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1ZVOD

Prikazan je statisticki regresioni model odredivanja
trajne cvrstoce materijala dugotrajno izloZenog
visokotemperaturskom puzanju pomocu parametara
mikrostrukture. Parametri mikrostrukture su dobijeni
na osnovu kineticke teorije évrstoce (model Zurkova).
Integritet komponente se obicno odreduje procenom
preostalog veka materijala, za nepromenjene radne
uslove. Za racunsku procenu preostalog veka ulazni
podatak je cvrstoca puzanja materijala (vremenska
évrstoca) posle datog perioda eksploatacije. Cvrstoca
puzanja se odreduje statistickom obradom eksperi-
mentalnih podataka, i ona se smanjuje sa vremenom
eksploatacije zbog degradacije mikrostrukture. Zbog
toga, potrebno je razviti pogodan statisticki pristup
na osnovu mikrostrukturnih parametara da bi se
odredila promena c¢vrstoce puzanja u toku radnog
veka. Ovaj pristup se zasniva na fizickim pojavama
koje prate procese degradacije mikrostrukture tokom
puzanja. Medutim, primena statistickog regresionog
modela nije bila uspesna, zbog velikog rasipanja
eksperimentalnih rezultata za korelaciju promene
évrstoce puzanja i parametara mikrostrukture u toku
vremena eksplopatacije. U ovom radu je predlozen
novi pristup reSavanju problema, koji se javiljaju kod
regresionog modela.

POLAZNE OSNOVE

Brojne metode za ocenu preostalog veka materijala izlo-
zenog puzanju su dostupne, ali jo§ uvek pouzdanost takve
ocene u pogledu sigurnosti u radu, nije dovoljna. Metode
procene preostalog veka, bazirane na merenju radnih
parametara i pravilu udela radnog veka, nisu dovoljno tacne
i daju pesimistiCku procenu zbog ograni¢enja u proceni
ulaznih podataka. Kao primer se navodi mozda najéeSce
koris¢ena Larson—Milerova metoda za procenu preostalog
radnog veka, Cija je prednost jednostavna primena, jer su
potrebni samo rezultati merenja radnih parametara
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ABSTRACT

Statistical regretion model for estimation of long-
term strength of material exposed to the high-
temperature creep using microstructure dependent
parameters is presented.. Microstructure parameters
are obtained by kinetic theory of strength (Zurkov's
model). Structural integrity of component is usually
determined by estimation of material residual life, for
unchanged service conditions. Input data for residual-
life estimation is the creep strength of material (time
dependent strength), after the given service period.
Creep strength is determined by statistical treatment
of experimental data, and it decreases during service
time due to degradation of microstructure. Thus, the
adequate statistical approach based on the micro-
structure depended parameters has to be developed in
order to estimate the creep strength changes during
the service life. This approach is based on the physics,
connected with the microstructure degradation
processes during creep. Anyhow, the application of
statistical regression model has not been successfil,
because of significant scatter of experimental results
for the correlation of the creep strength changes and
microstructure parameters during the service time.
New approach to solve problems related to the
regression model is proposed in this paper.

BACKGROUND

Numerous residual life assessment methods for material
exposed to creep are avaliable, but the reliablirty of these
methods regarding service safety, is not sufficient. Residual
life assessment methods, based on working parameters
measurement and rule of partial service life, are not suffici-
ently exact and produce a pesimistic assessment due to
limitations in input data evaluation. The example can be,
probably most used Larson-Miller method for residual life
assessment, with the advantage in simplicity, since only
working parameters meassurment results are necessary.
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Medutim, ako se i zanemari Cinjenica da je to u isto
vreme i nedostatak ove metode, jer su neophodna merenja u
svakom trenutku eksploatacije, preostaje jednom mnogo
vaznije ograni¢enje koje je teSko prevaziéi: vrednost
koeficijenta ¢ u formuli /LMP=20log(c+T)/, koja je
parametar materijala. Greska u proceni preostalog radnog
veka, npr. ravnih deonica parovoda, zbog neadekvatne
procene vrednosti koeficijenta ¢, meri se u godinama (reda
100 godina /1/). Prilikom pokusaja fizicke interpretacije
ovakvog modela nastaje ¢itav niz problema. Ovim se ne
kritikuje sama metoda, ve¢ je glavni akcent usmeren na
ukazivanje nedostatataka, koje je teSko otkloniti zbog
nepotpune fizicke interpretacije procesa koji opisuju para-
metarske metode, proizasle, pre svega iz mehanicistickog
pristupa u objasnjavanju procesa puzanja.

Mehanicisticki modeli, sa mnogo pojednostavljenja i
ogranicenja, uvedenih da bi se pojednostavio matematicki
postupak (softver) koji ih prati u prakti¢noj primeni mnogo
gube samim pojednostavljenima. Javljaju se greske koje
izazivaju neprihvatljivo velika odstupanja od realnih
vrednosti, ili zahtevaju tako veliki broj podataka merenja da
ih je teSko moguce sakupiti i obraditi. Ovo objasnjava zasto
modeli koji su zasnovani na realnim fizickim podlogama
imaju prednost u odnosu na mehanicisticke modele.

Jedan od osnovnih zakljucaka je da vecina teorijskih
priloga nije prakticno primenjena, cak iako su od
akademskog znacaja. Glavni razlozi za neuspeh teorijski
zasnovanih priloga u primeni su:

e suvise pojednostavljen pristup;

e rezultati bazirani na relativno kratkotrajnim ispitiva-
njima, koji su prihvatljivi za objaSnjenje osnovnih
mehanizmima puzanja, ali stvarno daju malo ili nimalo
indicija o dugovremenskim efektima puzanja;

o koriS¢enje termic¢kih obrada umnogome razli¢itih od
onih koje neizbezno moraju biti primenjene u praksi;

e generalno, objasnjavanje mehanizama puzanja je Cesto
bez internacionalne razmene podataka.

Osnovni pristup u ovom radu je odredivanje Cvrstoce
materijala na osnovu kineticke teorije Cvrstoce, a elemen-
tarno dejstvo razaranja je definisano sa fizickog aspekta.
kao rezultat termofluktuacije atoma.

FIZICKE OSNOVE KINETICKE TEORIJE CVRSTOCE

Razlike u pristupu reSavanju problema ¢vrstoce imaju za
posledicu razvoj razli¢itih fenomenoloskih modela, kao i
tretiranja razlicitih karakteristika materijala kao relevantnih
pokazatelja ove osobine ¢vrstih tela.

Staticki pristup Cvrstoéi  svodi se (sa Cisto
mehanicistiCke tacke gledista) na odredivanje neke
"grani¢ne" vrednosti ¢vrstoce, koju potom treba povezati sa
uslovima ispitivanja, stanjem i svojstvima materijala. Takve
veli¢ine su ¢vrstoéa puzanja, napon tecenja, itd.

Kineticki pristup cvrstoci, koji je tretiran u ovom radu,
razmatra problem razaranja kao realan proces koji se
razvija tokom rada (proces akumulacije oStecenja).
Medutim, takav kineticki proces nemoguce je definisati
nekom "granicnom" vredno$¢u cvrstoce. Kineticki proces
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However, if we even disregarded the fact, that this in the
same time the disadvantage of this method since the
measurement are necessary in each moment of service life,
it remains one more important limitation that is hard to
overcome: the value of coefficient ¢ in formulae
/LMP=20log(c+T)/, which is material parameter. The error
in residual life assessment, e.g. straight steamline sections,
caused by inadequate evaluation of coefficient ¢ value, is
expressed in years (oder of 100 years /1/). In an attempt of
physics interpretation of such a model serie of problems
appeared. This is not critics of the method, but the main
accent is directed to point out lacks, which is hard to
exclude due to incomplete physical interpretation of the
processes, which describes parameter methods, resulted by
mechanistical approach in interpretation of creep process.

Mechanicistical models, with many simplifications and
limitations, introduced to simplify mathematical procedure
(software) suporting them for practical application, loose a
lot by these simplifyings. The errors occurred that produce
unacceptable great deviations from real values, or requiring
so many measurement data which are very hard to collect
and to process. This explains why the models based on real
physical background are advantageous compared to
mechanicistical models.

One of main conclusions is, however, that most of
theoretical contributions have not been applied practically,
even if they have academic significance. Main reasons why
theoretically based contributions failed in application are:

e too simple approach;

e results based on relatively short-term tests, which are
acceptable for explanation of basic creep mechanisms,
but in practice they produce little or none indications for
long-term creep effects;

e use of heat treatment subsentially different from those
inevitably used in practice;

e in general, explanation of creep mechanism often was
without international exchange of data.

Basic approach in this paper is the determination of
material strength based on kinetic strength theory, and
elementary destruction act is defined from physical aspect
as result of atom thermofluctation.

PHYSICS OF THE KINETIC STRENGTH THEORY

Differences in approach strength problem solutions have
as consequence development of numereous phenomenolo-
gical models and also the consideration of different mateial
properties as relevant index of this property of solids.

Statical approach to strength (from the mechanistical
point of view) is based on the determination of some "limit"
value of strength, which has to be further related to the
experimental conditions, state and material properties.
These "critical" values are creep strength, yield stress, etc.

Kinetic approach to strength, which is treated in this
paper, considers the rupture problem as real process, that
occur during service (damage accumulation process).
However, such kinetic process is not possible to define by
some "limit" value. Kinetic process has to be defined by the
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treba definisati brzinom razvoja procesa ili vremenom za
koje svojim razvojem dovodi do razaranja /2/.

Na taj nacin, osobina koju je najjednostavnije eksperi-
mentalno odrediti je vek ¢vrstog tela pod opterecenjem (1),
koji predstavlja vreme opstanka tela pod opterecenjem od
pocetka njegovog dejstva do razaranja /3/. U inzenjerskom
smislu vreme do otkaza treba da je jednako eksploatacij-
skom veku materijala, koji je u stanju nepouzdanom za
dalju eksploataciju (prema nekom kriterijumu), koje pret-
hodi kona¢nom lomu. Vreme do loma se moze smatrati
vremenom tokom koga je materijal izloZzen opterecenju,
mereno od pocetka njegovog dejstva do konac¢nog loma.

Osnovni izraz koji opisuje vreme do loma u funkciji
temperature i napona /1/:

T =T0 exp(

sadrzi koeficijente koji odreduju svojstva cvrstoce, odnosno
dugotrajnost ¢vrstog tela: t, - konstantu koja ima istu
vrednost za sve materijale, jer ona zavisi od energije
vibracije atoma, U, - konstantu koja je karakteristika
materijala i ne zavisi od njegove mikrostrukture, jer ustvari
predstavlja aktivacionu energiju za lom i y — konstante koja
zavisi od strukture materijala. Ova poslednja predstavlja
koeficijent "predopterecenja", tj. definiSe koncentraciju
napona u nekim tackama strukture (npr. ukljuéci).

Fizi¢ki smisao izraza 1, koji predstavlja poznatu formulu
Zurkova i koji pre svega vaZi za homogen sistem, je u tome
da je razaranje posledica termicke fluktuacije jednog atoma
kao dogadaja (u tome se ogleda kineti¢nost ove teorije).
Atom sa energijom koja je veéa od uobicajene vrednosti
energije bilo kog atoma, dostize vrednost aktivacione ene-
gije razaranja U,, usled ¢ega dolazi do razaranja susednih
atomskih veza. Koeficijent y predstavlja koeficijent pred-
naprezanja u mikrostrukturi koji na lokalnom nivou zavisi
od mikrostrukturnih parametara, definiSe koncentraciju
napona na lokalnom nivou. Navedenim izrazom je opisan
elementarni akt razaranja, ¢iji matematicki oblik, odnosno
eksponencijalni zakon (Arenijusov), pokazuje da se, u
stvari, radi o verovatnoc¢i dogadanja fluktuacije koja dovodi
do elementarnog akta razaranja.

PROSIRI\{ANJE JEDNACINE KINETICKE TEORUE
CVRSTOCE ZA SLUCAJ LEGURA

Da bi ocena vremena do loma imala fizicki smisao za
slucaj sloZenih sistema kao $to su legure (u koje spadaju i
toplotnoopostojani Celici), izraz 1. treba modifikovati
korekcionim faktorima aktivacione energije razaranja i
koeficijenta prednaprezanja koji ¢e uzeti u obzir fizicki
smisao uticaja legiranja u odnosu na osnovu metala.

Odredivanje koeficijenata iz izraza 1. statistiCkom obra-
dom eksperimentalno dobijenih rezultata za razli¢ite napon-
sko-temperaturske uslove, garantuje njihovu objektivnu
ocenu. Medutim, u slucaju slozenih legura, ako nema
korekcionih faktora za koeficijente U, i y, vrednosti dobi-
jene statistickom obradom Cesto ne odgovaraju fizickim
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rate of process or by time for which such process will cause
the rupture /2/.

In this way, the property which can be experimentally
determined in easest way is life of loaded solid body (1),
representing the time which body sustains under loading
from the begining of its application to the rupture /3/. In the
engineering sence, time to failure has to be equal to the
service life of the material, which is in the state not reliable
for the further service (according to some criterion), prece-
ding to final fracture. Time to rupture can be considered as
the time during which material is exposed to load, measured
from the begining of its application to the final rupture

Basic expression which describes time to rupture as a
function of temperature and stress /1/ is:

Uy -vo |
kT '

containing coefficients which determine strength, i.e. long-
term life of solid body: t, - constant with the same value for
all materials because it depends on the atom vibration
energy; U, - constant which is a material characteristic and
do not depend on microstructure because actually repre-
sents activation energy for rupture; y - the constant which
depends on the material microstructure. The last one represents
"pre-loading" coefficient, i.e. it defines stress concentration
in some points in the structure (for ex. inclusions).

Physical sence of expression 1, which presents known
Zurkov formula, valid primarily for homogenious system, is
in that rupture is a consequence of thermal fluctuation of an
atom as an event (that represents the kinetics of this theory).
Atom with the energy higher than the energy usual value of
everyone atom reaches the value of activation energy for
rupture U,, causing the breaking of the links of
neiboroughing atoms. Coefficient y presents pre-loading
coefficient in the microstructure, at the local level depended
on microstructural parameters, which determines stress
concentration on the local level. By given expression
elementary rupture event is described, which mathematical
form, e.g. exponential law (Arhenius), show that in fact
probability of fluctuation event is in question, producing an
elementary rupture event.

EXTENSION OF KINETIC STRENGHT THEORY
EQUATION TO THE CASE OF ALLOYS

In order to obtain physical sence of time to rupture for
case of complex systems, as alloys (here heat-resistance
steels also belongs to), the expression should be modified
by correction factors for activation eneergy for rupture and
pre-loading coefficient, which will taken into account
physical sence of alloying regarding the base metal.

Determination of coefficient from expression 1. by
statistics of experimentally obtained results for differeent
stress- temperature conditions is a guaranty for their objec-
tive evaluation. However, in the case of complex alloys, if
correction factors for coefficients Uy 1 y are missing, the
values obtained by statistical approach frequently do not
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konstantama osnovnog materijala koje odrazavaju kineticku

koncepciju procesa razaranja, iz dva razloga /2-6/:

1.Kod vise komponentnih legura javlja se uticaj legiraju¢ih
elemenata, parametara mikrostrukture i tipa sekundarnih
faza na aktivacione parametre razaranja, ali i1 uticaj
razli¢itih mehanizama puzanja.

2.Sa statistickog aspekta se desava da u okolini tacke sa
minimalnom disperzijom postoji oblast njenih malih pro-
mena, tako da postoji moguénost validnosti i drugih vred-
nosti trazenih parametara (viSeznacnost). U tom slucaju
optimalno resenje je ono koje ima minimalnu disperziju.

Metalurski uticaj moze se uzeti u obzir uvodenjem
dopunskih koeficijenata u izraz 1. za vrednosti Uo i y. U
zavisnosti od promena u hemijskom sastavu legure, ovi se
keoficijenti umanjuju ili uveéavaju. Takode treba i pre-eks-
ponencijalnu konstantu zameniti sa 1, =4(T°/c’), koja vazi
u slucaju difuzijskog puzanja /4/. Uzimajuéi u obzir sve
navedene korekcije, jedn. 1. moze da se napisSe kao

n
Upgt XAU; —(yo %
i=l

complian base material physical constants, that reflect kinetic

conception of rupture process, for two reasons /2-6/:

1.In multy component alloys, there is the effect of alloying
elements, microstructural parameters and secondary
phases types, on activation rupture parameters, but also
an effect of different creep mechanism.

2.In regard to statistical aspect it happens that close to the
point with minimum dispersion exists an area of its own
small changes, so that validity of other values of reques-
ted parameters is possible (multivalues). In such case
optimal solution is that which contains minimum dispersion.

Metallurgy effect can be taken introducing additional
coefficients in expression 1, for values U, and y. Depending
on changes in alloy chemical composition, these coeffici-
ents can be decreased or increased. Also, pre-exponential
constant it has to be replaced by t, =A(T?/c") which is valid
in the case of diffusional creep /4/. Taking into account all
mentioned correction, the Eq. 1. can be writen as:

n
2Ayc)
i=1

rf:ATnG_m exp

gde su AU; i Ay; koeficijenti koji odrazavaju promenu
aktivacionih parametara razaranja. Treba jos jednom istaci
da odredivanje dopunskih koeficijenata statistickom
regresionom metodom mora da bude takvo da definisane
vrednosti imaju potpuno jasan fizicki smisao.

Odredivanje konstanti u jedn. 2. je moguce regresionom
analizom. Jednacina 2. se moze Koristiti za ocenu veka
komponente samo ako su koeficijenti AU;; i Ay; poznati i
ako je potpuno razumljivo njihovo fizicko znacenje.
Njihovo fizicko znacenje moze biti diskutovano u pogledu
znaka koeficijenta, tj. da 1i oni povecavaju ili smanjuju
aktivacionu energiju razaranja. Regresiona analiza moze da
pomogne da se odredi znak ovih koeficijinata, ali samo
potpuno razumevanje fizickog znaéenja ovih koeficijenata
moze da potvrdi dobijene vrednosti.

Posle pripreme za regresionu analizu, izraz 2. je oblika:

U
logrf =logA+nlogT —mlogc +logeR—;iloge RT

koji posle uvodenja oznaka:

l.a = logA4;
2.n=2/4/;
3.m=3/4/,

4.b = 0,4343U,/R — (U, — aktivaciona energija razaranja, za
nelegirani metal i za Cisto zelezo je 504KJ/mol, pa je
koeficijent » = 26058K; R — univerzalna gasna konstanta);
5.b; = 0,4343AU/R; (AU; — i-ti korekcioni koeficijent
aktivacione energije);

6.c = v/R; (v - koeficijent prednaprezanja za nelegirani
metal i za Cisto zelezo 0,155 KJ/molMPa /4/, pa je
koeficijent ¢ 8K/MPa);
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RT

where AU; 1 Ay; are coefficients presenting change of
activation rupture parameters. It is necessary to emphasise
once more that determination of supplement coefficients by
statistical regression method has to have complete clear
physical meaning of defined values.

Determination of the constants in Eq. 2. is possible by
regression analysis. Equation 2. can be used for life-time
assessment of the component only if the coefficients AU;;
and Ay; are known and if their physical meaning is fully
understood. Their physical meaning can be discussed in the
sense of the sign of the coefficients, i.e. whether they
increase or decrease activation energy for rupture. Regres-
sion analyses can help as to find the sign of these
coefficients, but only clear understanding of the physical
meaning of this coefficient can prove obtained values.

After preparing for regression analyses Eq. 2. is in form:

n n
2U; Y0
i=1 c =l
—ZO e —_— 3
g e(y T RT )

which after importing:

l.a = log4;
2.n=2/4/,
3.m =3 /4/,

4.b = 0,4343Uo/R — (U, — rupture activation energy, for
unalloyed metal and pure iron is 504KJ/mol, and coefficient
b is 26058K; R — universal gas costant);

5.b; = 0,4343AUi/R; (AU; —i-th correction coefficient for
activation energy);

6.c = y/R; (y - preloading coefficient for unalloyed metal
and pure iron is 0,155 KJ/molMPa /4/, and coefficient c is
8K/MPa)
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7.c; = Ay/R; (Ay; - koeficijenti koji utiCu na koeficijent
prednaprezanja);
dobija slededi oblik:

b =
logt y =a+nlogT —mlogo +Fi%

Podaci iz literature se mogu "fiksirati", npr. aktivaciona
energija razaranja  (U,=504KJ/mol) i koeficijent
predaprezanja ¢istog zeleza (y=0,155KJ/molMPa).

Odgovarajuéi koeficijenti za €isto zelezo su b =26 058K i
¢ = 8K/MPa. Medutim, vazno je naglasiti da eksperimentalni
podaci za regresiju moraju da zadovolje odredene uslove da
bi rezultat imao fizicki smisao. To zna¢i da za odredeni
objekt ispitivanja mogu da se nedvosmisleno odvoje glavni
parametri, koji utiCu na aktivacione parametre razaranja, od
sporednih parametara. U suprotnom, previSe faktora za
regresionu analizu ¢e dati nestabilan rezultat, pa koeficijenti
regresije nece imati zahtevani fizicki smisao.

Da bi se smanjio broj koeficijenata, koje treba odrediti
regresionom analizom, potrebno je neke od koeficijenata iz
jedn. 4. smatrati konstantnom veli¢inom. Oni se mogu naci
u literaturi ili dobiti specijalnim eksperimentima.

MODEL VREMENSKE CVRSTOCE Cr-Mo-V CELIKA
PREMA KINETICKOJ TEORII CVRSTOCE

Brojni eksperimentalni rezultati su pokazali da sledeci
parametri mikrostrukture imaju veliki uticaj na lom Cr-Mo-V
Celika /7/:

1. Sadriaj molibdena i hroma (Cr+Mo, %) u osnovi u
datom trenutku. Poznato je iz literature /2,7,8/ kakva je
uloga rastvorenih atoma legiraju¢ih elemenata u ¢vrstom
rastvoru, pre svega Mo i Cr. Tokom vremena, odnosno
nakon dugotrajne eksploatacije ovi elementi iz Cvrstog
rastvora prelaze u karbidnu fazu /2/, pa preostali sadrzaj
njihovih atoma u ¢vrstom rastvoru je dobar pokazatelj
stepena degradacije u toku procesa puzanja /2,7/. Medutim,
sa aspekta kineticke teorije ¢vrstoce, odn. meduatomskih
veza, njihova uloga moze da se sagleda kroz promenu
aktivacione energije razaranja. Legiranjem osnove dolazi
do promene aktivacione energije razaranja /2,7/ pa je
neophodno uzeti u obzir ovaj uticaj preko faktora korekcije
aktivacione energije razaranja, AU;. Te promene se
ogledaju u povecanju meduatomskih rastojanja, Sto za
posledicu ima smanjenje vrednosti energije sublimacije,
kojom se, po kinetickoj teoriji = Cvrstoce, aproksimira
aktivaciona energija razaranja, kao i1 smanjenje same
aktivacione energije razaranja. Sadrzaj ostalih legirajucih
elemenata se ne odrazava na ovaj parametar, posto su
izdvojeni u vidu razli¢itih faza (kao §to je slucaj sa Mn,
uglavnom se nalazi u vidu sulfida a samo 10% od ukupnog
njegovog sadrzaja ulazi u sastav slozenih karbida /8/),
Ugljenik, kao neophodni element za obrazovanje karbidne
faze, najve¢im delom vremenom, takode, prelazi u karbidnu
fazu, ukoliko i pre toga nije bio vezan u karbidu zeleza.

2.. Zapreminski udeo karbidne faze. Promene u sadrzZaju
i morfologiji karbidne faze zbog degradacije materijala u
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7.c; = Ayi/R; (Ayi - coefficients which have influence on
preloading coefficient);
obtains following form:

n n
Zbi ZC,‘G
G _i=l
—(c—=* 4,
(cpt—0r)

Data from references can be "fixed", rupture activation
energy (U,=504KJ/mol) and preloading coefficient for pure
iron (y=0,155KJ/molMPa).

Corresponding coefficients for pure iron are b =26 058K
and ¢ = 8K/MPa. Anyhow, it is important to note that expe-
rimental data for regression must satisfy certain conditions
in order to get the physical meaning of results. It means that
for particular object of investigation it is possible to
distinguish main parametars, which affect rupture activation
energy, from minor parametars. In contrary, to many factors
in regression analyses will give unstable result, and regres-
sion coefficients will not have required physical meaning.

In order to reduce the number of coefficients, which has
to be determined by regression analysis, it is necessary to
take some of coefficients in Eq. 4. as constant value. They can
be found in references or obtained in the special experiments.

THE LONG-TERM STRENGTH MODEL OF Cr-Mo-V
STEELS BASED ON KINETIC STRENGTH THEORY

Numerous experimental results prove that the following
microstructural parameters have a strong influence on the
rupture of CrMoV steels /7/:

1. The cromium and molibdenum content (Cr+Mo, %)
in matrix in given instant. It is well known from references
/2,7,8/ what is the role of alloying elements atoms soluted
in solid solution, primarily Mo and Cr. During the time,
after long term service these elements move from solid
solution to a carbide phase /2/ and therefore the amount of
their atoms which remain in solid solution is good indicator
of the degradation stage during creep process /2,7/.
Anyhow, according to the kinetic strength theory, e.g.
interatomic bounds, their role can be recognized in change
of rupture activation energy. By matrix alloying rupture
activation energy will be changed /2,7/, so, it is neccesary
to take into consideration this effect through correction
factor of rupture activation energy, AU,. These changes are
expressed in increasing interatomic spacing, with the
consequence of reduced sublimation energy value, by
which, according to kinetic strength theory, rupture
activation energy is approximated, as well as the reduction
of rupture activation energy itself. The content of other
allying elements does not affect this parameter, since they
are derived in the form of different phases (as it is the case
with Mn, mostly in the sulfide form, and only 10% of its
total amount enter in complex carbides content /8/. Carbon,
as necessary element for carbide phase formation, during
time mostly also enters into carbide phase if even before
was not contained in iron carbide.

2. Volume content of carbides phase. The changes in
amount and morphology of carbide phase due to material
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procesu puzanja predstavljaju osnovni pokazatelj, koji je i
najlakse pratiti /4-6,8/. Pokazano je da se Cestice karbidne
faze, kako one koje se nalaze u materijalu jo§ iz procesa
fabrikacije, tako i one novonastale tokom procesa puzanja,
uvecavaju tokom vremena njihovim rastom ili spajanjem, a
zatim se taloZe na granicama zrna verovatno zbog
rastvaranja i osiromasenja u legiraju¢im elementima. Kada
se dostigne ravnotezno stanje izmedu sadrzaja legirajucih
elemenata koji ostaju rastvoreni (zanemarljiva koli¢ina ato-
ma koja se nece izdvojiti) i izdvojene karbidne faze, veli-
¢ina Cestica karbidne faze ¢e se menjati samo na racun
manjih, ve¢ izdvojenih Cestica. U tim uslovima, nakon zavr-
Setka prelaska iz osnove u karbidnu fazu, zapreminski udeo
karbidne faze ostaje nepromenjen. Svojim izdvajanjem iz
¢vrstog rastvora teze da osnovu vrate u stanje koje je blize
Cistom metalu, sa manjim meduatomskim rastojanjima,
¢ime utiCu na povecanje aktivacione energije razaranja. Sa
ovog aspekta neophodno je uvrstiti u jednacinu kineticke
teorije ¢vrstoce korekcioni faktor aktivacione energije raza-
ranja, AU,, kojim Ce se opisati ova pojava.

Uticaji sadrzaja Mo i Cr u osnovi i veli¢ine Cestica kar-
bidne faze predstavlja pokazatelj koji govori o promeni
meduatomskih rastojanja; medutim korelacija izmedu ove
dve veli¢ine jo§ uvek nije precizno utvrdena. Neophodno je
da se one u jednacinu uvrste kao nezavisne veli¢ine. iako
opisuju iste efekte na aktivacionu energiju razaranja.

3. Velicina subzrna. Prema podacima iz literature /6,9/
osteCenja tipa pora, kao i pocetno razaranje, obi¢no se
javljaju na granicama subzrna i na granicama zrna na
kojima su se izdvojile tvrde cCestice sekundarne faze.
Granica subzrna, sazdana od dislokacione mreze, sama po
sebi predstavlja podru¢je lokalne koncentracije napona /7/.
Prema kinetickoj teoriji Cvrstoée, podruéje lokalne
koncentracije napona predstavlja mesto na kome ¢ée sa
najvecom verovatnocom do¢i pocetka razaranja. Lokalno
preoptereéenje zbog koncentracije napona treba obuhvatiti
koeficijentom nelegirane matrice y (Ay;) u jedn. 4. Kako je
verovatnoca razaranja uveéana na granicama subzrna,
dolazi do povecanja koeficijenta prenaprezanja Cciste
osnove. Tokom dugotrajnog puzanja procesom oporavljanja
dislokaciona substruktura nestaje, dislokacije se preraspo-
deljuju i veli¢ina subzrna raste /7/, pa od takve strukture
nastaje rekristalizovana struktura bez osnovne substrukture
Sto utiCe na koeficijent lokalnog prenaprezanja.

4. Rastojanje izmedu Cestica sekundarne faze. Promena
disperznosti Cestica druge faze sa vremenom je takode
dokazana, jer dolazi do ukrupnjavanja Cestica karbidne faze
i smanjene verovatnoce zaustavljanja dislokacija, a time i
verovatno¢e naponskih polja povecanog intenziteta. Sa
ovog aspekta povecanje srednjeg meducesti¢nog rastojanja
direktno utice na broj mesta lokalnog prenaprezanja i
umanjuje koeficijent lokalnog prenaprezanja Ciste osnove y
za veli¢inu Ay, (iako dovoljno velike Cestice sekundarne
faze mogu da zaustave veliki broj dislokacija, broj mesta
koncentracije naprezanja ima veéeg uticaja na moguénost
pojavljivanja razaranja /5-10/).

Pored navedenih uticajnih faktora postoje i mnogi drugi
koji doprinose ojacavanju, odnosno koji uti¢u na vreme do
loma /7/. Medutim, njihov doprinos za pracenje kinetike
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degradation in creep process present the basic parametar,.
which can followed in easiest way /4-6,8/. It is shown that
carbide phase particles, existing in material from manufac-
turing process, as well as those developed in creep process,
are increasing during time by their growth or coalescence
and then precipitated at grain boundaries probably due to
dissolution and migration of alloying elements. In the
equilibrium state between content of dissolved alloying
elements (negligible amount of atoms which are not
desolved) and precipitated carbide phase, the size of carbide
phase particles will be canged only on the account of smaller,
already precipitated particles. In this condition, after finished
migration from matrix to carbide phase, volume entail of
carbide phase stay unchanged. By derivation from solid
solution tend to return matrix into the state closer to pure
metal, with smaller interatomic distance, thus affecting on
rupture activation energy increase. From this aspect it is
necessary to introduce into kinetic strength theory equations
correction factor for rupture activation energy, AU,, descri-
bing this phenomenon.

The effect of Mo and Cr content in matrix and carbide
phase size present the indicator of changes in interatomic
space in material, but no precise corellation between these
two values is not established yet. It is necessary to involve
them in equation as independent values, although they
describe same effects on the rupture activation energy.

3. Subgrain size. According to the literaure data /6,9/,
cavities type of damage, and also the initial ruptures usually
occur at the subgrain boundaries as well as on grain
boundaries with participated hard secondary phase particles.
Subgrain boundaries, consisting of dislocation network,
present the region of local stress concetration /7/.
According to kinetic strength theory, the region of local
stress concentration present the site with the highest
probabilty for rupture initiation. Local preloading caused by
stresses concentration have to be considered by preload
coefficient of nonalloy matrix y (Ay;) in Eq. 4. Since the
probability of rupture is increased on subgrain boundaries,
overstressing coefficient of pure matrix will be incresed.
During the long time creep, as a result of recovering
process dislocation substructure disappeared, dislocations
rearranged and subgrains size growth /7/, and of this
structure recristalized structure is formed, but without base
substructrue, affecting coefficient of local overstressing.

4. Interparticle spacing of secondary phase. Changes in
dispersion of secondary phase particles with the time is also
peoved, because coarsing of caribde phase particles occurr
and reduced probability of dislocation barrier, and also of
probability of stress fields of increased intensity. In this
aspect the increase of average interparticles distance
directly affects the number of local overstressing and
reduces coefficient of local overstressing of pure matrix for
the value Ay, (although sufficiently large second phase
particles can be the barrier for significant number od
dislocations, the number of stress concentration places has
more important influence of rupture probability /5-10/).

Appart from noted influence factors there are many other
factors contributing to strenghtening and affecting time to
rupture /7/. Anyhow, their contribution to suite the kinetic

STRUCTURAL INTEGRITY AND LIFE
Vol 3, No 1 (2003) pp. 23-30



Estimation of long-term strength by microstructural ...

Odredivanje vremenske ¢vrsto¢e pomocu mikrostrukturnih...

promena u materijalu tokom puzanja je zanemarljiv, ili nije
dovoljno istrazen sa apekta kineticke teorije cvrstoce, pa s
toga nije razmatran. Sa tacke gledista regresionog modela je
interesantno ista¢i da je neophodno izabrati najuticajnije
pokazatelje da bi se model sveo na $to manji broj
nepoznatih i da bi se umanjila njegova neodredenost.

PRIMER VERIFIKACIJE JEDNACINE KINETICKE
TEORIJE CVRSTOCE ZA SLOZENI SISTEM

Jednacine kineticke teorije Cvrstoce (jedn. 4) za slozeni
viSefazni sistem je moguce verifikovati na osnovu dobro
odabranih wulaznih podataka koji ¢e kao rezultat dati
preostalo vreme da loma i poredenja dobijenog rezultata sa
proverenim podacima iz prakse.

Kao veoma znacajan, niskolegirani CrMoV celik, ugra-
den u brojne komponente termoelektricnih postrojenja, je
izabran za verifikaciju modela, jer za njega postoji dovoljan
broj podataka za razlicite uslove rada i vreme eksploatacije.
Podaci potrebni o ovom celiku za verifikaciju modela
preuzeti su iz literature, a odnose se na sveobuhvatna
ispitivanja preostalog radnog veka i vremena do loma /11-
17/, tab. 1. U istoj tabeli su dati i podaci dobijeni prora-
¢unom prema jedn. 4.

[zabran je beinitni Cr-Mo-V celik za primenu na visokim
temperaturama, sa maksimalnim sadrzajem Cr do 1,25%,
Mo do 1,25% 1 V do 0,30%. Korisc¢eni su eksperimentalni
rezultati za vreme do loma, dobijeni za razliCite napone, i
uporedeni sa podacima za vreme do loma, dobijenim na
osnovu predlozenog modela koji ukljucuje uticaj mikro-
strukturnih parametara. Saglasnost podataka o eksperimen-
talno odredenom preostalom veku, preuzetim iz literature i
dobijenih proraéunom prema jedn. 4, je izuzetno visoka, §to
se moze utvrditi poredenjem podataka iz dve poslednje
kolone u tab. 1.

changes in material is neglecting or is not sufficently
expressed from kinetic strength theory aspect, and for that
is disregardid. From regression model point of view it is
important to notice that it is necessary to choice the most
influencung factors in order to reduce unknown values
number and its indetermination level.

VERIFICATION EXAMPLE OF KINETIC STRENGTH
THEORY EQUATION FOR COMPLEX SYSTEM

Kinetic strength theory equation (Eq. 4), for complex
multiphase systems is possible to verify on the bases of
properly chosen input data, which will produce as a result
residual life time to rupture and comparison of obttained
results with verified data from service.

As very important, low alloyed CrMoV steel, applied in
numerous thermoelectrical plant components, has been
selected model verification, because for it exists sufficient
number of data for different operating conditions and servi-
ce times. The data for this steel, requested for model
verification are taken from references, and they are related
to all-inclusive residual life testing and time to rupture /11-
17/, Tab. 1. In the same Table the results of calculation
according to Eq. 4. are also presented.

Beinitic Cr-Mo-V steel for high temperature application,
with maximum content of Cr to 1,25%, Mo to 1,25% and V
to 0,3% is selected. Experimental results for data for time to
rupture, obtained for different stresses are used, and compa-
red to the data for time to rupture, obtained based on
proposed model, which includes the effect of microstruc-
tural parameters. The agreement of data about experimen-
tally determined residual life time, taken for references, and
those obtained by calculation according Eq. 4, is very high,
that can be confirmed by comparison of data from two last
columns in Tab 1.

Tabela 1. Parametri i podaci o vremenu do loma dobijeni eksperimentalno i prema regresionom modelu za ¢elik 1Cr 1Mo 0,25V

Table 1 - Parameters and data for time to rupture obtained experimentally and according to regression model for 1Cr1Mo0,25V steel

v N , Vreme do loma, 1 Vreme do loma, t;
remenska ¢vrstoc¢a, ¢, | Temperatura , T . . . .
(eksperimentalni rezultati) (prema regresionom modelu)
. Time to rupture, T4 Time to rupture, T4,
Long time strenght, o, | Temperature, T (experimentzl resulis) (according to regI;essionfmodel)
MPa K h h

1. 170 848 9525 10457.91

2. 150 848 9525 6056.16

3. 150 848 14570 17709.13

4, 137 848 21850 19052.45

5. 125 848 9525 11209.60

6. 125 848 14570 20398.11

7. 125 848 21850 20304.39

8. 125 848 33180 19301.45

9. 113 848 21850 24733.88

10. 113 848 46158 41619.06

11. 100 848 9525 14627.46

12. 100 848 21850 26434.38

13. 100 848 33180 25186.57

14. 100 848 48158 31854.37

15. 100 848 53000 76589.47

16. 100 848 80040 89777.82
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ZAKLJUCAK

U cilju primene izlozenog modela u inZenjerskoj praksi
neophodno je zadovoljiti sledece:
1.Izabrati modela kojim se najpreciznije opisuje fizicka
osnova mehanizama razaranja u uslovima puzanja.
2.Tacno definisanje opsega napona i temperature u kome se
odreduje vremenska ¢vrstoca, ¢ime je definisan i domi-
nantni mehanizam razaranja. Ovaj aspekt je izuzetno
vazan za dobijanje verodostojnih podataka, odnosno

3. Eksperimentalna procedura za ustanovljavanje modela za
odredeni tip celika mora da bude sprovedena tako da uz
minimalna ispitivanja daje sve potrebne podatke za
postizanje Sto tacnijih vrednosti koeficijenata u matema-
tickom modelu.

Ukoliko su sva tri navedena zahteva ispunjena, matema-
ticki model u koji su uneti eksplicitno odredeni i
kvantifikovani mikrostrukturni parametri, ukazuju na to da
vremenska ¢vrsto¢a CrMoV celika moze da se oceni sa
tatnoséu *15 %, tab. 1. Svi potrebni mikrostrukturni
parametri, za jednom ustanovljen model, se mogu lako
dobiti metodom replika na realnoj komponenti i optickom
mikroskopijom, uz minimalne troSkove i bez tehnickih
problema.

lako u literaturi prikazani slicni modeli zasnovani na
modelu Zurkova, svi su uglavnom formirani za relativno
jednostavne metalne sisteme, kao Sto su Cisti metali,
homogeni Cvrsti rastvori ili superlegure (Cvrsti rastvor sa
dobro definisanim ¢esticama.

Doprinos ovoga rada je u tome §to obraduje veoma
kompleksan sistem, kao Sto je Celik za visoke temperature,
koji je tokom vremena podlozan jo§ uvek nedovoljno
proucenim strukturnim promenama.
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CONCLUSIONS

In order to apply the described model in engineering
practice, following conditions have to be satisfied:

1. Model which truly describe the basic physic of the parti-
cular phenomenon, in this case creep, has to be chosen.

2. Exact definition of the temperatures and stresses range in
which the long-time strength is determined, defining also
dominant rupture mechanism. This aspect is particularly
imortant for obtaining of valid data, e.g. the data as much
as close to the real service conditions.

3. Experimental procedure for establishing the model for
determined steel type must be performed in way to obtain
all data required for achievement mostly exact values of
cofficients in mathematical model applying minimum
testing.

If all these three conditions are satisfied, mathematical
model in which the explicitly determined and quantifyed
microstructural parameters are involved, shows that long-
term strength of CrMoV steels can be assessed with
accuracy *15%, Tab.l. All microstructural parameter
necessary, for once established model, can be easily
obtained by replica-method on a real component and light
microscopy, with minimum expenses and no technical
problems.

Although many similar models based on Zurkov's model
are reported in references, all of them are formed for
relatively simple metalic systems like pure metals,
homogeious solid solutions or superalloys (solid solution
and well defined particles).

The contribution of this paper is in that it considers very
complex system, as it is the steel for high temperature,
which is during time prone to structural changes, stil yet not
sufficiently studied.
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