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A defect is the discontinuity which by nature renders the weldment unable to meet specifications or acceptance standards. Thermal cycle of 
welding process leads to melting, casting and heat treatment of similar or dissimilar materials which are joined together and thus the defects 
associated with melting, casting and heat treatment are also found in the welded structure. During the last two decades, development of high 
yield strength steels e g Micro alloyed HSLA, Maraging steel etc. with narrow ductility range and low toughness caused enormous problem for 
welding fabricator, designer and user. The steels for cryogenic purpose (9% nickel steel) and creep resistance steel need special attention so 
as to develop necessary sub-zero and creep resistance properites in the respective weld fabricated structure. Significance of the 
discontinuities with respect to service behaviour assessed with greater sophistication by using fracture mechanics techniques and 'Fitness for 
Purpose' concept. In this article the nature, origin, effect and prevention of major metallurgical defects encountered in fusion welding pro-
cesses are discussed 

INTRODUCTION 
During the last two decades there 
has been significant advances in 
the origin and nature of weld de-
fects and their prevention 
(Lundin, 1981). Some of the re-
markable series of alloys devel-
oped during this period : 

a) Microalloyed HSLA Steels -
For structural, pressure vessels 
and pipe lines with exceptionally 
good combination of high yield 
strength and toughness 
(Chattopadhyay et.al.1966), 
Chattopadhyay (1975), 
Chattopadhyay (1981). Low tran-
sition temperatures of several al-
loys in this group enabled them to 
be used in pipeline construction 
in Arctic region and also for off-
shore structure. 

b) 9% Nickel Steel as high 
strength material for crygenic pur-
poses, (Chattopadhyay et.al 
(1970), (Tewari, Chattopadhyay & 
Bhatnagar (1972). This material 
has been used extensively for 
manufacturing tankers carrying 
natural gas in liquid form. 

c) Maraging Steels as an excep-
tionally high strength material 
(Chattopadhyay, et.al.1971) for 
space and nuclear applications 
The need for fabrication of these 
and other newer materials by 
welding has led us to enquire into 
more fundamental aspects of de-

fects viz (i) effect of different 
types of defects e.g. inclusions 
and its shape, size on fracture 
characteristics, (Chhattopadhyay 
1983), by Modern techniques like 
SEM/TEM/EDAX. 

(ii) Location, shape and size of 
defects by different NDT tech-
niques including newer accoustic 
emission or more sophisticated 
technique like SLAM i.e. Scan-
ning Laser Accoustic Microscopy 
(Adams 1984). (iii) The signifi-
cance of defects in relation to 
service behaviour by fracture me-
chanics techniques (Nichols 
1977). 

Nature & Origin of 
Welding Defects 
Thermal cycle of welding process 
leads to melting, casting and heat 
treatment of similar or dissimilar 
materials which are joined to-
gether. Therefore all the defects 
associated with the process of 
melting, casting and heat treat-
ment processes are found in the 
welded structure. Defects in fu-
sion welded joints are normally 
classified into three major groups 
namely ; 

1. Process and procedures 
related 

2. Metallurgical and 
3. Design related 

Tabel 1 lists these defects in 
three grous but the defect in one 
group may be inter-related to that 
of other group. 
Table 1 

Classification of weld joint 
discontinuities 

I Weld ing Process and 
Procedures Related 

A) Geometric 
Misalignment 
Undercut 
Concavity or convexity 
Excessive reinforcement 
Improper reinforcement 
Overlap 
Burn-through 
Backing left on 
Incomplete penetration 
Lack of fusion 
Shrinkage 
Surface irregularity 

B) Other 
Arc strikes 
Slag inclusions 
Tungsten inclusions 
Oxide films 
Spatter 
Arc craters 

2. Metallurgical 

A) Cracks or fissures 
Hot 
Cold or delayed 
Reheat, stress-relief, or 
strain-age 
Lamellar tearing 
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B) Porosity 
Spherical 
Elongated 
Worm-hole 

C) Heat-affected zone, 
microstructure alteration 

D) Weld metal and heat-
affected zone segregation 

E) Base plate laminations 

3. Design Related 

A) Changes in section and 
other stress concentra 
tions 

B) Weld joint type. 

The discontinuities as listed in (1) 
and partly (3) can be mostly 
taken care of by making a proper 
Welding Procedure Specification 
(WPS) and Procedure Qualifica-
tion Record (PQR) so that the 
weldment prepared for construc-
tion is capable of providing the 
required properties for its in-
tended application. This is also 
the requirement under Section IX 
of the ASME Boiler and Pressure 
Vessel Code or the ASME B31 
Code for pressure piping. 

Metallurgical defects can be over-
come by selection of compatible 
consumables with respect to base 
material and adopting a welding 
procedure appropriate for both 
the parent material and consum-
able. 

Major Metallurgical defects - Ori-
gin and Prevention 

A ) So l id i f i ca t ion C r a c k 
B) HAZ Liquation Cracking 
C) Lamellar Tearing 
D) Hydrogen Induced 

Cracking 
E) Stress Relaxation 

Cracking 
F) Special Problems 

A) Solidification Crack 

1. Weldment with excessive 
depth/width ratio is prone to 
solidification crack. 

2. Movement of joint due to 
heat or distortion may cause 
solidification cracking. 

3. Due to continuous welding 
constracticn on 1st part im-
pose a strain during solidifi-
cation on the weld on the 
other side leading to crack. 
(The,Patch Test) 

4. Contamination of S or P e.g. 
in repair welding, articles ex-
posed to S containing atmo-
sphere - covered with 
sulphide scale. 

5. Poor fit-up : Unfavourable 
weld bead shape, If poor fit-
up the weld may have to 
bridge a wide gap and the 
depth/width ratio of the bead 
may be vary small. Contrac-
tion of the long bridge of 
weld metal imposes a large 
strain on the centre of the 
weld which itself has a small 
cross section area. 

6. Weld metal used is incor-
rectly chosen : Tolerance of 
impurity by the weld metal 
depends also on the carbon 
level and alloy balance. 

7. Solidification Mode : Crack 
formation susceptibility in 
GTA weld deposit of Auste-
nitic, 304, 304N, 321, 316 
and 317 is more when the 
welds solidify as primary aus-
tenite than those solidifying 
as primary ferrite even if the 
latter is at higher impurity 
levels (Kujanpaa et.al 1987). 
The main impurities respon-
sible for solidification cracks 
are Sulphur and Phospho-
rous. 

B) HAZ Liquation Cracking : 

Very high temperature - "burn-
ing" i.e. grain boundary liqua-
tion due to low melting point 
sulphides in HAZ and the plas-
tic strain due to welding open 
up microcracks. Restric sul-
phur level in parent metal or 
Mn : S ratio of 20 : 1 - free-
dom from liquation in 0.2% C -
Mn Steel. Carry out bend test 
of HAZ to indicate the pres-
ence of Liquation Crack. 

C) Lamellar Tearing : 

Low short transverse ductility 
causes lamellar tearing 
(Hattangadi and Seth, 1983). 
Calculated critical sizes of la-
mellar tears from the following 
equation for an embedded 
crack in a weldment (Wessel, 
1969) 

aCr = K1c2 [(|)2- 0.212 (clays)2] 

7to2 

where a Cr = Critical lamellar 
tear (inch) 

Klc = Fracture toughness in ksi.in 
1/2 

a = applied stress, ksi ays = 
Yield stress, ksi 

(|)2 = Shape factor : for alliptical 
tear patches <}> = 1 

Localised stress in the vicinity of 
tear = 3 ays because of triaxial 
state of stress. 

Klc Values being in the range of 
23 to 30 Ksi - in 1/2 

(25.3 to 33 MN m), a band of 
critical size ( 2a cr ) equal to 0.07 
- 0.12" (1.8 to 3 mm) was found, 
which compared well with the size 
of lamellar tear patch. 

To Avoid :-

i) Improve design of joints 

ii) Use forged products 

iii) Select Plates with low type 
II elongated inclusion 

iv) Use of low strength 
weld metal 

v) "Buttering" or "grooving 
and buttering" 

soft buttering layer followed by 
normal weld metal 

D) Hydrogen Induced Cracking 
(Lundin & Menon, 1984) de-
pends on 

1) Hydrogen dissolved at high 
temperature but very low 
solubility at ambient tem-
perature causes retention of 
diffusable hydrogen in the 
structure. 
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2) Susceptible weld metal or 
HAZ 

Composition and micro-
structure determine the cold 
cracking tendency in pres-
ence of hydrogen. Hardend 
martensite is more prone to 
hydrogen embrittlement 
than softer microstructure. 

3) High level of residual stress 
accelerates cold cracking 
tendency. 

To Avoid use : 

i) Low H electrode/baked 
ii) Preheat 
iii) PWHT 

E) Stress Relaxation Cracking : 

(I to and Nakanishi, 1972) SR 
crack susceptibility of low alloy 
steels depends on the content 
of secondary hardening alloy-
ing elements and expressed 
by equation 
- PSR= (%Cr) + (%Cu) + 2(%Mo) + 
10(%V) + 7(%Nb) + 5(%Ti) - 2 

PSR> 0 • 
cracked * 

cracked : PSR < 0 - not 

(* The SR susceptibility of high 
Cr steels (Cr > 1.5%) and ex-
tremely low C steels are low 
inspite of high value of PSR) 

SR cracks are intergranular, oc-
curring in HAZ and depend on 
chemical composition of steel to 
be welded, residual stress due to 
welding and occur only in the 
course of postweld heat treatment 
when heated above 500°C. 

F) Special Problems : 

(1) Lamellar Tearing and/or Hy-
drogen Induced Cracking in 
HSLA Steels : (Tothwell & 
Gray 1976, Keeler 1984). Al-
though carbon content of 
microalloyed steels is re-
stricted to around 0.23%, there 
has been a number of cata-
strophic failures in welded 
microalloyed HSLA structures. 
After the initial failure of 
welded heavy structures (e.g. 
collapsing of a building in 
Frenchchurch Street in London 

and bridge in Australia) of 
HSLA considerable progress 
has been made on the cleanli-
ness or inclusion control and 
weldability in HSLA steel. 

The increased cleanliness of 
modern HSLA steels with low 
S, low inclusion content is a 
necessary development to pre-
vent lamellar tearing of weld 
fabricated heavy sections 
(Chattopadhyay 1983). How-
ever, modern low impurity 
content microalloyed HSLA 
steels are prone to hydrogen 
embrittlement and HAZ cold 
cracking. This is a matter of 
grave concern for HSLA fabri-
cator. In such situation auste-
nitic electrode is recom-
mended (Dhamdhere, Borate 
and Chattopadhyay 1983). 

(2) Grain Coarsening/Martensite 
Formation : 

Ferritic stainless steels, 400 
series, weldment and HAZ 
are likely to have reduced 
toughness and ductility due 
to grain coarsening and 
martensite formation. To 
obtain maximum toughness 
and ductility pre and 
postweld heat treatment are 
necessary (Krysiak, 1986). 

(3) Weld decay in Stainless 
Steel : The austenitic and 
ferritic S.S. are generally 
supplied in heat treated 
condition and thus free of 
carbidee. However , when 
the steel is welded , the 
carbide precipitation tem-
perature range (500-850°C) 
exists at a distance of few 
millimeters from the weld 
bead. A zone of carbide 
precipitates with chromium 
depleted areas having pro-
pensity towards intergranu-
lar corrosion will therefore 
occur parallel to the weld. 

At a given temperature, the 
sensitivity of the zone is 
determined by the Carbon 

'content and heating time of 

the steel. An austenitic 
steel with 0 .08% C be-
comes sensitive after only 
a few seconds while a steel 
with 0.02% C will withstand-
ing few hours heating. 

Ferritic steels are more 
sensitive than the austenitic 
and require considerably 
lower carbon content to en-
sure acceptable protection 
against weld decay. This is 
because of faster diffusion 
and lower solubility of C in 
ferrite compared to austen-
ite and thus greater ten-
dency to form carbides. 

To reduce the risk of 
chormium carbide precipita-
tion and intercrystalline cor-
rosion, the methods 
adopted are : 

a) Reduce Carbon level to 
normally 0.05% but to 
0 .02% in case of 
aggresive media. 

b) Stabilise the steel 
against chromium car-
bide precipitation by us-
ing strong carbide form-
ers like Ti or Nb. When 
welded, even strong Ti 
& Nb carbides would dis-
solve in areas near the 
weld. Subsequent heat-
ing to sensitization tem-
perature during either 
stress relieving or in ad-
ditional welding pass 
give rise to precipitation 
of chromium carbide, 
since chromium carbides 
precipitate faster than ti-
tanium carbides reform 
at temperatures below 
about 850°C Such chro-
mium carbide precipi-
tates may give rise to a 
type of intercrystalline 
corrosion known as 
'knife line attack' be-
cause it appears in a 
narrow zone next to the 
weld. However, this type 
of corrosion is rare. 
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c) C o o l t h e m a t e r i a l f as t 
t h rough the sens i t i za t ion 
t e m p e r a t u r e range. 

N D T T e c h n i q u e s for de tec t ion of 
de fec ts in we ld ing : 

A l s o c a l l e d tyon D e s t r u c t i v e 
Eva lua t i on (N D E) and Non De-
s t ruc t i ve Inspec t i on (N D I) and 
c o m m o n l y usfed m e t h o d s are : 

1. V isua l Inspec t ion wi th or 
w i thou t Op t i ca l a id (VT 

2. L iqu id Pene t ran t (PT) 
3. M a g n e t i c Par t i c le (MT) 
4. R a d i o g r a p h y (RT) 
5. U l t rason ic (UT) 
6. Eddy Cur ren t (ET) 
7. Accous t i c E m m i s s i o n (AET) 

W h i l e the t echn iques (1), (2) and 
(3) are capab le of de tec t i ng de-
fec ts exposed to the su r face , the 
other (4) to (7) are used for iden-
t i f y i n g s u r f a c e o r i n t e r i o r 
d i s c o n t i n u i t i e s in w e l d e d s t r uc -
ture. 

T w o t ypes of f laws : 

a) P lana r (2D) f l aws are c racks 
and l ame l l a r tears , lack of root 
penet ra t ion . 

b) Non -p lana r fLaws (3D defec ts ) 
cav i t y t ype such as poros i t y , 
g a s h o l e s , w o r m h o l e s a n d 
s lag i n c l u s i o n s . a l so p ro f i l e 
de fec t s l ike undercu t root con-
c a v i t y , e x c e s s p e n e t r a t i o n , 
ove r l ap and m i s a l i g n m e n t . 

Two impor tan t aspec ts of de tec -
t ion by NDI are to f i nd out loca-
t ion and s ize p lus s h a p e of t he 
f laws. 

TABLE 2 

Average Minimum Flaw Sizes deteciable 
by NDT techniques (J.D.Lavender 1976) 

"•••^vsqufc Type of Flaw 

Linear 
(mm) 

Round 
(mm) 

Magnetic Particle 4 2.0 
Denetrant 4 3.5 

Raaiograpoy 15 3 0 
Clusters 

Ultrasonics 10 4.0 

A 'defect ' is a d iscont inu i ty wh ich 
by n a t u r e of e f f e c t r e n d e r s a 
we ldmen t unable to meet spec i f i -
cat ions or accep tances s tandards. 

Significance of weld Discon-
tinuities 

Whi l e a 'd iscont inu i ty ' may be in-
d ica ted as lack of homogene i t y in 
the we ld s t ructure and hence l ike 
' f law' is not a 'defect ' in the weld . 
The mere presence of we ld dis-
con t inu i ty in a s t ruc ture m a y or 
may not be harmfu l depend ing on 
the mater ia l and the stress con-
centr ic i ty . If the stress concent ra-
t ion is not l ikely to be conduc i ve 
for the g rowth of the d iscont inu i ty 
lead ing to fa i lure then the d iscon-
t inu i ty is not a de fec t and thus 
acceptab le . 

Fracture Toughness Concept : 
Signif icance w.r.t. Welded 
Structure : (Nichols, 1977), 
(Barr & Terry, 1975) 

Fai lure can occur at loads permi t -
ted by the re levant des ign spec, 
due to presence of d iscont inu i t ies 
p lus st ress in t roduced by weld ing. 
S tud ies of f a i l u res i nd i ca te tha t 
fa i lu re stress in presence of de-
f e c t d e c r e a s e s w i t h i n c r e a s i n g 
s ize of defect . Fo rma l re la t ionsh ip 
be tween defect s ize and st ress to 
fa i lu re is d i f f icu l t to der i ve w i thout 
m a k i n g s o m e a p p r o x i m a t i o n s . 
One such approx ima t ion is that in 
a large st ructure made f rom th ick 
sect ions of high s t rength and rela-
t i ve ly low t oughness ma te r ia l is 
t h a t f a i l u r e p r o c e e d s g e n e r a l 
y ie ld, in such cases, the wel l de-
f ined L inear Elast ic Frac ture Me-
chan ics can be appl ied, based on 
the concept that fa i lure wil l occur 
w h e n the Loca l s t ress in tens i t y 
fac tor (K,) near the t ip of de fec ts 
exceeds a cr i t ical va lue (K1c) a n d 
t h e p a r a m e t e r K1c b e c o m i n g a 
m e a s u r e of t h e f r ac tu re t o u g h -
ness of the mater ia l . T h e st ress 
in tens i ty K and app l ied s t ress 5 
and the defec t s ize pa ramete r 'a' 
are re lated as fo l lows : 

K - F (<r>TI) 

In a s imp le r f o r m i.e. a tho rough 
crack in a in f in i te p late, the func-
t i o n F a r e p l a c e d by 7 t a . 
Hence K l c = 5 c i t a a whe re 
5c = F rac tu re St ress . Us ing lab 
v a l u e o f K c a n d k n o w l e d g e o f 
s t resses ac t ing in c o m p o n e n t th is 
s imp le equa t i on is rea r ranged to 
ind ica te de fec t s ize 'ac' wh i ch wi l l 
j us t cause fa i lu res : v iz . 

A d e t a i l e d m e t h o d o l o g y for the 
p r o t e c t i o n o f w e l d e d p r e s s u r e 
vesse ls aga ins t non-duc t i l e fa i lu re 
has been d e f i n e d in Sec t i on III of 
the A S M E Bo i le r & Pressure Ves-
sel Code . Th i s se ts out t he de-
ta i led p rocedu re to be used, in-
c lud ing the m e t h o d for ca lcu la t ing 
the st ress in tens i ty fac to r K1c ref-
e rence v a l u e s for f rac tu re tough-
ness ( K l R ) of t he spec i f i ed mate -
r ials and for the s ize and shape 
of pos tu la ted 'des ign de fec t ' con-
s i d e r e d to be v e r y l a r g e w h e n 
c o m p a r e d w i th the sens i t i v i t y of 
m o d e m N D T techn iques . 

T h e a b o v e a p p r o a c h ( L E F M ) is 
not va l i d in m a n y of the genera l 
eng inee r ing app l i ca t i ons invo lv ing 
m a t e r i a l s o f t h in s e c t i o n , l ower 
s t rength and h igh f rac tu re tough-
ness. In such cases s o m e f o r m of 
E l a s t o - p l a s t i c o r G e n e r a l Y i e l d 
F r a c t u r e M e c h a n i c s is requ i red . 
One app roach is that the fa i lu re 
w i l l o c c u r w h e n t h e l o c a l d i s -
p l a c e m e n t at t he c rack t i p ( the 
c rack open ing D i s p l a c e m e n t ( C O D 
or 5) e x c e e d s a cr i t ica l va l ue 5c 
w h i c h a m a t e r i a l p r o p e r t y . A n -
o ther app roach is to a v o i d uncer-
ta in t ies wh i ch ar ise f r o m concen-
t ra t ing at tent ion- on the c o m p l e x 
area at the c rack t ip by de te rm in -
ing a r o u n d t h e c r a c k t h e " P a t h 
i n d e p e n d e n t i n t e g r a l ( J ) " w h i c h 
can be de f i ned as the change in 
po tent ia l energy fo r a unit ex ten-
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TABLE 3 
Limits for Inclusions and Porosity 

Inclusion length Inclusion length Porosity Individual 
(max.)as welded (max.) stress percentage or pores (max.)as welded 

relieved Projected diameter 
area on 
radiograph 

No maximum length 
max. height or 
width 3 mm 

No maximum length 
max. height or 
width 3 mm 

5 e/4 or 6mm 
whichever 
is lesser 

e = thickness 

sion of crack length. The concept 
is t h a t f a i l u r e o c c u r s w h e n J 
reaches a cr i t ical va lue J1c wh ich 
is r e g a r d e d as t h e p r o p e r t y of 
mater ia l . 

"F i t ness - fo r -Pu rpose" accep tance 
s tandards re la ted to fast f racture 
s u s c e p t i b i l i t y w a s i n c l u d e d in 
A S M E Boi ler & Pressure Vesse l 
Code XI, wh ich g i ves a deta i led 
spec i f i ca t ion of the m e t h o d s fo r 
judg ing acceptab i l i t y of any f law 
f o u n d by N D T d u r i n g s u c h in-
spect ion. The spec i f i ca t ion covers 
f i rst the s tandard isa t ion of ul tra-
sonic ca l ib ra t ion p rocedures and 
of repor t ing leve ls , the m e t h o d s 
for de te rm in ing a s ing le s ize pa-
r a m e t e r f o r a n i r r e g u l a r l y 
shaped de fec t , and the me thods 
and inputs to be m a d e is the f rac-
ture mechan i cs ca lcu la t ion of sus-
cept ib i l i ty . T h e m e t h o d is based 
on l i n e a r E l a s t i c F r a c t u r e Me -
chanics (LEFM) . 

T h e A S M E XI is d i r e c t e d at 
Nuc lear reactor p ressure vessels , 
I IW C o m m i s s i o n X (Nicho ls 1977) 
w o r k e d fo r a p r o p o s a l of m o r e 
genera l workab i l i t y . A ma jo r pa-
per in th is g roup dea ls wi th as-
sessment m e t h o d s of f laws wi th 
respect to fa i lure by bri t t le f rac-
ture. The f laws are ca tegor ised as 
a p l a n e r (2D) d e f e c t s s u c h as 
cracks, lack of p rn r t ra t ion or of 
fus ion; and non-p laner (3D or vo l -
ume) de fec ts such as sol id inclu-
sions, gas pores, shape imper fec -
t ion inc lud ing undercuts . Two cat-
egories leave different acceptability 
standards. Those for non-planer de-
fects are given in Table 3. 

W i t h p laner de fec ts , the accept -
a b i l i t y o f a f l a w is d e f i n e d in 
te rms of a s ing le s ize pa ramete r 

a, and g ives deta i led rules for re-
lat ing th is parameter to real de-
fects of d i f ferent types and irregu-
lar shapes. The premiss ib le va lue 
of 'a' and methods of ca lcu lat ion 
d i f fe r accord ing to the total level 
of st resses in the f law region. Pri-
mar i ly , thermal , residual and peak 
stresses must be added together 
and if th is sum g ives a va lue less 
than yield, then the stress^ inten-
sity fac tor (K) approach of L E F M 
is used. In such cases where the 
t o t a l s t r e s s e x c e e d s t h e y i e l d 
stress, the approach is based on 
G e n e r a l Yield Fracture Mechnics 
and the measurement of assessment 
of fracture toughness is by critical 
crack opening Displacement (5c). 

In br ief the f law is regarded as 
acceptab le if its equiva lent defect 
s ize parameter 'a' is less than a 
to lerable va lue am. where 

a = C ( K l c /ay ) 2 where a Tota l < 

a y 

a = C (5/ey) " a Tota l > a y 

W h e r e C = Constant , ey = Yie ld 
strain 

W i d e plate tests have been de-
s igned to assess the s ign i f icance 
of var ious defect types (e.g. sur-
face & th rough th ickness) located 
in t h e d i f f e r e n t r e g i o n s o f a 
we lded jo in t e.g. we ld meta l and 
HAZ. These tests can g ive an ac-
curate picture of the comb ined in-
f luence on cr i t ical c rack size of 
app l ied stress and residual stress 
and can a lso assess the in f lu -
ences of stress concent ra t ion fea-
tures by placing defec ts c lose to 
we lded a t tachments . The resul ts 
of such tests (Baker, Barr, Gu lv in , 
Terry , 1973) (Daves, 1974) have 

c o n f i r m e d tha t t he d e f e c t to ler -
ance ca lcu la t ions produce conser-
va t i ve pred ic t ions of a w i th refer-
ence to ac. 

In actua l se rv i ce cond i t ion , other 
fa i lure m o d e s shou ld a lso be con-
s i d e r e d s u c h as f a t i g u e a n d 
st ress cor ros ion, wh ich can cause 
g rowth of s m a l l d e f e c t s towards 
cr i t ical c rack s ize. 

E s t i m a t i o n o f s t r e s s l e v e l in 
we lded s t ructure : 

(Barr & Ter ry , 1975) , (Har r ison, 
1980). Res idua l s t resses d e v e l o p 
d u r i n g w e l d i n g d u e to u n e v e n 
beat ing and coo l ing, phase t rans-
f o r m a t i o n and a lso d u e to non-
elast ic st ra in may lead to fo l low-
ing f u n d a m e n t a l d i m e n s i o n a l 
changes (Masubuch i , 1981) : 

a) T r a n s v e r s s h r i n k a g e pe rpen-
d icu lar to the we ld l ine 

b) Long i tud ina l shr inkage paral le l 
to the we ld l ine 

c) Angu la r d is to r t ion a round the 
we ld l ine. 

In order to assess f rac ture tough-
ness of mater ia l we need to mea-
sure or es t ima te s t resses in the 
p a r t i c u l a r par t o f t h e s t r u c t u r e 
w h e r e de fec t ex is ts . The s t ress 
c o n c e n t r a t i o n can be m e a s u r e d 
by var ious m e t h o d s as shown in 
Tab le 4 : 

Res idual s t resses due to we ld ing 
n e e d to be t a k e n in to a c c o u n t 
whi le ca lcu la t ing the to lerab le de-
fect size. The m a x i m u m residual 
s t r e s s w h i c h c a n e x i s t c o r r e -
sponds to the y ie ld s t rength of the 
ma te r ia l . T h e e f f ec t of res idua l 
s t ress can be p r o n o u n c e d when 
serv ice s t resses are low reduc ing 
e f f e c t i v e n e s s o f t he t e r m 8a x 
SCF in 5 = 5 a x SCF + 5R ; 

(5=st ress act ing on the de fec t , 5a 
= app l i ed s t ress , S C F - S t ress 
C o n c e n t r a t i o n Fac to r , 5R = re-
s idual stress) in tota l s t ress calcu-
lat ion. A spec i f i c case of 100 m m 
th ick MS fabr ica t ion wi th a max i -
m u m opera t ing pressure of 45 -
75 N / m m 2 can be c i ted. Defec ts 
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TABLE 5 

Defect Size Calculation in Weld 

Condition 

(N/'-mm?) SCF (N/mm :) a 

A) M.S.WELD (Ref.3) 
1. As welded 75.0 1 Y 6.3 

2 As welded 3 Y 4.5 

3. Stress Relieved 3 ,|B 25 Y 13.5 

4. Stress Relieved 3 Nil 29.0 

B) 9% Ni Steel welded with 
matching electrode (Ref. 17) 

1. At 77°K 294 3* 365 5.12 

(Cd) 

2. Stress Relieved 294 3* 0325R 8.40 

(77°K) (ad) 

(* SCF = 3 at 77°K. assumed value) 

w e r e f o u n d in t h e w e l d d u r i n g 
rout ine inspec t ion caused by lack 
of fus ion . T h e t o u g h n e s s of t he 
we ld in wh i ch the de fec t s we re lo-
ca ted w a s 0 .074 and 0 .091 m m 
C O D as d e t e r m i n e d f r om labora-
to ry t o u g h n e s s t e s t s in t he as-
we lded and st ress re l i eved cond i -
t ion respec t i ve ly . A c o m p a r i s o n of 
de fec t s izes ca l cu la ted for the as 

we lded and stress re l ieved condi -
t i on are shown in the f o l l o w i n g 
Tab le 5 : 

C o m p a r i n g the t o l e rab le d e f e c t 
s izes for condi t ion A1 & A2 indi-
ca te the sma l l i n f l uence of t he 
fac tor assumed for stress concen-
t r a t i o n w h e r e t h e o p e r a t i n g 

s t resses are low. In add i t ion , the 
ca lcu la t ion i l lus t ra tes the m a r k e d 
in f lunce of the va lue se lec ted to 
represent res idua l s t resses. There 
is s o m e c o n t r o v e r s e y abou t the 
e f fec t of t h e r m a l s t ress re l ief in 
reduc ing or e l e m i n a t i n g res idua l 
s t r e s s . In t h e e x a m p l e g i v e n 
there is a s ign i f i can t d i f f e rence in 
a v a l u e d e p e n d i n g on t h e as-
s u m e d v a l u e for res idua l s t ress 
(cond i t ion A 3 & A4) . 

B a s e d on t h e w o r k d o n e by 
Kosh iga (1984) us ing f rac tu re me-
chan ics t echn ique in w e l d m e n t of 
23 m m th ick 9 % n icke l s teel plate 
j o i n e d by m a t c h i n g c o n s u m a b l e 
whe re Kc = 5000 N m m 3'2 at 77°K 
( -196°C) and des ign s t ress 5a = 
294 / m m 2 and res idua l s t ress 5R 
= 365 N / m m 2 and 0 . 2 % P S. = 
728 N / m m 2 the ca l cu la ted 'a' va l -
ues a re 5 .12 in a s - w e l d e d and 
8.40 in s t ress re l i eved condi t ion . 

In case of fu l ly aus ten i t i c we lded 
jo in ts a l though m u c h va luab le in-
f o r m a t i o n w i t h r e g a r d to ho t 

TABLE 4 SUMMARY OF METHODS FOR STRAIN & RESTRAINT MEASUREMENT 

Technique Approx. Temp. Limit 
<°C) 

Advantage Disadvantages 

1. Electric Resistance 400 a 
b. 

Cheap and simple 
Well known technique 

Cannot use near weld due temp limitation 

2. Opto-Mechanical Guages 300-1000 High temp, capability Delicate equipment, may be difficult to use 

3. Brittle Lacquer 370 a 
b 

Cheap & simple 
Strain picture over large area 

a 
b 
c 

Temp, limited for use near weld 
Cannot measure transient strains 
No measurement possibe during welding 

4. X-ray diffraction R.T. a 
b 

No cantact with specimen 
Almost a point measurement 

a 
b 
c 

Equipment bulky and expensive 
Cannot measure transient strains 
No measurement is made on immediate 
surface only 

5. Moire Fringes Melting point of 
grid material 

a 
b 
c 

Strain picture over a large area 
High limit to temp 
Can measure elastic-plastic 
strains 

a 
b 
c 
d 

Incapable of following transient strains 
Time consuming 
Measurement during welding 
Totally destructive for internal strain 
measurement 

6. Holography & speckle 
pattern Interferometry 

R.T. a 
b 
c 

d 

No specimen preparation 
Accurate 
Can measure elastic-plastic 
strains 
can monitor transient strains 

a 

b 
c 

Extreamly sensitive to convention current 
set up by a heated body 
Small size specimen only 
Lab methood only 

7. Capacitance strain guages 600 - 800 a 
b 
c 

Accurate, height temp, guage 
Small 
Easy to use 

a 
b 

Localised strain only 
Limited size of guage length available 

8. Hickson Replica Melting point of 
materials on which 
lines are scribed 

a 
b 
c 

Can measure elastic-plastic strains a 
Short guage length b 
Grid not destroyed by welding 
unless melted 

cannot measure transient strains 
Measurement not possible during welding 
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crack ing and the p rec ip i ta t ion are 
ava i lab le the data w i th respect to 
t o l e r a b l e m a g n i t u d e o f e x i s t i n g 
c racks cons t i tu t ing an ac tua l r isk 
to t h e w e l d e d v e s s e l a r e no t 
a v a i l a b l e ( R o b e n s t e i n e r a n d 
Tosch , 1985) . 

For S G Ni -Res is t t ype Cast Iron 
of 25 m m t h i c k , K - b u t t w e l d e d 
wi th fe r ro -n icke l e lec t rode , and K 
m a x = 1660 N / m n r M , opera t iona l 
s t ress = ( P r o o f s t r ess ( res idua l 
stress) + Des ign s t ress (20% U T S 
= 355 N / m m 2 , ca l cu la ted permis -
sible to ta l c rack length is 13 m m 
(S tephens ion , 1976) . 

Fa t igue v s F rac tu re M e c h a n i c s in 
Des ign : 

A c t u a l s e r v i c e l i f e of p r e s s u r e 
vesse ls w a s found to be less by a 
fac tor of 8 to 4 t han the des igned 
l i fe based on fa t igue data . Subse-
q u e n t r e s e a r c h s h o w e d t h a t in 
p ressure vesse l s , h o w e v e r care-
fu l ly m a n u f a c t u r e d , a l w a y s con-
t a i n e d a p o p u l a t i o n o f s m a l l 
d iscont inu i t ies and the fa t igue l i fe 
of the vesse l is con t ro l l ed by the 
g r o w t h o f t h e s e d i s c o n t i n u i t i e s 
r a t h e r t h a n t h e c r a c k i n i t i a t i o n 
and g r o w t h as is m e a s u r e d in 
typ ica l S - N cu rves . T h u s the e m -
phasis has been sh i f ted to a f rac-
ture m e c h a n i c charac te r i sa t ion of 
crack g rowth i.e. g row th rate (da/ 
dn in inch /cyc le ) is p lo t ted aga ins t 
A K the s t ress in tens i ty fac to r at 
t h e t i p o f t h e g r o w i n g c r a c k . 
(Pense, 1980) T h e inc reas ing use 
of f rac ture m e c h a n i s m is not on ly 
to charac te r i ze the f rac tu re tough-
n e s s o f m a t e r i a l s bu t a l s o to 
c h a r a c t e r i s e c r a c k g r o w t h h a s 
been one of the most r emarkab le 
changes in the charac te r i sa t ion of 
ma te r i a l s tha t h a v e t a k e n p lace 
dur ing the last twen ty years. 

F r a c t u r e m e c h a n i c s h a s b e e n 
used to ana lyse and get accep t -
able de fec t leve l in fab r i ca t ion of 
Nuc lea r Reac to r P ressure Vesse l 
( S e c t i o n X I o f A S M E B o i l e r & 
P r e s s u r e V e s s e l C o d e ) , S u p e r 
tankers (Har r i son 1980) , m o d e r n 
m i l i t a r y a i r c r a f t s ( J o n e s , 1982 ) , 

T r a n s A l a s k a O i l p i p e l i n e s 
( S o u t h w e s t R e s e a r c h I n s t i t u t e 
R e p . 1 9 7 6 ) a n d A l a s k a n G a s 
H i g h w a y P ro jec t (A lbe r ta C o r p . 
Repor t 1981). 

REFERENCES 
1. Adam, Tom (1984) Welding Journal, Au-

gust, p47. 

2. Baker, R.G., Barr, R.R., Gulvin, T.F., and 
Terry P (1973) 2nd International Confer-
ence on Pressure Vessel Technology, 
San Antonio 

3. Barr, R.R., Terr, P., (1975), Journal of 
Stress Analysis Vol. 10, No. 4 

4. Chattopadhyay, R , Guha, B.K.Bhatnagar, 
S.S.Nijhawan, B.R.(1966) Improved Mild 
Steels for Structural Purposes, Int. 
Symp. on 'Substrate Alloys held at Na-
tional Met. Lab , Jamshedpur , India, 
April 

5. Chattopadhyay, R.I Tewari , J.P. , 
Bhatnagar S.S (1970). The Structure 
and Properties of 9% Nickel Steels -
Trans. Ina. Inst, of Met. p8, March 
issue 

6. Chattopadhyay, R., Guha, B.K and 
Bhatnagar S.S (1971). Structure and 
Properties of Copper-Chromium Marag-
ing Steel with Niobium and Molybdenum 
- Trans. Ind. Inst, of Metal, June issue 

7. Chattopadhyay, R. (1975) : The Precipi-
tation Characteristics of the carbides 
Niobdium, Vanadium, Titanium and Zir-
conium in Low-carbon Steels, Ph. D. 
Thesis University of London 

8. Chattopadhyay, R.(1981) : A Study on 
the Kinetics of Precipitation of Niobium, 
Vanadium and Titanium in a Low-C-
Steel : Int. Conf. on Solid Phase Trans-
formation, Carnegie Melon, U.S.A., Au-
gust 

9. Chattopadhyay, R (1983) : Effect of 
Sulphide Inclusion on the Fracture of a 
Low Carbon Al-Killed Steel' ASM & IMS 
Proceedings of 6th Annual Technical 
Meet held at Calgary, Canada published 
as 'Corrosion, Microstructure and Metal-
lography, Microstructural Science - Vol 
12, p 487 

10. Dhamdhere S.J., Borate, A.T. , and 
Chattopadhyay R (1983) - Welding of 
HSLA Steel for Automotive Industry. 
I.I.M. Seminar, Bombay 

11. Daves, M.G.(1-974), Welding Research 
International, vol.4, p41 - 73 

12. Harison J.D. (1980) State of the Art in 
Crack Tip Opening Desplacement and 
Analysis, Metal Construction, 12th Issue 

13. Hattangadi, A.D. and Seth, B.B. (1983) 
: Lamellar Tears in Fillet Weldments of 
Pressure Vessel Fabrications : Welding 
Journal, Welding Research Supplement, 
April, p 89-S 

14 Ito, Y., Nakanishi, Mi (1972) Study on 
Stress Relief Cracking in Welded Low 
Alloy Steels - The Sumitomo Search, 
Sumitomo Metal Ind. Ltd. May issue 

15.Jones D.L. (1982) : Practical Application 
in Fracture Mechanics, Metal Progress, 
February issue 

16. Keeker, T. (!984), Metal Construction, 
February issue 

17. Koshiga, F., Tanaka J., Watanabe I , 
Takamura, T . (1984) Matching Ferrite 
Consumable Weld ing of 9 % Nickel 
Steel to Enhance Safety and Economy : 
Welding Journal, Welding Research 
Supplement April issue, p105-S 

18. Kujanpaa, V . P , Karjalainen, L.P. and 
Sikanen, A.V. (1987) Welding Journal, 
Research Supplement, June p 155-S 

19. Krysiak, K.F.(1986), Welding Journal, 
April p37 

20. Lundin, Carl D (1981) : Origin, Nature 
and Signif icance of We ld 
Discontinuities', Confort A, Adam Lec-
ture, A W S 62nd Annual Meeting, Cleve-
land, Ohio, U.S.A. 

21. Lundin, C.D., Menon, R. (1984) : Weld-
ing of Cast carbon & Low Alloy Steels -
Report on Project 112, University of 
Tennesse, U S A 

22. Lavender, J.D.(1976) : Welding of cast-
ing - Int. Conf. at Bedford p107 

23. Masubushi , koichi and Agapakis, 
John(1981), Trend in Welding Research 
in the U S Proceedings of Conf. spon-
sored by Joining Div. of ASM, New Or-
leans, Louisiana, November p153 

24. Nichols, R.W.(1977) - The Reliability of 
Welded Structurers - Houdremont Lec-
ture 1976, Published in Pt.l.The Metal-
lurgist & Material Technologist, May 
1977, p 269 Pt.ll Ibid, June 1977, p 323 

25. Pense, Allan W . A . (1980) "Twenty 
Years of Pressure Vessel Steel Re-
search" Confort A. Adam Lecture, 
A W S 61st Annual Meeting. Los Ange-
les, U.S.A. 

26. Robensteiner, G., Tosch, J., (1985), 
Welding Journal, April issue p33 

27. Stephension, N (1976) Welding of Cast-
ing (Pt.ll) Proceedings of Int. Conf. held 
at Bradford, published by The Welding 
Institute, Abington Cambridge, U.K. 

28 Engineering Evaluation of Selected 
Welds in the Trans Alaskan Pipeline, 
Southwest Research Institute, Canada, 
October, 1976 

29. Application of Engineering Critical As-
sessment to the Eastern Leg of the 
AHG PP-NOYA, in Alberta Corporation, 
Alaska Project Div., May, 1981 

30. Wessel , E.T. (1969) : Linear Elastic 
fracture Mechanics for Welded Steel 
Pressure Vessels : Practical Fracture 
Mechanics of Structural Steel : UKAEA 
and Chapman & Hill 

INDIAN W E L D I N G JOURNAL, JANUARY, 1050 


