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Safe Operation of Welded Structure with 
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The fatigue crack growth rate parameters and conditions for abrupt fracture o f  thick jo in t in steel 
at room and operating temperature were analysed. Fatigue cracks generated from  sharp weld defects are 
initial cracks that grow through either the weld jo in t region or the base metal in accordance with Paris 
law. Service life o f  a welded structure depends on position and orientation o f  the existing sharp weld 
defect. Different pre-cracked specimens were used in this experimental investigation.

They were cut from the base and weld metals and heat-affected zone. In comparison with the base 
metal, weld jo in t region showed higher crack growth rate at operating and room temperatures. Fatigue 
crack growth rate was higher at operating temperature irrespective o f  the position. Reliability o f  
structure with initial longitudinal cracks positioned in the heat-affected zone was lower than with initial 
transversal cracks located in the weld metal.
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0 IN T R O D U C T IO N

W eld  defects arise  in m anufactu re  o f  
w elded structures. D uring  norm al opera tion  o f  
such structures, sharp  defects in  w eld  jo in t region 
act as sites from  w h ich  fatigue cracks form  and 
then grow . C racks o f  critical size jeo p ard ize  
structural in tegrity . D ue to  the com plex  natu re  o f  
fusion w eld ing  and hum an factor, the size, 
location, type, and  orien tation  o f  defects cannot 
be p red icted . O nly  a  tho rough  post- m anufactu re  
inspection  o f  w eld  jo in ts  p rov ides necessary  
inform ation abou t the actual w eld  defect p resence 
in w elded  structures.

T he m ost jeo p ard iz in g  type o f  sharp w eld  
defects are tw o-d im ensional defects o rien ted  
norm al to  the d irec tion  o f  fluctuating  stress. T heir 
direct effects on  the  streng th  o f  w eld  jo in ts  are 
treated  as the effec ts o f  cracks (crack-like 
defects). F ractu re  m echan ics is u sed  to  assess the 
severity  o f  m acroscop ic  tw o-d im ensional defects 
in rela tion  to design  loading. T here are som e 
com plex fea tu res th a t m ake thae  app lica tion  o f  
fracture m echan ics d ifficu lt such as residual 
stresses, in teraction  o f  cracks w ith  w eld  
geom etry, m ateria l p roperties varia tions due to

d issim ila r w eld  and  base m etals and  especially  
m icrostructu ra l heterogene ities o f  w eld  jo in t 
reg ion  resu lting  from  the w eld ing  therm al cycles.

T ensile  w eld ing  residual stresses 
appearance and  local m ateria l em brittlem en t are 
fundam ental fo r various crack ing  phenom ena o f  
w elds [1], In terac tion  o f  stresses during  structure 
opera tion  and ex isting  cracks often  leads to 
unexpected  w eld  jo in t fracture. A ctually , cracks 
orig ina ting  from  sharp  w eld  defects grow  during 
serv ice life o f  w elded  structures. T hey  have to 
rem ain  sm alle r than the critical crack  size, 
o therw ise , they  w ill cause w eld  jo in t fracture  in 
b rittle  o r quasi-b rittle  m anner. D isin teg ration  o f  a 
w elded  structure  is very  like ly  i f  h igh ly  loaded 
w eld  jo in t collapses. A  superio r resis tance  o f  
w eld  jo in t aga inst the fatigue crack  g row th  is o f  
g rea t im portance fo r longer serv ice lives o f  
w elded  structures.

T he resis tance o f  m etallic  m ateria ls  to 
fa tigue crack g row th  and  b rittle  fractu re  depends 
on the m icrostructure . P roperties o f  the base 
m etal (B M ) m eet requ irem en ts in standards. T he 
w eakest links are a lw ays w eld  jo in ts  consisting  o f  
hea t-affec ted  zone (H A Z ) and w eld  m etal (W M ). 
M icrostructu re  o f  b o th  in as-w elded  cond ition
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results from  chem ical com position  and  w eld ing  
therm al cycles.

M icrostructure and properties o f  w eld  jo in t 
region can be analysed in details by using  
sam ples o f  m ateria ls cut from  actual w eld  jo in ts  
[2], A lternative is an analysis perfo rm ed  w ith  
sam ples o f  m ateria ls w ith sim ulated  
m icrostructure. In th is case, therm al conditions 
during w eld ing  have to  be sim ulated  e ither on 
sam ples o f  B M  in o rder to  p repare particu lar 
H A Z areas [3] o r on sam ples o f  sing le-run  W M  in 
order to  p repare particu la r m ulti-run  W M  areas 
[4], U sing  com bination  o f  bo th , i.e. sam ples from  
w eld jo in t and sam ples with sim ulated
m icrostructure is an effective approach, too [5],

T he experim ental results o f  fracture 
toughness m easurem ent and  fatigue-crack  grow th 
rate m easurem ent are show n and discussed  in this 
paper from  the leak-before-break  concep t po in t o f  
view . F racture  p roperties o f  w eld  jo in t reg ion  and  
non-affected  base m etal w ere determ ined  using 
the specim ens m achined  from  the sam ples o f  
m ateria l cut from  a real w elded  plate.

1 E X PE R IM E N T A L S

1.1. Materials and Specimens

The steel used in this study is A -387 Gr. 11 
C lass 1 steel designed  for operation  at elevated  
tem peratures. Its chem ical com position  and basic 
m echanical properties a t room  tem perature are 
show n in T able 1 [6]. A  96 m m  thick  double-U

shaped w elded  test coupon w as availab le for the 
research . R oot passes w ere deposited  by m etal 
m anual arc w eld ing  (M M A ) w ith  coated  electrode 
L IN C O L N  Sl 19G (A W S: E 8018-B 2), the rest o f  
the w eld -g roove w as filled  at bo th  sides by 
subm erged  arc w eld ing  (SA W ) w ith w ire 
L IN C O L N  LN S 150 and  flux  L IN C O L N  P230. 
C hem ical com positions o f  both  consum ables are 
show n in Table 2. B asic m echanical properties for 
all-w eld  m etals at room  tem perature are show n in 
T able 3 [6]. T he W M  is stronger than BM  
(overm atching).

W elding technology specification was 
prepared according to standard EN  288-3 [7], 
O perating  tem perature is no t specified in this 
standard. It is not required  to  test the behaviour o f  
the w eld jo in ts at the operating tem perature.

W eld  jo in t w ith  sharp  initial w eld  defects 
in the W M  and  H A Z  areas w as evaluated  in 
respect o f  the structure  safe  operation . The 
specim ens fo r the fractu re  toughness assessm ent 
and  fatigue crack g row th  ra te  m easurem en t w ere 
m ach ined  from  the w eld ed  test coupon as show n 
in F igure 1.

T hree-po in t b end  specim ens (T PB ) w ere 
used  for fracture  toughness testing  at room  
tem perature . T heir shape and d im ensions are 
show n in F igure  2. D ue to  specific  design  o f  the 
h igh-tem peratu re  cham ber, the specim ens looked 
like com pact tensile  specim ens (C T ) u sed  for 
fracture  toughness testing  a t operating  
tem perature . T heir shape and  d im ensions are also 
show n in F igure 2.

T able  L Chemical composition and basic mechanical properties o f  the steel

c Si M n P S C r M o
Y ield
stress

T ensile
strength

E longa tion
Im pact
energy

M ass. °/ M Pa % j
0.15 0.29 0.54 0.022 0.011 0.93 0.47 325 495 35 165

Table 2. Chemical composition o f  filler  metals

F ille r m etal
C Si M n P S C r M o

M ass %
L IN C O L N  Sl 19G 0.08 0.045 0.35 0.025 0.025 1.10 0.50

L IN C O L N  L N S 150 0.11 0.18 0.37 0.020 0.020 1.04 0.47

T able 3. Mechanical properties o f  all-weld metals

Filler m etal
Y ie ld  stress T ensile strength E longa tion Im pact energy

M P a % J
L IN C O L N  Sl 19G 505 640 23 > 9 5

L IN C O L N  L N S 150 490 610 26 >  100



B end ing  specim ens (B) w ere used  for 
fatigue-crack grow th-rate  m easurem ent. T heir 
dim ensions w ere 10x10x55 m m . T he type o f  all 
specim ens, the ir position , and  orien tation  in  the 
test coupon  in  re la tion  to  the w eld  axis is clearly  
ind icated  in F igure 1. T he no tches and  cracks 
w ere located  in the BM , W M  and HAZ.

Fig. 1. View o f  the welded test coupon 
with specimens sampling

T he values o f  J-in teg ra l w ere ca lcu lated  
from  reg istered  dependence o f  fo rce versus load- 
point d isp lacem en t ju s t  w hen  un load ing  sequence 
started. T he d iagram s J -  Aa w ere p lo tted  using  
those values and  correspond ing  crack  increm ents. 
A t first, a  reg ression  line w as draw n in the linear 
section o f  each  J -  Aa diagram . Jic-value, critical 
J-in tegral, w as ob ta ined  w ith  in tersec ting  J  -  Aa 
diagram  and  a  parallel line to  reg ression  line. This 
line in tersects x -ax is at Aa =  0.15 m m . The 
diagram s J -  Aa at room  and  operating  
tem perature valid  fo r the B M  are show n in Figs. 
3b and 4b, the d iagram s valid  fo r the W M  in Figs. 
5b and 6b, w hereas the d iagram s valid  for the 
F1AZ in F igs. 7b and  8b. A verage  values o f

determ ined  J lc-values ex tracted  from  those 
d iagram s are listed  in  T able 4 [10].

2 R E SU LT S

2.1. Fracture toughness

F ractu re  toughness w as experim entally  
determ ined  accord ing  to the standards [8] and  [9]. 
S ing le-specim en  m ethod  w as used. T hree 
specim ens w ere  no tched  and  p recracked  in the 
BM , th ree in the W M  and three in the H A Z. The 
specim ens w ere loaded  and  successively  partly  
unloaded at room  tem peratu re  and at 540°C . The 
reg istered  slope betw een  force, F, and  crack 
m outh  opening  d isp lacem en t, 8 (C M O D ), in the 
course o f  specim en un load ing  enabled  
determ ination  o f  the crack  size, a, and every  crack 
increm ent, Aa, respectively . T he exam ples o f  
d iagram s F -  8 p lo tted  a t room  and  opera ting  
tem peratu re  valid  fo r the BM  are show n in Figs. 
3a and 4a, d iagram s valid  fo r the W M  in Figs. 5a 
and  6a, w hereas d iagram s valid  fo r the H A Z  in 
Figs. 7a and 8a.

T he values o f  J-in teg ra l w ere ca lcu lated  
from  reg istered  dependence o f  fo rce versus load- 
po in t d isp lacem en t ju s t  w hen  un load ing  sequence 
started . T he d iagram s J -  Aa w ere p lo tted  using  
those values and  co rrespond ing  crack  increm ents. 
A t first, a  reg ression  line w as draw n in the linear 
section  o f  each J -  Aa d iagram . Jjc-value, critical 
J-in tegra l, w as ob ta ined  w ith  in tersec ting  J -  Aa 
d iagram  and  a parallel line to  reg ression  line. This 
line in tersects x -ax is a t Aa =  0.15 m m . The 
d iagram s J -  Aa at room  and operating  
tem peratu re  valid  fo r the BM  are show n in Figs. 
3b and  4b , the d iagram s valid  fo r the W M  in Figs. 
5b and  6b, w hereas the d iagram s valid  fo r the 
H A Z  in Figs. 7b and 8b.

F ig . 2. Fracture toughness specimens (TPB specimens above and “C T ” specimens below)



A verage values o f  determ ined  J lc-values ex tracted  
from  those d iagram s are listed  in T able 4  [10].

In respect o f  fracture  toughness the h ighest

quality  area  o f  trea ted  w eld  jo in t is W M  w hereas 
the low est H A Z. T esting  tem pera tu re  does no t 
change th is fact.

T ab le  4. Fracture toughness, JIc, plane-strain fracture toughness, KIc, threshold stress-intensity range and 
parameters o f  fatigue crack growth rate C and m

A rea H O o J Ic, kJ/m 2 K lc, M P a m '/2 AKth, M P a m '/2 C, nm /cycle m

BM 63.5 120.9 6.8 4 ■ 1 (f3 2.1
W M 20 81.3 133.7 6.8 8 - 10'4 2.8
H A Z 51.7 106.6 6.7 2 ■ i cr4 3,5
BM 43.4 88.4 5.9 1 ■10'3 3.0
W M 540 57.2 101.6 6.2 5 ■10'4 3.5
H A Z 38,9 83.7 6.1 3 • i cr4 3.9

a) b)
F ig . 3. Diagrams F  -  ö and J -  Aa fo r  the B M a t room temperature

a) b )
Fig. 4. Diagrams F  — S and J — Aa fo r  the B M  at operating temperature
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a) b)
F ig . 5. Diagrams F - S  and J - A a  fo r  the W M at room temperature

a b
F ig . 6. Diagrams F  -  S (a) and J  -  Aa (b) fo r  the WM at operating temperature

a b
Fig. 7. Diagrams F - S (a) a n d J - A a  (b) fo r  the HAZ at room temperature



Fig. 8. Diagrams F  -  ö (a) and J - / l a  (b) fo r  the HAZ at operating temperature

2.2. Fatigue-crack growth-rate parameters

Fatigue-crack  grow th-rate  param eters w ere 
experim entally  determ ined  accord ing  to  the 
standard  A ST M  E 647 [11], C harpy-size
specim ens w ere no tched  to  a dep th  o f  2 m m  in the 
W M  and H A Z areas and in the BM . T hey  w ere 
bend-loaded  in m om ent con tro l at room  
tem perature  and at 540°C  on a h igh-frequency  
resonant pulsator. R esistan t fo il-gauges w ere 
attached  on the specim ens in o rder to  reg ister 
crack  size changes during oscilla ting  load ing  (see 
F igure 9). In the course o f  successive sm all crack 
increm ents, the stress-in tensity  fac to r range, AK, 
w as kep t constant. S im ultaneous co rrec tions o f  
load ing  m om ent w ere perfo rm ed  during fatigue 
crack  grow th. Fatigue crack  g row th  rate , da/dN , 
w as ca lcu lated  as a quotien t o f  crack  increm ent, 
Aa, and  num ber o f  cycles, N.

F ig. 9. Specimen with firm ly cemented crack size 
gauge with indicated bend-loading

T he fatigue crack g row th  rate rap id ly  decreased 
w hen AK w hen  approach ing  the th resho ld  stress- 
in tensity  fac to r range, AKth. O n the o ther side, 
w hen  AK cam e up  to  K c-value fatigue crack grew 
faster.

E xperim enta l d iagram s da/dN  - AK 
rep resen ted  in double-logarithm ic scale at room  
tem peratu re  valid  fo r the B M , W M , and  H A Z  are 
show n in F igure 10a and  those at operating  
tem peratu re  in  F igure 10b.

T he linear portion  o f  re la tionsh ip  betw een 
the fatigue crack  g row th  rate  and  stress-in tensity  
fac tor range is know n as P aris law  [12]:

s = c '<i K >- < "
w here constan ts C and  m  are m ateria l-dependent.

F atigue-crack  g row th-rate  param eters 
ex tracted  from  d iagram s are  listed  in T able 4
[13].

3 E V A L U A T IO N  O F T E ST  R E S U L T S

I f  m echan ica l p roperties are  available, 
p lane-stra in  fractu re  toughness, Kic, is indirectly  
determ ined  from  the Jic-values. T he fo llow ing 
expression  is used:

(2)
w here E  is Y o u n g ’s m odulus and  y P o isson ’s 
num ber.

E stim ated  value  o f  E  at tem peratu re  o f 
540°C  is 82%  o f  the sam e value  a t room  
tem peratu re  [14]. W e took  the sam e value o f  v  at



room  tem peratu re  and 540°C  for the ca lcu lation  
o f  Kic-'values g iven in T able 4.

V aria tions o f  K lc in the w eld  jo in t reg ion  
in com parison  w ith  B M  are ex trem ely  significant. 
C ritical crack  size, ac, w hen  w eld  jo in t fractures at 
a fixed stress level is strongly  K lc dependent. By 
applying form ula

K lc = ö -Y ( a ) A/7 t-ac (3)

C ritica l crack  size is ca lcu lated  as

(  v  \ 2
a ,  = -

1

71
K k

a  ■ Y (a)
(4)

w here Y (a) is shape fac tor and a  stress norm al to 
the crack p lane.
W hen fatigue crack  g row s in accordance w ith 
Paris law , stress-in tensity  factor range is g rea ter 
than the th resho ld  stress-in tensity  fac to r range, 

AK*-
I f  the fatigue crack grow th rate param eters 

C and m  are availab le , the num ber o f  cycles to 
fracture, N , w ill be determ ined  using  E quation  1. 
The fo llow ing  expression  has to be  solved:

af j  m N

}-------5 _  =  C - „ 7 .  ( a ) - .  Jd N  (5)

Y ( a ) - a 2 0

w here as and af are initial and  final crack size, 
respectively .

Shape fac to r o f  an in fin ite 96-m m  thick  
w all w ith  d iffe ren t types and sizes o f  cracks are
[15]:
>  Sm all ha lf-e llip tic  surface crack w ith  length- 

to -dep th  ratio  2 .42 (F igure 1 la ): Y  =  0.734
>  H alf-ellip tic  surface crack w ith  length-to-depth  

ratio  2.83 penetrating  h a lf  o f  the w all-th ickness 
(F igure l ib ) :  Y  =  0.86

>  H alf-ellip tic  surface crack  w ith  leng th-to-depth  
ratio  4 .2  approach ing  opposite  w all surface 
(F igure 11c): Y =  1.234

>  T h rough-th ickness crack (F igure 1 Id): Y = l.

4 D IS C U S SIO N  W ITH  C O N C L U SIO N

If  during  cyclic  load ing  an ex isting  crack, 
p rev iously  generated  from  a sharp w eld  defect, 
had  grow n to the size w hen  anyw here a long  the 
crack  con tou r stress-in tensity  fac to r a tta ins p lane 
strain  fracture  toughness, K |C-value, an ab rup t 
fracture  o f  w eld  jo in t w ou ld  occur. T his size is 
defined  as the critica l c rack  size. I f  size o f  fatigue 
crack a tta ins the critical crack  size, w eld  jo in t w ill 
fracture. T he resu lt can  be a ca tastrophic  
d isin teg ration  o f  the w ho le  structure.

AK, MPa m l/2 a) AK, MPa m ',!

Fig. 10. Diagrams da/dN - AK fo r  the BM, WM, and HAZ at room temperature (a) and at 540 °C (b)
b)
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Fig. 11. Four types o f  fatigue cracks: small initial half-elliptic surface crack a-, (a), fin a l half-elliptic 
surface crack af  (h), wall-penetrating crack when leakage starts a, (c), critical and non-critical

through-thickness cracks ac, C/ (d)

A ssum e tha t initial inner surface crack  in 
the w eld  jo in t area is already  a long crack. For the 
linear-elastic  treatm ent, the depth  o f  th is crack, ao, 
has to be m uch grea ter than  the p lastic  zone size, 
ry (F igure 11a).

a ; > 5 0 r y (6)

P lastic  zone ahead  o f  the crack  tip 
develops as the resu lt o f  in teraction  betw een  a 
crack and  stress. Its size depends on the stress- 
in tensity  factor, K , m ateria l y ie ld  stress, R p, and 
stress-fie ld  configuration .

vRry

—— plane stress condition 
. 271

—  plane strain condition 
. 671:

(7)

O perating  stress o f  the structure  does not 
exceed  100 M Pa. Inner surface crack  5 m m -deep  
fu lfils the cond ition  in E quation  6. C racks o f  this 
size w ere found  in  the structure  during  regu la r in- 
service inspections. T herefore , those  cracks grow  
in accordance w ith  P aris law . P ro o f  p ressu re  test 
perfo rm ed  afte r in -serv ice inspections led to  the 
stress 100%  h igher than  m ax im um  opera ting  
stress.

It is g rea t advan tage to  opera te a p ressure- 
p lant d es igned  b ased  on  leak -befo re-b reak . 
Fatigue-crack  pene tra tion  th rough  the w all can  be 
m anifested  e ither b y  loss o f  p ressu re  o r by 
leakage. T hanks to  those obvious ind ications, an 
opera to r is capab le  to p reven t final fractu re  o f  the 
p lan t b y  shu tting  it dow n. A brup t fractu re  o f

pressu rized  com ponen t could  b e  jeo p ard iz in g  for 
hum an lives and  environm ent. B esides, a  p lant 
designed  in accordance w ith  leak-before-break  
concep t allow s period ica l repa irs o r rep lacem ent 
o f  the dam aged  com ponent.

T he p rocedu re  is as follow s:
1) C alcu lation  o f  th e  th rough-th ickness crack  size 

w h ich  resu lts in fracture, ac'hroush (subscrip t c 
denotes critica l size fo r fracture).

2) C alcu lation  o f  the dep th  o f  surface crack in an 
infin ite th ick  w all w h ich  resu lts in  fracture,
^surface 9 6 - m m  t h i c k  W a ll

3) C om parison  o f  the acsurface w ith  the wall 
th ickness t. I f  acsurface <  t, crack  w ill not 
pene trate  the w all in a stab le m anner before 
fracture.

4) I f  acsmface >  t, the  crack  w ill pene trate  the wall. 
D epth  o f  crack  approach ing  th e  opposite 
surface o f  the w all, a,, is t, w hereas its length 
2cj =  4 .2xai (subscrip t 1 denotes the size for 
leakage to  start).

5) T he crack  p ene tra ting  th e  w all g row s further 
and  becom es a  th rough-th ickness crack o f 
leng th  2a  =  2 Clsurface.

6) I f  the critica l c rack  size acthrough »  ccsurface, 
there  is enough  tim e to no tice  p ressu re  loss or 
leakage.

C alcu la ted  size o f  part-th rough  and 
th rough -th ickness critica l cracks in B M , W M , and 
H A Z  are  listed  in  T ab le  5. S izes ac™*06 are 
grea ter than  w all th ickness (t =  96 m m ). C rack



w ould certain ly  penetrate  the w all befo re  final 
fracture.

W hen  crack  w ou ld  approach  the opposite 
w all surface, its ha lf-leng th  on the inner surface 
w ould be Ci =  202  m m . T his is no t m uch less than 
critical th rough-th ickness crack size u nder norm al 
operating  cond ition  in the B M  (249 m m ) and 
especially  in  the H A Z  (223 m m ). W ithou t any 
doubt, w eld  jo in t p roperties o f  this p lan t satisfy 
the leak -befo re-b reak  concept, bu t its operating  
safety fac tor is a b it questionable.

C alcu lated  critical sizes o f  the th rough
th ickness crack  in p roof-test cond ition  are listed 
in T able 5. T hey  are m uch  sm aller than the half- 
length o f  th e  crack  pene tra ting  the w all. The 
possib ility  th a t the ex isting  deep crack  canno t be 
detec ted  during  in -serv ice inspection  afte r w hich 
proof-test shou ld  be perform ed m ay no t be 
neglected. C rack size acthrough in p roof-test 
condition  could  be  crucial fo r fu rther safe 
operation  o f  the plant.

F o r h igher re liab ility , it is benefic ia l to 
lim it m ax im um  allow ab le crack  size rigorously , 
for instance, le t the crack  size be  only  o n e -h a lf  o f  
the w all-th ickness. S tress-in tensity  fac tor w hich  is 
the resu lt o f  th is crack  at p ro o f  stress is K  =  67

M Pa. T his level o f  stress-in tensity  is low er than 
the p lane-strain  fracture toughness o f  BM , W M , 
and even  H A Z. If  du ring  in -serv ice inspections a 
careful effo rt w ere m ade to  find all cracks on 
inner surface, safe operation  o f  p lant w ou ld  be 
guaranteed.

W hich cracks are m ore dangerous in the 
w eld  jo in t reg ion  - long itud inal cracks in the HAZ 
or transversal cracks in the W M ? T hese cracks 
are often  the resu lt o f  hydrogen  attack  on hard  
areas o f  w eld  jo in ts.

In term s o f  experim ental da ta  listed  in 
T able 4 , the cracks in the H A Z w ill g row  faster 
than the cracks in the W M . Initial cracks in the 
H A Z  could  grow  all the tim e th rough  the m ateria l 
w ith the w orst p roperties. Initial cracks in the 
W M  grow  at first in the W M , then go across 
H A Z , and con tinue ou tside the w eld  jo in t in the 
B M  w hich p roperties are superior. C om parison  o f  
the num ber o f  cycles for an  initial 5 m m -deep  
crack to  grow  to  50%  o f  the final c rack  size (a = 
24 m m ) at room  and opera ting  tem pera tu res is 
show n in T able 6. T he basis is necessary  num ber 
o f  cycles fo r crack g row th  in the H A Z at 
opera ting  tem perature .

Table 5. Critical sizes o f  part-thickness and through-thickness cracks in 
normal operating and p ro o f test conditions

A rea H o n

surfaceac Cl
throughac through

“ c
opera ting  condition p roof-test condition

m m m m
B M

20
864 202 465 116

W M 1056 202 569 142
H A Z 671 202 362 90
B M

540
462 202 249 62

W M 610 202 329 82
H A Z 414 202 223 56

Table 6. Time neededfor the crack growth to ha lf o f  the fin a l crack size at operating temperature in 
relation to the time fo r  growth in the weakest area o f  the w eldjoint region, i.e. HAZ

A rea T, °C N/No
opera ting  condition

B M 51.8
W M 20 8.8
H A Z 4.5
B M 3.8
W M 540 1.8
H A Z 1



Q uotien ts N /N 0 listed  in T able  6 are 
additional safety  fac tors for the safe structure 
operation. T he m ost dangerous situation  is the 
presence o f  longitud inal cracks in the H A Z, 
w hich  grow  th rough  the H A Z  under cyclic 
load ing  at tem perature  o f  540°C .
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