characteristics of the investigated steels

Napon tecenja Zatezna ¢vrstoca Izduzenje pri lomu Udarna zilavost
Yield stress Ultimate tensile strength | Elongation at fracture Impact toughness
Celik Ry, min. Ry As, min. KV, +20°C, min.
Steel MPa MPa % J
12 HIMF (GOST 1050) 340 470-690 21 31
14 CrMo 4 (STAS 2883-80) 275 440-590 19 31
15.128.5 (CSN 41.5128) 365 490-690 18 KCU3=min. 50 J/cm2

“Testerasto” ispitivanje (zagrevanje-hladenje) toplotnim
zamorom ruskog Celika 12 HIMF za parovode u elektra-
nama izvedeno je u opsegu od 60° do 540°C, bez perioda
zadrzavanja, §to znaci da je opterecenje Cist zamor. Period
zagrevanja trajao je oko 30 s, a period hladenja oko 340 s, a
rezultujuéi ciklus je bio niskocikli¢ni zamor. Slika 7
prikazuje krivu toplotnog zamora (zavisnost raspona plas-
ticnih deformacija od broja ciklusa do inicijacije prsline,
2Ag, - Ni u dvostrukim logaritamskim koordinatama).
Jednacina toplotnog zamora za Celik 12 HIMF (osnovni
metal) ima oblik:

2Ag,, = 12,29IN; ~"7% )

10 100

10

The saw-tooth thermal fatigue testing (heating-cooling)
of Russian steel 12 HIMF for steam pipelines in power
plants was performed in the range from 60° to 540°C,
without holding time, which means that a pure fatigue
loading was applied. The duration of the heating period was
about 30 s, and the cooling one about 340 s, the resulting
cycle being low-cycle fatigue. Figure 7 presents the thermal
fatigue curve (dependance of the plastic strain range on the
number of cycles up to the crack initiation, 2Ag, - N; in
double logarithmic coordinates). The thermal fatigue
equation for the steel 12 HIMF (parent metal) has the form:

2Ag,, = 12.29IN; ~"7% )
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Slika 7. Manson-Kofinov izraz sa granicama rasipanja za Celik 12 HIMF, ispitan toplotnim zamorom u opsegu 60° do 540°C /23/

Figure 7. The Manson-Coffin equation with scatter bands for steel 12 HIMF, thermal fatigue testing in the range 60° to 540°C /23/

Za celik 12 HIMF izvedena su i ispitivanja toplotnim za-
morom, sa vremenom zadrzavanja od 360 s na maksimalnoj
temperaturi ciklusa (540°C); u tom delu dolazi do otpusta-
nja napona puzanjem (zamor i puzanje), §to se vidi na sl. 8.

Slika 9 prikazuje dijagrame toplotnog zamora (za
verovatno¢u loma od 50%) u dvostrukim logaritamskim
koordinatama raspona plasticne deformacije 2Ag,, u
zavisnosti od vremena do loma usled zamora (vreme #) i od
vremena do loma usled zamora i puzanja (vreme #.). Moze
se uociti da se broj ciklusa do loma se smanjuje, iako se
ukupno vreme do loma povecava sa povecanjem vremena
zadrzavanja.
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For the steel 12 HIMF thermal fatigue testing was also
performed, with holding time 360 s at cycle maximum
temperature (540°C); in this part the stress relief by creep
occurs (fatigue and creep), as illustrated in Fig. 8.

Figure 9 presents the thermal fatigue diagrams (for the
fracture probability of 50%) in double logarithmic co-
ordinates of the plastic strain range 2Ag,, as a function of
the time up to the fatigue fracture (time #) and that of
fatigue-creep fracture (time #s.). It can be noticed that
although the total duration time up to the fracture increases
when the duration of holding time increases, the cycle
numbers up to the fracture decreases.
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Slika 8. Shematski oblici Cistog toplotno-zamornog ciklusa i toplotno-zamornog ciklusa sa periodom zadrzavanja na maksimalnoj
temperaturi. Na desnoj strani moze se videti otpustanje napona usled puzanja.

Figure 8. Schematic forms of the pure thermal fatigue cycle and of the thermal fatigue cycle with holding time at maximum
temperature. On the right side the stress relieving under creep can be seen.
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Slika 9. Dijagram toplotnog zamora u koordinatama 2Ae,, — (/) /24/ (fatigue — zamor; creep - puzanje)

Figure 9. The thermal fatigue diagram in coordinates 22Ag,, — (t/ty.) /24/

Slika 10 prikazuje razliku izmedu krive Cistog toplotnog
zamora i krive zamor-puzanje raspona plasticne deforma-
cije 2Ag,, u zavisnosti od broja ciklusa do loma N; Kriva
zamor-puzanje je pomerena ulevo i nadole u odnosu na
krivu Cistog zamora.

Celik 14CrMo4 je ispitan mnogo detaljnije na puzanje
i na toplotni zamor bez perioda zadrzavanja i sa perio-
dom zadrzavanja pri maksimalnoj temeperaturi ciklusa.
Parametar 4 je takode odreden iz prekinutih ispitivanja.

Ispitivanja dugotrajne otpornosti prema puzanju izvede-
na su na masini za ispitivanje puzanjem WPM (Nemacka),
na 20 uzoraka od ¢elika 14 CrMo 4. Rezultati, dati u obliku
dijagrama dugotrajne otpornosti prema puzanjunasl. 11, za
ekstrapolaciju radnog veka na osnovu 30000 Casova pri
temperaturama od 570°C, 535°C i 500°C su:

Figure 10 presents the difference between the pure
thermal fatigue and fatigue-creep curves of the plastic strain
range 2Ag,, as a function of the cycle number up to the
fatigue fracture N The fatigue-creep curve is shifted to the
left and downward against the pure fatigue curve.

The 14 CrMo 4 steel was tested in detail on creep and
also on thermal fatigue testing without and with holding
times at the cycle maximum temperature. Parameter 4 had
also been determined from the interrupted testing.

The testing for determining the long-term creep
resistance was performed on a creep testing machine WPM
(Germany), on 20 samples of the 14 CrMo 4 steel. The
results, presented in the long-term creep resistance diagram
in Fig. 11 for the service life extrapolation based on 30000
hours on temperatures of 570°C, 535°C and 500°C are:

R 0000 = 62 MPa; R, 50000 =99 MPa; R, 3000 = 149 MPa
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Slika 10. Uticaj vremena zadrzavanja na krivu toplotnog zamora /23/ (fatigue — zamor; creep - puzanje)

Figure 10. The influence of the holding time on the thermal fatigue curve /23/
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Slika 11. Krive puzanja za uzorak materijala parovoda od ¢elika 14 CrMo 4, posle vise od 110.000 ¢asova rada /23/

Figure 11. Creep curves for the material sampled from a steam pipeline of 14 CrMo 4 steel, after over 110,000 hours in service /23/

Da bi se iskljucio uticaj puzanja na otpornost prema top-
lotnom zamoru, izvedena su i ispitivanja toplotnog zamora sa
periodom zadrzavanja na maksimalnoj temperaturi ciklusa,
uvedenim u €ist zamor posle otpusStanja napona puzanjem.

Ispitivanja toplotnog zamora na uzorku celika 14 CrMo4
izvedena su u opsegu temperatura 60° do 535°C, bez
perioda zadrzavanja i sa periodom zadrzavanja pri mak-
simalnoj temperauri ciklusa. Vreme poluciklusa zagrevanja
bilo je 30 s, a vreme poluciklusa hladenja 325 s, pri periodu
zadrzavanja od 600 s i 3600 s. Kriva Cistog toplotnog
zamora za Celik 14 CrMo 4 prikazana je na sl. 12, a na sl.
13 prikazane su, radi poredenja, krive za rezim toplotnog
zamora bez perioda zadrzavanja i sa periodima zadrzavanja
od 600 s i od 3600 s, respektivno.

Slika 14 daje radi poredenja krive srednje verovatnoce (P
= 50%) ispitivanja toplotnog zamora u neizotermskom rezi-
mu izvedenog u ISIM i krive ispitivanja zamora u izoter-
mskom rezimu istog 13 CrMo 44 celika na temperaturi
540°C. Jednac¢ina Manson-Kofina za krivu toplotnog
zamora bez perioda zadrzavanja je:

Ag, = 85,064N; "% (3)
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To exclude the effect of creep on the thermal fatigue
resistance, thermal fatigue testing was also carried out with
holding time at the maximum cycle temperature, applied in
pure fatigue after the stress relieving by creep.

The thermal fatigue testing on the material sampled from
the 14 CrMo 4 steel had been performed in the range from
60° to 535°C, without holding time and with holding time at
the cycle maximum temperature. The time of the heating
semicycle was 30 s, the time of the cooling one was 325 s
and the holding time was 600 s and 3600 s. The pure
thermal fatigue curve for the 14 CrMo 4 steel is presented
in Fig. 12, and the comparison between the thermal fatigue
regime curves without holding time and with holding time
of 600 s and 3600 s, respectively, is presented in Fig. 13.

Figure 14 presents a comparison of the mean probability
curves (P = 50%) for the thermal fatigue testing (non-
isothermal regime) performed in ISIM with the fatigue
testing curve in isothermal regime of the same 13 CrMo 44
steel at the temperature 540°C. The Manson-Coffin equa-
tion for the thermal fatigue curve without holding time is:

Ag, = 85.064N; "% (3)
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Slika 12. Kriva toplotnog zamora &elika 14 CrMo 4 u
koordinatama raspon ukupne deformacije Ag, — broj ciklusa do
loma N,u opsegu temperatura 60° do 535°C /23/

Figure 12. The thermal fatigue curve for 14 CrMo 4 steel in

coordinates the total strain range Ag,— number of cycles up to
fracture N, in the temperature range 60° to 535°C /23/
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Slika 14. Poredenje izotermskog i neizotermskog rezima
niskocikli¢nog zamora celika 13 CrMo 44

Figure 14. Comparison of the isothermal and non-isothermal
regime of low-cycle fatigue of 13 CrMo 44 steel

Krive puzanja (eksperimentalna i prema standardu CSN
41.5128) /23/ date su radi poredenja na sl. 15. Prikazani su
eksperimentalni rezultati za dugotrajnu otpornost prema
puzanju, ekstrapolirani za 40000 i 50000 ¢asova rada prema
metodama Larson-Miler, Serbi-Dorn i Menson-Halford,
zajedno sa vrednostima odredenim standardom za ovaj
celik za 100000 casova rada.

Nadeno je da za temperature iznad 535°C ekstrapolirane
vrednosti za sve tri metode premasuju vrednosti koje
predvida standard materijala, iako su podaci o puzanju
ekstrapolirani kao promenljivi ¢ak i za 50000 asova.

Ispitivanja materijala toplotnim zamorom izvedena su pri
rezimu toplotnog optereéenja izmedu 60° i 535°C, bez
perioda zadrzavanja pri maksimalnoj ispitnoj temperaturi.
Kriva toplotnog zamora u ¢istom zamornom rezimu (bez
perioda zadrzavanja) prikazana je na sl. 16, a Manson-
Kofinov izraz za celik 15.128.5 u koordinatama raspona
ukupne deformacije Ag; i dvostrukog broja poluciklusa do
loma 2N ima sledeci oblik:

Ag, = -1,0246(2N)) %% 4)
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Slika 13. Linije verovatnoée loma u zavisnosti od broja ciklusa do
loma za Cisto toplotni zamor u reZimu sa periodom zadrzavanja
pri maksimalnoj temperturi (600 s i 3600 s) /23/

Figure 13. The fracture probability lines depending on the number

of cycles to fracture for pure thermal fatigue with the holding time
regime at the maximum temperature (600 s and 3600 s) /23/
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Slika 15. Eksperimentalne krive puzanja i krive puzanja predvidene
standardom CSN 41.5128 /23/

Figure 15. Experimental creep curves and the creep curves
prescribed by the CSN standard 41.5128 /23/

The creep curves (experimental and according to CSN
standard 41.5128) /23/ are given for comparison in Fig. 15.
The experimental results for the long-term resistance are
presented, extrapolated at 40000 hours and at 50000 hours
after the Larson-Miller, Sherby-Dorn and Manson-Halford
methods, together with the values defined by the standard
for this steel for 100000 hours of operation.

It was found that, for temperatures over 535°C the
extrapolated values for all the three methods exceeded
those prescribed in the material standard, although the creep
data were extrapolated as variable, even for 50000 hours.

Testing of the material had been performed by thermal
fatigue in the thermal loading regime between 60° and
535°C without holding time at maximum testing tempera-
ture. The thermal fatigue curve in the pure fatigue regime
(without holding time) is presented in Fig. 16, and the
Manson-Coffin expression for the 15.128.5 steel in coordi-
nates of total strain range Ag, and the double semicycles
number up to fracture 2N, has the following form:

Ag, = -1.0246(2N) ~ "% 4)
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Slika 16. Kriva toplotnog zamora ¢elika 15.128.5 /23/
Figure 16. The thermal fatigue curve of the 15.128.5 steel /23/
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Slika 17. Linearni zbirni dijagram nivoa degradacije od puzanja i zamora za uzorak
materijala parovoda od Celika 15.128.5 /24/

Figure 17. The linear summing up diagram of the creep and fatigue degradation levels for the material
sampled from the steam pipeline produced of 15.128.5 /24/

Ako se racuna sa zajednickim dejstvom zamora i puza-
nja, zbir nivoa degradacije dobijen sabiranjem dva nivoa je
0,8546, dakle manji 1, vrednosti koja odgovara linearnom
zbiru degradacije. Slika 17 predstavlja dijagrame kumula-
tivne degradacije zamor-puzanje za austenitne nerdajuce
celike kvaliteta 304 i 316, niskolegirani ¢elik 2-1/4Cr-1Mo
ileguru 800H NiFeCr kvaliteta, uzete iz lit. /24/.

Slika 18 prikazuje tri uzorka celika 12 HIMF koji je
ispitan toplotnim zamorom do pojave prsline, a sl. 19, 20 i
21 prikazuju trag transkristalne prsline usled toplotnog
zamora, ¢ije su povrsine napadnute oksidom.

METALOGRAFSKA ANALIZA

U okviru evropskog projekta SPRINT 249 koriS¢ena je
kvantitativna metoda ocene Supljina od puzanja na bazi
parametra A, za osnovni metal, metal Sava i krupnozrno
podrucje zone uticaja toplote. Merenje tvrdoée i replike
uzete na licu mesta su primenjeni za ocenu degradacije
puzanjem vatrootpornih Celika.

INTEGRITET I VEK KONSTRUKCIJA
Vol. 3, br. 2 (2003), str. 51-64

In the case of the simultaneous creep-fatigue action, the
degradation level sum calculated by summing the two
levels is 0.8546, i.e. less than 1, corresponding to the linear
sum of the degradations. Figure 17 presents the cumulative
creep-fatigue degradation diagrams for austenitic stainless
steels 304 and 316 quality, low alloy steel 2-1/4Cr-1Mo and
the alloy 800H NiFeCr quality taken from Ref. /24/.

Figure 18 presents three specimens of 12HIMF steel
tested by thermal fatigue up to cracking, and Figs. 19, 20
and 21 present the path of transcrystalline crack due to
thermal fatigue with surfaces affected by the oxide.

METALLOGRAPHIC ANALYSIS

Within the European project SPRINT 249 the quan-
titative method of assesment of the creep induced cavities
was used, based on 4 parameter, for base metal, weld metal
and coarse grain region of the heat-affected-zone. Hardness
measurement and in-situ replicas were applied for the creep
degradation evaluation of the heat resistant steels.
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Slika 18. Epruvete polomljene pri ispitivanju toplotnim zamorom

Figure 18. Specimens fractured in thermal fatigue testing

Slika 20. Trag transkristalne prsline usled toplotnog zamora na
uzorku osnovnog metala MB-1. Na slici se vidi vrh prsline

Slika 19. Transkristalni trag prsline od toplotnog zamora u epruveti
iz metala Sava

Figure 19. The transcrystalline path of the thermal fatigue crack in
the specimen from weld metal

o On

Slika 21. Trag transkristalne prsline usled toplotnog zamora na
uzorku osnovnog metala MB-3. Vidi se cik-cak oblik prsline

Figure 20. The transcrystalline path of the thermal fatigue crack in Figure 21.The transcrystalline path of the thermal fatigue crack in

the base metal MB-1 specimen. The crack tip is visible

Ako je broj degradiranih granica zrna Np i broj nedegra-
diranih granica zrna Ny, njihov odnos predstavlja parameter
A; na taj naCin on predstavlja udeo granica zrna sa
Supljinama:

A =Np/(Ny + Np) )

Metalografska ispitivanja Supljina na granicama zrna za
odredivanje parametra A4 /25/, predstavljenog na sl. 22,
izvedena su optickim mikroskopom sa zelenom monohro-
matskom svetlos¢u, objektivom 40x i okularom 10x ili
12,5x sa uvecanjem od 400x do 500x na liniji paralelnoj
pravcu maksimalnog napona.

Tabela 3 predstavlja vrednosti odedene u programu
SPRINT SP 249 za faktor (1 — Lg)/Lr, koji povezuje
preostali vek sa nivoom degradacije, gde je LrutroSeni radni
vek. Preostali radni vek moze se oceniti u zavisnosti od
vremena do pojave prsline ili do kona¢nog loma, uzimajuéi
u obzir da li je degradacija ravnomerno rasporedena po
preseku ili je ona lokalna. Na osnovu ocenjene vrednosti
parametra 4 moze se izraCunati preostala plasti¢nost
(deformacija) €, u prisustvu prsline.
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the base metal MB-3 specimen. Zig-zag crack shape is visible

If the degraded grain boundaries number is Np and the
non-degraded boundaries number Ny, their ratio represents
parameter 4; in this way it presents the fraction of the grain
boundaries affected by cavities:

A= Np/(Ny + Np) &)

Metallographic testing of cavities on the grain boundary
for determination of 4 parameter /25/, presented in Fig. 22,
was perormed by an optical microscope with green
monochromatic light, the objective 40x and ocular 10x or
12.5x, with magnification 400x to 500x. (Fig. 22) on the
line parallel to the maximum stress direction.

Table 3 presents the values determined in the SPRINT
SP 249 programme for the factor (1 — Lg)/Lg, which links
the remaining life with the degradation level, where L,
stands for consumed service life. The remainingl life can be
assessed based on the time necessary for crack initiation or
to the final fracture, taking into account if the degradation is
uniformly distributed in the section or it is local. From the
assessed value of the A4 parameter. the residual ductility
(strain) €, in the presence of a crack can be calculated.
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Eksperimentalno je ocenjena veli¢ina parametra 4, na
osnovu ispitivanja puzanjem do loma i prekinutih
ispitivanja epruveta. Cilj je bio da se razdvoji trag
degradacije u polaznom stanju materijala (pre ispitivanja) i
u stanju posle konacnog loma. Dobijena zavisnost traga
degradacije puzanjem za Celik 13 CrMo 44 prikazana je na
sl. 22, a za Celik 15.128.5 na sl. 23. Vrenost parametra 4 za
pocetno stanje je oko 0,31, a za konacno stanje (pri lomu) je
utvrdeno da je oko 0,7.

Experimental assessment of the 4 parameter value was
made, based on the creep testing up to fracture and on
interrupted testing of specimens. The aim was to compare
the degradation path in the initial material state (before the
testing) and in the final fracture state. Obtained dependance
of creep degradation path for the 13 CrMo 44 steel is
presented in Fig. 22, and for the 15.128.5 steel in Fig. 23.
Parameter 4 value for initial state is about 0.31, and for
final state (at fracture) is found to be about 0.7.
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Slika 22. Vrednosti parametra 4 u zavisnosti od vremena ekstrapolacije posle ispitivanja uzoraka puzanjem do loma i prekinutog
ispitivanja uzoraka. Dodatno vreme ekstrapolirano na 40.000 ¢asova. Celik 13 CrMo 44
Figure 22. The values of the parameter 4 depending on the extrapolation after the creep testing of the specimen fracture and
specimens interrupted testing. The additional life extrapolated to 40,000 hours. Steel 13 CrMo 44
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Slika 22. Vrednosti parametra 4 u zavisnosti od vremena ckstrapolacije posle ispitivanja uzoraka puzanjem do loma i prekinutog
ispitivanja uzoraka. Dodatno vreme ekstrapolirano na 40.000 ¢asova. Celik 15.128.5

Figure 22. The values of the parameter 4 depending on the extrapolation after the creep testing of the specimen fracture and
specimens interrupted testing. The additional life extrapolated to 40,000 hours. Steel 15.128.5

Tabela 3. Nivoi degradacije od puzanja u zavisnosti od vrednosti parametra 4

Table 3. Creep degradation levels depending on the 4 parameter values

Nivo degradacije Parametar 4, max Udeo utrosenog veka Ly Faktor preosta.lofg vel.(a (1- Lp/Lr
Degradation level A parameter, max Consumed life ratio Lr Factor of remaining life (7 - Lp)/Ly
minimum maximum
1 0 0,00...0,12 7,33 Nepoznat (unknown)
2 0,12 0,04...0,36 1,17 24,0
3 0,3 0,30...0,50 1,0 2,33
4 0,48 0,45...0,84 0,19 1,33
5 0,6 0,72...1,00 0 = prekid (giving up) 0,39
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ZAKLIUCCI

Dobijeni rezultati su pokazali da:

a) Ispitivanje toplotnim zamorom celika koji se koriste u
Rumuniji omogucava ocenu kumulativne degradacije od
zamora i puzanja i karakteristika puzanja prema ASME.

b) Ukupni stepen degradacije zmorom celika za parovode je
do 6 %, a ostatatak (94%) je posledica pojave puzanja;

c¢) Dijagram korelacije parametra 4 za puzanje omogucava
ocenu degradacije do konacnog stanja; on je primenljiv u
zoni koncentracije napona i na zavarenim spojevima gde
se deformacija od puzanja ne moze direktno meriti.
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CONCLUSIONS

The obtained results have shown that:

a) Thermal fatigue testing made on steels used in Romania
allow an assessment of the creep-fatigue cumulative degra-
dation and the creep characteristics according to ASME.

b) Total fatigue damaging rate of the steels for steamlines is
up to 6 %, the rest (94%) is due to the creep occurence;

c) The creep A parameter correlation diagram allows to
assess the degradation up to the final stage; it is applicable
in the stress concentration region and for welded joints
where creep deformations can not be measured directly.
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