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DISTRIBUTION IN FLUX CORED ARC WELDING OF H I G H 
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Various types of high strength steels are increasingly used for producing welded structures with reduced weight and improved perfor-
mance. Welding problems related to residual stress and distortion can arise, since yield stress of these steels are high, there is always a 
possibility of producing very high residual stresses in some locations near the weld. In general residual stresses become dangerous if they 
lead to local multi axiallity of tension stresses, which favour brittle fracture, knowledge of the residual- stress distribution in welds is 
necessary in order to assess the risk of cracl^ growth in service The distribution of residual stresses after welding depends strongly on the 
weld parameters Attempts were made to study the influence of weld parameters (arc voltage, travel speed, welding current) on residual 
stresses pattern of high strength low alloy steel weldments This study was mainly performed by using X-ray stress analyzer 

INTRODUCTION 

W e l d i n g p rocess is w i d e l y u s e d 

fo r j o i n i n g t o g e t h e r v a r i o u s c o m -

p o n e n t s of s t ruc tu res . H o w e v e r , 

w e l d e d s t r u c t u r e s a r e b y n o 

m e a n s f ree f r o m p r o b l e m s . I r re -

s p e c t i v e of w h a t k i nd of w e l d i n g 

p r o c e s s o r t e c h n i q u e i s e m -

p loyed , w e l d i n g , m o s t c o m m o n l y 

resu l t s in d i s to r t i on a n d r e s i d u a l 

s t ress. It is we l l k n o w n tha t t h e 

s teep t h e r m a l g r a d i e n t s p r o d u c e d 

d u r i n g f u s i o n w e l d i n g p r o m o t e 

c o m p l e x d e f o r m a t i o n p a t t e r n s in 

w e l d e d par ts . T h e r e s u l t a n t re -

s i d u a l s t r e s s d i s t r i b u t i o n s c a n 

g i v e r ise to d i s to r t i on a n d u n d e r 

c e r t a i n c i r c u m s t a n c e s e v e n l e a d 

t o p r e m a t u r e f a i l u r e ( 1 , 2 , 3 ) . 

K n o w l e d g e of res idua l s t ress f i e l d 

b e c o m e s e s s e n t i a l a s it s h o u l d 

be u s e d a t t h e i n i t i a l s t a t e o f 

s t ress o f t he l oad c a r r y i n g s t ruc -

ture . R e s i d u a l s t ress t r a n s v e r s e 

to t he w e l d m a y l ead t o f o r m a t i o n 

of hot c r a c k s (1 ,4 ,5 ) H i g h t e n s i l e 

r e s i d u a l s t r e s s e s a r e k n o w n t o 

p r o m o t e br i t t le f r a c t u r e , c o r r o s i o n 

c r a c k i n g a n d f a t i g u e in w e l d e d 

s t r u c t u r e s . O n t h e o t h e r h a n d , 

c o m p r e s s i v e r e s i d u a l s t r e s s e s 

t e n d t o r e d u c e t h e b u c k l i n g 

s t r eng th (5 ,6) . 

T h e t h e r m a l c y c l e a c c o m p a n y i n g 

t h e w e l d i n g p r o c e s s r e s u l t s i n 

m e l t i n g , s o l i d i f i c a t i o n a n d n o n 

e q u i l i b r i u m a n d h o m o g e n e o u s 

s o l i d p h a s e t r a n s f o r m a t i o n s . 

T h e s e p h e n o m e n a u s u a l l y h a v e 

m u t u a l i n te rac t i on . T h e r e f o r e , re -

s i dua l s t r esses n e a r w e l d s a re in 

m o s t c a s e s h igh l y c o m p l e x in na -

t u r e . T h e e v o l u t i o n o f r e s i d u a l 

s t r e s s e s d u e to w e l d i n g h a s b e e n 

d i s c u s s e d by s e v e r a l a u t h o r s ( 7 

t o 12). In p r i nc ip le , it is t h e c o n s e -

q u e n c e o f n o n u n i o f r m p l a s t i c 

f l o w d u r i n g the p rocess . O f t he 

n u m b e r o f c a u s e s , t h e p r i m a r y 

o n e s c o n t r i b u t i n g t o t h e f i n a l 

s t ress s ta te a re :-

* Thermal Strains due to localized heat-
ing and cooling 

* Volume changes involved in localized 
phase transformation. 

* Shrinkage stress 

A s s h o w n in F i g u r e 1(a), s i n c e ex -

p a n s i o n (due to h e a t i n g or p h a s e 

t r a n s f o r m a t i o n ) of t he w e l d b e a d 

is h a m p e r e d b y t h e r e l a t i v e l y 

b u l k , e l a s t i c s t r a i n s a n d t h u s 

s t r e s s e s a r e p r o d u c e d . A s t h e 

c o n s t r a i n t s t o t h e w e l d b e a d e x -

p a n s i o n a re d i f f e r e n t , t he resu l t -

i ng s t r e s s e s a re p r e d i c t e d to h a v e 

d i f f e r e n t d i s t r i bu t i on as i n d i c a t e d 

in F i g u r e 1(b). W e l d i n g res idua l 

s t r esses a r i se no t o n l y b e c a u s e of 

t h e v a r i a t i o n in s h r i n k a g e o f d i f -

f e r e n t l y h e a t e d a r e a s but as a re-

su l t o f o t h e r e f f e c t s s u c h as su r -

f a c e q u e n c h i n g , p h a s e t r a n s f o r -

m a t i o n a n d c o m b i n a t i o n of t h e s e 

e f f e c t s as s h o w n in F i gu re 2(7) . 

T h e s t r e s s e s g e n e r a t e d d u r i n g 

w e l d i n g p r o c e s s c a n not be fu l l y 

e l i m i n a t e d t h o u g h the i r l eve l c a n 

be r e d u c e d b y c o n t r o l l i n g t h e 

w e l d i n g p a r a m e t e r s . T h e m a g n i -

t u d e a n d d i s t r i b u t i o n of res idua l 

s t r esses d e p e n d o n s e v e r a l f a c -

to rs l ike, p rope r t i e s o f t h e m a t e -

r ia l t o be j o i n e d , h e a t i npu t du r i ng 

w e l d i n g , t y p e of w e l d , w e l d se-

q u e n c e , p r e w e l d i n g c o n d i t i o n s 

a n d w e l d j o i n t c o n f i g u r a t i o n s . 

C o n s i d e r a b l e a m o u n t o f a t t en t i on 

h a s b e e n pa id by r e s e a r c h e r s in 

q u a n t i t a t i v e a s s e s s m e n t a n d 

t h e o r e t i c a l p r e d i c t i o n s o f t h e s e 

f a c t o r s (7, 8 , 13, 14). 
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Most of the ava i lab le expe r imen-
tal da ta on residual s t resses in 
w e l d m e n t s a r e b a s e d o n m e -
chanical me thods wh ich are par-
t ial ly or whol ly dest ruct ive. These 
m e t h o d s are i n c a p a b l e of h igh 
resolut ion when stress d is t r ibut ion 
across the we lds are to be deter-
mined. Of ten sharp var ia t ions in 
s t ress d i s t r i bu t i ons ex is t w i t h i n 
smal l d is tances on a w e l d sur-
face. X-ray d i f f rac t ion (XRD) pro-
v i d e s a v a l u a b l e t o o l f o r t h e 
nondes t ruc t i ve d e t e r m i n a t i o n of 
the residual stress ( l ine shi f t ) as 
wel l as the p last ic d e f o r m a t i o n 
(l ine broadening) as a func t ion of 
pos i t ion in a we lded s p e c i m e n . 
No o ther m e t h o d is c a p a b l e of 
prov id ing both the types of infor-
mat ion s imi l taneously , X R D is ca-
pable of r eso l v i ng the s t resses 
between locat ions wh ich are 0.5 
m m apart or even less. For th is 
reason, the X-ray techn ique has 
been app l ied to the we ldmen ts , 
the results of wh ich are presented 
in th is paper. 

The a im of the study was to s h o w 
the ef fect of a rc vo l tage, we ld ing 
current and we ld ing speed on re-
sidual stress d is t r ibut ion in the v i -
cini ty of we ld bead made in h igh 
strength low al loy steel. Amongs t 
the v a r i o u s w e l d i n g p rocesses , 
t h e F l u x C o r e d A r c W e l d i n g 
( F C A W ) be ing e c o n o m i c a l a n d 
versat i le (15,16,17) ho lds a high 
promise for the we ld ing or cr i t ical 
c o m p o n e n t s . There fore , , fo r the 
present invest igat ion F C A W has 
been employed. 

Exper imenta l Procedure 

The invest igat ion was conduc ted 
on high s t rength l ow al loy steel 
Tab le 1, prov ides chemica l and 
mechan ica l spec i f ica t ions of the 
base metal . W e l d beads were de-

Fig 1 : Schematic representation of predicted transverse and axial residual stress due to bulk 
constraint to the expansion of the weld bead in the corresponding direction 

Fig 2 : Schematic illustration of transverse residual stress at the weld centreline caused by 
interaction of the shrinkage, quenching and transformation strains(7)' 

Table 1 : Chemical and mechanical property specification of base metal 
Chemical composition : 
Element C Si Mn Cr Mo Zr S P 

Wt% 0.3 0.55 0.75 0.78 0.27 0.08 0.01 0.015 

Mechanical Properties 
Tensile strength (Kg/mm2) 115 
Yield strength (Kg/mm2) 100 
% slongation 7 
CVN (kgm) at room temp 34 
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Fig 4a X-Stress analyzer (Model No. X-2002) used in this investigation Fig 3 : Details of trhe thermal analysis set 
up for the measurement of HAZ 

transformation temperature. 

p o s i t e d u s i n g F C A W p r o c e s s . 

T h e w e l d i n g p a r a m e t e r s u s e d f o r 

t h e b e a d o n p l a t e w e l d s a r e 

s h o w n in T a b l e 2. T h e e x p e r i m e n -

tal t e c h n i q u e u s e d to ge t t h e w e l d 

t h e r m a l cyc le u n d e r ac tua l w e l d -

ing c o n d i t i o n is s h o w n in F i g u r e 3. 

P r e l i m i n a r y b e a d o n p l a t e t e s t s 

was c o n d u c t e d to d e t e r m i n e t h e 

a p p r o p r i a t e t h e r m o c o u p l e pos i -

t i on to p r o d u c e a t h e r m a l a n a l y s i s 

c u r v e of t he r e q u i r e d s e n s i t i v e l y . 

No ex te rna l res t ra in t w a s a p p l i e d 

to t he p la tes . 

Stress Measurements 

T h e res idua l s t resses w e r e m e a -

s u r e d b y X - r a y d i f f r a c t o m e t r y . 

T h i s t e c h n i q u e w h i l e b e i n g e n -

t i r e l y n o n d e s t r u c t i v e , is w i d e l y 

used , pa r t i cua l r l y f o r s u r f a c e re-

s idua l s t ress ana lys i s . T h e X - ray 

t e c h n i q u e m e a s u r e s s t ress ind i -

rec t l y by m e a s u r i n g t h e s u r f a c e 

s t r a i n w h i c h is i n d i c a t e d by the 

pos i t i on of a d i f f r a c t i o n p e a k f o r 

c r ys ta l p l anes o r i e n t e d a t v a r i o u s 

a n g l e s to t he s u r f a c e of a s p e d -

» • 

Fig 4b :Close up view of the geniometer 

m e n as d e s c r i b e d in deta i l in t he 

l i t e ra tu re (18 ) . T h e s t ress is g i v e n 

by the g r a d i e n t of a p lo t of t he 

d i f f r a c t i o n a n g l e 2 0 a g a i n s t s in2 <)>, 

w h e r e § is t h e a n g l e b e t w e e n the 

d i f f r a c t i n g p l a n e s a n d the spec i -

m e n s u r f a c e . I n t h i s s t u d y t h e 

m e a s u r e m e n t w a s p e r f o r m e d by 

us ing t h e fas t po r t ab l e so l id s ta te 

X - ray c a m e r a A S T m o d e l 2002 . 

T h e X - r a y s t ress a n a l y s i s a n d the 

m e a s u r e m e n t s e t - u p u s e d is 

s h o w n in F i g u r e 4. 

C r K - a l p h a r a d i a t i o n w a s used to 

m e a s u r e s t r a i n s a l o n g ( 2 1 1 ) 

p l a n e s in s t e e l . E a c h r e s i d u a l 

s t r ess m e a s u r e m e n t w a s e v a l u -

a t e d f r o m at l e a s t s e v e n m e a -

s u r e m e n t s o f l a t t i c e s p a c i n g 

s p r e a d o v e r a r a n g e of o r i en ta -Fig 5 : Effect of arc-voltage on distribution of residual stress of right angles to the weld bead 
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Fig 6 :Relation between arc voltage and length of gusion boundary Fig 7 : Effect of arc voltage in thermal cycles. 

t i o n s to t h e s u r f a c e of t h e s p e c i -

m e n , t h e a c c u r a c y o f s t r e s s 

m e a s u r e m e n t s b e i n g a p p r o x i -

m a t e l y ± 1 0 M P a . W h e n s o m e 

a n l s o t r o p y w a s e n c o u n t e r e d . , 

m o r e m e a s u r e m e n t s w e r e d o n e . 

In p la tes w h e r e the g r a i n s ize in-

f l u e n c e d the m e a s u r e m e n t s , t h e 

X - ray g o n i o m e t e r w a s o s c i l l a t e d 

by ± 2 ° F o r c o m p u t a t i o n of t h e 

s t resses f r o m the m e a s u r e d s t ra in 

d a t a , - a p p r o p r i a t e X - r a y e l a s t i c 

c o n s t a n t s w e r e used . T h e o x i d e 

l aye r p resen t o n the w e l d s u r f a c e 

w a s m o s t l y r e m o v e d e l e c t r o l y t i -

ca l l y f o l l o w e d by e l e c t r o c h e m i c a l 

po l i sh ing . 

Results & Discussion 

T h e res idua l s t ress pa t t e rn a s s o -

c i a t e d w i t h w e l d i n g in g e n e r a l 

s h o w s t e n s i l e s t r e s s e s o f h i g h 

m a g n i t u d e in t h e w e l d r e g i o n . 

T h i s t a p e r s o f f r ap id l y t o b e c o m e 

c o m p r e s s i v e in n a t u r e i n H A Z , 

B e y o n d H A Z , t h e p a t t e r n a p -

p r o a c h e s t o w a r d s t h e s t ress v a l u e 

in t he paren t m e t a l , u n a f f e c t e d by 

w e l d i n g . T h e res idua l s t ress pa t -

t e r n v a r i e s in a c o m p l e x m a n n e r , 

d e p e n d i n g o n a w i d e r a n g e o f 

v a r i a b l e s , i n c l u d i n g p r o c e s s pa -

r a m e t e r s . T h e d i s t r i bu t i on of re-

s idua l s t r esses at r ight ang les to 

t h e w e l d b e a d in t h e v i c i n i t y o f 

t he w e l d w i t h v a r y i n g a rc v o l t a g e , 

w e l d i n g c u r r e n t a n d w e l d s p e e d 

a re s h o w n in F i g u r e 5 ,7 ,9 . F r o m 

the f i gu res , it m a y be s e e n tha t 

t h e r e s i d u a l s t r e s s d i s t r i b u t i o n 

c u r v e s a re pa rabo l i c in na tu re . It 

a p p e a r s tha t d u r i n g a rc w e l d i n g , 

r e s i d u a l s t r e s s e s of a r e l a t i v e l y 

la rge m a g n i t u d e a re p r o d u c e d in 

t he v i c i n i t y of the we ld . 

A s c a n be s e e n f r o m f i g u r e 5, 

m a x i m u m tens i l e res idua l s t ress 

in t he H A Z h a s t e n d e n c y to de -

c r e a s e w i t h d e c r e a s e in a rc v o l t -

a g e a n d the w i d t h o f c o m p r e s s i v e 

z o n e i n c r e a s e s w i t h a r e d u c t i o n in 

a rc v o l t a g e f r o m 3 6 V t o 28V . T h e 

res idua l s t ress d i s t r i bu t i on c a n be 

e x p l a i n e d o n the bas is of c o o l i n g 

ra te o f t h e f u s i o n a n d h e a t a f -

f e c t e d z o n e . G e n e r a l l y , s t e e p e r 

t h e c o o l i n g r a t e a f t e r w e l d i n g , 

h i g h e r a re t h e s t resses t o be e x -

p e c t e d . T h e a r c v o l t a g e m a i n l y 

d e t e r m i n e s the s h a p e of t he w e l d 

b e a d c r o s s s e c t i o n a n d its ex te r -

nal a p p r e a n c e . A s the a rc v o l t a g e 

i s i n c r e a s e d , b e a d w i d t h i n -

c r e a s e s , b u t b e a d h e i g h t d e -

c r e a s e s . T h u s o w i n g to its d i ve r -

g e n c e , t h e a rc is s p r e a d o v e r a 

l a r g e r s u r f a c e a r e a , t h e r e by 

s p r e a d i n g the b e a d depos i t o v e r a 

w i d e a r e a (2 ,17 ) . T h e e f f e c t o f 

th i s is, d e c r e a s e d hea t input per 

un i t l e n g t h of f u s i o n b o u n d a r y (Q / 

C) w i t h i n c r e a s e d a rc v o l t a g e as a 

resu l t o f i n c r e a s e d f u s i o n b o u n d -

ary l e n g t h d u e to a w i d e r c o n e of 

a rc ( F i g u r e 6) , T h i s e f f ec t c a n be 

s e e n f r o m the e x p e r i m e n t a l da ta 

p r e s e n t e d in T a b l e 3. A s a c o n s e -

q u e n c e of l o w QIC, c o o l i n g ra tes 

w o u l d be h i gh at h i ghe r v o l t a g e s 

a s c a n be s e e n f r o m t i m e t e m -

p e r a t u r e p ro f i l es ( F i g u r e 7). 

T h e i n f l u e n c e of t he w e l d i n g cur -

ren t o n the m a g n i t u d e a n d d is t r i -

b u t i o n o f t h e s t r e s s is 

s u m m a r i s e d in F i g u r e 8. F r o m the 

f i g u r e it is o b s e r v e d tha t t he m a g -

n i t u d e o f r e s i d u a l s t r e s s d e -

c r e a s e s w i t h i n c r e a s e d w e l d i n g 

cu r ren t . T h i s c a n be a t t r i bu ted to 

i n c r e a s e in Q / C w i t h i n c r e a s e d 

w e l d i n g cu r ren t . H i g h v a l u e of Q / 

C r e s u l t s i n l o w c o o l i n g ra tes . 

T h i s l e a d s to t h e o b s e r v e d l o w re-

s i d u a l s t r e s s e s at h i g h w e l d i n g 

c u r r e n t . H i g h e r t h e h e a t i n p u t , 
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lesser is the tempera tu re d i f fe r -
ence exper ienced be tween the re-
gions adjacent to the we ld in the 
parent plate and the we ldmeta l . 
C o n s e q u e n t l y , t h e s h r i n k a g e 
var ia t ions are a lso less. H igher 
the shr inkage stress h igher wil l be 
the magn i tude of tensi le stress. 
Further f rom f igure it appears that 
the width of compress ive zone in-
creases vuth increasing in we ld ing 
current f rom 200 A to 350 A. Th is 
result is l ikely due to a temper ing 
ef fect caused by the heat reten-
t ion in the weld zone. 

In Figure 9 the ef fect of we ld ing 
speed on residual stress d is t r ibu-
t ion is presented. F rom the f igure 
it may be seen wi th and increase 
in weld ing speed, the level of re-
sidual stress decreases. Th is can 
be at t r ibuted to high va lue of Q/C 
at h igh weld ing speeds(Tab le 3). 
At h igh weld ing speeds e f f i c iency 
of energy by way of therma l con-
duct ion to the sur rounding base 
metal (19). Thus under these con-
di t ions cool ing rates are expec ted 
to be l o w at h i g h e r w e l d i n g 
speeds. 

CONCLUSIONS 

The exper imen ta l da ta ob ta ined 
f r om invest igat ion lead to the fo l -
lowing conc lus ions :-

The magn i tude of the measured 
tens i le res idua l s t ress near the 
weld (perpendicu lar to the d i rec-
t ion of the weld) ranged f rom 140 
Mpa to 360 Mpa. 

Arc vo l tage has a s igni f icant ef-
fect on the magn i tude of tensi le 
residual stress. The m i n i m u m arc 
v o l t a g e of 28 V u s e d in t h e 
present vwrk prov ided the lowest 
tensi le stress level. 

The i nc reas ing w e l d i n g cu r ren t 

Table 2 : Welding Parametres 

Welding process Flux coated arc welding 
Filler wire 18Cr-8Ni-6Mn 
Electrode exten5ion(e) 25 mm 
Preheat None 

SI. Speed Voltage Current Heat Input 
No. (mm/min) (Volts) (amps) (KJ/mm) 

1 300 36 350 2.52 
2 300 32 350 2.24 
3 300 28 350 1.96 
4 300 32 250 1.6 
5 400 28 350 1.47 
6 450 28 350 1.3 
7 300 32 200 1.28 

Table 3 : Weld parametres-Heat input length of fusion boundary 

SI. No. S V I Q c Q/C 

1 450 28 350 1.30 10 130 
2 400 28 350 1.47 12 122.50 
3 300 28 350 1.96 18.4 106.52 
4 300 32 350 2.24 23 97.30 
5 300 36 350 2.52 33 76.30 
6 300 32 250 1.60 22 72.70 
7 300 32 200 1.28 19 67.30 

Welding speed (mm/min.) 
Arc voltage (volts) 
Heat input (KJ/mm) 
Fusion boundary length (mm) 
Heat input per unit length of fusion boundary (J/mm2) 
Current (amp) 

300 

ro 
Q-
£ 

l/l 
to 
U J 
a: 
i— 
i/> 

a 
</i LU ct. 

Fig 8 : Effect of welding current on distribution of residual stress at 
right angles to the weld bead 
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a n d s p e e d of w e l d i n g c a u s e s a 

d e c r e a s e in t h e m a g n i t u d e o f t e n -

s i le res idua l s t ress . T h i s is d u e t o 

the hea t i npu t pe r un i t l e n g t h o f 

f u s i o n b o u n d a r y ( Q / C ) i n c r e a s e 

w i t h i n c r e a s i n g w e l d i n g c u r r e n t 

a n d w e l d i n g speed . 

T h e w i d t h o f t h e c o m p r e s s i v e 

s t r e s s z o n e i n c r e a s e s w i t h i n -

c r e a s i n g the Q / C . 

T h e X - ray s t ress a n a l y z e r a p p l i e d 

in th is s tudy p r o v i d e d a p rac t i ca l 

a p p r o a c h t o t h e e x a m i n a t i o n 

w e l d m e n t s . 
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