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Ab str act

T h e life of stru ctural com ponent s th at are su scept ib le t o the environm ent as sist ed

crackin g (EA C) is a sum of th e crack initiat ion t im e and th e propag ation t im e. Becau se the

scat ter in the initiat ion t im e is larg e, it is described w ith a W eibull m odel. In contr ast the

crack propagation rate is w ell defined as a funct ion of the str es s in ten sity fact or such that the

propagat ion tim e from an init iat ed length t o a lim it can be det erm in ed. A life predict ion

procedure h as been dev eloped w ith the m odel on th e crack initiat ion t im e for th e applicat ion t o

alloy 600 CRDM nozzle. T he W eibull m odel is int egrated ov er th e entir e inner surface of a

n ozzle in order t o det erm in e the probability of crack initiat ion as fun ction of t im e . T o obtain

larger num ber of dat a , the intr a - specim en m eth od is show n t o be u seful. T he size requir em ent

for an intr a - specim en is dev eloped to est ablish the stat ist ical equiv alence bet w een

intr a - specim en s . A proof - of - principle experim ent h as been con duct ed at 40 ℃ u sing a

sen sit ized alloy 600 loaded by the four - point ben din g m ethod. A new W eibull m odel deriv ed in

this w ork can norm alize the dependen ce of th e crack in it iat ion stat ist ics on the

intr a - specim en size. It is found th at the in tra - specim en design should be im prov ed in order t o

redu ce the effect of st r es s r elax ation aft er a significant cr ack grow th in adjacent

intr a - specim en s . Based on th e present r esult s th e m eth od can be dev eloped through high

t em perature test s for the application to PW R CRDM .

1 . Intro du ct ion

Alloy 600 ha s been ext en siv ely u sed in th e prim ary circuit com pon ent s of P ressurized W at er

React or (PW R ). In 1959, H . Coriou rev ealed th e fir st laborat ory occurr ence of "Prim ary (or

P ure) W at er Str ess Corrosion Crackin g (PW S CC)" on alloy 600 sh eet s . Sin ce 1980 ' s P W S CC

h as b een occurr ed in pressurizer heat er sleev e pen etration s , in st rum ent ation n ozzles , w hich are

m ade of alloy 600. Based on the ev alu ation of PW S CC su scept ibility from th e Com bu stion

Engin eerin g (CE ) Ow n er s Group (CEOG), it w as decided that the com pon ent s est im at ed t o be

crackin g before life tim e w ould be replaced w ith alloy 690 in Young Gw an g (YGN ) unit s 3&4.

[1∼3]



T he prelu de to a failure du e t o PW S CC can be div ided into t w o steps , the crack initiat ion

and the crack propag ation . T heir m ech anism s are believ ed to be quit e differ ent m echanism .

But th e corr elation b etw een the str es s int en sity factor an d the crack propag at ion rat e is w ell

est ablish ed in contra st the kn ow ledge about th e crack in it iat ion . Becau se the crack in it iation is

influen ced by v ariou s fact or s , it is v ery difficult to determ inist ically obt ain th e crack in it iation

t im e . T h e m echanism of a crack initiat ion is b arely under st ood, and the in it iat ion tim e ha s

large scatt er ev en in a n om inally identical condit ion . T h erefore a new procedure for th e

probabilist ic ev aluat ion of crack in it iat ion t im e is dev eloped in this w ork .

2 . P rob ab il i s t i c l if e pre dic t ion f or CRD M

2.1 T he in tra - sp ecim en

F or th e prob abilistic approach , statist ically significant am ount of dat a is n eces sary t o build a

qu ant itat iv e m odel. A successfu l ex am ple of th e case is w ith PW S CC of PW R st eam

g en erator tubes . T en s of thou sand data point s obt ain ed from periodical in spect ion s of operating

plant s allow for fair ly reliable predict ion of addit ional failur es as funct ion of t im e . [4] F or

CRDM n ozzles , how ev er , the num ber of plant dat a is ex tr em ely lim it ed and furtherm ore each

n ozzle in a react or head h as differ ent st res s and t em perature . Du e t o it s size, numb er of

laboratory test in g s is u su ally in sufficient for a probabilistic study . F or this r eason , the m ethod

of intr a - specim en w hich can produce mult iple failur e tim e dat a , each from an intr a - specim en ,

u sing single specim en m ethod w a s proposed to gen erat e m any dat a . It sh ould be design ed to

a ssure th e st atist ical equiv alen ce bet w een intr a - specim en s .

Becau se th e PW S CC t akes place at grain boun daries the norm al st r es s at th e m ost fav orably

orient ed grain boundary in an intr a - specim en s is depen dent on the area un der m acroscopically

uniax ial st r es s condition . If the uniax ial st res s applied for t est is σ, the an gle bet w een applied

str es s an d grain b oundary is θ, and th e angle betw een a surface and a grain in a depth

direction is φ, th e grain openin g str ess is equ al t o σa p p l ie d×cosθ×cosφ. Becau se of th e

ran dom orientation of grain s , th e v alue of cosθ and cosφ can be t aken for r an dom num ber

from zero to one. It is also assum ed that a sh ape of grain is a hex agon an d each side is

sheared by tw o grain s . T h erefore for a giv en grain size, the differ ence of effect iv e st r es s is

calculated as fun ct ion of an in tr a - specim en size, i. e. num ber of grain s .

T he grain size of sen sit ized alloy 600 u sed for the proof of principle t est is about 27 ㎛.

F igure 1 sh ow th e result of random numb er g enerat ion [5] on differ en ce in the m ax im um

resolv ed norm al st r es s at a grain boun daries as fun ct ion of a w idth of a squ are- shaped

intr a - specim en . If the in tra - specim en size is 2m m×2m m , the str es s differ en ce is expect ed to

b e in significant .

2.1.1. Area effect of an in tra - specim en

A lot of crack in it iation data can be obt ained u sin g the intr a - specim en m ethod. But th e crack

init iat ion tim e of an intr a - specim en m ay be differ ent that of a full specim en . Sin ce the full



specim en w ith th e greater num ber of grain b oundaries ha s the great er chan ce t o crack

init iat ion , the crack init iat ion t im e w ill be v aried w ith the surface area of a specim en . T he

area effect is deriv ed from the w eakest link theory of W eibull. [6∼7]

T he failure (or crack init iat ion in th e present situat ion s ) prob ability of a sm all area elem ent

δA at tim e t is δξ(t ), th e relat ion of them can be ex pres sed as

( t) = A
t

0
g ( t) dt

F ( t) = 1 - ( 1 - ( t) )
A
A

(1) (F igure 2)
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w h ere g (t ) m ean s the prob ability of cracking in a unit ar ea at t im e bet w een t an d t +dt . T h e

funct ion ξ (t ) con sist in g of a failur e probability f (t ) for a giv en area A , an d g (t ) is as sum ed

t o be in depen dent of area . It is as sum ed that th e area elem ent δA is v ery sm all v alu e, and

the cumulativ e failur e probability , F (t ), for an area A can be deriv ed u sin g equ at ion (1∼2) a s

follow s ;

F ( t) = 1 - ex p [-
A

dA
t

0
g ( t) dt] (3)

ξ (t ) can be calculat ed from a m echanistic failure m odel obtained from ex perim ent al dat a

fitt in g fun ct ion . F unct ion , g (t ) is dir ectly att ained from ξ(t ). If the form of funct ion ξ (t ) is

a ssum ed t o be (t - t0 )
b

, th e cum ulat iv e failur e probability funct ion becom es the W eibull

dist ribution . [8]

T he W eibull distr ibut ion can be obt ained from crack init iat ion data of intr a - specim en s each

w ith area of A i , an d g (t ), as funct ion of t 0 i , θi an d b i . T he cumulativ e failur e probability ab out

a larg er area can b e ex pressed in t erm s of g (t ) as it is . U sing the failur e probability funct ion

from intr a - specim en s , it is possible t o obtain the probability funct ion of any real size

com ponent w ith an area of A , as follow s ;

F ( t) = 1 - ex p - A
dA

A i (t - t0 i

i )
b i

w h ere
F = cum ulat i v e fa ilure probabilit y fun ct ion ( area = A )
A i = area of an in t ra - sp ecim en
t 0 i

, i , b i th e v alu es obt a in ed from int ra - specim en s

(4)



g ( t) = ( t)
A i

= 1
A i (

t - t0 i

i )
b i

(5)

2.2 T he p robabilis tic in it ia tion m od el

W e can obtain m any S CC init iation dat a by th e intr a - specim en m ethod so as t o fin d th e

crack init iat ion probability function , for ex ample W eibull dist r ibut ion and so on . If w e employ

(t w o param et er ) W eibull dist ribution that is w idely u sed in probabilist ic fr acture m echanics

and h as a good linearity for a long t im e as a crack initiat ion probability fun ction , w e can find

the scale param et er and shape param et er from crack init iation data .

W eibull dist r ibution is lik e follow ing .

F ( t) = 1 - ex p [- ( t - t0

- t0 )
b

]
where
t = t im e

= charact er ist ic t im e or s cale param et er
b = s lope or shap e param et er
t 0 = t im e delay or in it iat ion t im e param et er
F = cum ulat iv e fa ilure probabilit y

(6)

It is pos sible th at the service condit ion of CRDM n ozzles differ from the testing condition .

A ctu ally the t em perature and str ess is v aried in CRDM n ozzles . S o it is necessary t o m odify

the crack in it iation dist r ibution (b , θ) t o t ake int o account th e effect of t em perature an d

str es s . T h e shape param et er b that m ean s the degree of a scatt er of a crack init iat ion t im e is

a ssum ed t o be m at erial dependent an d hav e an alm ost the sam e v alu e regardles s of

environm ent al chang es (e. g . t em perature an d str ess ). T he sh ape param et er m ean s t im e to

63.2% crack initiat ion probability can be equiv alent to a charact er istic cr ack in it iation t im e. In

g en eral the P W S CC init iat ion t im e ob serv es the pow er law for the str es s and Arrheniu s

equ at ion for the t em perature, as follow s ; [9∼10]]

t I ∝ - n ex p ( Q
R T )

where
t I = cra ck i n itia tion tim e

= su rf a ce tensile stress
n = stress expon en t(4∼5) , supposed to be 4
Q = P WS CC a civation en ergy for in itia tion stag e (50 k ca l/ m ole)

(7)

T herefore the ch aract er ist ic tim e, θ, or the scale param eter m ay be corrected, as a follow in g .

( T CR DM , CR DM ) = ( E X P

CR DM )
4 ex p (Q/ R T CR DM )

ex p ( Q/ R T E X P ) E X P (8)

Since the W eibull dist r ibut ion is obt ained from intr a - specim en s , the area correction is also

n eces sary .



F CR DM ( t) = 1 - ex p -
A CR D M

dA '

A i ( t
θ CR DM )

b

(9)

U sin g Equat ion (9), the probability of crack init iat ion of a CRDM n ozzle is obt ain ed from

area in tegrat ion of a CRDM .

2.3 Crack p rop ag at ion m odel

T he crack is assum ed to hav e b een initiat ed w h ere th e str es s an d t em perature is the highest ,

b ecau se the crack in it iation prob ability is dram atically ch ang ed as fun ct ion of str es s an d

t em perature. F or operat ional purpose, S CC initiat ion t im e is defined as the t im e t o initiat e an

int ergranular cr ack ex tendin g ov er one grain depth . Becau se of semi- cir cular cr ack

a ssum ption , th e surface len gth of in it iated crack equ als to a tw o grain size.

T he propag at ion t im e from init iation t o lim it can b e determ inist ically calculat ed by em ploying

P . S cot t ' s m odel. [11∼12]

da
d t

= 2 .8 10 - 12 (K I - 9) 1 . 16 m / s ec ( at 330 oC) (10)

T em perature depen dence of the crack propagation rate is u sually described by an

A rrh eniu s - type equ at ion [13];

da
dt

= 2 .56 ex p ( Q
R T ) (K I - 9) 1. 16

where K I = crack tip stress in tensity f actor [ MP a m ] ca n be
de term in ed f rom N ewm an - R aj u ' s ca lcu la toin

Q = 33 [ k ca l/ m ol - K ]

(11)

T hen , the crack propagat ion t im e , tp , can be determ ine, as follow s ;

t P =
a f

a i

1

(da
d t )

da (12)

W h en the in it iat ion crack size, a i , is det erm in ed by grain size of a m at erial and th e allow able
crack size , a f , can be specified from regulat ory lim it s in cludin g A SME sect ion .

3 . P reparat ion an d pro c e du re of th e ex pe rim en t

A S CC t est w ith sen sit ized alloy 600 is accom plished to prov e the v alidity of th e

intr a - specim en m ethod. Alloy 600 produ ced from M et als T echn ology , USA is a com m ercially

ann ealed and 1.6 m m - thick - plate. T h e (in ter - )specim en is cut in t o 33 m m × 170 m m by w ire

cut ting an d polished up to SiC paper # 1500. T h e sen sit izat ion is m ade by a tr eatm ent at 704

℃ for 30 m in in a air . [14] T he oxide film form ed during sen sit izat ion is r em ov ed by

polishin g w ith SiC paper # 2000. T he flu id polishin g is m ade at low str es s to m inim ize th e

effect of surface residual st r es ses .

T he S CC t est specim en is applied w ith the lon gitudin al str es s of about 333 MP a, w ith a

four - poin t ben ding apparatu s .(F igure 3) [15] T he str ess dist ribution of specim en is analy zed

w ith both the theoret ical m odel giv en in A ST M G 39 and a F EM an aly sis by AN SYS v er sion

5.2. (F igure 4) [16] Ex cept for the region closed t o loading point s th e AN SYS result is



con sistent w ith th e theoretical v alue. T he stress v ariat ion in th e intr a - specim en region does

n ot ex ceed 0.2% .

S ev en specim en s (tw o specim en : EA C- J roun d robin m aterial, fiv e specim en : th e

com m ercial plat e m aterial) h av e been t est ed for proof t est s . T h e num ber of intr a - specim en s

(2m m×2m m ) in a four - point bending specim en is thir ty . A 0.1 M solut ion of sodium

t etr athionate (N a2S 4 O6·2H 2 O) is u sed t o cau se a S CC. [17] T h e solut ion is injected in to a

plastic cell w hich is con stru ct ed aft er loading . T h e S CC test is con duct ed in a therm ost at at a

t em perature of 40±0.2 ℃. U sin g a video m icroscope w ith a m agnificat ion of 350× the surface

is in spected. F or in spect ion th e solut ion is drain ed from a plastic dam and the specim en is

w a shed w ith an ultr asonic clean er in eth anol.

4 . R e s u lt o f proof of prin c iple t e s t

S ev en set s of in tra - specim en s in clu din g t w o m ade of the roun d robin m at erial hav e been

t ested .

F igure 5 show s the result . F or up t o 400 m in , the dat a show a tr ead th at follow s W eibull

statist ics w ell. Aft er 400 m inut es the fit ted W eibull dist r ibution ov erestim ates the m easured

failur e probability . A s a in it iat ed crack grow s , the larger Crack Openin g Displacem ent (COD )

w ill r educe local th e t en sile st r es s loaded by 4 point ben ding on the surface. T his is w hy th e

failur e probability is decrea sed com pared w ith an early stage. T he t im e shift of a specim en t o

specim en is r ather large. It m ay cau sed by the differ en ce of sen sit izat ion or applied str es s . It

is plau sible b ecau se of a short t im e of sen sit izat ion th ere m ay be significant v ariat ion in the

m at erial su scept ibility betw een specim en s .

T he adjacent 2 m m×2 m m intr a - specim en s are coalesced in to larg e intr a - specim en s w ith 2

t im es or 3 t im es the indiv idual area in order to v erify th e area effect . Crack init iat ion dat a up

t o 400 m inut es are taken t o av oid the str es s r elax at ion effect due t o an in crem ent of COD.

Supposing a t w o param et er W eibull dist ribution , the equat ion (9) can be alt er ed int o the linear

form of W eibull dist ribution .

ln ln ( 1
1 - F )= b i ln t - b i ln + ln A

A i
(13)

In a case of an ex t en sion to larger specim en , th e lin ear form of a cum ulat iv e failur e

probability has the sam e slope an d shift s in dir ect ion of y ax is according to the rat io of area .

W eibull dist r ibution s at tain ed from three intr a - specim en set s , i. e.; 2×2 m m , 4×2 m m and 6

×2 m m . T heir slopes are alm ost equ al, how ev er , the degree of shift du e to an area alt er at ion s

is sm aller than th e predict ion by equ at ion (13).

T he degree of shift s of graph s is plott ed an d fit ted according t o the area ratio so as to fin d

the ex act am ount of shift of graph . U sin g this result , w e can m odify the equ ation (9) t o

corr ect the shift of W eibull dist ribution accordin g t o the area depen den ce, as follow s (F igure

7);



F ( t) 1 - ex p [- (A '
A i )

0 .63

( t
i )

b i

]
w h ere

F (t ) = Cum u lat iv e fa ilure probaab ilit y den s it y fun ct ion ( C DF )
for th e area , A

A i = A rea of th e in t ra - specim en
b i = S hape param et er from int ra - sp ecim en s

i = Sc ale param et er from int ra - sp ecim en s

(14)

Con siderin g th e area corr ect ion fact or like 0.63 w hich can be obt ained from ex perim ent s , w e

m ay im prov e the crack in it iation m odel. Equ at ion (9) can b e m odified as equ at ion (15).

F CR DM ( t) = 1 - ex p -
A CR D M

dA '

A i

s

( t
θ CR DM )

b

s = the area cor rection f a ctor

(15)

5 . E x am ple of li f e pre dic t ion of CRD M

Since th ere are no actual dat a , it is as sum ed th at the crack initiat ion distr ibut ion is w ell

described as the W eibull dist r ibution w hose scale param eter is 5×107 hour s , the shape

param et er is 4 and the ex ponent for area effect , area corr ect ion fact or is equal to 1, w ith 1m m

×1m m intr a - specim en s of CRDM m at erial str es sed at 345 MP a in the prim ary coolant

con dition . T h e life t im e of CRDM (ID =70mm , OD =130mm , length =800m m ) can be ev aluated in

this ex am ple.

F or a sim plicity , th e t em perature on th e inn er surface of the n ozzle is supposed t o be

con st ant t o simplify th e m odificat ion . T h e str ess distr ibut ion of in side of outm ost CRDM

n ozzle of Ulchin (UCN ) unit 1 is obt ained from an F EM analy sis F igure 8. Based on this

r esult , the st r es s of CRDM nozzle is presum ed t o hav e the sam e str es s as th at of UCN 1.

T he v ariat ion of st r es s in dir ection of th ickn ess is n eglect ed .

T he cum ulat iv e crack in it iation probability can be calculat ed by (9) in tegrat ion . An d if there

are 83 CRDM n ozzles , the crack m ay be initiat ed at the t im e th e crack initiat ion prob ability is

1/ 83.

T he crack m ay be init iated w here th e str es s is the highest poin t . T h e crack propag ation

t im e from initiat ion (crack depth of on e grain ) to lim it len gth of crack (75% of nozzle

thickn ess ) can be comput ed from equ at ion (12).

By this procedure, the crack in it iation t im e is about 12 Effect iv e F ull P ow er Year (EF P Y )

(F igure 9) and th e crack propagat ion t im e is about 5 EF PY . T herefore the life of a react or

h ead du e to th e failur e of a nozzle is est im at ed to be about 17 EF PY in this illu str at iv e

ex am ple.

6 . F utu re w ork for hig h t em peratu re te s t

T h e proof of prin ciple t est s at room t em perature w ere achiev ed. And they sh ow ed a good



fitn ess of crack in it iation probability function . A s one of the EA C ph enom ena , PW S CC on

alloy 600 in nuclear pow er plant is plan ed t o be t ested . U sin g 2- gallon autoclav es t est s w ill

b e achiev ed in th e reproduced PW R prim ary w at er env ironm ent (350℃, 3000psi, 2.0 ppm Li +

1200 ppm B, 25∼35 cc H 2 / kg H 2 O, DO < 10 ppb ). Specim en s w ill be loaded w ith 3 kin ds of

m ethods , con st ant loadin g u sin g a stepping m otor , r ev er se U ben d an d probing ring . T h e

specim en of con stant load t est is designed t o be included 30 intr a - specim en s (2㎜×2㎜). Each

intr a - specim en w ill be conn ect ed w ith DCPD lin e to know th e crack in it iation tim e of th at

w ith on - line m onit oring sy st em . Otherw ise as a com parison s specim en s of r ev er se U ben d

and probing rin g t est s ar e not t o b e divided into in tr a - specim en s , only on e DCPD output w ill

t ell u s th e crack initiat ion t im e of w hole specim en . T hese crack in it iation dat a in con st ant load

t est w ill g iv e m ore credit to probabilistic cr ack initiat ion m odel.

7 . Con c lu s ion

T o identify an appropriat e probabilistic m odel, cr ack init iat ion t im e h as been m easured for a

sen sit ized alloy 600 plat e loaded by a four point ben din g technique in a sodium tetr athion at e

solut ion at 40℃. Statist ically significant num ber of dat a ha s been acquir ed u sin g the

intr a - specim en m ethod that allow s for m ult iple data produ ct ion u sin g sin gle specim en . T he

experim ent is designed to as sure th e stat ist ical equiv alen ce b etw een intr a - specim en s . Am on g

intr a - specim en s , w ithin a specim en , t em perature an d m at erial sen sitiv ity th at can affect the

crack in it iat ion t im e are the sam e, but th e resolv ed norm al st res ses are differ ent for each

grain boundary . T o m inim ize the differ ence in the peak str ess at grain boundaries , an

intr a - specim en has a m inim um area t o in clude at least a grain b oundary align ed n orm al to th e

applied str es s . It is show n th at a t w o param et er W eibull m odel can describe th e scat ter of

S CC initiat ion t im e that is defined as th e t im e t o initiat e an in tergranular cr ack ex ten din g

ov er t w o adjacent surface grain s . W ith the v alidation of in tr a - specim en m ethod, it can b e

applied to high t em perature t est in order to acquisit ion of a large num ber of dat a . F in ally n ot

only a PW S CC failure tim e of CRDM but also a life for environm ent as sisted crackin g is

predict ed by sum of crack initiat ion t im e an d crack propagat ion t im e . A s an ex am ple, the life

t im e of CRDM in an im agin ary plant is est im at ed b ased on probabilistic predict ion .
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Fig . 1. T he Maximum resolved stress (MRS ) difference as

function of the size of intr a- specimen for SNU material

(Grain size : AST M # G = 7.5)

F ig . 2. W eibull ' s w eakest link th eory

[failure probability of one chain = p]

is smaller than

[ probability of failure of N - chain

= 1- (1- p)N ]

( N = A / δA )

δA

A



Fig . 3. F our - point bending apparatus for proof of

principle test

(b ) Stress distr ibution of 4 point bending

Fig . 4. Stress analysis of 4 point bending

specimen w ith ANSYS

Fig . 5. T est result for sensitized alloy 600 plate tested

in 0.1M sodium tetrathionate solution at 40℃

Fig . 6. T est result of EAC- J RR m aterial in 0.001M

Sodium T etrathionate solution at 40℃

Intra- specimens

(a) T he boundary conditions for ANSYS analysis

O

the symmetry about X, Z axis

X

Z
X=45mm

dy =3.599mm

X=77.5mm

dy =0

Z=16.5mm

X=90mm



(a) Residual stress in the longitudinal direction

(C : uphill, D : dow nhill)(a) before m odification

(b ) Residual stress in the direction of thicknes s

(■ : uphill, ○ : dow nhill)

F ig . 8. Stress distr ibution in the CRDM nozzle for

Ulchin unit 1

(b) after modification

Fig . 7. Weibull distr ibution for

variable area considering m odified area

effect

F ig . 9. Predicted Crack Initiation Probability of One

CRDM

upper welding zone

welding zone

lower welding zone



F ig . 11. T he specim en design of con st ant load t est (aut oclav e t est ) [19]

F ig . 10. T he Predict ion S chem e of Life T im e for

EA C; CRDM case

Determination of statistical m odel w ith

intr a- specimens

Stress distr ibution in CRDM

Crack initiation probability of a CRDM

Life time of CRDM = crack initiation time + crack

propagation time

Crack propag ation time

obtained from P . Scott

m odel

Determination of crack initiation time

Crack initiation probability of total CRDM Nozzles =

1 -
a ll CR DMs

( 1 - crack initia tion probability of each CRDM )
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