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ABSTRACT
An analytical model for quantitative analysis of microstructural constituents of a multipass weld 
produced by consumable electrode process, such as the fraction of dendritic and reheat refined 
zones in the matrix, has been proposed. The universality of the proposed model has been justified 
by Its applicability for a multipass weld deposit of any material, with due consideration of its physical 
properties relevant to the operation of the model expressions at appropriate steps of analysis. 
Empirical correlations of some mechanical propertiesof multipass weld of C-Mn steel with its dendrite 
content have been developed by preparing a data bank on the reported results. On the basis of 
the mathematical model expressions and the empirical relationships a user's friendly PC based 
software has been developed using C language to estimate the microstructural constituents of a 
multipass weld prepared at given welding parameters and its mechanical properties. The data base 
of the empirical relationship for prediction of mechanical properties of a multipass weld has been 
kept flexible for updating by incorporation of new data in it. The validity of estimated characteristics 
of a multipass submerged arc weld of C-UIn steel, such as its bead geometry, morphology and 
mechanical properties, deposited at different welding parameters has been verified with a number 
of experimental data reported by earlier workers as well as with those produced in this work. The 
ready usage of the model expressions for analysis of the weld characteristics using the welding 
parameters reported by various workers shows the versatility of the proposed analytical model and 
the software.

INTRODUCTION

The multipass submerged arc weld
ing (SAW) is w idely used in various 
indus tries  as a v ita l p rocess fo r 
welding of thick plates and pipes of 
different structural steels due to its 
ability to produce good quality weld 
with high deposition rate [1-3]. The 
SAW is preferably used with a basic 
flux and DC power source, though in 
some cases an AG power source is 
also used [4]. Mechanical properties 
of a multipass weld is largely gov
erned by its complex microstructural 
features [5-14], broadly consist of 
the regions of co lum nar dendrites

and reheat refined grains [8,9,15,16], 
Thus, the qua lity  assurance of a 
thick m ultipass weld, satisfying its 
desired properties, should primarily 
be made by controlling the fraction 
of m icro  level fea tu res  of m atrix 
morphology of the weld. The pres
ence of coaxial columnar dendrites 
in the matrix also introduces micro- 
s tru c tu ra l a n is o tro p y  in a th ic k  
m u ltipass weld and consequen tly  
provides anisotropy in its mechanical 
properties. Taking into consideration 
the anisotropy of a multipass weld its 
mechanical properties are generally 
categorised in three directions [5-7] 
as longitud inal (L), transverse (T)

and short transverse (S) with respect 
to the direction of welding marked as 
L-direction, as shown in Fig. 1. The 
degree of anisotropy in mechanical 
properties varies with the amount of 
columnar dendrite in the matrix [5- 
8]. Thus, fo r cha rac te risa tio n  of 
mechanical properties of a multipass 
weld right prediction of its m icro
structure and resulting mechanical 
properties at a given welding param
eter may be of considerable interest 
to the welding engineers.

The am ount of colum nar dendrite 
and rehea t re fined  zones in a 
multipass weld is largely dictated by
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the welding parameters [5,9,15] but, 
quantitative prediction of the micro- 
structural constituents of a multipass 
weld is highly complex in nature as 
it depends upon a number of fac
tors, which may be primarily named 
as the preheating/interpass tempera
ture and welding parameters affect
ing the energy input and weld bead 
geometry [9,15,20]. Apart from these 
factors many other aspects like the 
size and type of electrode, position
ing of electrode, polarity of electrode, 
physical properties of the depositing 
weld metal etc. also play a signifi
cant role on this m atter [8]. Thus, 
before selection of welding param
eters for a multipass weld of desired 
properties, one in general depends 
upon experiences of welding engi
neer and/or extensive trial on test 
pieces, where the first aspect carries 
uncertainty due to involvem ent of 
human nature, intelligence, instinct, 
availability, logical bias, error etc. 
and the second aspect involves cost 
and time consuming preparation of 
tes t w e lds espec ia lly  in case  of 
preparation of large welds. In this 
regard a model analysis of resulting 
m icrostructure advocating the de
s ired m echanica l p roperties of a 
multipas weld prepared under given 
welding parameters may be of con
siderable interest to the shop-floor 
welding engineer. In an earlier work

However, the expressions have not 
been found universal and versatile 
primarily due to their dependence on 
certain experimental values of weld 
geometry and non-consideration of 
some physical p roperties of weld 
metal.

The significant development in com
puter applications, with no exception, 
is also being employed in the field 
of welding science and engineering 
to answ er d iffe ren t questions on 
various aspects of welding. A quickly 
made complex quantitative analysis 
of resulting microstructural constitu
ents of a multipass weld, prepared 
under any w e ld ing  param eter, is 
possible only with the aid of compu
ter. This may be very much useful 
to a shop-floor welding engineer to 
take a practically flawless and eco
nomical decision about the welding

parameters resulting in a microstruc
tu re  a d vo ca tin g  the m echanica l 
properties of a multipass weld, which 
is othen/vise generally performed by 
p repa rin g  m any expens ive  tria l 
welds. But hardly any software of 
such kind is available for this pur
pose.

In this investigation an effort has 
been made to develop a universal 
analytical model, capable to work for 
any weld metal deposited by con
sumable electrode welding process, 
for prediction of micro structure of a 
m ultipass weld produced at given 
w e ld ing param eters. The work is 
primarily based on quantitative esti
mation of bead geometry and colum
nar dendrite content of a multipass 
weld using the mathematical model 
on the proposed [17] spatial geomet
ric concept of bead deposition. In

Table - I Chemical composition of the filler wire

Chemical composition (wt.%)
C

0.1-02
f^n 

1.7-2.2
Si

0.1 (max)
Cu

0.35(max)
S

0.35(max)
P

0.35(max)

Table - II Chemical composition of the basic agglomerated flux

Chemical composition (wt.%)

S i02+ T i02 CaO+MgO AI203+M n0 CaF^ Basicity Index

10 30 20 35 3.1

Table - III Welding parameters

som e com p lex  m ode l exp res- Welding current Arc voltage Welding speed
sions[17], developed through spatial (Amp) (Volt) (cm/min)
geometric solutions, have been pro
posed for quantita tive ana lysis of 450 32 50
m ic ros truc tu ra l co n s titu e n ts  o f a 550 32 50
m u ltip ass  subm erged  a rc w e ld , 650 32 50

reheat refined zone in macro level.
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Table - IV Comparison of the
C-

estimated and experimental results of bead height of submerged arc weld of 
IVIn steel deposited at different electrode polarity

Weld
Current
Amp.

Arc
Voltage

Volt

Weld
Speed
cm/min

Wire
Dia.
mm

Elec.
Extn.
mm

Bead Height (mm)' Ref.
DCEN 

Est. Exp.
DCEP 

Est. Exp.
AC

Est. Exp.
500 30 50 4 40 - - 3.26 3.3 - — 17
600 30 50 4 40 - - 3.77 3.9 - — 17
600 28 50 4 40 - - 3.87 4.3 - - 17
600 35 50 4 40 - - 3.53 3.7 - _ 17
600 40 50 4 40 - - 3.33 3.2 - - 17
600 30 50 4 40 - - 4.21 4.05 - - 17
300 28 40 3.15 25 3.55 3.20 2.51 2.7 - - 24
400 28 40 3.15 25 4.30 3.90 3.15 2.9 - - 24
500 28 40 3.15 25 5.07 4.20 3.75 3.0 - - 24
600 28 40 3.15 25 5.65 4.4 4.35 3.2 - - 24
700 28 40 3.15 25 6.1 5.5 4.90 3.5 - - 24
350 30 53.5 4 19 3.16 3.2 2.15 2.00 1.96 - 19
450 30 53.5 4 19 3.70 3.0 2.58 2.50 2.61 2.60 19
550 30 53.5 4 19 4.22 4.00 2.90 2.00 3.18 2.95 19
650 30 53.5 4 19 4.70 4.80 3.30 3.00 3.69 5.20 19
750 30 53.5 4 19 5.15 5.60 3.70 3.10 4.15 4.80 19
350 35 53.5 4 19 2.96 2.50 2.01 2.4 1.82 - 19
450 35 53.5 4 19 3.49 2.70 2.41 2.6 2.44 2.50 19
550 35 53.5 4 19 3.98 3.90 2.77 2.7 2.97 2.40 19
650 35 53.5 4 19 4.40 3.10 3.12 2.0 3.46 3.30 19
750 35 53.5 4 19 4.85 4.60 3.46 2.7 3.90 4.50 19

Preheat/lnterpass Temperature = 175°C (448K) 
DCEP = Direct Current Electrode Positive

DCEN = Direct Current Electrode Negative 
AC = Alternating Current

Table - V : Comparison of the estimated and experimental results of the constituents of microstructure 
of submerged arc weld deposit of C-Mn steel deposited at electrode polarity of DCEP

Weld
Current
lAmp.

Arc
Voltage

Volt

Weld
Speed
cm/min

Wire
Dia.
mm

Electd.
Extn.
mm

Area Fraction (%)
Dendrite (D,) Refined HAZ (R,) 

Est. Exp. Est. Exp.

Ref.

500 30 50 4 40 12.05 17.5 87.95 82.5 5
600 30 50 4 40 16.47 19.5 83.53 80.5 5
600 32 50 4 40 15.3 17.5 84.7 82.5 5
600 30 40 4 40 23.13 22.5 76.87 77.5 5
450 32 50 4 40 9.08 13.0 90.92 87.0 PW

550 32 50 4 40 12.79 15.0 87.21 85.0 PW

650 32 50 4 40 18.36 22.0 81.64 78.0 PW

PW = Present Work
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LATEST GENERATION 
WELDING MACHINES 
FROM THE PIONEER

- 0 .
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M ove-series CO^MIG Welder

w U R  IRON has been manufacturing welding 
machines for more than four decades and is one 
of the largest manufacturers of arc welding 
machines in India. Our recent collaboration with 
OSAKA DENKI (DAIDEN), JAPAN reflects our total 
commitment to our valued customers in serving 
them with latest products and services.

SURARC PRODUCT RANGE

FIEWKING  
DWG series  
Portable Diesel 
Engine Driven 
Welding Generator

AN&AF series Air Cooled AC Welder; 150 -  600  Amps 
XR series D.C. Rectifier W/elder: 300  -  600  Amps 

T series Fully Thyristorised D. C. Welder: 350  -  600  Amps 
A F  series A. 0 . TIG W e ld e r : 300  -  600  Amps.
GTT series D. C. Thyristorised TIG W e ld e r ; 350  -  600  Amps

ARC star series IGBT In v e rte rs : 160 & 250  Amps
DWG series diesel engine driven welding g en erato r: 300  -  500  Amps

•  Pedestal Type Spot Welder
' M ove series fully thyristorised CO2/M IG  250  & 4 0 0  Amps 

manufactured In collaboration with OSAKA DENKI, Japan
• MECHW ELD series automatic submerged ARC W e ld e r : 600, 

8 0 0  & 1200 Amps
> Welding Column & Boom, Positioners, Rotators & Custom  

built welding systems.

SUR IRON & STEEL CO. (P) LTD.
15 C o n v e n t R o a d , C a lc u tta  7 0 0 0 1 4  P hon e ; 2 4 4  8 3 5 9 /1 3 0 7 , 2 4 5  4 1 7 9
Fax: + 9 1 (3 3 ) 2 4 4  130 8  C a b le ; C A L S IS C O
M u m b a i O ffice  : 4 8 3  C e n tra l Fac ility , B u ild in g  - 2, A P M C  -2 ,
S e c to r -1 9 , V ash i, N a v i M u m b a i 4 0 0  7 0 5  P h o n e  : (0 2 2 ) 7 6 5  8 88 5



A SINGLE SOURCE 
FOR 

WELDING SOLUTIONS
OUR PRINCIPALS RANGE OF PRODUCTS

INCO ALLOYS 
INTERNATIONAL - U.K. 
KOBE STEEL - JAPAN 
AMPCO METALS - U.S.A.

COMPLETE RANGE OF WELDING 
ELECTRODES/FILLER WIRES FOR NICKEL 
& NICKEL ALLOYS, S.S., Cu & Cu ALLOYS, 
Al & Al ALLOYS & FLUX CORED WIRES.

M/S NATIONAL 
PANASONIC LTD. - JAPAN

HIGH-TECH WELDING EQUIPMENTS.

M/S ETC - ITALY 
M/S VALCO - GERMANY

ENTIRE RANGE OF SAW WIRES AND 
FLUXES

C.M.S. GILBRETH 
PACKAGING SYSTEMS - U.S.A. 
HUNTINGDON FUSION 
TECHNIQUES LTD. - U.K.

D & H SECHERON ELECTRODES 
LTD. - INDORE

SOLUBLE PURGING PAPERS/TAPES

ENTIRE RANGE OF WELDING ELECTRODES

V 'UDWELL
WELDWELL SPECIALITY PVT. LTD.
1 0 4 , A c h a ry a  C o m m e rc ia l C en tre , D r . C . G id w a n i Road, C h em b u r, M u m b a i-  4 0 0  0 7 4 . 
Phone : (022) 558 27 46 , 551 55 23, FAX : (022) 556 67  89, 556  95 13 
G ram  : INTENSITY e -m a il: ccg@ weldwell.wiprobt.ems.vsnl.net.in
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reference to the dendrite fraction, as 
one of the two basic constituents of 
a multipass weld, the tensile, - 
impact toughness and fatigue crack 
growth rate properties of submerged 
arc multipass welds of C-fvln steel 
have been evaluated by using some 
empirical expressions worked out on 
the basis of reported results, corre
lating the dendrite fraction and vari
ous m echanical properties of the 
welds. A user's friendly software for 
quality assurance of multipass weld 
with respect to its mechanical prop
erties have been developed using 
the proposed m athem atical model 
and the empirical relationships for 
determining mechanical properties of 
a multipass weld prepared at given 
welding parameters.

METHODOLOGY

Model Analysis of Miocrostructure 
of a Multipass weld

The experim enta lly verified model 
expressions reported earlier [17] for 
quantitative analysis of weld bead 
geometry and dendrite fraction of a 
multipass submerged arc weld have 
been modified, primarily by elim inat
ing their dependence on experimen
tal values of weld bead geometry, to 
make them universal and versatile 
for application in any condition of 
multipass submerged arc welding of 
any material. In this model expres
sions of m ultipass weldm ent, the 
weld beads containing dendrites are 
assumed to be semicircular in nature 
with radius r  and the HAZ as reheat 
refined region is considered to be 
ex tended  up to rad ius  r,, as 
schem atica lly depicted in Fig. 2(a

Fig. 1 : Schematic diagram of a multipass weld block showing the orientation 
of tensile and notch impact tests specimens at its different sections in 

________  reference to direction of welding.

and b). The w id th  and height of 
reinforcement of the weld beads are 
defined as 2 r  and h respectively. The 
HAZ is defined as the region up to 
which a perceptible change In m icro
structure, comprising recrystallisstion 
of dendrites is observed. The pro
posed [17] expression for estimation 
of r  (as stated below), derived by the 
assum ption of heating as a point 
source due to its large participation 
in melting of base metal, has been 
found justified. But, in agreement to 
an earlier work [2 1 ] the expression 
for estimation of r, has been duly 
modified by considering the thermal 
conductivity of base metal affecting 
s ign ificantly  the change in m icro
structure of HAZ.

r = V [ ( 2 q /v )/{ 7r e p c (T -T J } ]  .i

. . I I

r= V [(2 q /v ) /{K e p c (T  -T ,) } ] - r  

when,

r ,  = V [ ( r /e ) . (7 T .a .r ,  A ;) '« ]

and the therm al d iffus iv ity  of the 
matrix, a , is expressed as

a = X /pc .. . IV

Thus, the eq.(ii) can be resolved as 
follows.

r= A /[ ( 2 q /v )/( 7repc(T  -T ,) } ]  -  

^ [(r je ) .{n .a .r^  /vV '^] ..v

During submerged arc welding the 
bead height is largely governed by 
the m elting  rate, heat input and 
welding speed [22]. The melting rate
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(ci)

DENDRITE
HAZ.

- U N a i f E C I E U  I I A 2

Fig. 2 : Geometric model of a multipass weld 
(a) for estimation of area fraction of dendrite and 

(b) for estimation of area fraction of reheat refined HAZ.

ACBD - SEG M ENT OF A Cir^CLE  

AB - C H O R D  OF L E N G IH  ; /., = 2i 

O A a n d O B  - RADIUS OF C U R V A TU R E  ; R 

C D  - M ID  O R DIN ATE OF Tl IE SEGfflENT ; /.

Fig. 3 ; Schematic diagram of geometric representation of 
weld bead reinforcement

of filler wire in submerged arc weld
ing is p rim a rily  dependen t upon 
welding variables such as welding 
current, electrode polarity, wire diam
eter and electrode extension. At a 
given wire diameter electrode polar
ity  and e le c tro d e  ex tens ion  the 
melting rate of filler wire enhances 
with an increase in welding current 
[23]. It is reported that during weld
ing by consumable electrode proc
ess at the electrode polarity of DCEN 
the m elting rate of fille r w ire be
com es h igher than that observed 
when the electrode polarity of DCEP 
is used [23,24]. However, in case of 
welding using AC the melting rate of 
filler wire has been found to lie in 
between the values obtained during 
using DCEP and DCEN [23,24]. The 
melting rate in submerged arc weld
ing at different electrode polarities 
are expressed [23] as follows

tI dcep = 0.01037 E| + 2.2426 x 
10-«(|2E|/d2) -  0.462 .....Vi

t)qcen ~ 0.016178 E| + 2.087 x 
10-«(|2E,/d2) -  0.643 ....vii

T|y\c = 0.01523 E| + 1.6882 x
10-^(|2E|/d2) -  2.396 ...viii

The cross sectional area (A )  of the 
weld reinforcement, as a function of 
volumetric burn-off rate and welding 
speed, can be expressed as follows

IX

For estimation of bead reinforcement 
or bead height {h) it is assumed that 
the weld bead reinforement is seg
ment of a circle of radius R as shown 
in Fig. 3, where the bead height is 
the m id-ord ina te  of the segment. 
Thus, the area of a bead reinforce
ment {A )  can be estimated as area
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of the segment (A^) described by a chord (L^) , which is equal to width of the weld bead. The area of the bead 
reinforcement and the bead height can be geometrically resolved by the following expressions.

= R2 [sin-'(Ly2R) -  [sin {2sin'' (L^ /  2R)}/2]] ....  x

By solving the eqs. (ix) and (x) for A =  the radius of curvature R can be obtained, which gives rise to 
estimation of bead height {h) as follows

h = R[1-cos{sin-’ (L ^ /2 R )}]  .......  xi

The primary constituents of the microstructure of a multipass weld, defined above as the regions of columnar dendrites 
and reheat refined (HAZ) zone of equiaxed grain, can be estimated by the following expressions, valid for < 2r, 
as proposed earlier [17].,

5 = tt/360 [ f  {180 -  sin-’ {(r, -  h)/r } -  2sin-’ (r/2 r)} -  r \  {180 -  cos-’ (r/2r,) -  sin-’ (r/2 r) -  cos-’ (r/r,)}]+ 

(r^, /  2) [cos{cos-’ (r/2r,)} + cos{sin-’ (r/2 r) + cos"’ (r/r,)} -  r/2{V 4 r \  -  r^)IA -  h} x cos {sin-’ {(r, -  h)/r}} + cos 

{2 sin-’ (r, / 2 r)}] .... xii

^  = jr ry s e o  [ 180-2cos-’ (r/2r,) -  sin-’ {r, -h ) /r  } -  cos"’ (V (r^+ 4h^) M r , } + sin-’ {rV (r^+ 4h^)} + 

sin-’ [ r ^ { 4 f + A \ )  I 2r}] + r r /2  [sin {cos-’ (r/2r,) -  2sln-’ (r,/2r) -  sin [ sin-’ {2h N  f  + 4h^)} +

sin-’ {{r, -  h)/r)] + r \  I 2 [sin [cos '’ (r/2 r,) -  sin-’ {V (4 r  ̂ - r^,) /  2 r }] + sin [cos-’ {V (r^ + 4h2) /  4 r,} -  

sin-’ {r/V (r^ +4h')} -  sin [cos-’ (r/2 r,)+ sin-’ {(r, -  h)/r}]] + cos“ ’ {V (r  ̂ + 4h^) /  4r1} .... xiii

Where, the 5 and ^  are the areas 
of unaffected dendrite (ABC) and 
reheat refined region (BCED) re
tained in the matrix as a result of 
interaction of four weld beads at any 
sector of a multipass weld, as shown 
in Fig. 2 (a) and (b) respectively. 
Thus, the area fractions of dendrite 
(D,) and the reheat refined regions 
(Ri) in the matrix of the multipass 
weld can be estimated as

Df = [5 /  (5 + U  ] ........  xiv

and
Rf = [ 1 - D, ] ........  XV

Correlations of M icrostructure  
and Meciianical Properties

In consideration of the reported re
sults (5,6) the following second-or-

_vw_

50
60

90

SCALE : mm

Fig. 4 ; S chem atic d iag ram  of tens ile  test specim en

55
10

*0  075
1 27-5 ,

/X
y

ROOT RADIUS 0 -2 5 1 0  025  
SC A L E  : m m

Fig. 5 : Schematic diagram of Ĉ , notch impact test specimens
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der polynomial (regression) best fit 
empirical correlations of the tensile 
and im pact toughness p roperties 
w ith  the d e n d rite  fra c tio n  of 
multipass submerged arc welds of C- 
Mn s tee l have been deve loped . 
Taking in to  c o n s id e ra tio n  the  
anisotropy of the welds, in presence 
of the columnar dendrites, the cor
re la tions are a lso ca tego rised  in 
reference to the L, T and S direc
tions. The nature of empirical corre
lations for estimation of tensile prop
erties, such as the ultimate tensile 
strength  (a ), y ie ld  strength (a y ), 
elongation (e) and Cv -notch impact 
toughness are worked out as

au = k,,. (D,)2 -  k „  D, -(■ k -u i  ̂ V u2  f u3
-  ky, D , .  k^3

® -  k , ,  D, .  k^ 3

Cv = (-k^^) (D,)2 -  k,^ D, .  k^ 3

  xvi, xvii, xviii, xix

The fatigue crack growth rate (da/ 
dN) of the m ultipass C-M n steel 
weld, at a g iven s tress  in tens ity  
factor range (AK) under stress ratio 
of 0 . 1 , has also been considered as 
follows.

(da/dN) = 1 0 '-°“ = “  -®278)

{ ^ [ ^ } ( 0 . 0 1 5  D f + 2.663)

.. XX

Where, the (k^„ k^  ̂ and k j ,  (k^,, k̂  ̂
and k̂ .3 ) and (k^,. k^  ̂ and k j  are 
constants for estimation of the ten
s ile  p ro p e rtie s  and th e ir  va lues 
change for the properties of different 
directions as L,T and S. The k̂ ,, k^ 
and k j are also constants for esti
mation of C^^-notch impact toughness

of the weld and their values change 
for estimation of toughness of differ
ent directions as the LT, TS and SL 
(Fig. 1) at d iffe rent tem pera tures 
identified as 27, -20 and -40°C. The 
express ion  (xx) w h ich  has been 
developed in an earlier work (25), 
estimates fatigue crack growth rate 
in LT direction of a multipass weld 
at ambient temperature.

Experimentation

Three all weld metal blocks of C-lVin 
steel of size 150x50x50 mm were 
prepared by multipass subm erged 
arc welding process, using 4.0 mm 
d iam e te r f ille r  w ire (G rade-C ) at 
DCEP and basic agglomerated flux 
(Automelt Grade IV) having chemical 
compositions as given in Tables - I 
and II respectively. The submerged 
arc welding was carried out at dif
ferent welding currents, where the 
arc voltage and welding speed were 
kept constant as shown in Table - III 
and the preheat and interpass tem
perature  was m ain ta ined as 175 
+25°C. During multipass deposition 
the electrode, having a stick out of 
about 40 mm, was v isua lly  pos i
tioned in reference to a weld bead 
deposited earlier, as per standard 
practice of multipass welding.

For metallographic studies the speci
mens were collected from middle 
portion of the all weld blocks and 
transverse section of the weld, in 
reference to the direction of welding, 
was p repa red  by s tanda rd  
metallographic procedure. The pol
ished surface was etched in 5% 
a lcoho lic  n itric  acid so lu tion and 
studied under optical microscope for 
estim ation of the area fraction of

dendrites by following the standard 
random linear intercept method.

The tens ile  and C harpy V-notch 
impact tougness properties of the all 
weld deposits were studied using the 
specimens as schematically shown 
in Figs. 4 and 5 respectively, con
firming the standards of ASTfvl E8  

and ASTf\/l E23 respectively. The 
tensile and impact test specimens 
were machined out from the longi
tudinal (L) and LT directions (Fig. 1) 
of the all weld block respectively. 
The tensile test was carried out in 
a universal testing machine operated 
at a cross head speed of 1 . 0  mm/ 
sec. The ultim ate tensile strength 
(ou) and yield strength (oy) was de
term ined on stress-stra in diagram 
plotted by marking the 0 .2 % off-set 
strain. The elongation was deter
mined on a gauge length of 40 mm. 
The tensile test was carried out at 
room tem pera tu re  (RT) of 27°C, 
w hereas the C v-im pact test was 
carried out at 27 and -20°G. The 
tens ile  and Cv -notch toughness 
properties of the weld were studied 
in L and LT directions respectively, 
p rim arily  because they are most 
commonly known directions used for 
characterisation of all weld deposit, 
as reported by other workers.

Software for Characterisation of 
Multipass Weld

In view of the complexity in quanti
tative analysis of microstructure of a 
multipass weld a user's friendly PC 
based software has been developed, 
using C language on the basis of 
m athem atical models and expres
sions (i - xv) as stated above, to 
estimate the dendrite fraction (D^ of
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Fig. 6  : Flow Chart of the software
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a multipass weld prepared at given 
welding parameters. The software 
has also been made capab le  to 
estimate the mechanical properties 
of multipass submerged arc weld of 
C-f\/In steel having chemical compo
sition in the range of 0.1-0.2%  C, 
1.7-2.2% Mn, 0.1% (max) Si, 0.35% 
(max) Cu, 0 .035%  (m ax) S and
0.35% (max) P, using the empirical 
relationships (xvi - xx) of various 
mechanical properties with the D, of 
the matrix. The software has been 
equipped to work for characterisation 
of m echan ica l p ro p e rtie s  of a 
multipass weld of C-Mn steel, which 
is of common interest to the welding 
engineers due to its large applica
tions in various industries. The soft
ware has been made user's friendly 
by keeping input data from well con
versant welding parameters such as 
welding current, arc voltage, welding 
speed, e lectrode extension, e lec
trode polarity and preheat/interpass 
temperature. All these aspects are 
logically complied in different mod
ules of the so ftw are  as typ ica lly  
shown in a flow chart presented in 
Fig. 6 . The modules of the software 
analysing the m icrostructure  of a 
multipass weld is capable to work for 
any material produced by any con
sumable electrode process and the 
data  base of the  m odule  g iv ing  
empirical relationship for prediction 
of m echan ica l p ro p e rtie s  of a 
multipass weld has been kept flex
ible for updating by incorporation of 
new data in it from time to time. The 
theoretical results are verified with 
the experimental results reported by 
various workers.

Verification of Estimated Results

The validity of estimated character
istics of a multipass C-Mn steel weld, 
such as its bead geometry, m icro
structure and mechanical properties, 
deposited at different welding param
e ters  has been v e rif ie d  w ith  a 
num ber of experim enta l data re 
ported by earlier workers as well as 
with those produced in this work. 
The typ ica l m icros truc tu re  of TS 
section (Fig. 1) of the multipass weld 
block has been shown in Fig. 7. The 
ready usage of the model expres
sions for analysis of the weld char
acteristics using the welding param
eters reported by various workers 
shows universality of the proposed 
analytical model.

At different welding parameters and 
electrode polarities the bead height 
of weld deposits estimated by the 
analytical model has been compared 
with those reported by earlier work
ers [17,19,24] as shown in Table -

IV. The table depicts that the results 
estim ated by the analytical model 
are in close approximation to those 
of the experimental results with a 
d iffe rence  ly ing  in the range of 
10±2.5%. The table also reveals that 
the analytical model works fairly well 
fo r es tim a tion  of bead he ight of 
subm erged arc weld deposit pro
duced at any electrode polarity of 
DCEP, DCEN and AC.

A com parison of the ana ly tica lly  
estim ated and experim enta lly ob
served area fractions of dendrite (D,) 
and reheat re fined heat affected 
zone (R|) in a multipass weld of C- 
fvln steel has been shown in Table
- V. The table shows that at a given 
w e ld ing param eter the estim ated 
amounts of these micro-constituents 
of weld deposit obtained by using 
the analytical model expressions (i - 
xv) are also in close approximation 
to the experimentally observed val
ues of them, as reported earlier [5]

Fig. 7 : Typical microstnjoture of TS section of a multipass 
submerged arc weld block of C-Mn steel
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Table - VI ; Comparison of the estimated and experimental results of mechanical properties of a 
multipass submerged arc weld deposit of C-Mn steel

WC AV WS EE UTS YS El.
Amp Volt cm/ mm MPa Mpa %

min Est. Exp. Est. Exp. Est.

C^-Notch Toughness (J)

Exp.
(RT)
Est.

-20°C 
Exp. Est.

-40°C 
Exp. Est.

Ref.

Exp.

500 30
600 30
600 32
600 30

420
490

500
700

450
550
650

30
32

28
28

32
32
32

50
50
50
40

45
45

40
40

50
50
50

40
40
40
40

30
30

30
30

40
40
40

545 
533 
535 
531

560
552

537
546

559
542
531

535 
537
536 
550

555
600

518
525

528
515
510

441
441
441 
443

442 
442

441 
452

442 
441 
441

430
432
437
438

469
517

380
395

386
388
380

30
29
30
30

31 
30

30
30

31 
30 
30

30
29
28
29

25 
24

26 
27

30
29
30

113 
118 
117 
121

107
110

116
120

107
114 
119

105
1 2 0

113
126

68

128
132
134

52
62
60
70

41 
47

58
69

42 
54
65

55
66
55
63

47

62
74

37
43
42
47

30
34

41
45

38
45

39
48
37
47

5
5
5
5

26*
26*

27
27

PW
PW
PW

Electrode Wire Diameter = 4 mm (*3.125 mm) 
Electrode Polarity = DCEP 
Preheat/Interpass Temp. = 448K

WC = Welding Current 
WS = Welding Speed 
AV = Arc Voltage

YS = Yield Strength 
El. = Elongation
UTS = Ultimate Tensile Strength

and obse rved  in p resen t w ork 
(PW), with a variation lying within 
about 6.0%. In consideration of the 
closely comparable estimated and 
experimental results regarding the 
bead height (Table - IV) and the 
microstructural constituents (Table - 
V) of a weld bead or a multipass 
weld deposit respectively, it may be 
inferred that the use of the pro
posed analytical model is justified 
for characterisation of a multipass 
weld deposit of any material, with 
due consideration of its physical 
properties relevant to the operation 
of the model expressions at appro
priate steps of analysis.

A comparison of the estimated and 
experimetal results of the tensile 
and C^-impact toughness proper
ties of multipass weld deposits of 
C-Mn steel, produced at different

welding param eters has been pre
sented in Table - VI. The table shows 
that the experimentally observed val
ues of ultimate tensile strength, yield 
strength and elongation of L direction 
and Cy-impact toughness of LT direc
tion of a multipass weld, as reported 
by earlier workers [5,26,27] and also 
found in present work (PW), are prac
tically well in agreement to their coun
terparts estim ated by the empirical 
correlations stated in the expressions 
(xvi)-(xix). The estimated fatigue crack 
growth rate in LT direction of the weld 
has also been found in agreement to 
the measured values of the weld as 
reported ea rlie r [25]. However, to 
improve the confidence of using this 
approach towards characterising me
chanica l properties of a m ultipass 
weld it has to be verified further with 
more experimental data available in 
future.

CONCLUSIONS

The proposed analytical model ex
pressions for analysis of the micro- 
s tru c tu ra l ch a ra c te r is tic s  of a 
multipass weld has been found uni
versal due to its ready usage to any 
weld deposit of consumable elec
trode process, with due considera
tion of its physical properties rel
evant to the operation of the model 
expressions at appropriate steps of 
ana lys is . The user's  friend ly  PC 
based software developed to carry 
out the complex analysis of micro
structure of a multipass weld and to 
execute the operation of data base 
for estimation of mechanical proper
ties of a multipass weld of C-Mn 
steel using their empirical relation
ship with the matrix microstructure 
has been found quite effective. The 
software has been kept flexible for 
updating its data bank regarding the
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mechanical properties of a multipass 
weld by incorporation of new data in 
it from time to time. The theoretical 
results estimated by the software are 
found significantly well in agreement 
to the experimental results reported 
by various workers.

Nomenclature

h = Bead height (mm)

R = Radius of curvature

Lq = Length of Chord (2r)

r i = Melting rate at any
electrode polarity (kg/hr)

d = Electrode diameter (mm)

E| = Electrode extension (mm)

Tp = M axim um  tem pera tu re  (K)
required for melting of base 
material during welding

= M axim um  tem pera tu re  (K)
required for initiating micro- 
s truc tu ra l change in base 
materia!
Initia l preheat tem pera ture  
(K)

q = Arc Power, [(Vxl)/v], (J/sec)

V = Arc voltage (V)

I = Welding current (A)

V = Welding speed (m/sec)

r^ = Beam radius (mm) which is 
proportional to welding elec
trode

A, = Thermal conductivity of ma
terial (J/m/s/K)

a = Thermal diffusivity (m^/sec)

p = Density of weld metal
(kg/m^)

p c  = Volume thermal capacity or 
specific heat per unit volume 
(J/m3/K)

pi

To =

e = Base of natural log (2.718)

a = Crack length

N = Number of cycle of dynamic
loading
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