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The weldability of any material can be classified into two categories namely, weldability for fabrication and weldability for service. While 
the weldability for service aspects have received considerable attention from research workers in India, the weldability for fabrication has 
been a neglected field. This paper reviews the above two aspects of weldability as applied to common fabrication materials. The available 
information has been critically analysed and areas where further research efforts should be directed are outlined. 

A. INTRODUCTION 

Weldability of a material is aptly defined by the 
American Welding Society as "the capacity of a metal 
to be welded under the fabrication conditions 
imposed, into a specific, suitably designed structure, 
and to perform satisfactorily in the intended service". 
Accordingly, the weldability is broadly classified into 
two categories namely, weldability for fabrication and 
weldability for service. 

Weldability for fabrication encompasses diverse areas 
like joint design, chemical composition and 
mechanical properties of both the base metal and 
weld metal, welding technique, soundness of the 
welded joint and cracking of weldment. However, it is 
primarily concerned with cracking problems that 
might occur especially in the Coarse Grained Heat 
Affected Zone (CGHAZ) and weld deposit. The most 
significant cracking problems in steels are the 
Hydrogen Assisted Cracking (HAC) and the Postweld 
Heat Treatment (PWHT) cracking. In Cr-Mo ferritic 
steels, stainless steels, Ni-base alloys, Al-base alloys 
etc., the problem of soldification cracking inthe weld 
metal and liquation cracking in the HAZ are of major 
concern. The PWHT cracking can also manifest itself 
incertain varieties of precipitation stengthened alloys. 

Weldability for service is concerned with potential 
problems after the weldment is placed in service and 
principally includes toughness of the CGHAZ and weld 
metal and the corrosion behaviour of the weldment. 
The creep and fatigue properties can be of crucial 
importance for materials intended for high 
temperature service. Therefore, the weldability for 
service depends critically on the chemical 
composition of theweld deposit and base metal, prior 
thermomechanical history of the base material, r . - — - -- -- — _ — — - — — — — 
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welding procedure and heat input employed during 
welding. 

Since the weldability of materials is a vast subject, this 
paper is restricted in scope with respect to materials 
covered and weldability problems discussed. The 
main emphasis is placed on commonly used materials 
in India and their potential weldability problems. The 
thrust areas of research and development are 
identified based on literature survey and keeping in 
view the indigenous applications and needs. 

B. Weldability For Fabrication 

Weldability for fabrication has been grossly neglected 
in India. This could be because of lack of awareness 
and interest by the Indian fabricators, manufacturers 
and users. But in the international scene,the material 
manufacturing industry has given due weightage to 
weldability problems while developing newer 
materials. In fact, the main impetus in developing the 
new thermomechanically controlled processed 
(TMCP) microalloyed steels has been provided by the 
need to produce steels with improved resistance to 
hydrogen asisted cracking and enhanced HAZ 
toughness. Similarly, nitrogen-added stainless steels 
have been developed to obviate the problem of 
sensitisation in the HAZ. 

The following are some of the important cracking 
problems encountered in various materials which 
need to be addressed while characterising the 
weldability of any "material. 

B.1 Hot Cracking 

There are three types of hot cracking problems 
encountered during the welding of a material. These 
are (i) solidification cracking-cracking in the deposited 
weld metal, (ii) liquation cracking - cracking in the 
CGHAZ and in the underlying beads in a multipass 
weld, and (iii) ductility dip cracking - cracking in both 
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HAZ and deposi ted weld metal; occurs at a 
temperature well below the sol idus temperature. 

The phenomenon of solidif ication cracking in the weld 
metal can be best explained by the Generalised theory 
proposed by Bor land in 1960,1). He proposed four 
solidif ication stages (Fig. 1). In Stage 1 no cracking 
can take place as the solid dendrites are freely 
dispersed in a cont inuous liquid. Both the solid 
dendrites and l iquid are cont inuous in Stage 2 and 
healing of cracks is possible. However, in Stage 3 
which is called the critical solidif ication range, no 
healing of cracks is possible if the accommodat ion 
strains are exceeded. The Stage 4 marks the 
complet ion of solidif ication and no cracking can 
occur. 
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B.1.1 Cr-Mo Ferritic Steels 

The Cr-Mo steels have beenshown to be prone to both 
solidification cracking and l iquation cracking. A strict 
composit ional control is required to overcome the 
problem of cracking in these steels. The elements S, 
P, Ni and Cr have been found to increase the 
susceptibil ity of Cr-Mo steels to hot cracking, whereas 
Mn and C help in decreasing the incidence of hot 
cracking. (Fig. 3) sums up the results of Varestraint 
testing of various Cr-Mo steel weld metals and shows 
the benefificial effect of increasing carbon content 
on the hot cracking suceptibi l i ty |2) . However, in 
9 Cr-1Mo steels the increase in carbon content has 
been found to increase the hot cracking tendency. 
Abe et al <3) observed a linear increase in the total 
crack length with parameter (50C + 6Nb-Mo-1) for 
9Cr - lMo steels. 

COMPOSIT ION 

Fig. 1 Effect of constitutional features on the hot cracking 
susceptibility in bunary systems [1] 

The l iquation cracking in the base metal HAZ andweld 
metal HAZ can be because of (i) l iquation of grain 
boundaries, (ii) low melt ing segregates, (iii) absorpt ion 
of solutes f rom the weld pool, and (iv) constitutional 
l iquation of inclusions and second phase constituents. 
The susceptibi l i ty of any material to l iquation cracking 
or ducti l i ty d ip cracking can be understood from the 
hot ducti l i ty curve (Fig. 2.) The ducti l i ty d ip cracking 
takes place in Region I, while in Region III the 
l iquation cracking occurs. 
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Hot cracking suspectibility of Cr-Mo ferritic steel weld 
metals as a function of carbon content [2] 
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B.1.2 Stainless Steels and Ni-base Alloys. 

The p rob lems of hot c rack ing in stainless steels and 
Ni-base al loys has been extensively studied. It is now 
known that in stainless steels the sol id i f icat ioncracking 
is crit ical ly dependen t on the m o d e of solidif ication. 
The stainless steel we lds sol id i fy ing in the pr imary 
austenit ic m o d e are cons iderab ly more prone to 
c rack ing than those sol idi fy ing in the pr imary ferritic 
mode. (Fig. 4), wh i ch il lustrates the inf luence of (P + S) 
and m o d e of sol id i f icat ion on the hot cracking 
tendency of stainless steels using s igmaj ig test ( 4 ) . Also 
shown in the Figure are two fully austenit ic alloys 
conta in ing Ti 8(D9 and D9I al loys), wh ich are being 
cons idered for fuel c ladd ing and wrapper appl icat ions 
in Fast Breeder Reactors. For a constant (P + S), there 
is a rapid decrease in the threshold stress for type 316 
stainless steels w h e n the sol idi f icat ion mode is 
changed f r om pr imary ferrit ic to pr imary austenitic, 
whereas for a given sol id i f icat ion m o d e the increase in 
(P + S) decreases the threshold stress gradual ly 
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Fig. 4.Threshold stress variation with (P -> S) content in different 

stainless steels as evaluated by Sigm-a-jig test [4] 

The suscept ib i l i ty of l iquat ion crack ing in stainless 
steels has been quant i f ied by Mor ish ige et al ,5i,(Fig. 5) 
Acco rd ing to Nor ish ige the materials wi th H greater 
than 100 are not p rone to hot cracking. Though the 
parameter H is not universal ly accep ted as it does not 
conta in the cont r ibu t ion f rom impur i ty e lements like S, 

Fig. 5. Liquation cracking tendency of vairous stainless steels (5) 

P and B but it indicates the relative effect of var ious 
elements on the l iquat ion crack ing, susceptibi l i ty. 
Accord ing to Matsuda'2 ' the add i t ion of rare earth 
metals (REM) increases the resistance to hot c rack ing 
both in the fusion zone and HAZ. 

Unlike in stainless steels, in Ni-base al loys and Al-base 
alloys the hot c rack ing p rob lem still exists. Whi le it is 
possible to minimise the p rob lem inweld depos i ts by 
carefully contro l l ing the we ld ing heat input and 
weld ing procedure, it is relatively dif f icult to contro l in 
the HAZ. 

B.1.3 Future Work 

• Role of C, S and P should be clarif ied in 9Cr-1Mo 

and 12Cr-1 Mo ferritic steels. 

• Inf luence of Nb, Ti and V shou ld be invest igated in 

stabil ised ferritic steels. 

• Since fully austenit ic weld metal is desirable f rom 
the point of view of service at c ryogen ic and high 
temperatures and in certain aggresive 
environments, efforts should be made to 
document the inf luence of S, P, Si and N in fully 
austenit ic stainless steels. 

• Addi t ion of REM and its inf luence on we ld metal 

and HAZ hot c rack ing tendency shou ld be 

studied. 

• A weldabi l i ty cr i ter ion should be deve loped for the 
indigenously deve loped stainless steels. 

B .2 Hydrogen Assisted Cracking : 

The hydrogen assisted crack ing (HAC) c o m m o n l y 
occurs in the grain coarsened HAZ and is f requent ly 
descr ibed as toe cracking, root crack ing, or 
underbead crack ing depend ing on crack locat ion. It is 
also known as delayed crack ing or co ld c rack ing 
because crack ing usually occurs after an incubat ion 
period, wh ich may vary f rom a few hours to days and 
generally does not initiate until the we ldment has 
cooled to below 200°C. The three most important 
factors responsible for HAC in a steel we ldment are (i) 
the chemical compos i t ion and hence hardenabi l i ty, 
which in turn determines the HAZ microstructure, (ii) 
the diffusible hydrogen content of the weld deposi t , 
and (iii) the restraint associated wi th the we lded 
geometry and the at tendent residual stresses. 

The prob lem of HAC has been extensively researched 
for the last 50 years by steel users, manufacturers, 
fabricators and academic alike. As a result of these 
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susta ined ef forts, a n u m b e r of super ior g rades of 

steels have b e e n m a d e avai lab le to the user wi th 

great ly r e d u c e d suscept ib i l i t y t o H A C and w h i c h can 

be w e l d e d w i t h lower preheat t empera tu res and over 

w ider heat input ranges than w a s poss ib le in the years 

past. The we ldab i l i t y of steels has been improved by 

(i) the i n t r oduc t i on of s teels w i t h l owered c a r b o n 

con ten t s a n d t hus lower c a r b o n equivalents, (ii) the 

app l i ca t i on of va r i ous t h e r m o m e c h a n i c a l t rea tments to 

e n h a n c e s t reng th a n d t o u g h n e s s by gra in size and 

m ic ro - s t ruc tu re con t ro l , (iii) l ower su lphur con ten t and 

inc lus ion shape con t ro l , a n d (iv) the avai labi l i l ty of 

h igh qua l i ty l o w h y d r o g e n consumab les . The main 

a d v a n t a g e de r i ved f r o m the a b o v e deve lopmen ts is in 

t e rms of i m p r o v e m e n t in the H A Z proper t ies such as 

h y d r o g e n ass is ted c rack ing , lamel lar tear ing, reheat 

c rack ing , t o u g h n e s s a n d stress c o r r o s i o n crack ing. 

O n e of t he w i d e l y used m e t h o d to avo id the 

o c c u r r e n c e of H A C in a steel w e l d m e n t is the 

app l i ca t i on of p reheat t o the jo in t t o be we lded . There 

are ma in l y t w o a p p r o a c h e s to es t imate the preheat 

t empe ra tu re for c rack - f ree w e l d i n g - Hardness Cont ro l 

and H y d r o g e n Cont ro l . 

B.2.1 Hardness Control Approach : 

The H a r d n e s s Con t ro l a p p r o a c h to est imate the 

preheat t e m p e r a t u r e w a s f irst d e v e l o p e d at The 

W e l d i n g Inst i tute (TWI) us ing steels cove red in BS 

4360 ( c a r b o n a n d c a r b o n equiva lent less than 0.30 

and 0 .54% respect ive ly) a n d f o r m s the basis of BS 

5135 : 1984. It is based on t w o a s s u m p t i o n s - (i) the 

i nc idence of co ld c r a c k i n g is great ly reduced be low a 

cer ta in cr i t ical C G H A Z hardness, and (ii) the cr i t ical 

ha rdness is i ndependen t of c a r b o n equivalent , CE 

(IIW). Howeve r , recent ly the val id i ty of bo th the 

a s s u m p t i o n s has b e e n ques t ioned , par t icu lar ly w h e n 

app l ied to ' new ' steels. B o o t h by repor ted [61, based on 

data f r o m s ix teen C - M n - N b steels, that 37% of the 
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Fig. 6. Variation of critical hardness with CE (IIW) [7] 
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Fig. 7. Comparison between the observed and predicated 
(TWI method) critical arc energoes [8] 

pred ic t ions us ing the TWI m e t h o d w e r e unsafe. He 

sugges ted that th is a n o m o l y m a y be b e c a u s e of 

cr i t ical ha rdness be ing not cons tan t w i t h CE. This w a s 

later on subs tan t ia ted by k i r k w o o d 571 (Fig. 6). The 

cri t ical HAZ hardness inc reased l inear ly w i t h increase 

in CE(I IW) rather t han rema in ing cons tan t as a s s u m e d 

in the Hardness Con t ro l a p p r o a c h . Cot t re l l 181 

e x p a n d e d the da ta base t o 102 steels (Fig. 7) by 

inc lud ing th i r ty e ight l ow al loy, seven C -Mn , f i f ty th ree 

C - M n - N b and four B - m o steels a n d c o n c l u d e d that 

20% of the p red ic ted cr i t ical arc e n e r g y va lues we re 

t o o low. He a t t r ibu ted th is a n o m o l y t o (i) t he 

i nadequacy of CE(I IW) to represent hardenabi l i ty , (ii) 

the a b s e n c e of con t r i bu t i on of inc lus ion con ten t to the 

HAC of steels, a n d (iii) i napp rop r i a teness of the 

coo l i ng rate at 620°C. He p r o p o s e d several mod i f i ed 

n o m o g r a m s w h i c h are c la imed to p rov ide a three- fo ld 

imp rovemen t in the p red i c t i on of a rc ene rgy to avo id 

HAC. 

The Cent re de Reche rches Me ta l l u rg iques (CRM), 
Be lg ium [9] has p r o p o s e d ano the r m e t h o d t o es t imate 
the preheat t e m p e r a t u r e for C - M n a n d m ic ro -a l l oyed 
structural steels. Th is m e t h o d l inks c o o l i n g t ime f r o m 
300 to 100°C to c o o l i n g t ime f r o m 800 t o 500°C. The 
coo l i ng t ime f r o m 300 t o 100°c is impo r tan r as its 
magn i t ude dec ides the t ime avai lab le for t he d i f fus ib le 
h y d r o g e n t o e s c a p e f r o m the w e l d m e n t , w h e r e a s 
coo l i ng t ime 800 to 500°C a l o n g w i t h t he steel 
chemis t r y def ines the m ic ros t ruc tu re a n d thus 
m a x i m u m hardness of the C G H A Z . W h e n the 
p red ic ted va lues f r o m the C R M m e t h o d s a re c o n p a r e d 
w i th the conven t iona l ha rdness a p p r o a c h for 
m ic ro -a l loyed steels, it w a s over ly conserva t i ve in 
p red ic t ing the preheat t e m p e r a t u r e (Fig. 8), thus 
ind icat ing cons ide rab le e c o n o m i c a d v a n t a g e in us ing 
the CRM method . 
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Fig. 8. Comparison between the preheat temperatures predicted 
by the CRM method and Hardness Control method [9] 

B.2.2 Hydrogen Control Approach 

The H y d r o g e n Cont ro l a p p r o a c h was deve loped in 
response t o the recogn i t i on that c rack ing d id not 
a lways o c c u r w h e n the cr i t ical hardness was 
exceeded . Preheated samp les to lera ted higher 
hardness t han the unpreheated . Ito and Bessyo 1101 

carr ied ou t a large n u m b e r of g roove weld 
exper imen ts (greater t han 200) us ing the Tekken test 
for a w i d e range of l ow a l loy steels. They p roposed a 
c rack ing pa ramete r w h i c h inc luded a compos i t i on 
charac te r i s ing factor , d i f fus ib le h y d r o g e n con ten t and 
the intensi ty of restraint. The cri t ical c rack ing 
parameter is re lated to the t ime for the we ld to coo l to 
100°C, w h i c h is a measu re of the amoun t of t ime 
avai lable for h y d r o g e n t o d i f fuse out of the we ldment . 
The J a p a n Steel St ruc ture Cons t ruc t ion 
( JSSC)p rocedu re [11) is based o n Ito and Bessyo 
app roach . However , I to and Bessyo or JSSC methods 
d id not f ind universal appl icab i l i ty and consequen t l y 
several mod i f i ed c r a c k i n g parameters have been 
p r o p o s e d over the years w h i c h are c la imed to be val id 
over a w i d e c o m p o s i t i o n range !1SM5 '. Yur ioka et al 1141 

and Suzuki1 1 3 , 1 6 1 have s h o w n poo r cor re la t ion be tween 
the exper imenta l and measured preheat tempera tures 
us ing several of the p r o p o s e d c racka ing parameters, 
thus cas t ing d o u b t s a b o u t their suitabi l i ty in pred ic t ing 
tempera tu res for safe we ld ing . 

B. 2.3 Selection of Method to Determine Preheat 
Temperature 

Gravi l le 1171 wh i le d i scuss ing the suitabi l i ty of the 
Hardness Con t ro l a n d H y d r o g e n Cont ro l app roaches 
notes that "Hardness con t ro l is mos t appropr ia te for 
ca rbon steels w i t h l imi ted al loy content . Such steels 
have a s teep ha rden ing curve (i.e., of HAZ hardness 
vs. coo l i ng rate) a l l ow ing a prec ise de te rmina t ion of 
cr i t ical coo l i ng t ime. The h y d r o g e n con t ro l me thod is 
m o r e app rop r i a te for lower ca rbon steels wi th 
s igni f icant a l loy a n d mic roa l loy e lement present. 

These steel have f latter ha rden ing curves and 

reduc ing coo l ing rate has less of an effect o n the 

hardness". 

To assist in dec id ing w h i c h m e t h o d is app rop r ia te the 
d iag ram (Fig. 9) deve loped by Gravi l le a l lows one to 
p lace a steel in a part icular zone o n the basis of its 
ca rbon content and c a r b o n equiva lent value. Z o n e I 
steels have low ca rbon and low risk of c rack ing in the 
HAZ but c rack ing may o c c u r w i th h igh h y d r o g e n and 
h igh restraint. The h y d r o g e n con t ro l m e t h o d shou ld 
be used to de te rmine preheat for steels in th is zone. 
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Fig. 9. Comparison between the preheat temperatures predicted 
by the CRM method and Hardness Control method [9] 

Steels in zone II have s teep ha rden ing cu rves and 
hardness con t ro l is possib le. Those in Z o n e III have 
higer hardenabi l i ty and flat ha rden ing curves for w h i c h 
hyd rogen cont ro l is more appropr ia te . 

A l though, Gravi l le d i ag ram aids in the se lect ion of a 
part icular a p p r o a c h for de te rm in ing preheat 
temperature, it does not spec i fy any par t icu lar m e t h o d 
a m o n g the var ious m e t h o d s avai lable in bo th the 
Hardness Cont ro l and H y d r o g e n Cont ro l approaches . 
Since no universal accep tab le m e t h o d for es t imat ing 
the preheat tempera tu re is avai lable, so far, the 
preheat tempera tu re de te rm ina t ion us ing labora to ry or 
ful l-scale we ldmen t c rack ing tests are rel ied u p o n to 
establ ish safe we ld ing cond i t ions . 

B.2. 4 Future Work 

• The p rob lem of H A C is p robab l y the most 
extensively researched p r o b l e m in the rea lm of 
weldabi l i ty of steels. Unfor tunate ly , in India this 
crucia l area has rece ived very little at tent ion. It is 
very impor tant to carry out a t h r o u g h research 
and select a sui table m e t h o d t o pred ic t preheat 
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temperature for Indian steels. A sof tware package 
shou ld be deve loped for est imat ing preheat 
temperature for safe weld ing. 

• None of the me thods p roposed so far are 
adequate in assessing the preheat temperatures 
for TMCP steels. Therefore, an effort should be 
made to s tudy the effect of prior austenite grain 
size, S and B on the hardenabi l i ty of new steels. 
The val idity of convent ional carbon equivalent 
fo rmulae to the weldabi l i ty of TMCP steels should 
also be examined. 

• The HAZs of mode rn steels have become more 
resistance to HAC, therefore, the crack ing 
p rob lem has shif ted to weld deposit . This is due to 
the fact that in order to match the strength level 
w i th the base metal, the weld deposi t has to be 
further a l loyed thereby increasing its carbon 
equivalent. Very few studies have been carr ied out 
so far to quant i ty the c rack ing susceptibi l i ty of 
we ld metals. An effort should be initiated in this 
d i rect ion. 

B.2.3 Other Cracking Problems 

The lamellar tear ing p rob lem in steel we ldments had 
been a ser ious p rob lem till sixties when it was found 
that in the inc lus ion shape-contro l led steels its 
inc idence was great ly reduced. However, in some of 
the Indian steels, the existance of lamellar tearing 
prob lem has been reported wh ich needs further 
investigation. 

The p rob lem of PWHT crack ing is generally 
encountered in precip i tat ion st rengthened al loys 
conta in ing higher content of impuri ty e lements like S, 
P, As, Sn, Sb etc. The c rack ing occurs in the CGHAZ. 
Several predict ive equat ions are available to rank 
meterials for their suscept ibi l i ty to PWHT cracking. 
Since Indian steels conta in higher amounts of impuri ty 
elements, the p rob lem assumes a special signif icance 
Further research work shou ld be carr ied out to 
character ise Indian steels for their suscptibi l i ty to 
reheat c rack ing and exist ing predic t ion equat ion 
should be val idated. 

C. Weldability For Service 

The weldabi i i ty for service has been a s t rong area of 
research in India, However , the emphasis was placed 
on we ld metal proper t ies and the HAZ propert ies did 
not receive m u c h at tent ion probab ly because of lack 
of adequate facil ity for s imulat ing var ious regions of 

HAZ In order to expand the desi red region for further 

evaluation. 

C.1 Mechanical Properties of Weld Metal and 
HAZ 

The study of mechanica l propert ies of the var ious 
region in a we ldment is essential to unders tand the 
yield and fracture behaviour of we lds and their 
response to external loading. Several equat ions have 
been proposed to calculate the tensi le propert ies and 
toughness of the weld metal and HAZ of steel 
weldments. The predic t ion methods, in general are 
more successful for HAZs. 

The est imat ion of tensile propert ies in the HAZs of 
co ld worked alloys, precipi tat ion s t rengthened al loys 
and TMCP alloys assumes greater sugni f icance as the 
effect of s t rengthening processes is erased in the HAZ 
dur ing weld ing and a 'soft ' zone appears having poor 
tensile and fat igue propert ies. The extent of HAZ 
softening depends on heat input and type of alloy. 

As a first step towards deve lop ing an empir ical 
formula for calculat ing HAZ propert ies, it is essential 
to accurately calculate the hardness of the HAZ. Thus 
far the most accurate formula p roposed for est imat ion 
of hardness is that by Yur ioka et al I18!. This formula is 
appl icable to steels cover ing w ide range of 
composi t ions. In a recent syrvey, [ '9 ' Yur ioka formula 
was found to predict m a x i m u m HAZ hardness wi th 
greatest accuracy for modern steels w h e n c o m p a r e d 
to any other formula publ ished so far. 

Akselsen et al |20, 211 have p roposed equat ions to 
calculate the HAZ tensile propert ies for di f ferent steels 
as a funct ion of we ld ing variables. The dist r ibut ion of 
tensile propert ies as a funct ion of heat input in the 
HAZ for 2. 25 Cr-1 Mo we ldment based on their work is 
shown (Fig. 10). The equat ion p roposed by t hem are 
c la imed to calculate the tensi le propert ies wi th 
acceptable accuracy. 

Unlike tensile propert ies, the est imat ion of toughness 
has been a diff icult p rob lem as the toughness of HAZ 
not only depends on the chemica l compos i t ion , 
cleanliness of the steel and we ld ing parameters but 
also on the prior thermal mechanica l history of the 
base metal. 

C. 1. 1 Future Work 

In India, no systemat ic a t tempt has been made to 
develop a model to establ ish micros t ruc tures proper ty 
correlation. 
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Fig. 10. Variation of tensile properties with heat input in the heat 
affected zone of 2.25Cr-1mo steel weldment [21] 

A ser ious ef for t in th is d i rec t i on shou ld be m a d e in 

d e v e l o p i n g a heat f l ow m o d e l w h i c h shou ld take into 

a c c o u n t t he var ia t ion in m ic ros t ruc tu re w i th we ld ing 

heat input . The tens i le p roper t ies c a n then be 

co r re la ted w i t h the m ic ros t ruc tu re . 

C. 2 Corrosion 

The w e l d m e n t s are m i c roscop i ca l l y i n h o m o g e n e o u s 
a n d are t h u s p r o n e t o loca l ised co r ros ion a t tack in 
cer ta in agg ress i ve med ia . For instance, the we ld 
meta ls of s ta in less steel con ta in a cer ta in m i n i m u m 
a m o u n t of de l ta fer r i te t o avo id t he risk of hot c rack ing . 
The austen i te / fer r i te in ter face is k n o w n to be p rone to 
p i t t ing a t tack in ch lo r i de m e d i u m . The H A Z b e c o m e 
sensi t ive t o c o r r o s i o n a t tack d u r i n g we ld ing as gra in 
b o u n d a r y ca rb ides f o r m e d d u r i n g h igh tempera tu re 
the rma l e x c u r s i o n s dep le te t he ad jo in ing areas in 
c h r o m i u m . The p r o b l e m of in tergranular stress 
c o r r o s i o n c r a c k i n g in l ight wa te r nuc lear reac tors is 
t o o wel l k n o w n t o meri t men t i on here. The 
i n t roduc t i on of n i t r o g e n - a d d e d stain less steels have 
mi t iga ted s o m e of t hese p rob lems . However , the exact 
ro le p layed by n i t r ogen in e n h a n c i n g the pi t t ing 
c o r r o s i o n res is tance is still a mat ter of debate . 

Recent ly , m i c rob io l og i ca l l y i nduced / in f luenced 

c o r r o s i o n (MIC) has b e e n the t op i c of extens ive 

investgat ions . Inves t iga t ions in stainless steel 

w e l d m e n t s , t he w e l d d e p o s i t s a re sub jec t t o select ive 

a t tack by mic rob ia ls . B o t h the ae rob ic a n d anerob ic 

bec ter ia a re k n o w n t o a t tack the we ld metal 

select ively. In Ind ia a f ew labora to r ies are e n g a g e d in 

s tudy ing the MIC p h e n o m e n o n . Need less to say, 

ma jo r ef forts are requ i red to unde rs tand the 

under ly ing m e c h a n i s m s in th is t y p e of co r ros ion . 

S ince Indian e c o n o m y is cr i t ica l ly depen ten t on 

pe t ro leum the i nd igenous p r o d u c t i o n of c r u d e oil has 

to be increased substant ia l ly t o meet t he g r o w i n g 

needs of the nat ion. For tuna te ly m o s t of the oil wel ls in 

India are 'sweet ' but several ' sour ' wel ls are a lso in 

opera t ion a n d m o r e m a y be d i scove red in t he future. 

The h igh s t reng th steel w e l d m e n t s are p r o n e to 

su lph ide stress co r ros ion c r a c k i n g in sour g a s service. 

In India l imi ted test faci l i t ies are ava i lab le t o test 

w e l d m e n t s a c c o r d i n g to N A C E MR-01-77 s tandard . 

S ince the actua l tes t ing in s imu la ted sour g a s serv ice 

is expensive, it is des i rab le to d e v e l o p m o d e l s to 

pred ic t the th resho ld stress in the des i red 

env i ronment . Onso ien et al 1221 have recent ly 

demons t ra ted the s u c c e s s of a s imi lar m o d e l in 

p red ic t ing the th resho ld s t ress in h y d r o g e n su lph ide 

serv ice (Fig. 11). 
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1 10 100 1000 

COOLING TIME A t 8 / 5 , s 

Fig. 11. Variation of the predicted thereshold stress with cooling 
time in simulated sour gas/oil environment [22] 

D. Facilities Required In India 
In India, research w o r k in t he area of w e l d i n g is 

cons t ra ined by lack of a p p r o p r i a t e faci l i t ies to 

investgate espec ia l ly we ldab i l i t y fo r fab r i ca t ion 

aspects . As a first s tep t o w a r d s this, t he fo l l ow ing test 

faci l i t ies are sugges ted t o be ea tab l i shed -

• We ld the rma l -mechan ica l c yc l e s imula tor . 

• Hot c rack ing tes t ing dev i ces l ike T igm-a- j ig , 

S igm-a- j ig etc. 

• Implant c rack ing test units. 

• Test ing in sour gas faci l i ty. 
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E. CONCLUSIONS 

• 'Real' weld thermal cycle simulator with straining 
device is a basic requirement for any laboratory 
that the intends to do welding for fabrication 
evaluation. 

• Established weldability tests like Varestraint and 
implant cracking testing will continue to be 
important as they are more likely to be 
standardised in near future. Nevertheless, many 
more approaches towards weldability evaluation 
are emergimg. e. g., sigm-a-jig test. 

• With respect to cold cracking tendencies, 
particularly for new steels, work on Indian steels to 
choose between Hardness Control approach and 
Hydrogen Control approach should be given 
priority. 

• Modelling has emerged as a powerful tool for 
predicting microstructures and properties in 
different regions of a weldment. This is a virgin 
area where large experimental data base also 
needs to be generated for validating models. 

• Facilities for SCC testing for sour gas/oil service 
need to be widely established in the country. 

• Microbiologically induced corrosion of weldments 
is another emerging area that needs attention. 
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