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The fatigne crack growrh rate paramerers and condirions for abrupe fractire of thick foine in steel
af room and operafing femperaiure were analvsed, Fatigue cracks generated from sharp weld defecic are
initial cracks that grow through either the weld joint region or the base metal in accordance with Paris
faw. Service life of a welded structure depends on position and orientation of 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-affecied zorne. In comparison with the base
metal, weld joine region showed higher crack growth rate ar operating and room temperatures. Fatigue
crack growih rate was higher ai operafing temperature irrespective of the position. Reliability of
struciure with inidal longitudinal cracks positioned in the heat-affected zone was lower than with initial

fransversal cracks locaied in the weld meial,
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0 INTRODUCTION

Weld defects anse in manufacture of
welded structures. During normal operation of
such structures, sharp defects in weld joint region
act as sites from which fatigue cracks form and
then grow. Cracks of eritical size jeopardize
structural integrity. Due to the complex nature of
fusion welding and human factor, the size,
location, type, and orientation of defects cannot
be predicted. Only a thorough post- manufacture
inspection of weld joints provides necessary
information about the actual weld defect presence
in welded structures.

The most jeopardizing type of sharp weld
defects are  two-dimensional  defects  onented
normal to the direction of fluctuating stress. Their
direct effects on the strength of weld joints are
treated as the effects of cracks (crack-like
defects). Fracture mechanics is used to assess the
seventy of macroscopic two-dimensional defecis
in relation to design loading. There are some
complex features that make thae application of
fracture mechanics difficult such as residual
stresses, interaction of cracks with  weld
geomelry, material properties variations due to
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dissimilar weld and base metals and especially
microstructural heterogeneities of weld joim
region resulting from the welding thermal cycles,

Tensile  welding  residual  stresses
appearance and local material embrittlement are
fundamental for various cracking phenomena of
welds [1]. Interaction of stresses during structure
operation and existing cracks often leads 1o
unexpected weld joint fracture. Actually, cracks
originating from sharp weld defects grow during
service life of welded structures. They have to
remain smaller than the critical crack size,
otherwise, they will cause weld joimt fracture in
brittle or quasi-brittle manner. Disintegration of a
welded structure is very likely if highly loaded
weld joint collapses. A superior resistance of
weld joint against the fatigue crack growth is of
great importance for longer service lives of
welded structures.

The resistance of metallic materials 1o
fatigue crack growth and britile fracture depends
on the microstructure. Propertics of the base
metal (BM) meet requirements in standards. The
weakest links are always weld joints consisting of
heat-affected zone (HAZ) and weld metal (WM).
Microstructure of both in as-welded condition
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results from chemical composition and welding
thermal eycles.

Microstructure and properties of weld joint
region can be analysed in details by using
samples of materials cut from actual weld joints
[2]. Alternative is an analysis performed with
samples of  materials  with  simulated
microstructure. In this case, thermal conditions
during welding have to be simulated either on
samples of BM in order to prepare particular
HAZ areas [3] or on samples of single-run WM in
order 1o prepare particular multi-run WM areas
[4). Using combination of both, i.e. samples from
weld joint and samples  with  simulated
microstructure is an effective approach, too [3].

The experimental results of fracture
toughness measurement and fatigue-crack growth
rate measurement are shown and discussed in this
paper from the leak-before-break concept point of
view. Fracture propertics of weld joint region and
non-affected base metal were determined using
the specimens machined from the samples of
material cut from a real welded plate.

1 EXPERIMENTALS
1.1. Materials and Specimens
The steel used in this study is A-387 Gr. 11
Class | steel designed for operation at elevated
temperatures. Its chemical composition and basic
mechanical properties al room temperature are

shown in Table 1 [6]. A 96 mm thick double-U

Table 1. Chemical com

shaped welded test coupon was available for the
research. Root passes were deposited by metal
manual are welding (MMA) with coated electrode
LINCOLN 51 19G (AWS: ER0O18-B2), the rest of
the weld-groove was filled at both sides by
submerged arc  welding (5SAW)  with  wire
LINCOLN LNS 150 and flux LINCOLN P230,
Chemical compositions of both consumables are
shown in Table 2. Basic mechanical properties for
all-weld metals al room temperature are shown in
Tahle 3 [6]. The WM s stronger than BM
{overmatching).

Welding technology  specification  was
prepared according to standard EN 288-3 [7),
Operating temperature is not specified in this
standard. Tt is not required to test the behaviour of
the weld joints at the operating temperature.

Weld joint with sharp initial weld defects
in the WM and HAZ areas was evaluated in
respect of the structure safe operation. The
specimens for the fracture toughness assessment
and fatigue crack growth rate measurement were
machined from the welded test coupon as shown
in Figure [,

Three-point bend specimens (TPB) were
used for fracture toughness testing at room
temperature. Their shape and dimensions are
shown in Figure 2. Due o specific design of the
high-temperature chamber, the specimens looked
like compaet tensile specimens (CT) used for
fracture  toughness testing at  operating
temperature. Their shape and dimensions are also
shown in Figure 2.

ition and basic mechanical properties of the sieel

C 5i Mn P 5 Cr | Mo Yield Teasile Elongation PR
slress strength energy
Mass. %a MPa Vs ]
015 ] 029 | 054 [ 0022 [ 0011 [ 093 | 047 ] 325 | 495 35 165
Table 2. Chemical composition of filler metals [ ] | [ |
1 Si Mn P S Cr Mo
Filler metal Mass %%
LINCOLN SI 19G 008 [0045 [ 035 [ 0025 [0025 [ 110 [ 050 |
LINCOLN LNS 150 0.11 0.18 0.37 0,020 0.020 1.04 0.47
Table 3. Mechanical praperties af all-weld metals
Filler metal Yield stress | Tensile strength Elongation Impact energy
MPa Yo J
LINCOLN 51 19G 505 40 23 =95
LINCOLN LNS 150 490 610 26 = 100
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Bending specimens (B) were used for
fatigue-crack growth-rate  measurement,  Their
dimensions were 10=10=55% mm. The type of all
specimens, their position, and orientation in the
test coupon in relation to the weld axis is clearly
indicated in Figure 1. The notches and cracks
were located in the BM, WM and HAZ,

Fig. 1. Fiew of the welded text coupon
with specimens sampling

The wvalues of J-integral were calculated
from registered dependence of force versus load-
point displacement just when unloading sequence
started. The diagrams J — Aa were plotted using
those values and corresponding crack increments.
At first, a regression line was drawn in the lincar
section of each J = Aa diagram. Jj.-value, critical
J-integral, was obtained with intersecting J — Aa
diagram and a parallel line to regression line. This
line intersects x-axis at Aa = 0.15 mm. The
diagrams J = Aa at room and operating
temperature valid for the BM are shown in Figs.
3b and 4b, the diagrams valid for the WM in Figs.
5b and 6b, whereas the diagrams valid for the
HAZ in Figs. Tb and 8b. Average values of

determined  J-values extracted from those
diagrams are listed in Table 4 [10].

2 RESULTS
1.1. Fracture toughness

Fracture wughness was experimentally
determined according to the standards [8] and [9].
Single-specimen  method  was  used. Three
specimens were notched and precracked in the
BM, three in the WM and three in the HAZ. The
specimens were loaded and successively partly
unloaded at room temperature and at 540°C. The
registered slope between force, F, and crack
mouth opening displacement, & (CMOD), in the
course  of  specimen  unloading  enabled
determination of the crack size, a, and every crack
increment, Aa, respectively. The examples of
diagrams F — & plotted at room and operating
temperature valid for the BM are shown in Figs.
3a and 4a, diagrams valid for the WM in Figs. 5a
and 6a, whereas diagrams valid for the HAZ in
Figs. 7a and Ea.

The values of J-integral were calculated
from registered dependence of force versus load-
point displacement just when unloading sequence
started. The diagrams J - Aa were plotted using
those values and corresponding crack increments.
Al first, a regression line was drawn in the linear
section of each J - Aa diagram. J,.-value, critical
J-integral, was obtained with intersecting J - Aa
diagram and a parallel line to regression line, This
line intersccts x-axis at Aa = 0.15 mm. The
diagrams J - Aa at room and operating
temperature valid for the BM are shown in Figs.
3b and 4b, the diagrams valid for the WM in Figs.
5b and 6b, whereas the diagrams valid for the
HAZ in Figs. 7b and Bb.

N1G
e LA w
ﬂ"?&' ‘il:ll‘ tat
:: At [ :
E | i
L - . — =
3l 17.8 Jd_
L] L e.02A = - L — |
180 % 1
E o

Fig. 2. Fracrure toughness specimens (TPB specimens above and “CT" specimens below)
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Average values of determined Ji-values extracted quality arca of treated weld joint is WM whereas

from those diagrams are listed in Table 4 [10]. the lowest HAZ. Testing temperature does not
In respect of fracture toughness the highest change this fact.

Table 4. Fracture foughness, Jy, plane-strain fracture toughness, Ky, threshold stress-intensity range and
parameters of fatigue crack growth rate C and m

Area | T,°C Jo ki’ | KioMPam'? | AKy MPam' | C, nmicycle m
BM 63.5 120.9 6.8 410" 2.1
WM 20 81.3 133.7 .8 %-10° 28
HAZ 51.7 106.6 6.7 2. 10* 3,5
BM 434 88.4 5.9 1-10" 3.0
WM 540 57.2 101.6 6.2 5-10% 35 |
HAZ 38,9 83.7 6.1 3-10° 3.9
Bl — - - - T - S _'m- - —_— - — . .
] ' Tar 11 | I I BM-1-1
E-} E— | 1 =2c f! e I - 1_ L LT
N o .': - | . l ! _J
. i H t 1 ] i ! —— | |
. | | | .
Ly ——
< L [ | | |
104 : i i —_—
L] { | | |
— o B ! !
| - i |
H H H i3 16 0 0 2 H H H 10 1
&, mm Aa,
a) b)
Fig. 3. Diagrams F - 8 and J - Aa for the BM at room remperature
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Fig. 4. Diagrams F — & and J — Aa for the BM at operating temperature
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&, mm
a) b)
Fig. 5. Diagrams F — & and J - Aa for the WM at room temperature
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Fig. 6. Diagrams F - & (a) and J = da (b) for the WM af operating temperature

T
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1, 514 kbt

Fig. 7. Diagrams F - & (a) and J - da (b) for the HAZ at room temperature
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Fig. 8. Diagrams F = (a) and = Aa (b} for the HAZ at operating temperatire

2.2, Fatigue-crack growih-rate parameters

Fatigue-crack growth-rate parameters were
experimenially  determined according to  the
standard ASTM E 647 [11]. Charpy-size
specimens were notched to a depth of 2 mm in the
WM and HAZ arcas and in the BM. They were
bend-loaded in moment control at  room
temperature and at 540°C on a high-frequency
resonant pulsator. Resistant foil-gauges were
attached on the specimens in order to register
crack size changes during oscillating loading (see
Figure 9). In the course of successive small crack
increments, the stress-intensity factor range, AK,
was kept constant. Simultaneous corrections of
loading moment were performed during fatigue
crack growth. Fatigue crack growth rate, da/dN,
was calculated as a quotient of crack increment,
Aa, and number of eycles, N,

Fig. 9. Specimen with firmly cemented crack size
zange with indicated bend-loading

The fatigue crack growth rate rapidly decreased
when AK when approaching the threshold stress-
intensity factor range, AKy. On the other side,
when AK came up to K-value fatigue crack grew
faster.

Experimental  diagrams  da/dN - AK
represented in double-logarithmic scale at room
temperature valid for the BM, WM, and HAZ are
shown in Figure 10a and those at operating
temperature in Figure 10b,

The linear portion of relationship between
the fatigue crack growth rate and stress-intensity
factor range is known as Paris law [12]:

da

— =C-{aK)"
o - €lax) (1)
where constants C and m are material-dependent.
Fatigue-crack  growth-rate  parameters

extracted from diagrams are listed in Table 4

[13].
JFEVALUATION OF TEST RESULTS

If mechanical properties are available,
plane-sirain fraciure toughness, K., is indirectly
determined from the Ji-values, The following
expression is used:

Ky = s (2)

1-¥"
where E 15 Young's modulus and v Poisson’s
number.
Estimated value of E at temperature of
540°C 15 82% of the same wvalue at room
temperature [14]. We took the same value of v at
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room temperature and 540°C for the calculation
of Kj-values given in Table 4.

Variations of Ky in the weld joinl region
in comparison with BM are extremely significant.
Critical crack size, a_, when weld joint fractures at
a fixed stress level is strongly K, dependent. By
applying formula

K. =E'Yfa]\|||ilt"ﬂr (3)

Critical crack size is calculated as

I Kh g
2 [TJ 5

where Y{a) is shape factor and o stress normal to
the crack plane.
When fatigue crack grows in accordance with
Paris law, stress-intensity factor range is preater
than the threshold stress-intensity factor range,
AR

If the fatigue crack growth rate parameters
¢ and m are available, the number of cycles to
fracture, N, will be determined using Equation 1,
The following expression has to be solved:

I m N
[ =cont @ fan 5)
“Y(a)-a’ .
10 I
1 =2c |
]l = BM il il
10 3 . WM | ‘i
& HAZ | r
| -
10° 3 , -i‘-:'-_"-
2 A
_E' 10" 1 3::.'_'."
: P
= 10 1 ]J? |
E 7
[ & |
10 4 T
i
2
10° ; £
10" e e
10* g’ 1’
akK, MP:ll'n” ﬂ-:l

where & and a; are initial and final crack size,
respectively.
Shape factor of an infinite 96-mm thick
wall with different types and sizes of cracks are
[15]:
= Small half-elliptic surface crack with length-
to-depth ratio 2.42 (Figure 1la) Y =0.734

# Half-elliptic surface crack with length-to-depth
ratio 2.83 penetrating half of the wall-thickness
(Figure 11b): Y = 0L.E6

# Half-elliptic surface crack with length-to-depth
ralio 4.2 approaching opposite wall surface
{Figure 11¢): Y = 1.234

# Through-thickness crack (Figure 11d): Y=1.

4 DISCUSSION WITH CONCLUSION

If during cyelic loading an existing crack,
previously generated from a sharp weld defect,
had grown to the size when anywhere along the
crack contour stress-intensity factor attains plane
strain  fracture toughness, K-value, an abrupt
fracture of weld joint would occur. This size is
defined as the critical erack size. IF size of fatigue
crack attains the critical crack size, weld joint will
fracture. The resull can be a catastrophic
disintegration of the whole structure.

10" 4
]r=sarc -
' = bBM i | e 111
0T . wm o)
& HAZ .
| r— a“
10°4 e | .;-._
‘l-‘.
. I o
£ 0] LA
= r,..:"
g A
Z 10" i 1
=
$ H
1 # =
*
%
R
" =111
107 4 AT
o 1 | |
L
a [ |
] t 1
i ' w
AK, MPam'" h]

Fig. 10. Diagrams da/dN - AK for the BM, WM, and HAZ ar room temperature {a) and ar 340°C (b)

Safe Operation of Welded Structure with Crocks et Elevated Temperature B3



Strojniiki vestnik - Journal of Mechanical Engineering 54{2008)1 1, 807-816

a l.-'Eb
v
a,
gy N Ia,
. b o e—
5 | el B
“ﬁs\\l"‘i/j‘;ﬁi" T34
zix-l.!ﬂ

a

I
Fig. 11. Four types of fatigue cracks: small initial half-elliptic surface crack a, (a). final half-elliptic
surface crack ay (b), wall-penetrating crack when leakage starts a, fc), critical and non-critical
through-thickness cracks a,, ¢; (d)

Assume that initial inner surface crack in
the weld joint arca is already a long crack. For the
linear-elastic treatment, the depth of this crack, a,,
has to be much greater than the plastic zone size,
r, (Figure 11a).

a, 250-r, (6)

Plastic zone ahead of the crack tip
develops as the result of interaction between a
crack and stress. lts size depends on the stress-
intensity factor, K, material yield stress, Ry, and
stress-field configuration,

k) EL plane stress condition
T, =[—] s 'i" (7
54

Operating stress of the structure does not
exceed 100 MPa. Inner surface crack 5 mm-deep
fulfils the condition in Equation 6. Cracks of this
size were found in the structure during regular in-
service inspections. Therefore, those cracks grow
in accordance with Paris law. Proof pressure test
performed after in-service inspections led to the
stress 100% higher than maximum operating
stress,

It is great advantage to operate a pressure-
plant  designed based on  leak-before-break,
Fatigue-crack penetration through the wall can be
manifested either by loss of pressure or by
leakage. Thanks to those obvious indications, an
operator is capable to prevent final fracture of the
plant by shutting it down. Abrupt fracture of

plane strain condition

pressurized component could be jeopardizing for

human lives and environment. Besides, a plant

designed in accordance with leak-before-break
concept allows periodical repairs or replacement
of the damaged component.

The procedure is as follows:

1} Calculation of the through-thickness crack size
which results in fracture, a™™* (subscript ¢
denotes critical size for fracture).

2} Caleulation of the depth of surface crack in an
infinite thick wall which results in fracture,
4™ infinite 96-mm thick wall

3) Comparison of the a/ ™ with the wall
thickness t. If a™™° < t, crack will not
penetrate the wall in a stable manner before
fracture.

4) If 3™ > t, the crack will penetrate the wall,
Depth of crack approaching the opposite
surface of the wall, ay, is t, whereas its length
2¢; = 4.2=g (subscript | denotes the size for
leakage to start).

5) The crack penetrating the wall grows further
and becomes a through-thickness crack of
length 2a = 2¢,",

6) If the critical crack size a ™™ == ¢ e
there is enough time to notice pressure loss or
leakage

Calculated size of part-through and
through-thickness critical cracks in BM, WM, and

HAZ are listed in Table 5. Sizes ac“"'“ are

greater than wall thickness (t = 96 mm). Crack

£14 Burzic, M. - Prokic-Cvetkovic, R. - Grujid, B. - Aranasovska, f. - Adamovid, .4



Strajnifki vestnik - Jounal of Mechanical Engineering 34(2008)1 1, R07-8146

would certainly penctrate the wall before final
fracture.

When crack would approach the opposite
wall surface, its half-length on the inner surface
would be ¢, = 202 mm. This is not much less than
critical through-thickness crack size under normal
operating condition in the BM (249 mm) and
especially in the HAZ (223 mm). Without any
doubt, weld joint propertics of this plant satisfy
the leak-before-break concept, but its operating
gafety factor is a bil questionable.

Calculated critical sizes of the through-
thickness crack in proof-test condition are listed
in Table 5. They are much smaller than the half-
length of the crack penetrating the wall. The
possibility that the existing deep crack cannot be
detected during in-service inspection afler which
proof-test should be performed may not be
neglected. Crack size a "™ in  proof-test
condition could be crucial for further safe
operation of the plant.

For higher reliability, it is beneficial to
limit maximum allowable crack size rigorously,
for instance, let the crack size be only one-half of
the wall-thickness. Stress-intensity factor which is
the result of this crack at proof siress is K = 67

MPa. This level of stress-intensity is lower than
the plane-strain fracture toughness of BM, WM,
and even HAZ. If during in-service inspections a
carcful effort were made to find all cracks on
inner surface, safe operation of plant would be
guaranteed.

Which cracks are more dangerous in the
weld joint region - longitudinal cracks in the HAZ
or transversal cracks in the WM? These cracks
are often the result of hydrogen antack on hard
areas of weld joints,

In terms of experimental data listed in
Table 4, the cracks in the HAZ will grow faster
than the cracks in the WM. Initial cracks in the
HAZ could grow all the time through the material
with the worst properties. Initial cracks in the
WM grow at first in the WM, then go across
HAZ, and continue outside the weld joint in the
BM which properties are superior. Comparison of
the number of cycles for an initial 5 mm-deep
crack to grow to 50% of the final crack size (a =
24 mm) at room and operating temperatures is
shown in Table 6. The basis is necessary number
of cycles for crack growth in the HAZ al
operating temperature,

Table 5. Crifical sizex of pari-thickness and through-thickness cracks in

normal operating and proof test conditions

" ol ¢ ™ i Y i
Area T.%C operating condition proof-test condition
mim mm
BM 864 202 465 116
WM 20 1056 202 369 142
HAZ 671 202 362 90
BM 462 202 249 62
WM 540 610 202 329 82
HAZ 414 202 223 56

Table 6. Time needed for the crack growih to half of the final erack size at operating temperaiure in
relation fo the fime for growih in the weakesr area of the weld joint region, i.e. HAZ

Area T, °C ,Nmﬂ i
2 operating condition

BM 51.8

W 20 5.8

HAZ 4.5

BM 38

Wi 540 1.8

HAZ 1

Safe Cpevation of Welded Structure with Cracks at Elevated Temperaiure R15
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Quotients N/Ny listed in Table & are

additional safety factors for the safe structure
operation. The most dangerous situation is the
presence of longitudinal cracks in the HAZ,
which grow through the HAZ under cyclic
loading at temperature of 540°C.
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