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ABSTRACT 

 Dissimilar metal welding of thick wall austenitic stainless steel (γ-SS) and high strength low-

alloy steel (HSLA) plates are used in defense, power generation, chemical, petrochemical and 

nuclear industries where the temperature elevates up to a range of the order of 350-450°C. Fusion 

welding is one of the most commonly used process; it is also largely used for the joining of 

dissimilar metals. 

 The success of narrow groove multi-pass welding is primarily governed by manipulation of 

narrow welding torch inside weld groove by keeping enough room for the minimum required 

angle of attack to the groove wall to ensure its required fusion and successful inter-pass cleaning 

of weld bead. But the successful use of GMAW process in a practically narrowest gap butt 

welding of thick section (≥25mm) largely depends upon manipulation of a narrow torch nozzle 

relevantly deep inside a narrow weld groove along with a centrally placed single bead per layer 

of multi-pass weld deposition. Thus, to produce a lowest possible narrow groove GMA weld of 

thick section it is imperative to design a narrowest torch nozzle that can be successfully 

accommodated inside a narrowest possible weld groove to produce a sound weld. However, the 

narrowing down of weld groove may start influencing the flow of shielding gas inside the groove 

and create turbulence that can adversely affect the weld quality by introducing porosity and oxide 

inclusion in it. 

  In this investigation, a model of shielding gas flow dynamics and its flow rate in case of 

employing newly developed GMAW nozzle has been studied at different projection angle of 

torch nozzle head inside the narrow groove of butt joint by using ANSYS-CFX (14.5) software. 

The utility aspect of such a narrow torch nozzle head from the view point of smooth flow of 

shielding gas inside a close fitted ultra-narrow weld groove has also been studied. The outcome 

of the analytical studies has been used to produce a defect free ultra-narrow multi-pass weld by 

employing P-GMAW process with vertically placed electrode depositing centrally placed single 

bead per layer in weld groove. The effect of various pulse parameters of P-GMAW process to 

produce ultra-narrow gap weld of thick dissimilar section of austenitic stainless steel to HSLA steel 

has also been studied. To deal with the complicated critical conditions of controlling the process 

parameters and thermal behaviour of weld deposit to produce a sound multi pass narrow groove 

dissimilar weld with centrally located single bead per layer weld deposition, a thermal model has 

been developed and analysed. In the light of this model analysis appropriate welding parameters have 

been designed to produce sound multi pass single bead per layer (MPSBPL) welding of thick 

austenitic stainless steel to HSLA steel plate. The characteristics of ultra-narrow gap dissimilar weld 
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joint have been studied with respect to weld size, transverse shrinkage and bending stresses, 

mechanical and metallurgical properties of the weld. The characteristics of the ultra-narrow groove 

dissimilar weld have been compared with those of conventional groove dissimilar multi pass multi 

bead per layer (MPMBPL) weld joint of austenitic stainless steel to HSLA steel. 

 In view of the above an effort has been made to design a narrowest possible torch nozzle 

head of GMAW that can allow narrowing down the weld groove up to a limit of just 

accommodating the nozzle head in it during thick section welding. The utility aspect of such a 

narrow GMAW torch nozzle head from the view point of smooth flow of shielding gas inside a 

closely fitted narrow weld groove has also been studied. The outcome of these studies has been 

used to produce a defect free ultra-narrow multi-pass weld of thick dissimilar steel section of an 

austenitic stainless steel and high strength low alloy (HSLA) structural steel by employing P-

GMAW process with vertically placed electrode depositing single bead per layer in weld groove. 

The welds of same dissimilar steel plates were also prepared by using commonly known 

technique of MPMBPL of weld deposition in conventional V-groove with the help of P-GMAW 

process. This is basically planned to study the effectiveness of the newly developed ultra-narrow 

gap welding procedure over the conventional groove welding with respect to the characteristics 

of weld joint. The background and prospect of the present work and observations of the above studies 

are analysed in the light of their objectives are presented in different chapters. 

 Chapter 1 contains introduction of the area under discussion justifying the necessity to carry 

out studies on MPSBPL of weld deposition in narrow gap dissimilar welding of thick austenitic 

stainless steel to HSLA steel plates using P-GMAW process. The importance of P-GMAW and 

narrow gap welding has been discussed and the problems associated with respect to its practical 

implications in use are also briefly explained. The methodology which can be followed for 

practical implementation of MPSBPL of weld deposition in narrow gap P-GMA welding of 

relatively thick sections has been justified to address in present investigation. 

 Chapter 2 begins with the survey of existing literature outlining the evolution of arc welding 

process and procedures used for joining of dissimilar thick section of austenitic stainless steel to 

HSLA steel. The existing criticality of dissimilar weld joint during welding of thick section of 

austenitic stainless steel and HSLA steel is also discussed.  The state of the art knowledge on 

thermal influence of welding processes on various weld joint characteristics with respect to its 

metallurgical and mechanical properties have been critically analysed. Further the understanding 

on influence of welding procedure on stress distribution across the weld joints has been carefully 

examined. The deficiency of knowledge regarding the production of sound weld joint of thick 

steel plate using the technique of multi pass weld deposition in narrowest possible gap has been 
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consolidated. The support of thermal model to understand the influence of various pulse 

parameters on characteristics of multi pass weld of thick austenitic stainless steel to HSLA steel 

plate has been critically identified. In this regard it is realised that the application of P-GMAW 

process in consideration of thermal and geometrical aspects of weld pool as a function of pulse 

parameters may play a considerable role to achieve the objective of the present investigation.  

 Chapter-3 describes designing and development of an advanced nozzle head for narrow gap 

GMAW torch nozzle to facilitate the application of P-GMAW process in MPSBPL of weld 

deposition in ultra-narrow gap welding of thick dissimilar plates by considering the thermal 

influence on torch nozzle through various sources. To facilitate this, a narrowest possible gap 

system has been arranged. The performance of designed nozzle head system without any damage 

of burning during its use in MPSBPL of weld deposition in ultra-narrow groove welding has 

been reported and justified. The simulated characteristics of GMAW for arcing and argon 

shielding gas flow at a given flow rate inside the ultra-narrow groove of 25 mm thick butt weld 

are analyzed by 3D CFD modeling using ANSYS-CFX (14.5) software. The effect of variation 

in intensity of gas flow on the arcing and flow characteristics of shielding gas have been studied 

at different projection angle of the newly designed nozzle tip to its wall varied from 00 to 600. 

 Chapter 4 deals with the thermal model for producing of lack of groove wall fusion free 

narrow gap weld during multi pass centrally placed single bead per layer of weld deposition in 

ultra-narrow groove of thick dissimilar plates with no angle of attack to the groove wall. The 

thermal model has been developed in consideration of thermal and geometrical aspects of the 

weld pool.  

 Chapter 5 presents the experimental procedures for bead on plate weld deposition as well 

as preparation of ultra-narrow groove weld joints, of dissimilar thick (25mm) section of austenitic 

stainless steel to controlled rolled HSLA steel plate using the P-GMAW process employing solid 

filler wire. Both the studies of bead on plate weld deposition and preparation of dissimilar weld 

joint has been carried out by using the welding parameters confirmed by the thermal model 

applicable to preparation of ultra-narrow gap weld joint by centrally placed MPSBPL weld 

deposition in narrow weld groove. It also details the experimental procedure of preparation of 

dissimilar weld joint of austenitic stainless steel using MPMBPL weld deposition in commonly 

used conventional groove. Various testing of weld bead on plate deposition and weld joints has 

been described. The welding parameters and procedures used in this investigation with respect 

to the groove design and welding processes have been thoroughly described so that various 

aspects of weld characteristics can be suitably realised in the light of it. 
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 The experimental techniques of studying the shrinkage, bending and residual stresses, 

microstructures of different regions and mechanical properties of dissimilar weld joints prepared 

at different welding parameters and procedures have also been described. The testing has been 

planned to study the characteristics of weld joint by correlating them with  and Im at a given 

heat input (Ω). This is to establish the basic understanding of superiority of P-GMAW to produce 

ultra-narrow gap weld joint of 25 mm thick austenitic stainless steel to HSLA steel plate using 

MPSBPL weld deposition technique. The testing have also been planned to compare the 

properties of the ultra-narrow groove P-GMA weld to the conventional groove weld joint.  

 Chapter 6 describes the results of various experiments presented in the preceding chapter 

and demonstrates the basic analyses of different facets of the investigation having major features 

explained briefly as stated below. This chapter also present the analysis and validation of 

proposed thermal model for preparation of sound ultra-narrow gap weld by MPSBPL of weld 

deposition technique. 

 Similar to the earlier observations of several investigators here also it is understood that 

summarized influence of pulse parameters defined by the factor  maintains significant 

correlation with Im and  to control the P-GMAW process for required characteristics of weld 

bead deposition. The process control is basically realised through systematic variation of thermal 

and geometrical aspects of weld pool as well as microstructure of weld deposit and HAZ adjacent 

to fusion line as a function of , Im and . It is observed that comparatively higher values of Im 

and  are appropriate for MPSBPL of weld deposition in ultra-narrow gap dissimilar welding of 

thick sections of austenitic stainless steel to HSLA steel.  

 Results of simulated model analysis is critically studied to realize the possibility of 

manipulation of GMA welding torch in a narrowest possible groove of thick section welding and 

to produce a practically porosity and oxidation free sound weld with no lack of groove wall and 

inter pass fusion. Accordingly, the attention is basically put forward to study the characteristics 

of shielding gas flow inside the ultra-narrow groove primarily to avoid turbulence and the arc 

characteristics promoting a weld pool efficient enough to give required groove wall fusion at 

different gas flow rate and nozzle tip angle. The arc characteristics are studied mainly with 

respect to its length and width (spread) especially to realize the thermal distribution in weld pool 

inside the narrow groove. The gas pressure at outlet of the welding torch as well as the velocity 

and turbulence kinetic energy of shielding gas flow at different zone has been estimated. 

 The thermal model based on consideration of thermal and geometrical aspects of weld pool 

is able to produce a dissimilar weld joint free from lack of fusion by appropriate selection of 

pulse parameters, whereas a deviation in values from the specified range of the parameters results 
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a defective weld joint. The adverse situation arises because an unsuitable combination of 

parameters results in reduction of weld pool temperature than that required for proper groove 

wall fusion. It also gives unfavourable bead geometry with respect to that requires for required 

heat transfer to groove wall giving rise to an unsound MPSBPL narrow gap weld joint. 

 The P-GMAW process has unique capacity to control the amount of heat and its distribution 

to the weld at a given heat input by appropriate selection of pulse parameters. Thus, it is possible 

to get a sound weld joint using P-GMAW process in case of MPSBPL narrow gap welding of 

thick plates.  It is observed that MPSBPL narrow gap P-GMA weld joint is having considerably 

lower shrinkage, bending and residual stresses improved mechanical properties along with 

refined microstructure than those of conventional groove dissimilar weld joint prepared by using 

MPMBPL of weld deposition. It has been further observed that the P-GMA welds prepared at 

higher  and Im at a given Ω result into comparatively better weld joint characteristics. 

 Chapter 7 presents conclusion of the investigation by identifying several innovative findings 

and understandings over the influence of the pulse parameters defined by their summerised 

influence in the hypothetical factor  and Im at a given Ω they are decided in consideration of the 

thermal model, on characteristics of weld joint produced by using P-GMAW process. Superiority 

of the MPSBPL ultra-narrow gap dissimilar weld joint with respect to several characteristics of 

conventional groove MPMBPL weld joint of thick austenitic stainless steel and HSLA steel plate 

is established. Various meritorious aspects with suitable nozzle head of the MPSBPL bound P-

GMAW process employed with newly designed GMAW torch nozzle. 
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NOMENCLATURE 

 

 

Symbol Description 

 

 Coefficient of surface tension of liquid filler metal, N m-1 

 

 Distance of the point along the x-axis with respect to the origin of moving heat 

source, m 

 

 Effective melting potential at anode (Al-Mg = 6.66V and Mild steel = 5.8V) 

or 

Angle between the tangent to the weld pool boundary and the welding 

direction, deg 

 

σsbz Stefan Boltzmann constant (Js-1m-2K-4)(5.68×10-8) 

 

 Electrode tapering coefficient or Deflection, mm 

 

Ω Heat input per unit length of weld, kJ cm-1 

 

εA Emissivity of argon plasma (0.012) 

 

εw Emissivity of weld pool (0.29) 

 

 Flight time of droplets, sec. 

 

v Kinematic viscosity of ionized shielding gas (Kg m-1s-1 ) (0.0044) 

 

 Mass density of the base metal, kg m-3 

 

ρc Density of solid copper as the nozzle material (8954 kg/m3) 

 

 Stefan-boltzman constant, w m-2 k-4 

 

σtr Transverse shrinkage stress, MPa 

 

σb Bending stress, MPa 

 

 Summarized influence of pulse parameters factor 

 

 Work function of the cathode surface (Al-Mg = 4eV and Mild steel = 4.5eV) 

 

µ0 Permeability of free space (NA-2) (4п x10-7) 

 

a Thermal conductivity of argon, J m-1 s-1 K-1 

 

μ Viscosity of ionized argon (0.00029) (kg m-1 s-1) 
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ηa Arc efficiency (%) 

 

η* Shape factor 

 

d Density of molten filler metal, kg m-3 

 

g Mass density of plasma in arc column (kgm-3)  (0.06) 

 

h Heat transfer coefficient during flight of the droplets, j m-2 s-1 k-1 

 

m Density of molten metal of the weld pool, kg m-3 

 

Tde Degree of superheating of the droplet at the time of deposition 

 

Ti Degree of superheating of the droplet at the time of detachment 

 

∆tr Transverse shrinkage, mm 

 

W Density of the solid filler wire, kg.m-3 

 

1/2 Thermal diffusivity of the base plate 

 

a Thermal diffusivity of the base plate (m2/sec) (Al-Mg = 8.418 × 10-5 and Mild 

Steel = 1.172 × 10-5) 

 

a1 Width of weld metal deposited in current pass,mm 

 

A1 Cross sectional area covered by molten filler metal during each pass 

 

AA Surface area of the arc (m2) 

 

Ac Contact area of copper tube with torch nozzle 

 

AC Alternating current 

 

Acc Acceleration of the droplet due to plasma aerodynamics drag force, m s-2 

 

ah, bh, ch Ellipsoidal heat source parameters (m) 

 

ah, bh, 

chf, chb 

Double ellipsoidal heat source parameters (m) 

As Surface area of the droplets transferred per pulse, m2 

 

AF Area of fusion, mm2 

 

AR Area of reinforcement, mm2 

 

AT Cross sectional area of narrow torch nozzle, mm2 

 

At Area through which heat is transferred to cooling water by convection, m2 
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AW Cross sectional area of the filler wire, m2 or Area of weld deposit, m2 

 

b Plate width, mm 

 

b1 Width of weld metal deposited in earlier pass, mm 

 

BTA Bead toe angle 

 

c Specific heat of the base plate (J g-1K-1) , (Al-Mg =  1.03 and Mild Steel =  

0.486) 

 

CC Continous current 

 

Cd Drag Coefficient 

 

Cpg Specific heat of argon plasma (10000 JKg-1K-1) 

 

cp(l) Specific heat of liquid filler metal, J kg-1 k-1 

 

Cpl Specific heat of liquid metal, J kg-1 k-1 

 

cp(s) Specific heat of solid filler metal, J kg-1 k-1 

 

CPC Specific heat of copper (384 J/kg 0K) 

 

Cpw Specific heat of water (4.185 kJ/kg k) 

 

CR Cooling rate, °K/sec 

 

D Diameter of droplets, m 

 

Dg0 Final mean grain diameter 

 

Dg1 Initial grain diameter 

 

Dh Hydraulic diameter 

 

DL Dilution % 

 

d Thickness of the base plate, m 

 

dw Diameter of filler wire,mm 

 

DR Arc root diameter, mm 

 

DP Projected arc diameter, mm 

 

DL Dilution of weld deposit, % 

 

D.C Direct current 
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E Young’s modulus of base material, 210×103MPa 

 

EW Electrode extension, m  

 

e Charge of electron (1.602 × 10-19 J) 

 

F Aerodynamic drag force or Force generated due to distortion, N 

 

FAT Shape factor which dictates the fraction of radiation heat transferred from the 

arc to the torch nozzle 

 

FBMF Fraction of base metal fusion per unit mass of bead deposition 

 

FF Form factor 

 

FWT Shape factor which considers the fraction of radiation heat transfered from 

weld pool to the torch nozzle 

 

f Pulse frequency, Hz 

 

g Gravitational acceleration, m s-2 

 

HAR Radiation heat transfer by the arc 

Hg Heat carried away by the argon gas 

HG Heat transfer to the torch nozzle from argon gas  

HMR Radiation heat transfer by molten weld pool 

Hr Bead height 

 

h Depth of cavity, m 

 

hc Convection heat transfer coefficient 

 

HT Total heat gained by the torch nozzle device 

 

Ht Total heat required to fuse the mt amount of metal per unit length of weld, kJ 

 

HAZ Heat affected zone 

 

I Welding current, A 

 

Ib Base current, A 

 

Ieff Effective current, A 

 

Im Mean current, A 

 

Im Moment of inertia, mm4 
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Ip Peak current, A 

 

jeff Effective current density, J A-2 

 

jg Current density of plasma in arc column, A m-2 

 

k Thermal conductivity of the base metal (J m-1 s-1 K-1) (Al-Mg =  222 and Mild 

Steel =  51.6) 

 

K1 Kinetic constant (1.26  1012 m2/S) 

 

kp Pulse duty cycle 

 

L Arc length, mm and Latent heat of fusion, J kg-1 

 

lb Inclined length of groove wall, mm 

 

lp Length of weld pool, mm 

 

LC Distance of the measuring point (dial gauge tip) from the central axis of the 

weld joint, mm 

 

Lw Length of filler wire consumed per pass of weld deposition, m 

 

mb Mass of base material fusion required, kg 

  

md Mass of the droplet, kg 

 

mf Amount of filler wire consumed per pass, kg 

 

mt Total mass of fusion from the base metal and earlier deposited weld metal, kg 

 

mtb Mass of filler wire transferred during base current period, kg 

 

mtp Mass of filler wire transferred during peak current period, kg 

 

mw Mass of fusion of weld deposit of earlier pass, kg 

 

M Bending moment, N-mm 

 

ND Number of droplets transfer per pulse 

 

NuL Nusselt number 

 

p Hydrostatic pressure 

 

Pr Prandtl number 

 

QA Arc heat transferred to the filler wire, J s-1 
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Qapp Apparent activation energy for grain boundary movement (260kJ/mol) 

 

Qarc Arc heat generated by the energy input, J s-1 

 

QAW Arc heat transferred to the weld pool, J s-1 

 

Qcv Heat loss during flight of the droplets due to convection, J kg-1 

 

Qde Heat content per unit mass of the filler wire at the time of deposition, J kg-1 

 

Qf Heat of the filler metal transferred to the weld pool, J s-1 

 

Qfp Heat content of the droplets transferred per pulse, J kg-1 

 

Qfpb Heat content of the droplets transferred during base current period, J kg-1 

 

Qfpp Heat content of the droplets transferred during peak current period, J kg-1 

 

Qi Heat content per unit mass of the filler wire at the time of detachment, J kg-1 

 

Qm Heat required for melting of the filler wire, J kg-1 

 

Qo Total heat generated at the tip of the filler wire electrode, J s-1 

 

Qp Heat transferred per unit time by point heat source, J s-1 

 

Qr Heat generated due to resistive heating of the filler wire, J s-1 

 

QR Heat loss during flight of the droplets due to radiation, J kg-1 

 

QT Total heat transferred per unit time, J s-1 

 

Qtl Total heat loss during flight of droplet, J kg-1 

 

Qw Heat required for melting superheating of the droplet, J s-1 

 

r Effective radius of the filler wire, m 

 

r1 Focal length of paraboloidal cavity, m 

 

rc Radius at the projected surface of the cavity, m 

 

Re Reynold’s number 

 

rf, rb Proportion coefficients in front and behind the heat source 

 

R Distance (mm) of the point with respect to the central axis  

 

Re Reynold’s number 

 

RG Growth rate of dendrite, cm/min 



xxxiii 

 

 

Ro Resistivity of the filler wire, .m 

 

Rs Electrical resistance of the electrode extension,  

 

Rw Radius of the filler wire, m 

 

S Welding speed, cm/min 

 

sb Surface area of each side of groove wall in contact with molten weld pool, 

mm2 

 

sw Surface area of the weld pool in contact with the earlier weld deposit, mm2 

 

T Temperature of upper part of the torch surface at location-B, K 

 

t Thickness of the torch nozzle, mm. 

 

TA Temperature of the outer arc chevran, K 

 

Ta 

 

Ambient temperature, K 

tb 

 

Base current duration, s 

tD Minimum time required for transfer of a droplet, s 

 

Td Temperature at any point in the weld due to arc heating, K 

 

Tde Temperature of the droplet at the time of deposition, K  

 

Tg Temperature of argon gas plasma 

 

Ti Temperature of droplet at the time of detachment, K 

 

Tin Inlet temperature of cooling water, K 

 

Tm Melting temperature, K 

 

TS Surface temperature of the torch K 

 

Trwp Required temperature of the weld pool, K 

 

  

Tewp Estimated temperature of weld pool, K 

 

TT Initial temperature of the torch nozzle, K 

 

TST Surface temperature of torch nozzle due to combined heating by convection 

heat transfer from argon gas plasma and radiation from the arc, K 

 

TWP Average weld pool temperature, K 
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To Initial temperature of the base plate, K 

 

ΔT Rise of temperature of the torch nozzle, K 

 

tp Peak current duration, s 

 

tpul Pulse cycle time, s 

tw Depth of fusion of earlier weld deposit, mm 

V Arc voltage, V 

 

v Welding speed, m.s-1 

 

Va Anode fall voltage, V 

 

Vc Volume of the cavity, m3  

 

Vd Droplet volume, m3  

 

Vde Velocity of the droplet at the time of detachment in the weld pool, m s-1  

 

Veff Effective velocity of plasma, m s-1 

 

Vi Velocity of the droplet at the time of detachment from the electrode tip, m s-1 

 

Vm Volume of weld deposit respectively, m3 

 

Vmax Maximum axial velocity of the electro-magnetically induced plasma jet, m s-1 

 

VW Wire feed speed, m s-1 

 

Vw(pc) Wire burn off rate 

 

Vwp Wire burn off rates during tp 

 

Vwb Wire burn off rates during tb 

VHN Vickers hardness number 

 

w Work done in creating a paraboloidal cavity 

 

Wb Bead width 

 

Wrg Width of molten pool, mm 

 

x, y, z Rectangular coordinates w.r.t. to a fixed origin 

 

xhw Distance between the heat source and the rear of the weld pool, mm 
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INTRODUCTION 

 There are many applications of Dissimilar metal welding (DMW) of thick wall austenitic 

stainless steel (ASS) and high strength low-alloy steel (HSLA) plates such as in power 

generation, defense, chemical, petrochemical, and nuclear industries where, the temperature 

elevates up to a range of the order of 350-450°C [Huang 1998, Marshall 1982]. The adoption of 

this combination has been justified based on both the technical and economical reasons.  

 The DMW of thick sections of the ASS and HSLA is critical as it requires appropriate care 

of several difficulties. The difficulties primarily include the problems largely associated with 

difference in coefficient of thermal expansion (CTE) and thermal conductivity respectively 

affecting the undesirable development and distribution of residual stresses and development of 

undesirable weld chemistry due to dilution. It is also extended up to metallurgical incompatibility 

primarily with respect to the formation of undesirable phases in the weld and HAZ and the 

segregation of high and low melting phases due to chemical mismatch [Lundin 1982, Faber 1982, 

Castro 1974, Hearns 1982, Gauzzi 1988].  

 For versatile application in general weld fabrication of thick sections of γ-SS and HSLA, 

there may be several choices of fusion welding processes, such as shielded metal arc, gas tungsten 

arc, gas metal arc and submerged arc welding. Welding of thick sections of γ-SS and HSLA steel 

are generally carried out by submerged arc welding (SAW), shielded metal arc welding 

(SMAW), gas tungsten arc welding (GTAW) and gas metal arc welding (GMAW) processes.  

Every process is having different weld thermal cycle depending upon rate of weld deposition, 

welding parameters and shielding environment. The amount of weld deposition which also 

considerably influences the severity of thermal characteristics of a weld can be considerably 

reduced by using narrow gap welding technique. Amongst all these welding processes the use of 

gas metal arc welding (GMAW) and gas tungsten arc welding (GTAW) are gaining more 

attention in fabrication of weld joint. It is especially true in case of dissimilar welding of stainless 

steel to carbon steel, due to their capability to produce superior quality weld in comparison to 

that of the commonly used shielded metal arc (SMA) and submerged arc (SA) welds. The 

superiority of the GMA weld over the SMA weld is primarily understood by its ability to produce 

inclusion free weld that improve its mechanical properties with better integrity and higher 

economy. It also facilitates automation in weld fabrication. But the critical control of arc 

characteristics and behaviour of metal transfer as a function of welding parameters often makes 
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the application of the GMAW process relatively complicated to achieve desired weld quality 

especially with respect to defect and metallurgical characteristics of the weld. 

 The severity of thermal and mechanical effects of welding in case of using conventional weld 

groove in dissimilar thick sections always remains as a great concern which can be considerably 

minimized by reducing the amount of weld deposit and its heat content in a joint by using narrow 

gap welding technique. The SAW can be successfully used for narrow gap welding but under an 

influence of considerably high heat input. The preparation of narrow groove weld joint by 

SMAW and GTAW processes usually requires welding at a low angle of attack to groove wall 

by a skilled welder and the process automation is highly critical. The SMAW has further 

limitation of slag entrapment resulting in poor mechanical properties, whereas in GTAW process 

welding speed is significantly lower than SMAW process. These limitations of SMAW and 

GTAW processes can be suitably addressed by the merits of GMAW process using spray mode 

of metal transfer which offers better ease of operation with relatively higher rate of weld 

deposition primarily due to predominating electromagnetic force resulting in projected transfer 

of droplet. However, depending upon material and size of filler wire and shielding environment 

the spray transfer in GMAW is achieved at relatively high welding current which also 

significantly enhances heat input to the weld. 

 During narrow gap welding with low amount of weld deposition and less thermal severity it 

is always important to ensure the proper fusion of groove wall particularly in case of dissimilar 

weld joint of austenitic stainless steel to HSLA steel to produce a sound weld. The difficulties 

primarily include the problems largely associated with difference in coefficient of thermal 

expansion (CTE) and thermal conductivity respectively affecting the undesirable development 

and distribution of residual stresses, development of unwanted weld chemistry due to dilution. It 

also affects metallurgical incompatibility primarily with respect to the formation of unacceptable 

phases in the weld and HAZ and the segregation of high and low melting phases due to chemical 

mismatch. To produce a sound weld it is noted that fusion of groove wall up to a skin depth of 

the order of 0.5 to 1.0mm is generally considered as a basic requirement. In multipass welding 

of thick dissimilar section it also includes fusion of earlier deposited weld metal up to a certain 

extent, which is primarily dictated by the heat content of weld pool and thermal distribution in it 

in reference to the requirements for desired fusion. These aspects of welding largely depend upon 

the size and geometry of weld bead. The heat content of weld pool is largely governed by its 

mass per unit length and temperature. In case of reducing the width of narrow groove to a lowest 

possible limit it may be required to keep no angle of attack of the electrode to the groove wall. 

In maximum possible narrowing of groove width, the situation may demand a centrally located 
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weld deposition in a groove having an efficiency to simultaneously fuse the dissimilar wall of its 

both sides.  For weld deposition with centrally located electrode allowing no angle of attack to 

the groove wall by the arc, the groove wall fusion may primarily depend upon the thermal 

behaviour and geometry of molten weld bead intimately touching the dissimilar groove wall for 

sufficient heat transfer. 

 In view of the well-known merit of GMAW for preparation of comparatively cleaner sound 

weld it is successfully tried earlier to prepare narrow gap welding of steel. In this case the control 

of shape and size of weld pool in order to achieve desired weld isotherm for dissimilar groove 

wall and temperature of molten metal is largely obtained by the increase of welding current and 

heat input. The energy input involved in a welding process, causing melting of the filler and base 

metals also develops certain reactions in a very short period of time which result some dramatic 

changes in the microstructure of HAZ near to the fusion line. These changes primarily result 

from the rapid heating and cooling of the base materials during welding. In order to control these 

changes, it is necessary to regulate thermal behaviour of welding process, especially in reference 

to critical durations of maximum temperature and the temperature above critical transformation 

range. In this regard the cooling rate prevailing in the interactive locations of dissimilar material 

is also quite important with respect to diffusion of active elements, phase transformations and 

development of residual stress at the joint.       

 However such derogatory influence of GMAW due to use of comparatively higher heat input 

during welding, can be successfully addressed by application of relatively low heating pulse 

current gas metal arc welding (P-GMAW) process. The use of pulsed current gas metal arc 

welding (P-GMAW) process can be accredited for the possibility of more precisely controlled 

weld thermal cycle , primarily due to its merit of developing  relatively lower heat buildup in 

weld pool than the conventional GMAW process resulting from interruption in weld metal 

deposition under pulsed current. Moreover as the P-GMAW is also a low heat input process it 

may reduce residual stresses and favorably affect the dilution and phase transformation in the 

weld joint. 

 The use of P-GMAW process may provide an opportunity to control the size and geometry 

of weld bead at a relatively low severity of its thermal characteristics. However, the merits and 

success of pulsed current GMAW process is largely dependent upon right selection of pulse 

parameters, like mean current (Im), peak current (Ip), base current (Ib), pulse duration (tp) and 

pulse frequency (f). This is because they affect the microstructure of weld and heat affected zone 

(HAZ) as well as chemistry and porosity content of the weld due to their influence on weld 

thermal cycle and arc characteristics. Preparation of a superior pulsed current GMA weld needs 
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thorough understanding of the process due to criticality in selection of pulse parameters, it arises 

out of simultaneous interaction amongst themselves during welding, which introduces 

complexity in selection of pulse parameters. This complexity in selection of pulse parameters 

can be largely solved by using a summarized influence of pulse parameters defined by a 

hypothetically derived dimensionless factor  b
b

p

I
f t

I
    , where the pulse off time tb is 

expressed as 
1

 b pt t
f

 
  
 

, which is amply justified by several investigators in applications of 

pulsed current GMAW on various materials.   

 Fusion welding as one of the most commonly used process; it is also largely used for the 

joining of dissimilar metals. For versatile application in general weld fabrication of thick sections 

of ASS and HSLA, there may be several choices of fusion welding processes, such as shielded 

metal arc, gas tungsten arc, gas metal arc and submerged arc welding. Every process is having 

different weld thermal cycle depending upon rate of weld deposition, welding parameters and 

shielding environment. The criticality in arc welding of thick dissimilar sections using 

conventional weld groove primarily arises due to large amount of multi pass metal deposition 

leading to a cumulative effect of severity of weld thermal cycle [Radaij 1992, Chapman et al 

1997]. The amount of weld deposition which also considerably influences the severity of thermal 

characteristics of a weld can be considerably reduced by using narrow gap welding technique 

[Malin 1983(a), Malin 1983(b)]. The SAW can be successfully used for narrow gap welding but 

at fairly higher heat inputs which may adversely affect the mechanical and metallurgical 

properties of the weld joint. The preparation of narrow groove weld joint by SMAW and GTAW 

processes generally requires welding at a low angle of attack to groove wall by a skilled welder, 

which makes the process automation highly critical. The SMAW and SAW has additional 

limitation of slag entrapment resulting in poor mechanical properties, whereas in case of using 

GTAW process the welding speed becomes significantly lower. Amongst all these welding 

processes the use of gas metal arc welding (GMAW) and gas tungsten arc welding (GTAW) are 

gaining more attention in fabrication of weld joint, especially in case of dissimilar welding of SS 

to carbon steel, due to their capability to produce superior quality weld in comparison to that of 

the commonly used shielded metal arc (SMA) and submerged arc (SA) welds.  However, as a 

comparatively low heat input welding process the GTAW is generally preferred for the root pass 

weld, but not for the filing passes in welding of thick sections [Welding handbook 1972]. The 

superiority of the GMA weld over the SMA weld is primarily understood by its ability to produce 

comparatively cleaner weld, improved mechanical properties, better integrity and higher 
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economy. It also facilitates automation in weld fabrication. But the critical control of arc 

characteristics and behaviour of metal transfer as a function of welding parameters often makes 

the application of the GMAW process relatively complicated to achieve desired weld quality 

especially with respect to defect and metallurgical characteristics of the weld. 

 However, depending upon material, size of filler wire and shielding environment, the spray 

transfer in GMAW is achieved at relatively high welding current, which appreciably enhances 

heat input to the weld. This increase in heat input consequently affects the weld pool size and 

temperature along with grain coarsening in heat affected zone (HAZ). An increase in weld pool 

size and temperature adversely influences the residual stresses of weld joint while grain 

coarsening in HAZ hampers the properties of weld joint. The effective heat input to the weld can 

be considerably minimised by the use of low heating pulse current gas metal arc welding (P-

GMAW) through a control of heat distribution to the weld under pulse current. 

 The reduction in severity of weld thermal behaviour and stresses of narrow gap weld is 

primarily governed by narrowness of the groove width due to its ability to significantly reduce 

the amount of weld metal deposition in producing sound weld joint of a given thickness. 

However, the reduction in width of narrow groove is largely restricted by the minimum required 

angle of attack of the electrode to the groove wall which gives rise to desired groove wall fusion 

during weld metal deposition. In case of GMAW, it is further restricted due to constraint in 

manipulation of the bulky welding torch nozzle inside weld groove by keeping space for 

maintaining minimum required angle of attack. Thus, to achieve a narrow gap GMA welding 

with narrowest possible weld groove, it is required to employ weld deposition through a vertically 

placed centrally located electrode in the weld groove. Such a procedure using multi pass single 

seam per layer (MPSSPL) deposition technique with full assurance of groove wall fusion as well 

as a part of earlier deposited weld is the basic requirement for production of a sound ultra-narrow 

groove weld joint. The groove wall fusion in MPSSPL ultra narrow gap welding can be ensured 

by considering the geometrical and thermal aspects of molten weld pool primarily assuring its 

intimate contact with the groove wall to cause its desired melting. The thermal aspects of weld 

pool are largely attributed to its heat content and weld isotherm being primarily governed by the 

deposited mass per unit length and temperature, where the temperature of weld pool is basically 

dictated by the transfer of heat to it from different sources. In MPSSPL ultra-narrow gap welding 

using P-GMAW process, two heat sources of different natures act simultaneously on weld pool. 

One is continuous heat source (arc heat source) considered to be as double ellipsoidal [Goyal 

et.al 2008(a), Agrawal et.al 2010] acting at the centre over an area, which melts and produces an 

initial fusion of groove wall due to transfer of heat form it. The other one is an interrupted heat 
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source in the form of superheated filler metal depositing at the centre of weld, considered as a 

point heat source creating additional fusion of the groove wall [Goyal et.al. 2008, Ghosh et.al. 

2007]. 

 It is desired to have required fusion of dissimilar groove wall as well as a part of earlier 

deposited weld at an optimum thermal exposure in order to get minimum heat affected zone 

(HAZ) of undesirable microstructure as well as low residual stresses in the joint. The control of 

these aspects becomes more critical in case of joining of dissimilar thick wall austenitic stainless 

steel to micro alloyed HSLA steel using MPSSPL ultra-narrow gap welding. During dissimilar 

welds of austenitic stainless steel to HSLA steel the carbon migrates from low-alloy steel to the 

weld interface of the austenitic stainless steels at elevated temperature [Li and Charles 2001]. As 

a result, a carbon depleted zone forms in the heat-affected zone (HAZ) of low alloy steel adjacent 

to the stainless steel, and a carbon-enriched zone forms in its close range of austenitic stainless 

steel weld. The carbon-depleted zone is relatively low in creep strength and also weak in terms 

of stress rupture [Hyde et.al 2002], whereas the carbon-enriched zone present in matrix adjacent 

to it gives rise to a significant change in properties with comparatively high hardness and strength 

across a narrow region of less than 0.25 mm [Rowe et al 1999, Pressouyre et al 1982]. In the 

carbon enriched zone precipitation of chromium carbides reduces the dissolved Cr concentration 

in the matrix which causes the stress corrosion cracking in HAZ adjacent to the fusion line [Race 

et.al 1992, Amuda et.al 2011]. The carbon migration is considered to be a significant factor in 

determining the life of a weld which changes property across the weld to base metal interface as 

a function of the diffusion time and temperature. It is the nature of the two interactive zones 

across the interface that ultimately controls the failure mode.  

 As far as thermodynamics is concerned, the driving force for the carbon migration is the 

difference in carbon chemical potential caused by the substitutional variation in solute content in 

austenitic stainless steel and HSLA steel across the weld interface [Lee et al 2015]. It largely 

arises due to use of a welding process and procedure introducing large amount of metal 

deposition and/or severity of weld thermal cycle. Such undesirable conditions may be avoided 

by selection of a comparatively cleaner welding process, reduction in amount of weld deposition 

and modification of thermal behaviour of weld deposit through proper selection of welding 

parameters. The reduction in amount of weld deposition can be made possible by the use of 

narrow gap welding.  However, the thermal behaviour can be manipulated more effectively by 

using pulse current gas metal arc welding (P-GMAW) process than other welding processes for 

introducing high heat intensity in desired location at low heat input. It becomes possible due to 

unique capacity of P-GMAW to maneuver energy distribution in the process with desired weld 



7 

 

isotherm and geometry of weld bead by appropriate control of pulse parameters. Thus, a 

combination of P-GMAW and MPSSPL ultra-narrow gap welding procedure supported by an 

appropriate model analysis may be considered as an interesting technique to weld thick dissimilar 

section of austenitic stainless steel to HSLA steel in order to have improved properties of weld 

joint than those observed in case of commonly used MPMSPL conventional groove weld. But, 

hardly any knowledge on welding procedure of MPSSPL ultra-narrow gap welding of thick 

dissimilar plates is available for GMAW process facilitating the selection of welding parameters for 

production of a sound weld joint, especially when it involves pulse current.  

 The use of pulsed current gas metal arc welding (P-GMAW) process can be accredited for 

the possibility of more precisely controlled weld thermal cycle , primarily due to its merit of 

developing  relatively lower heat buildup in weld pool than the conventional GMAW process 

resulting from interruption in weld metal deposition under pulsed current [Ghosh et. al. 2006]. 

The selection of appropriate pulse parameters which can provide desired fusion of groove wall 

and temperature and geometry of the weld pool through controlled thermal and metal transfer 

behaviour of depositing droplet becomes relatively complicated due to simultaneous influence 

of the pulse parameters of peak current (Ip), base current (Ib), pulse time (tp) and pulse frequency 

(f) on each other at a given mean current (Im) of P-GMAW process [Quintino and Alllum 1984, 

Subramaniam et.al. 1998, Randhawa et.al. 2000]. However, the difficulties of selection of the 

pulse parameters have been well addressed by considering summarized influence of pulse 

parameters proposed earlier and defined [Ghosh et al 1994, Ghosh 1999, Ghosh et al 2000, Ghosh 

et al 2001 and Ghosh et al 2007 (a, b)] by a hypothetical dimension less factor b
b

p

I
 = f t

I

  

    
   

 

where, pb t
f

1
t  , derived on the basis of energy balance concept of the system. In addition to 

the hypothetical factor , the variation of heat input (Ω) to the system as a function of Im, arc 

voltage (V), welding speed (S) and weld isotherm also influences the weld characteristics 

[Kulkarni 2008, Goyal et.al. 2008].  Moreover as the P-GMAW is also a low heat input process 

[Ferraresi et.al. 2003, Zhang et.al. 1998] it may reduce residual stresses and favourably affect the 

dilution [Ghosh et.al. 2004, Kulkarni et. al. 2005] and phase transformation [Goyal et.al. 2006] 

in the weld joint. 

 The P-GMAW can also facilitate the application of narrow gap gas metal arc welding [Malin 

1983] which may be further effective for lowering of thermal severity and its adverse influences 

on the dissimilar weld joint of thick sections of ASS and HSLA.  However, the narrow gap P-

GMAW process often produces lack of fusion in the groove wall due to low angle of attack (arc 
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strike) to it, along with relatively low heat input and small molten weld pool. Thus, in order to 

produce minimum residual stresses in a defect free dissimilar weld joint with improved or 

comparable mechanical, fracture mechanics and corrosion properties in comparison to those 

either of the dissimilar base materials, the design of appropriate narrow groove and selection of 

pulse parameters is very much important. This may be achieved by developing a clear 

understanding over the influence of narrow groove design and pulse parameters on amount of 

weld deposition, weld thermal cycle and microstructure of the multipass weld. The 

microstructure is largely influenced by the solidification behaviour [Goyal et.al. 2006] of the P-

GMA weld deposit in the joint of dissimilar materials. 

 In view of the above an effort has been made to design A substantially narrow GMAW torch 

nozzle has been designed that enables narrowing down of weld groove up to a limit of just 

accommodating the nozzle in it where the groove wall of thick section virtually acts as a nozzle 

side wall to produce a narrowest possible butt welding. The utility aspect of such a narrow nozzle 

from the view point of smooth flow of shielding gas inside a closely fitted narrow weld groove 

has also been studied. For this purpose a model of shielding gas flow dynamics and its flow rate 

in case of employing newly developed GMAW nozzle has been studied at different projection 

angle of torch nozzle inside the narrow groove of butt joint by using ANSYS-CFX (14.5) 

software. The outcome of these studies has been used to produce a defect free ultra-narrow multi-

pass weld of thick dissimilar steel section of an austenitic stainless steel and micro-alloyed high 

strength low alloy (HSLA) structural steel by employing P-GMAW process with vertically 

placed electrode depositing single seam per layer deposition in weld groove to significantly 

reduce the residual stresses as well as improve the metallurgical and mechanical properties.  
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LITERATURE REVIEW 

2.1. Introduction To Dissimilar Metal Welding 

 Pure metals or alloys that differ metallurgically, or have different intrinsic properties, are 

considered to be dissimilar. Dissimilar metal fusion welding involves the melting and mixing 

(alloying) of two or more metals, usually with the addition of a filler metal. The dissimilar metal 

can be one of the base metals and/or the filler metal. There are two basic types of dissimilar welds 

[Cox and Kiser 1992]. 

1) Joining different base metals with a filler metal (i.e., A to B with C) 

2) Joining matching composition base metals with a different filler metal  (i.e., A to A 

with C)  

 An unlimited number of final properties or alloy can be obtained, depending on the alloys 

selected, the welding process used, and the welding procedure. The weldability and fitness for 

purpose of the final product must be considered when selecting the dissimilar welding 

application. With fusion welding processes, the melted base metals and filler metals all contribute 

to the final properties of the weld [Cox and Kiser 1992]. 

 When fusion welding dissimilar base metals, the filler metal selected must be one that will 

alloy metallurgically with the two base metals. However, not only must be the welding 

consumable is able to accept dilution from all of the elements contained in the base metal alloys, 

but it must also impart certain characteristics to the final weld. The weld must be as strong as or 

stronger than the base metal, while retaining metallurgical stability in the intended service [Cox 

and Kiser 1992]. Weld metal dilution is not the only consideration. One must also consider the 

melting temperatures, thermal conductivity, thermal expansion and pre-and post-weld heat 

treatment requirements of each alloy.  

 The welding engineer must select welding consumables that will closely match the base 

metal according to the previously mentioned properties (while still obtaining the desired service 

requirements, such as strength, ductility and corrosion resistance).However, occasionally a filler 

metal must be selected that will give properties as welded that, as cast, the base metal doesn't 

have. For instant, some metals have poor properties as cast but can be made acceptable with 

either working and /or heat treating and it is usually not feasible to work or heat treat welds [Cox 

and Kiser 1992].  
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2.1.1. Physical properties 

 For crack free welding, or satisfactory service, the chosen metals must have closely matching 

physical properties. If the base metals or filler metal contain elements which have substantially 

different melting temperatures, then upon weld metal solidification, they will become segregated. 

The higher melting elements will solidify first, leaving lower-melting constituents segregated 

[Cox and Kiser 1992]. Low melting eutectics can also form. All of these factors can combine to 

cause hot cracking, or a loss of weld ability. 

 If the filler metal or base metals have varying coefficients of thermal expansion (CTE), then 

this can add an amount of shrinkage stress that can exacerbate a hot cracking problem. Even if 

the melting temperature closely match, the added stress from different expansions and 

contractions (during heating and cooling) can still be sufficient to pull the weld apart before it 

completes solidification. A loss of weldabilty is compounded with a concern for added stresses 

during high temperature service [Cox and Kiser 1992]. This added stress can also make the 

weldment more susceptible to stress corrosion cracking in the as welded conditions.  

 To minimize stress concentrations, the CTE of the filler metal must be intermediate to the 

two base metals. If this is not possible, use a welding product whose CTE closely matches the 

base metal with the lower yield stress value. This will transfer the stress to the base metal with 

the higher yield strength. Also, if possible, dissimilar welds should be located in low stresses area 

so that this added stress from CTE differences would be minimized [Cox and Kiser 1992].The 

amount of added stress is also dependent upon the metal's modulus of elasticity and yield point. 

Thermal fatigue is also a consideration if the weldment undergoes temperature cycles. The weld 

filler metal must be able to resist cracking and crack propagation. 

 Thermal conductivity differences between two metals should also be considered when 

welding for higher temperature service. These differences can affect the overall heat input to one 

of the alloy. The alloy with higher thermal conductivity will undergo a greater heat loss, and the 

welding procedure must be changed-either with arc manipulation (directing toward the heat loss) 

or increasing preheat (to the metal with the higher thermal conductivity) to provide for the desired 

penetration into each material [Cox and Kiser 1992].  

2.1.2. Metallurgical compatibility 

 When arc welding of two dissimilar materials, there are number of aspects need to be 

addressed, in addition to those associated with welding similar materials. For high temperature 

services, it is important that whatever filler metal is selected, it must remain stable in relation to 

the base metals. In the case of heat treatable steels, the induces room-temperature microstructure 
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will no longer remain above the transformation temperature. Instead, the microstructure will be 

one of austenite, whose strength depends on nickel and chromium contents [Cox and Kiser 

1992].thus, these types of welds would not be recommended for high-temperature service. 

Austenitic stainless steel would be better suited. However, with an austenitic microstructure, 

some ferrite is needed to avoid hot-cracking. There is the danger of brittle "sigma phases" 

transforming from the ferrite at the higher temperatures (around 800˚C or 1450˚F) [Cox and Kiser 

1992]. Also secondary carbide formation could lead to embrittlement or a loss in ductility in the 

weld. A filler metal that would block carbon migration at higher temperature would be an 

advantage. 

 Dissimilar liquid weld metal has been shown to cause intergranular attack in the heat affected 

zones of some base metals, and can cause liquation cracking. The effect depends on the preheat 

temperature, heat input and joint restraint. A change in welding procedure that minimizes this 

effect would improve the weldability with metals which have this susceptibility. Magnesium can 

also be a metallurgical phenomenon that the welding engineer must take under consideration. If 

one of the base metals is ferromagnetic, it can deflect an arc away from the other nonmagnetic 

base metal alloy [Cox and Kiser 1992]. Selecting electrode which will maintain good arc 

characteristics with alternating current will eliminate this type of arc blow.  

2.1.3. Heat treatment requirements 

 Occasionally, two different materials with two different heat treat requirements must be 

welded together. If this is the case, butter both sides with an alloy that is not affected by the heat 

treatment, perform the required treatments, and then weld them together. Using a low heat-input 

welding process, the heat-affected zones of the heat-sensitive alloys will not undergo 

transformation [Cox and Kiser 1992].Some welding applications require the selection of a filler 

metal that produces properties in the cast condition that are similar to those of the base metal in 

a heat-treated condition, such as 9% nickel steel. In order to attain high notch toughness at low 

temperatures, this steel must be either double normalized or quenched and tempered. Since the 

welding process will create a cast structure, a 9% nickel steel welding product ill have undesirable 

mechanical characteristics (as-welded).Therefore a high-nickel or high manganese stainless steel 

consumable must be selected for the filler metal to obtain acceptable impact strength values [Cox 

and Kiser 1992].  

2.1.4. Serviceability 

 As stated previously, it is imperative that the weld metal be equal to or stronger than each 

base metal alloy. This is even more important with high-temperature conditions. Room 
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temperature yield strength mean very little at elevated temperatures. Since the weld makes up 

only a small portion of the weldment, it is detrimental if the weld creeps before the base metal 

does. If creep can be spread over the much greater volume of base metal by choosing stronger 

weld metal, the welded assembly will usually last longer [Cox and Kiser 1992]. 

 Corrosion resistance also must be better in the weld. This is true for both wet and dry 

corrosive media. With wet corrosion, a galvanic series may occur when dissimilar metals are 

joined and in contact with the corrosive media. Therefore, the weld must be more noble so that 

potential preferential corrosion is transferred to the large area base metal. The weld metal 

composition can be adjusted so that it is cathodic to the base metals. Micro structural differences 

in composition due to segregation can also cause selective oxidation of welds at high 

temperatures in air or oxidizing media [Cox and Kiser 1992]. This phenomenon can cause notch 

formation, which can give rise to stress oxidation failure with cyclic thermal conditions. 

 A higher alloyed weld can also compensate for micro segregation of molybdenum-containing 

alloys [Cox and Kiser 1992].With molybdenum containing stainless steels, for instance, using a 

filler metal with a higher molybdenum content will increase the pit-resisting molybdenum 

content within dendrite to ensure that the weld is as pit-resistant as the base metal. 

2.2. Austenitic Stainless Steel (-SS) 

 Austenitic”stainless steels were invented ”in Essen, Germany” [Padilha and Rios 2002] in 

the beginning of the 20th”century. These steels primarily”contain 16-26%”Cr, 8-24%”Ni + Mn, 

normally below 0.15%”C and small”amounts of a few other elements such as Mo, ”N, ”Ti, Nb 

(Cb) and Ta. The balance”between the Cr and Ni +”Mn is normally adjusted”to suppress 

austenite/ferrite”transition temperature such that a”microstructure of 90-100%”austenitic grains 

in the”matrix can be obtained at ambient”temperature [Covert and Tuthill 2000, Padilha and 

Rios, 2002, Folkhard 1984].   

2.2.1. Classification and its Application 

 Chemical compositions of austenitic stainless steels as per AISI and UNS method are as 

given in Table-2.1. In these steels along with iron the main components are Cr to”improve 

corrosion”resistance and Ni to”stabilize austenite. Chromium”contents range from 15”to 26 % 

and”nickel contents from 5 to 37 %. The 200”series have a comparatively lower”Ni content than 

the”300 series. But these steels”have a relatively”high”Mn content”up to about 15.5 % and also 

a high N content”that partly”replaces Ni as a strong austenite stabilizer. In few compositions 2 

to 4 % of Mo is also introduced to”promote solid solution”hardening and”improving 

the”resistance against”pitting corrosion [Folkhard 1984]. 
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Table 2-1 The standard compositions of common austenitic stainless steels classified according to the 

American Iron and Steel Institute (AISI) 

 

2.2.2. Heat Effect on -SS 

 Austenitic stainless steels are generally put to service in the solution-annealed”condition as 

they are”quenched”in water or other fast cooling media depending on the section size and 

distortion considerations from the annealing temperature (10400C-11300C). The purpose of the 

annealing in ASS is either to eliminate and effect of prior work or to dissolve any carbide that 

may be present or both. However specific time-temperature combinations required represents a 

compromise between achieving the primary purpose and avoiding excessive grain growth.

 However as most of the”stainless steel compositions in wide use occur on the”iron-rich side 

of the ternary”around 70wt. % iron, the”ternary phase diagram as shown in Fig. 2.1 is 

commonly”used to identify the primary”solidifying phases or”solidification modes for 

various”compositions.  
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Figure 2-1 Pseudo binary section of the Fe–Cr–Ni ternary diagram at 70% Fe, showing 

solidification modes; A - fully austenitic, AF - austenitic–ferritic, FA - ferritic–austenitic and F 

-fully ferritic. [Shankar et.al 2003]  

2.2.3. Stress Effect   

 Stresses in any material can be introduced by an external loading, arising out of service 

conditions or mechanical working and fabrication process. Out of mechanical working or 

forming process, rolling and forging are largely known as the means to introduce significant 

amount of stresses during the process that may affect the phase transformation behaviour in the 

material [Parvathavarthini and Dayal 2002]. Similarly during the fabrication process like arc 

welding or fusion welding, the differential of expansion and contraction behaviour of material 

also introduces stresses in the area of joining influencing the phase transformation behaviour in 

this region [Elmer et al 1982]. In all the above cases of mechanical working, hot forming as well 

as fabrication, the material may also have some locked in stresses in the matrix that may influence 

the properties of material subsequently under the service condition. However in contrast to hot 

rolling and forging wherein temperature of base metal does not cross its melting point, weld 

metal solidifies from the temperature much above its melting point at a comparatively higher 

solidification rate. This results in significant amount of thermal stress distribution depending on 

both the difference in coefficient of thermal expansion (CTE) between the weld and base metals 

and the temperature change from the stress free temperature [Elmer et al 1982]. When the tensile 

strained metal is welded, the cracks form in the heat affected zone because of a sufficiently high 

level of residual surface stresses and precipitation of brittle secondary phases [Erve et al 1997].  

 In -SS based on DeLong diagram the mean CTE plotted as a function of Cr and Ni 

equivalents have been shown in Fig. 2.2. The figure shows three different regions of interest: 

single phase austenite field (A), two phase austenite and ferrite field (A + F) and the three phase 



15 

 

austenite, ferrite and martensite field (A+F+M). The CTE is influenced by the presence of these 

phases, wherein highest CTE of around 19m/m/ 0C has been marked in the austenite phase field 

at a composition of 14 Nieq and 18 Creq. The presence of ferrite in a stainless steel at room 

temperature will reduce its CTE due to reduction in its transformation to denser austenite phase 

at elevated temperatures. A contractive strain of 4.5x10-5 has been measured and shown to 

accompany each percent ferrite that transforms to austenite. This strain is directly associated with 

this phase transformation and can have the effect of loading the weld joint in tension [Elmer et 

al 1982]. 

 

Figure 2-2 Mean coefficient of thermal expansion plotted on the Delong diagram as a function 

of chromium and nickel equivalents [Elmer et al 1982] 

 In stabilized ASS inspite of sufficient addition of niobium, micro stress leading to tensile 

strain exists in the austenite matrix around the undissolved NbC particles. It primarily occurs due 

to the mismatch of thermal contraction between NbC and austenite leading to M23C6 nucleation 

at the interface between undissolved NbC particles and the austenite matrix. It has been further 

observed that the morphologies of M23C6 grown around undissolved NbC particles are different 

from those of M23C6 grown at other sites. Hence the basic intention of addition of Nb to bind C 

and avoid harmful M23C6 precipitation could not be fulfilled due to micro stress generation 

[Sarafianos 1992, Sasmal 1997]. 

2.3. Arc Weldability of -SS 

 Many metallurgical reactions take place during welding which influence the crystallization 

structure, segregations, phase transformations, precipitation and embrittlement [Folkhard 1984] 

depending primarily upon alloy composition. In case of welding of austenitic stainless steel the 

equilibrium phase diagrams are often found insufficient to precisely predict the resulting 
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microstructure of solidification. However the best known method in this regard is followed by 

consideration of the Schaeffler and Delong diagrams. 

 Schaeffler and Delong divided the alloying elements in two groups according to their basic 

characteristics as ferrite and austenite stabilizers. Depending upon the degree of influence of an 

element on ferrite or austenite formation and to retain their stability at room temperature the 

expressions in terms of equivalent to chromium content and as equivalent to nickel content was 

developed [Folkhard 1984]. Schaeffler’s diagram as shown in Fig. 2.3, therefore allowed an 

estimation of the microstructure primarily in terms of δ ferrite and austenite formation as a 

function of the steel composition in weld metal. In many applications, the”ability to control the”δ 

ferrite”content of”stainless steel weld metal becomes important in order to negotiate its hot 

cracking resistance, corrosion resistance, mechanical properties and fracture toughness.  

 

Figure 2-3 Schaeffler’s constitution diagram giving δ ferrite content in stainless steel. The 

compositional”ranges of the ferritic, ”martensitic, austenitic, and”duplex alloys have been 

superimposed”on this diagram. [Shanker et al 2003b] 

 However, the De Long diagram (Fig.2.4) developed for low nitrogen containing austenitic 

stainless steels are not suitable for the higher manganese, higher nitrogen grades [Delong 1974].. 

For example, manganese content beyond 4 % is not potent as an austenite stabilizer, and may in 

fact act as a ferrite former [Shankar 2003b]. 
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Figure 2-4 DeLong constitution diagram for stainless steel weld metal [Delong 1974]. 

 Siewert proposed a new ferrite diagram (Fig. 2.5) that predicted[Delong 1974]. ferrite up to 

100FN and thus covered the”complete range of austenitic and duplex”stainless steels. The 

accuracy”of this diagram is”superior to that of the DeLong diagram, since the”bias due to a 

higher coefficient”for N has been removed. More importantly”from the point of view of cracking, 

the”solidification mode”boundaries have been”included [Siewert et.al 1988, Shankar et al 

2003b]. 

 

Figure 2-5 The WRC-92 constitution diagram for weld metal ferrite, including solidification 

mode boundaries [Siewert et al 1988].   
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2.4. Conventional Arc Welding of Thick -SS Sections 

 In last 30 years the most important contributions to welding technology have been through 

changes in the design of welding power sources [Ghosh et.al. 2001, ] from generator set to 

inverter based digitally transistorized power source. It has achieved a significant improvement in 

volt-ampere characteristics, duty cycle, efficiency along with reduction in weight [Johnson et.al. 

1995, Shanmugam 1997]. Performance of power source is of vital importance to the welding 

process with respect to arc ignition, stability of transfer of the melted electrode material and 

amount of spatter that is generated [Shanmugam 1997]. For this purpose, it is important that the 

two terms which are commonly used to define the V-A characteristics of a power source, static 

output and dynamic response are optimised to maintain a stable arc during the welding process 

[Johnson et.al. 1995].  

Static output 

 Static output characteristics primarily indicates the achievable envelope of output limits, 

including the highest voltage the machine will support at a given current and the highest current 

that can be drawn at a given voltage [Johnson et.al. 1995].  It can be obtained by statically loading 

pure restive load from minimum or no load condition to the maximum or short circuit condition. 

These characteristics as shown in Fig. 2.6 are classified as steeply drooping, gradually drooping, 

flat, which are used for manual metal arc welding (MMAW), submerged arc welding (SAW) and 

gas metal arc welding (GMAW) processes respectively. Power sources with drooping and flat 

characteristics are known as constant current (CC) and constant voltage (CV) power source 

respectively. 

(a) Steeply drooping 

 The welding power source with steeply drooping V-I characteristics has a high open circuit 

voltage (OCV) and low short circuit current. In these power sources change in arc length does 

not affect welding current appreciably as depicted by Fig. 2.6. With the change in arc length 

between )( II   and )( II  , the change in welding current is small. This is best suited for 

SMAW process because a slight change in arc length due to intrinsic movement of human hand 

during welding does not affect the melting rate of the electrode significantly. Also high OCV 

ensures easy initiation and maintenance of welding arc. 

(b) Gradually drooping 

 The welding power source with gradually drooping V-I characteristics has comparatively 

lower OCV than steeply drooping characteristic power source. In this as the arc length changes 

from I to (I+ I), change in welding current is comparatively more and hence provides some sort 

of self-regulation of the arc length. This is best suited for SAW process. 
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(c) Flat 

  In these power sources, for a small change in arc length, change in welding current is very 

high which makes it quite sensitive and helps in maintaining the constant arc length. This is 

generally referred to as self-regulation of the arc length and is essential requirement for GMAW 

process. However, flat characteristic is not truly flat but normally droops at 1-3V per 100 A. All 

welding power sources with flat V-I characteristics are almost invariably of the transformer cum 

rectifier type and electrode positive polarity is normally employed.   

 

Figure 2-6 Power supply characteristic curves. 

Dynamic response 

 The dynamic characteristics of an arc welding power source is determined by recording the 

transient variations occurring over a short interval in welding current and the arc voltage [Johnson 

et.al. 1995]. In short, the dynamic characteristics is instantaneous response of power source to 

step changes in load voltage primarily associated with striking of arc, metal transfer from the 

electrode to the weld pool, and arc extinction and re-ignition during each half cycle of AC 

welding. The influence of these factors on the process stability is reflected in the current and 

voltage waveform of the welding arc [Shanmugam 1997]. These are obtained by recording the 

volt-ampere transients during actual welding operation. From dynamic characteristics it is 

possible to know the mode of metal transfer for a given set of welding parameters. 

 Depending upon power source characteristics, welding of thick pipelines is generally carried 

out by following processes, which are preferably used according to their specific process 

characteristics primarily in respect to working range of parameters and resulting weld quality. 

(i) Shielded metal arc welding (SMAW)  

(ii) Gas tungsten arc welding (GTAW)  

(iii) Gas metal arc welding (GMAW)  
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(iv) Pulsed current gas metal arc welding (P-GMAW)  

2.4.1. SMAW Process 

 The shielded metal arc welding has maximum flexibility and can weld many metals in all 

positions. There is definite relationship amongst the welding current, size of welding electrode 

and welding position. The molten weld metal can be retained in position by lowering the heat 

input to reduce the fluidity of molten weld metal and to give a small size of weld pool which 

solidifies before it has time to spill out of the joint. The heat input can be reduced by using a 

smaller diameter electrode (2.5-4mm) at about 90-140A of welding current [Kearns 1978]. The 

arc length can be varied to control the heat input and amount of molten metal in position [ASM 

handbook 1994]. The heat input can also be distributed and side wall fusion can be achieved by 

adapting an appropriate weaving technique. The sagging and spilling of weld metal can also be 

prevented by reducing the welding current and increasing the number of passes. However 

SMAW process has following disadvantages. 

1. Lower heat transfer efficiency of 0.55-0.70 [Radaij 1992] as comparable amount of energy 

is lost in resistance heating and flux melting resulting in comparatively lower metal 

deposition rate [Lancaster 1984].  

2. Interruption in metal deposition due to limitation of electrode length enhances probability of 

defect formation. 

3. Entrapment of slag occurs if it does not have 30-40% higher coefficient of thermal expansion 

(CTE) than that of parent metal. 

4. Process automation is practically not viable. 

 Life of a weldment gets considerably affected by entrapment of slag primarily due to poor 

tensile and fracture mechanics properties [S´anchez-Cabrera 2007]. Thus SMAW process even 

though largely used in joining of thick sections, its use in welding especially in critical 

applications such as pressure vessels, piping etc. is on the verge of extension. 

2.4.2. GTAW Process 

 In this process, an arc is established in between a tungsten electrode (non-consumable) and 

base metal. The arc gap is kept constant and current is controlled by the power source. The heat 

of the arc thus produced is utilized to achieve coalescence of metals with and without use of filler 

metal. Filler metal, usually available in 1 meter length of wire, is added to the leading edge of 

the pool as required. The arcing electrode and molten weld pool are generally shielded by inert 

gas or gas mixture of argon and/or helium. The current and heat input range of the process are 

followed of the order of 10-300A and 0.2 to 8 kJ/s respectively [ASM handbook 1994]. The most 



21 

 

popular variation of this process is known as pulsed current GTAW. Both low frequency 

pulsation typically (0.1-20Hz) and high frequency pulsation (>100Hz) are often used in this 

process [Tujsek 2000]. The heat input depends on the mean current which is a function of the 

pulse height, pulse frequency and pulse duration. The pulsed current mode of this process offers 

a better control over the size of weld pool and its fluidity to manage the pool in position as well 

as over the penetration behaviour of the weld. The process has all positional welding capacity 

and lends itself to produce high quality welds of metals such as aluminium, stainless steel, 

nimonic alloy and copper in chemical plants, sheet work in aircraft engines and structures. 

However GTAW process has following limitations. 

1. Low process economy due to its considerably poor heat transfer efficiency of 0.20-0.50 

[Radaij 1992]. 

2. Contamination due to both the transfer of molten tungsten from the electrode to the weld 

pool and exposure of the hot filler rod to air occurs during welding with comparable 

welding currents used in other processes. 

3. Higher cost of operation due to relatively expensive shielding gases required during its 

comparatively slow deposition rate [Lowke et.al. 1997, Lucus 1992].  

 In addition to above limitations, a major disadvantage of GTAW process is very low metal 

deposition rate at comparatively lower welding speeds resulting in considerably severe weld 

thermal cycle. This problem of especially lower metal deposition rates has been largely solved 

with the invention of hot wire GTAW process. In this process consumable filler wire provided 

to the arc region is heated to a temperature just below its melting point by a different power 

source. Thus the major arc energy is utilized in melting of groove wall for proper fusion at 

considerably higher weld metal deposition rates. However the considerably large amount of heat 

generated by the welding arc and hot filler metal results in significant increase in weld pool 

temperature due to heat accumulation especially in metals having comparatively lower thermal 

conductivity such as austenitic stainless steel. Hence hot wire GTAW even though found suitable 

for joining ASS must be critically considered before its practical application. For these 

limitations, GTAW is generally not commercially competitive with other welding processes such 

as SMAW, submerged arc welding (SAW) and GMAW processes. 

2.4.3. GMAW Process 

The growing need of quality, economy and automation in welding has been found, in 

number of cases, to replace the versatile SMAW by GMAW process. The process is also popular 

as it provides to a weld a high resistance to hydrogen induced cracking due to its low diffusible 

hydrogen level (1-2ml/100gm) achieved by using bare solid filler wires, less chances of slag 
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entrapment and low creation of smoke levels [Redding 2002]. In GMAW process a low voltage 

electric arc is established between a consumable filler wire and base metal, which melts both of 

them by arc heating. The wire is fed at a preset speed, which governs the magnitude of welding 

current, through a welding torch wherein it provides electrical connections and the shielding gas.  

 Process variables and their control 

 In GMAW process, the term “Process stability” primarily depending upon welding current, 

arc voltage and electrode extension employed [Shanmurgam 1997] refers to the dynamic 

behaviour of the welding arc. Thus the characteristics of the weld pool [ASM handbook 1994, 

Kearns 1978] including the penetration, solidification mechanism, heat flow and rate of metal 

deposition are significantly influenced by arc stability [Shanmurgam 1997]. 

Welding current 

 Welding current plays an important role in deciding the mode of metal transfer and 

subsequently the weld quality. At low current, the globular transfer occurs if the arc length is 

sufficient. The drops grow at the tip of the electrode with a classic pendant drop shape, due to 

the competition between gravity and surface tension in the presence of relatively small 

electromagnetic forces [Kim and Eagar 1993a, Liu and Siewert 1989].  At a very high value of 

current, asymmetric force becomes significant compared to the initial force in the streaming of 

metal and the column spirals about the electrode axis [Lancaster 1984]. 

Arc voltage 

 Arc voltage primarily governs the arc length and affects size and shape of the fusion zone. 

When the arc length is too short, electrode may touch or short weld pool resulting in low base 

metal melting, narrow weld deposit and lower heat input and hence enhances the possibility of 

forming flat and shallow deposit, allowing the arc to wander, increases spattering and may also 

cause porosity in weld deposit due to air aspiration in the shielding gas jacket [Johnson et.al. 

1995 

Electrode Extension 

   Electrode extension governs the arc length [Quinnet et.al. 1994]. Longer extension results 

in enhanced resistiv” heating and consequently reduces the”balance of energy available to melt 

the”filler wire and base metal, which may result in lack”of fusion [Ralph and Yeo 1983, 

Stenbacka and Person 1989]. It may also reduce the stability of metal and may increase the risk 

of porosity in weld metal [Stenbacka and Person 1989].  

 It has been established”that in the operating range of”process variables (5mm arc length, 10-

20mm electrode”extension, 5-20%”CO2 mixture in any shielding) the specific burn off rate of 1-

1.2 mm diameter filler wire and V-I relationship is linear. ”Consequently, the generalized burn 
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off relationship in the range of parameters may be represented by linear control equations and 

can be applied for synergic control. Burn off rate is”directly proportional to the electrode 

extension and”resistivity of filler wire [Amin and Ahmed 1987]. 

Shielding Gas 

 The role of shielding gas in arc welding process is to protect the electrode and the work piece 

from harmful atmospheric contaminants and act as a medium in which current can flow to sustain 

the arc [Kearns 1978]. In welding area where molten droplets are transferred across the arc into 

the weld pool, protection from atmospheric contaminants can be provided successfully by 

suitable shielding gas or gases [Suban and Tusek 2001, Jonsson et.al. 1995]. The selection of a 

gas or a mixture of gases is also primarily guided by the physical and chemical properties of the 

gas, the operating characteristics that each gas imparts to a particular process and the kind of 

metal or alloy that the gas is suppose to protect. The basic properties of a shielding gas that 

governs its right selection to improve weld quality at reduced overall cost of the welding 

operation are listed in Table 2.2. Argon and carbon dioxide due to their relatively higher gas 

density than air (Table-2.2) requires lower flow rates in use than do the lighter gases as they can 

easily displace air from the electrode region to ensure adequate protection of the weld puddle 

[ASM handbook 1994]. Whereas gases such as hydrogen and helium which are 7 and 14 times 

less dense than air are prone to turbulent flow at the exit from the blowpipe nozzle due to thermal 

buoyancy [Suban and Tusek 2001]. Ionization potential [ASM handbook 1994] is the amount of 

energy required to remove an electron from a gas atom and make it an ion or an electrically 

charged gas atom. The importance of ionization potential of a gas in welding process is from the 

welding arc, arc power and energy distribution point of view [Jonsson et.al. 1995].  
 

Table 2-2 Basic physical and chemical characteristics of the gases. 

Gas 
Atomic weight 

(Kg/ kmol) 

Relative gas density  with 

regard to air at 273K and 

1.013 bar 

Ionization 

potential 

(eV) 

Reaction in 

arc 

Argon (Ar) 39.948 1.380 15.7 Inert 

Helium (He) 4.002 0.138 24.5 Inert 

Carbon Dioxide 

(CO2) 
44.011 1.529 14.4 Oxidizing 

Oxygen (O2) 31.998 1.105 13.2 Oxidizing 

Nitrogen (N2) 28.013 0.968 14.5 Reactive 

Hydrogen (H2) 2.016 0.070 13.5 Reducing 

 Energy distribution in axial and radial direction in an arc is also affected by the thermal 

conductivity of a gas [ASM handbook 1994] which varies with temperature as shown in Fig. 2.7 



24 

 

[Tusek and Suban 2000]. But for welding, the radial energy distribution is much more important 

because the radial energy distribution affects the axial one. Energy flow in radial direction has 

lower path length than the axial one i.e. path of least resistance, hence gas with higher thermal 

conductivity will have energy distribution across the arc in radial direction resulting in 

comparatively lower energy availability in axial direction [ASM handbook 1994, Liao and Chen 

1999, Tusek and Suban 2000]. Inert gas helium which has higher thermal conductivity than argon 

(Fig.2.7) will produce lanticular shape of penetration in comparison with wine glass shaped 

penetration in steel material. Fig. 2.7 further shows that thermal conductivity of multi atom gases 

such as carbon dioxide, hydrogen and oxygen in the temperature range between 3000 and 4500 

K is much higher than that of argon and helium [Tusek and Suban 2000]. When heated to high 

temperatures within the arc plasma, these gases break down or dissociate into their component 

atoms which get partially ionized, producing free electrons and current flow. As the dissociated 

gas comes in contact with relatively cool work surface, the atoms recombine and release heat at 

that point. This heat of recombination causes multi atomic gases to behave as if they have a 

higher thermal conductivity [ASM handbook 1994]. 
 

 

Figure 2-7 Thermal conductivity of gases as a function of temperature 

 By far the gas blends developed can be roughly divided into three categories: pure gases, two 

gas blends and three part gas blends composed of argon, helium, oxygen, carbon dioxide, or 

hydrogen [ASM handbook 1994]. However there are number of other factors which influence 

the desirability of a gas for arc shielding. Some of these are the influence of the shielding gas on 

the arcing and metal transfer characteristics during welding, weld penetration, width of fusion 

and surface shape patterns, speed of welding and undercut tendency. Hence selection of pure or 

combination of gases will depend upon the function it has to perform in the desired application. 
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 Behaviour of metal transfer 

Metal transfer in gas metal arc welding (GMAW) refers to the process of 

transferring material of the welding wire in the form of molten liquid droplets to the workpiece. 

Metal transfer behaviour primarily depending upon the process parameters such as welding 

current, arc voltage, electrode extension, size and composition of filler wire and shielding 

atmosphere [Collard 1988, Kim and Eagar 1993a] are further influenced by a number of physical 

variables such as temperature, velocity, current density, electric potential, magnetic field, 

electromagnetic force, and pressure [Wang et.al. 2003]. Thus depending on the welding 

conditions, metal transfer can take place in three principally suitable modes: short-circuiting, 

globular and spray modes. Each of the modes have own characteristic arc length, weld 

penetration and weld pool shape [Heald et.al. 1994, Johnson et.al. 1995, Kim and Eagar 1993a]. 

Spray transfer 

 Spray transfer mode is a highly stable and efficient process widely used in welding of thick 

sections of ferrous and non-ferrous materials. This mode occurs generally under argon shielding 

at medium and high current above a transition level when the series of droplets much smaller 

than the filler wire diameter are propelled axially from its tapered end at a considerably higher 

drop frequency [Wang et.al. 2003, Choi et.al. 1998a, Johnson et.al. 1995].  The tapering of wire 

at a given speed (WFS) occurs due to influence of distributions of temperature, velocity and 

electromagnetic force in the droplet as typically shown in Fig. 2.9 [Wang et.al. 2003]. The 

condensation of electrons on the side of the electrode [Jonsson et.al. 1995] generates heat on the 

unmelted portion of the wire resulting in preheating of the wire surface to an elevated temperature 

such that it tends to melt faster than the interior metal. When the current increases, the height of 

the convex melting interface also increases. The increased electromagnetic force pinches the 

molten fluid and drives it to move along the sloped surface to the bottom of the wire tip. Because 

of the liquid flow along the sloped surface, a thin liquid layer is formed on the surface. This thin 

liquid layer allows the arc heat to penetrate such that the melting proceeds in the direction 

perpendicular to the sloped wire surface. For the necking of a liquid column, the diameter of the 

liquid shrinks due to external forces. But for taper formation, a solid wire first becomes tapered 

and the liquid moves along the tapered conical region and moves out of it in the form of small 

droplets. This conical region remains in quasi-stationary condition during the metal transfer 

process [Wang et.al. 2003]. 
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 Thermal behaviour of weld 

Wire melting characteristics 

 For successful arc operation of GMAW process, the burn”off rate must be equal to the wire 

feed rate to maintain”constant arc length. Therefore, the following energy”balance per unit time 

has been”proposed [Lancaster 1984, Smati 1986]. 

2

0
( )

3

2

w
w w cc w m a

w

R E IkT
A V Q V I

e A
 

 
    
 

                                                   (2.5) 

Where Aw is the cross sectional”area of the filler wire(m2), Vw(cc) is the wire feed”rate (m/s2) for 

continuous current”welding, ρw is the density (kg/m3) of the filler wire, Qm is heat per unit”mass 

(J/kg) required for”melting the filler wire, Va is anode fall”voltage (V), ξ is work function”of 

metal surface (V), 
3
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kT

e
is thermal”energy of electrons (V), R0 is resistivity (Ωm) of the filler”wire, 

EW is”electrode extension(m) and I is welding”current (A). Eq.(2.5) may be rewritten as, 
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is the equivalent”melting potential at anode (Work function + anode 

voltage fall + thermal”energy of electrons) which can be estimated”based on the expressions 

mentioned”in the Fig.2.10 [Terumi and Kazuo 2002] depending upon filler”wire size and 

shielding”gas used for welding. 

Eq. 2.6 may also be expressed as, 
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Where, A and B are constants representing”wire melting due to arc heating and”resistive heating 

respectively expressed as 
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The reported values of physical”constants for materials of the filler”wire [Alum and Quintino 

1985b, Colombieer, L. and Hochmann, L 1967, Metals Handbook 1979, Tekriwal and Mazmuder 

1988, Waszink and Heuvel 1982] are given in Table-2.3. 
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Figure 2-8 Correlation between super”heat temperature and equivalent”anode melting potential 

for filler wire and”shielding gas combination of (a) 1.2mm, 100% Ar. , (b) 1.6mm, 100% Ar., 

(c) 1.2mm, 80% Ar+20%CO2 and (d) 1.6mm, 100%CO2 respectively [Terumi and Kazuo 

2002]. 

Table 2-3 Physical properties of different materials of filler wire [Alum and Quintino 1985b, Colombieer, 

L. and Hochmann, L 1967, Metals Handbook 1979, Tekriwal and Mazmuder 1988, Waszink and Heuvel 

1982] 

Property Mild steel Stainless steel 

Melting Point, Tm, (K) 1750 1728 

Specific heat, Cp(s), (J/kg/K) 686 500 

Specific heat, Cp(l), (J/kg/K) 855 760 

Latent heat of fusion, L, (J/kg) 2.76e5 2.84e5 

Density of the solid metal, ρw, (kg/m3) 7870 7750 

Density of the molten metal, ρw, (kg/m3) 6500 7507 

Coefficient of surface tension,  , (N/m) 1.03 1.35 

Resistivity at melting point, R0, (Ωm) 8.2E-7 1.3E-6 

Emissivity of molten droplet, ε 025 0.25 
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2.4.4. P-GMAW Process 

 In spray mode of metal transfer in gas metal arc”welding (GMAW) rate of droplet 

detachment”considerably increases and droplet size decreases”sharply giving a stiff arc and 

better control over metal transfer. However the major”disadvantage of this mode is that it 

demands considerably”higher welding current and therefore”increases the heating”of the work 

piece. During the 1960s an”intermediate pulsed mode [Allum and Quintino 1985(b)] was 

invented and its use”became widespread. In this mode, the”current is well below the threshold 

current of the spray mode”most of the time [Amin1983, Craig 1987(b), Ghosh and Gupta 1996   

], so the heat dissipated in the work piece is relatively”small [Ghosh and Dorn 1993]. These low-

current periods are interrupted by”high-current pulses above the threshold. During this”pulse the 

arc transfers into”spray mode. Since the pulse is short”enough, it does not heat the work piece 

significantly. In”other words in the pulsed”regime arc current is maintained at a value high 

enough to permit spray transfer and long enough to”initiate detachment of molten droplets 

[Jacobsen 1992]. Once the droplets are transferred, the current is”reduced to a relatively low 

value, efficiently a pilot arc [Kim and Eagar 1993b]. These periods of low current allows the 

average arc current to be”reduced into the range suitable for positional welding [Randhawa et.al. 

1998], while periodic injection of high current”pulses allows metal to be transferred in the”spray 

mode [Ghosh and Rai 1998]. Thus, by repeated applications of current”pulses as shown 

schematically in Fig. 2.11, synthetic spray transfer is”produced at lower heat input. The process 

offers greater ease of”operation for welding in any position for root”passes without backing 

[Randhawa et.al. 1998] and the welding of heat sensitive”materials and thin sheets [Trindade and 

Allum 1984, Ghosh etal. 2007b].  

 

 

Figure 2-9 Current waveform for pulsed current”gas metal arc welding. 
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 Process variables and their control 

 In the recent past the pulsed current GMAW has gathered considerable attention of welding 

technologists due to its number of unique merits in better control over metal transfer and heat 

input, resulting in improved weld quality and properties as compared to those observed in case 

of conventional continuous current GMAW process [Praveen et.al. 2005, Collard 1988, Craig 

1987a and b]. However, the exploitation of the merits of pulsed current GMAW process is largely 

dependent upon right selection of pulse parameters, like mean current (Im), peak current (Ip), 

base current (Ib), pulse duration (tp) and pulse frequency (f) as they affect the microstructure of 

weld and heat affected zone (HAZ) as well as chemistry and porosity content of the weld due to 

their influence on weld thermal cycle and arc characteristics [Ghosh and Dorn 1993, Ghosh and 

Rai 1998, Ghosh and Sharma1991, Lambentt 1989].  

Peak current (Ip) 

 The peak current which must be maintained in spray transfer mode but/ not be too high, as it 

may lead to variation in arc pressure causing an air aspiration into the inert jacket resulting in 

instability of arc. Higher peak currents will result in greater axial force due to magnetic field 

generated by the current carried through the electrode and if numerous drops of relatively smaller 

diameter develop, the arc forces may cause them to be fragmented or propelled laterally [Palani 

and Murugan 2006, Praveen et.al. 2005, Quintino and Allum 1984, Trindade and Allum 1984].  

Hence in order to ensure appropriate amplitude and duration of peak current many researchers 

[Quintino and Allum 1984, Trindade and Allum 1984, Wang et. al 2004] have used power law 

relations (Ip
ntP = constant, n=2), for determining the amplitude of peak current and duration. 

Minimum pulse amplitude has also been found out by using following expression for mild steel 

filler wire [Jacobsen 1992] 
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Here σ is the surface coefficient, in N/m, de is electrode diameter, in mm, f is pulse recurrence 

frequency, in pulses/sec, Ieff is effective current given as  
1

2 2 2 2

p bI (1 )Ieff p pI k k    wherein kp is 

pulse duty cycle defined as tp/tpul, in A, tp is pulse time, in sec. It has been further observed that 

depending upon filler wire size, the combination of the highest IP and lowest tP was found to be 

capable of providing both uniform arc length and uniform droplet detachment when compared to 

the combination of lowest IP and highest tP . In stainless steels slightly higher peaks and lower 

background currents are generally used in comparison with mild steel because of surface tension 

characteristics [Palani and Murugan 2006].  
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Base current (Ib) 

 The main function of the base current is to maintain the welding arc between pulses. By 

setting the base current to minimum value, heat flow in weld pool can be controlled and hence 

bead shape can get greatly influenced [Palani and Murugan 2006, Praveen et.al. 2005, 

Lenivkin1981]. Very low base current will produce a high crowned weld bead which may cause 

poor sidewall fusion. Hence base current levels can vary substantially depending upon material; 

for mild steel this will range from 30-50A, around 50A and 20A for austenitic stainless steel and 

aluminium alloys respectively. However base current level and its duration are primarily decided 

based on mean current employed [Palani and Murugan 2006].    

Pulse frequency (f) 

 The pulse frequency is having significant effect on both the minimum base current and 

minimum electrode melting rate [Quintino and Alllum 1984, Smati 1986, Subramaniam et.al. 

1998 ] to obtain a constant arc length. At a given base current the increase in frequency of 

sinusoidal pulse enhances the mean and effective currents and electrode melting rate. However 

in case of variation in pulse frequency by keeping the mean current constant the base current 

should remain free to vary by following the energy balance criteria to achieve constant arc length. 

It is in general reported that [Trindade and Allum 1984, Palani and Murugan 2006] at a low pulse 

frequency the metal transfers as large drops or lumps where the weld pool appears viscous and 

the arc becomes erratic. Whereas with the increase in pulse frequency the metal transfer takes 

place as small axial droplets with size corresponding to the balance between detaching forces at 

the peak current and retaining surface tension force. Hence the appropriate frequency, which is 

primarily a function of average current, can be pre-selected at a given condition based on a 

theoretically calculated frequency obtained by dividing the electrode melting rate by the mass of 

one drop as given in Eq. 2.11 [Praveen et.al. 2005]. 
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                                           (2.11) 

Where mpulse is the electrode melting rate with current pulsing, Vdrop(IP) the volume of the drop 

at the peak current and ρd is the density of the drop. The average melting rate for the square wave 

current may be estimated as the weighed sum of the melting rate at the peak current and at the 

base current, as given in Eq. 2.12. 

mpulse  = Dm(Ip) + (1-D)m(Ib)                                                           (2.12) 

Where D is the load duty cycle, m(Ip) and m(Ib) are the melting rate at peak and base current 

respectively. At a high pulse frequency of the order of 100 Hz the metal transfer takes place as 

small axial droplets where, the arc remains stable due to higher arc pressure and the weld pool 
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widens. A low pulse frequency of the order of 25 Hz enables to use a low mean current, when it is 

convenient for welding thin sheets [Praveen et.al. 2005, Palani and Murugan 2006]. However the 

mechanism of the influence of pulse frequency on welding process and weld characteristics is yet 

not fully understood. 

Pulse duration (tp) 

 Pulse duration is variable which would be altered to achieve the ultimate reduction in power 

to the GMAW arc, while sustaining spray transfer mode of metal transfer. Power input to the arc 

is affected by changing the shape of pulse. A square wave, for example, has greater effective 

width than that of sine wave or triangular wave [Palani and Murugan 2006, Lenivkin 1981]. The 

pulse duration is regarded as an important operating parameter as neck formation and elongation 

of the pendent drop occurs mostly during this period. If the pulse duration is kept too short, the 

elongated drop would recoil back to a spherical shape after the pulse and if the duration is too 

long, several drops might get detached during the period. As given by eq. 2.13, where value of tP 

and tb should be given in milliseconds. This threshold decreases slightly as the peak current is 

increased. 
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Where T= tp + tb, Vdrop is the droplet volume,   6/3

dD  (mm3), Dd the droplet diameter (mm) and 

Wf is the wire feed speed (m/min)  

Ratio of peak current to base current (Ip/ Ib) 

 During continuous current GMA welding the increase in welding current reduces the 

duration of presence of molten droplet in arc cavern. Thus, it reduces the absorption of gases and 

consequently the porosity content of weld deposit. Whereas in case of pulsed current welding, 

the variation in arc pressure, which is primarily governed by the ratio of peak current to base 

current, leads to formation of vortex in inert jacket resulting air aspiration into shielding 

atmosphere causing enhancement of porosity content in weld metal. However it is also observed 

that a combination of highest Ip and the lowest tp provides more uniform arc length (stable arc) 

and droplet detachment when compared to the combination of the lowest Ip and the highest tp. 

Thus the ratio of peak current to base current (Ip/ Ib) should preferably be kept less than 10 in 

case of pulse current MIG welding [Ghosh 1996] by suitable adjustment of pulse frequency, 
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pulse duration and wire feed speed to avoid difficulties such as rotating arc, heavy tapering of 

the liquid tip and disturbance in the shielding caused by the fluctuation in arc pressure. Earlier 

investigation [Ghosh and Sharma 1991, Ghosh and Gupta 1996] carried out on single pass pulsed 

current MIG of Al-Zn-Mg alloy have shown the influence of the ratio of Ip/Ib on the porosity 

content of weld deposit and suggested that the Ip/Ib ratio should be maintained in the range of 7.5 

at a mean current of 150 A and around 4 at a mean current of 220 A to achieve a significant 

reduction in porosity content of the weld deposit. It has also been observed that by keeping the 

mean current in P-GMAW process similar to the welding current of continuous current 

deposition, the porosity content of weld metal becomes comparatively lower than that observed 

in case of later one. 

 Superiority of P-GMAW however depends upon critical selection of pulse parameters by 

considering interaction amongst them during welding. This complicity in selection of pulse 

parameters for desired weld characteristics has been largely solved by using a hypothetical factor 

 = [(Ib/Ip)ftb] where, the tb is expressed as [(1/f) - tp] which is having potentiality to analyse 

various basic characteristics of the weld and pulsed current GMAW process in reference to the 

pulse parameters [Ghosh 1999]. Utility of the factor  has been amply justified by several 

investigators in various applications of pulsed current GMAW, such as welding of steel using 

solid and flux cored filler wires, positional welding of steel, stainless steel cladding of structural 

steel, single and multipass welding of high strength aluminium alloy [Ghosh and Dorn1993, 

Ghosh et.al. 1998, Ghosh et.al. 1999]. 

 Behaviour of metal transfer  

Mechanism of drop detachment 

 Total time for the detachment of a droplet in P-GMAW can be divided into four stages as 

time required for heating, drop growth, necking and detachment, while the current amplitude 

may be different during each stage [Jilong and Apps 1982]. Under the influence of peak current, 

a continuous spray of drops may transfer if the pulse duration is prolonged. Time required to 

form and detach a droplet is inversely proportional to the amplitude of peak current but is 

independent of its duration. Once the necking starts, it requires a certain period to detach the 

droplet, which primarily depends upon peak current and wire diameter, irrespective of the current 

level at the time of its detachment. Necking, a plastic deformation of the heated electrode is due 

to the Lorentz force and melting of filler wire occurs under the neck. The detachment of the drop 

is induced by the vaporisation of molten metal at the neck due to resistance heating. The speed 

of droplet detachment is determined by the rate at which the fused metal is compressed into 
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droplet [Cornu 1988]. Hence, it has been well established that in P-GMAW, the metal transfer 

characteristics and thermal behaviour of weld deposit are governed by the pulse parameters, 

which interact amongst themselves during welding and dictate the characteristics of weld deposit 

[Ghosh and Rai 1996, Ghosh 1996, Ghosh et.al.1991]. 

 Thermal Behaviour of weld 

Wire melting characteristics 

The wire burn off rate/melting rate for P-GMAW is expressed [Craig 1987, Smati 1986] as 

( )

0

pult

w pc w pul pulV V t dt                                                             (2.15) 

For a square pulsed current waveform it gives 

1

( ) ( )w pc wp p wb b pulV V t V t t                                                             (2.16) 

Where, Vw(pc) is wire burn off rate and Vwp and Vwb are wire burn off rates during tp and tb 

respectively. 

The Vwp and Vwb may be expressed as 

Vwp = A.Ip + B.Ew.Ip
2                                                            (2.17) 

Vwb = A.Ib + B.Ew.Ib
2                                                            (2.18) 
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Eq.(2.19) may be rewritten as  
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Using Im = [(Ip tp + Ib tb)/t] in eq. (2.20) 

 
2 2 1

( ) w p bBE (I  + I )w pc m p b pulV AI t t t                                                         (2.21) 

As 
2 2

p bI Ip bt t neglecting ohmic heating during base current period, Eq. (2.21) reduces to 

2 1

( ) w pBE Iw pc m p pulV AI t t                                                                   (2.22) 

Considering f = 1/ tpul and Ip
2tp = Dn Eq.(2.22) gives 

( ) w nBE Dw pc mV AI f                                                                        (2.23) 

By considering Vd=AwVw/f in Eq.(2.23) a linear relationship has been obtained [Lambentt 1989] 

as follows, 
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Solving eq.(2.24) for droplet volume Vd,  
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f
                                                                   (2.25) 

Eq.(2.25) shows that for any wire feed rate, by fixing (Im/f), the droplet size can be held constant 

for a given wire diameter, electrode extension and detachment parameter. 

 It has been observed that for 1.2 mm diameter steel filler wire [Quintino and Alum 1984] for 

a desired combination of peak current and its duration, giving one drop per pulse, the base current 

and its duration may be evaluated using frequency value of 50Hz for 100A mean current. It gives 

satisfactory droplet transfer as well as volume of droplet remains insensitive to Im. It can be 

expressed as 

Im/f =2                                  (2.26) 

By combining Eqs.(2.23) and (2.26) 
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Where, 
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is modified burn off factor 

In P-GMAW process, by considering ohmic heating during base current duration, Eq. (2.27) 

reduces to 

2

( ) wBEw pc m effV AI I                             (2.28) 

Where,  
1

2 2 2 2

p bI (1 )Ieff p pI k k   and kp is pulse duty cycle defined as tp/tpul 

Ieff may also be expressed as, 

2 2 2(1 )eff m p p eI I k k I                                   (2.29) 

By combining Eqs. (2.28) and (2.29), 

2 2

( ) wBE ( (1 ) )w pc m m p p eV AI I k k I                           (2.30) 

In consideration of Eq.(2.7), Eq. (2.33) may be expressed as 

2

( ) ( ) . wBE (1 )w pc w cc equiv p p eV V k k I                                                          (2.31) 

Eq. (2.32) reveals the following aspects of P-GMAW [Alum 1983]. 

1. The burn off rate of pulsed current welding is higher than continuous current welding under 

the same equivalent welding current. 
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2. Pulsed structure influences burn off rate for a given mean current and maximum burn off rate 

can be achieved when kp=1/2 i.e., equal peak and base current time and at largest peak 

current in excess over the base current. 

 It has also been observed that melting rate under P-GMAW is practically greater than melting 

rate estimated using weighted sum of the melting rate (for DC currents) at the peak and base 

current [Kim and Eagar 1993b]. It is also pointed out that under certain circumstances, the power 

source dynamics i.e. rate of rise and fall of current pulse, may have a significant influence on the 

wire melting rate at given mean current [Joseph et.al. 2003]. 

Thermal behaviour of droplet 

 Recent developments in P-GMAW have led to a number of potential applications, where low 

heat input along with directional capability of metal transfer is required. Thermal analysis of 

metal transfer indicates that droplet temperature is comparatively lower [Waszink and Piena 

1986] which is favourable to better control of weld pool. It is observed that the characteristics of 

metal transfer and thermal behaviour of weld deposit in the process are largely governed by pulse 

parameters [Ghosh and Dorn 1983] which simultaneously interact among themselves during 

welding and dictate the characteristics of weld deposit. It has been reported [Ghosh and Dorn 

1983] that at a given mean current and pulse duration, heat content of the droplet at the time of 

detachment enhances significantly with the increase in pulse frequency. It has been identified 

[Ghosh et.al. 2006] that the variation in pulse parameters significantly affects the thermal and 

transferring nature of depositing metal, the control of which is imperative for desired weld 

characteristics. The heat content and temperature of the droplets at the time of deposition in the 

weld pool reduces with the increase of Im significantly. 

 Concept of summarised influence of pulse parameters 

 The benefits of P-GMAW over GMAW in improving the weld characteristics and properties 

of various ferrous and non-ferrous metals, under different conditions of pulsation have been 

reported by many investigators [Weber1982, Allum and Quintino 1985(a), Amin 1983, Craig 

1987b]. However, the wide acceptance of the process in fabrication is largely handicapped due 

to the criticality in the selection of pulse parameters. It is well established [Ghosh and Dorn 1983, 

Praveen et.al. 2005, Palani and Murugan 2006 ] that the variations in pulse parameters identified 

as Im, Ip, Ib, tp and f influence the weld characteristics to a great extent. It has been realized that a 

change in any one parameter affects the others also under the concept of energy balance. The 

variation in pulse parameter significantly influences the thermal behaviour and nature of metal 

transfer affecting the characteristics of weldment. Under these circumstances, the control of weld 

characteristics within a desired range is possible only by establishing a correlation amongst pulse 
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parameters. It was also suggested that consideration of summarised influence of pulse parameters 

instead of individual one may be useful to study the different characteristics of the weldment. 

A summarised influence of pulse parameters has been proposed by Ghosh [Ghosh 1999, Ghosh 

and Dorn 1983,], defined by a factor, 
b
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potentiality of the factor  to analyse various basic characteristics of weld deposit has been reported. 

Many investigators [Praveen et.al. 2005, Hussain et.al 1996] have justified the applicability of   

in different conditions of pulsation by studying its effect on different weld characteristics using 

ferrous and non-ferrous materials. 

2.5. Narrow Gap Arc Welding Of Thick -SS Sections 

 Narrow gap welding has generated great interest in the welding industry and has been the 

subject of much investigation in the last twenty years. But till to date there is some controversy 

around a proper definition for the technique. Most authors agree that narrow gap welding is 

applied to any welding process used for joining of heavy section (>25 mm) using an essentially 

square butt joint preparation with small gaps which will yield a weld with low volume weld metal 

[Shtrikman and Grinin 1977, Swada et al 1979, Vornovitskii et al 1977]. In broad terms narrow 

gap welding is a property –oriented bead-deposition technique associated with an arc welding 

process characterized by a constant number of beads per layer that are deposited one on top of 

the other in a deep, narrow square groove.  Some of the advantages attributed to narrow gap 

welding processes, when compared with other welding processes for thick joints is listed below: 

 Reduction in welding time due to less weld deposition with least number of beads 

 Reduction in severity of weld thermal cycle producing less axial and radial shrinkage 

which may favourably affect the stresses at the root area compared to those observed in 

conventional groove welding 

 A low dwell time in the critical sensitising temperature range due to less number of bead 

deposition and a favourable residual stress profile in the weld and heat affected zone 

which may improve the properties of the weld joint [Murugan et al  2001, Vornovitskii, 

L.V. et al  1977] 

 However in order to produce high-quality multipass narrow gap welds one of the most 

important parameters namely the width of the gap must be maintained constant during the 

welding of each pass. With the reduction in gap width the access to the welding zone becomes 

more and more difficult and the welding process may be disrupted as a result of short-circuiting 
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of the electrode with the edge. In addition to this a reduction in gap width increases the thickness 

of the layer of liquid metal (weld pool) underneath the arc and this may lead to lack of fusion 

between layers. The experimental results indicate that after welding 8-10 layers the gap may 

decrease by 25-40% [Shtrikman and Grinin 1979]. Hence this aspect should be considered while 

designing the narrow groove.  

2.6. Characteristics Of -SS Weld Joint  

2.6.1. Weld Chemistry  

 Chemistry of weld metal primarily depends upon proper selection of filler metal. The filler 

metal should not only provide good weldability, but also produce weldments having mechanical 

and corrosion properties equivalent to those of the base metal [Han and Sun1999]. Two principles 

are normally applied while selecting filler metals for producing corrosion-resistant weldments of 

stainless steels:  

1) Use of additional alloying elements to obtain desirable corrosion properties, and  

2) High level of purity in the steel should be maintained by reducing impurity contents (i.e., 

carbon, sulphur and phosphorus) to achieve the enhanced corrosion properties. 

 To produce sound weld joints, microfissuring tendency should also be controlled by 

maintaining purity of consumable composition such that amounts of ferrite in the weld metal 

vary from 3 FN to 8 FN [Cui, 2004]. A higher nominal ferrite content does not ensure uniform 

distribution throughout the weld metal [Brooks et al  1983]. To achieve this filler metals for 

welding stainless steels are produced as coated electrodes (AWS A5.4), solid and metal core wire 

(AWS A5.9) and flux core wire (AWS A5.22). Mostly popular electrodes such as E308-16, 

E308L-16, E309-16, E310-16, E316-16, E316L-16 and E347-16 are used for welding of this 

class of steel. The electrodes are available with a lime coating (-15) (for use with DC only), a 

titania coating (-16) (for use with AC or DC) or a silica-titania coating (-17) (for use with AC or 

DC mainly in the downhand or horizontal positions) and in the standard or low carbon variety. 

These alloys which are mainly used in coated electrodes are also available as either solid wire, 

metal cored wire or flux cored wire. A few are available only as coated electrodes. These are 

310H, 310Cb, 310Mo and 330H. Filler metals in general for austenitic stainless steels should 

either match or exceed the alloy content of the base metal. If a filler material of the correct match 

is not available, filler with higher alloy content normally should be used. There are several 

austenitic stainless types for which no exact matching fillers are made. Examples are 201, 202, 

205, 216, 301, 302, 304 and 305. The filler materials recommended for these base alloys are 

somewhat higher in Cr and Ni content. For example, 308 is used for 301, 302, 304 and 305 and 
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may be used for 201, 202, 205 and 216 if 209, 219 or 240 are not available. The major 

recommended filler materials in the form of coated electrodes, solid and metal core wire and flux 

core wire are as listed in Table-2.4. 

2.6.2. Microstructure  

 Weld 

 The solidification mechanism of weld metal during P-GMAW differs from that of GMAW 

and SMAW processes. In GMAW and SMAW process the solidification of weld metal takes 

place under a continuous supply of heat coming from the direction of heat source giving a coaxial 

dendritic structure [ASM handbook, 1994]. Whereas, heat transferred to the solidification front 

is of intermittent nature in P-GMAW process. During P-GMA welding the molten pool solidifies 

during the pulse off time being initiated from its front part and the same remelts during the 

subsequent pulsation wherein, the back part of the molten pool continues to solidify. Thus the 

solidification takes place primarily into two steps, one during the off time period and other during 

development of weld spot resulting from the next pulse. The peculiar form of heat balance caused 

by this phenomena has been [Hussain et al 1996] found to affect the micro structural 

characteristics of the weld pool. During the pulse off time the solidification of droplets starts 

from its circumference as a coaxial growth of dendrite under a condition of practically no heat 

gain from outside because of the existence of a low arc current at the off time where no metal 

transfer is available. This process is called the off time solidification process. The extent of 

solidification of the droplet primarily depends upon the super heating, size of the droplet and the 

extent of off-time [Ghosh 1996, Hussain et al 1996]. However when the subsequent pulsation 

sets in the deposition of later droplet on the earlier one, it causes a localized melting and produces 

a thermal shock to the adjacent regions below it. The local melting may cause necking and 

pinching off the dendrite arms, and the crystallites may be removed from the liquid caused by 

agitation resulting from a thermal gradient. Many of these crystallites remelt at the upper part of 

the bead due to high temperature while the others retain in some part of the bead at a 

comparatively low temperature. These crystallites grow to new randomly oriented crystals 

resulting into a fine grain cast structure of the weld by a grain multiplication process [Hussain et 

al 1996]. 

 Pulsed current GMAW can refine the microstructure by controlling the inward growing 

columnar grains into smaller equiaxed grains. A detailed micrographic study of the welds has 

suggested that suitable nuclei for equiaxed solidification would be stable only at or shortly after 

the pulse duration because of considerable superheat in the weld pool. Thus, high frequency 
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pulsing is supposed to be more effective but, this would be limited by thermal inertia effects at 

higher pulse frequencies. It is also observed that at a given comparatively higher mean current 

(200 A) and pulse frequency, the increase in pulse duration also found to coarsen the 

microstructure due to enhancement in superheating of a droplet at higher peak current for a longer 

duration. In aluminium weld [Ghosh and Sharma 1991, Ghosh and Dorn 1993] the refinement of 

microstructure improves with the increase in pulse frequency up to 50 Hz where the mean current 

is kept of the order of 210 A. However with the further increase in pulse frequency up to 100 Hz, 

the droplet transferred to the weld pool does not get sufficient period to solidify enough at the 

low pulse off period before receiving the successive one and consequently it re-melts to a greater 

extent. Thus the process of solidification tends to be similar to that of continuous current weld 

deposit and the microstructure shows considerable growth of dendrite [Ghosh and Gupta 1996]. 

 

Table 2-4 Filler Metals for welding austenitic stainless steels From AWS Filler Metal specifications: 

A5.4,A5.9, A5.22. 
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2.6.3. Mechanical Properties 

 The design, prediction of performance, and safety analysis of austenitic stainless steel welded 

components generally require a complete knowledge of their physical and mechanical properties. 

In particular, it would be useful to have at one's disposal more information on the mechanical 

properties of the weld deposited metal as influenced by its material variability. This is 

characterized by microstructural variations between the parent metal (usually fully austenitic) 

and the weld metal (containing various amounts of δ-ferrite retained at room temperature). The 

presence of δ-ferrite in the austenite matrix is necessary to prevent cracking during welding 

according to a well-established practice [Piatti and Vedani 1990]. 

 Tensile properties 

 Austenitic stainless steel welds generally contain delta ferrite content to avoid hot cracking. 

The weld thus obtained in comparison to base metal has relatively higher yield strength and 

ultimate tensile strength accompanied by reduction in elongation [Shaikh et al  1995]. During 

welding, the severe plastic deformation may occur in heat affected zone very near to the fusion 

line. Thus it has been observed the tensile properties depending upon crystallographic anisotropy 

may show considerable deviation in direction parallel and perpendicular to the direction of welding. 

The yield strength, and to a lesser extent the tensile strength are the properties most affected [Dieter 

2001]. The yield strength in the direction perpendicular to the main direction of welding may be 

greater or less than the yield strength in the longitudinal direction, depending on the type of 

preferred orientation which exists. Such a anisotropy may play an important role in designing of 

thick wall tubes like pressure vessels which are subjected to high internal pressures [Dieter 2001]. 

Tensile properties are also greatly impaired by the presence of inclusion and porosity content in 

the matrix of weld metal. The typical ductile fracture behaviour showing cup and cone appearance 

on the macroscopic scale enlarges the cup or flat portion of the fracture surface and a strong 

diminution of the cone or shear portion depending upon presence of dimples associated with 

impurity particles which are generally round and have various different sizes [Piatti and Vedani 

1990, Çam et al  1999]. Thus void nucleation occurs at such impurity particle/matrix interface 

separation giving inferior tensile properties.  

 Hardness 

 In welds metallurgical transformations”takes place over very small areas. Thus mostly micro 

hardness measurements are carried to determine the formation of phases [Dieter,2001]. In 

austenitic stainless steel welds, ferrite content and the influence”of weld thermal cycle on it 
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causes precipitation of number of phases.Thus the increase in scattering magnitude primarily 

indicates that hard”phases such as carbides and sigma are formed in the matrix.      

 Residual stresses 

 Residual stresses are those stresses remaining in a solid body under zero external force. 

During welding, the deposited metal fuses groove area and heats it up sharply relative to the 

adjoining cooler area of base metal [Sarkani et al 2001]. As a result thermal expansion of the 

fused area is restrained by the surrounding colder area, giving rise to elastic”thermal stresses. 

These thermal stresses which partly exceed the yield limit of weld metal at elevated temperature 

consequently plastically hot compress the weld area. Subsequently during cooling and 

solidification, the plastically hot compressed molten”material will tend to shrink and pull 

adjoining parent material which will either follow the shrinking movement resulting in distortion 

or shrinkage or it will fully or partially resist”distortion resulting in residual stresses.  It thus 

displays tensile residual stresses and the surrounding area compressive”residual stresses 

[Webster et al 2002, Basavaraju 2000]. These thermo mechanical treatments caused by complex 

multipass welding operations result in strain induced deformation which accelerates 

transformation reaction rates in materials through its effects on 

1) increasing the vacancy”concentration leading to an increased diffusivity 

2) lowering the activation”barrier to diffusion 

3) decreasing the free energy”barrier to nucleation and 

4) increasing the effective driving”force for nucleation . 

 The formation of residual”stresses can be effectively controlled if the”highest”temperature 

reached at the weld centreline is just below the melting point of the material and that only elastic 

strains”occur and no phase transformations whatsoever take place. However this practically 

impossible task can be optimized by reducing”thermal strains accompanied by plastic upsetting 

to a lowest possible extent [Teng et al 2003, Lin and Chen, 2001]. This objective can be achieved 

by first understanding the stress”distribution in thick sections and then with proper control of 

welding process and procedure. 

 Stress Distribution in thick sections 

 In a multipass welding operation, the number of thermal cycles that the material undergoes 

during welding is same as the number of passes, and with each pass, the residual stress pattern 

changes [Teng et al 2003]. The complex metallurgical process due to”thermal cycles in welding, 

such as shrinkage, phase transformations produce both tensile or compressive residual stress in 

different zones of the welded structure. Residual stress, particularly tensile residual stress in the 
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weldment, can be a very important”factor in affecting the reliability and integrity of the weld 

[Yaghi 2005]. The formation of tensile residual stress”may result in initiation of fatigue cracks, 

stress corrosion cracking, or other types of fracture. The development and”distribution of such 

harmful residual stress in”thick sections primarily depends on 

1. Thermal expansion and contraction characteristics of weld metal resulting in plastic 

upsetting.  

2. Welding direction as residual stresses near the weld interface on thick multi-pass weldments 

are more tensile in the direction normal to the weld than in the direction parallel to the weld 

[Brickstad  and Josefson 1998]. 

3. Weld shrinkage which primarily depends on weld thermal cycle and groove design, affects 

the level and the distribution of residual stresses in the root area resulting in strain hardening 

in this area [Teng et al 2002]. 

4. Thicker pipes with lower diameter have less tensile or compressive residual stresses on the 

inside surface of the pipe [Brickstad  and Josefson 1998]. 

5. In pipe structures, axial stress distribution is not rotationally symmetric, whilst the hoop 

stress may show a rotational symmetry [Chang and Teng 2004, Brickstad  and Josefson 

1998]. 

6. The heat deposited during circumferential butt welding is high enough to result in a uniform 

temperature increase through the pipe thickness at the weld. The only deformation that will 

create thermal stresses is the circumferential strain due to the radial expansion and subsequent 

contraction. This radial decrease during cooling after welding together with symmetry 

condition at the centre section results in a almost linear through thickness axial stress 

variation with tensile axial stresses at the inner surface (sometimes of yield stress magnitude) 

and compressive axial stresses on the outer surface. The compressive hoop stresses are 

normally tensile all through the thickness and have about the same magnitude as the 

maximum axial stresses if the yield properties of the weld and base material are about the 

same [Brickstad  and Josefson 1998]     

2.7. High Strength Low Alloy (HSLA) Steels 

 HSLA steels are intended to provide better mechanical properties and/or greater 

resistance to atmospheric corrosion than conventional carbon steels [AWS handbook 1978, 

Metals handbook 1979(a), (b), Rothwell and Malcolm Gray 1976]. They are considered as low 

alloy steel owing to small content (3-5 Wt. %) of alloying element including some selective 

elements in order to meet high strength along with other properties [Suzuki et al 2001, AWS 

handbook 1978]. The chemiscal composition of HSLA steel plate may also vary in production 
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of different types of steel for diverse thicknesses to meet specific requirements in mechanical 

properties [ASM handbook 1992, Kearns AWS handbook 1978, Metals handbook 1979 (a), (b)]. 

HSLA steels keep low carbon content (0.05 - 0.25 Wt. %) with varying manganese content up to 

2.0 Wt %, in order to exhibit adequate formability and weldability. As a selective minor addition 

small quantity of chromium, nickel, molybdenum, copper, nitrogen, vanadium, niobium, 

titanium, and zirconium are used in various combinations. HSLA steels have yield strength (YS) 

and ultimate tensile strength (UTS) greater than 275 and 500MPa respectively [ASM handbook 

1992, Kearns AWS handbook 1978, Metals handbook 1979 (a), (b), Rothwell and”Malcolm Gray 

1976]. The addition of micro-alloying (e.g., niobium (Nb), ”vanadium (V), or titanium (Ti)) with 

controlled processing has been successfully”implemented to HSLA steels mainly to”increase the 

strength by maintaining”fine”grained ferrite/pearlite”structure and to maintain 

cost”effectiveness [Craven et al 2000(a, b), Fernandez et al 2007, Hong et al 2003, Hou et al]. 

The main advantages of the micro-alloyed”HSLA steels are good combination”of strength and 

toughness”and”weldability. Usually depending”on the micro-alloying”elements, the desired 

mechanical and”metallurgical properties were achieved by”austenite grain size conditioning 

and”precipitation strengthening [ASM handbook 1992, Metals handbook 1979(a), Rothwell and 

Malcolm Gray 1976].  

The new grade of HSLA steels has been produced with as hot-rolled yield strengths 

exceeding 480 MPa in 20mm thick plate in combination with low temperature toughness [ASM 

Handbook 1992, Gunduz and Cochrane 2005 and Hou et al 2003]. These properties have been 

obtained by appropriate alloying and controlled rolling. The higher strength steels generally 

contain lower carbon but higher manganese and molybdenum (Mo) in combination with one or 

two micro alloying elements (e.g., Nb, V, or Ti). HSLA -100 is easily weldable high-strength 

steel for naval applications [Das et al 2006, Dhua et al 2002, Laing et al 1985 and Narayanasamy 

et al 2007].  2.8 Properties of HSLA Steels 

HSLA steels must have certain characteristics and properties to use in construction of 

various advanced welded structures such as strength, toughness, ductility, formability and 

weldability so that it can be fabricated successfully by customary methods depending upon 

applications. In addition to this, improved corrosion resistance is generally required [Pickering 

1978]. All of the HSLA steels have higher strength than the majority of as rolled or normalized 

structural carbon steels and have fairly good formability commensurate with their strength level. 

Their corrosion resistance and notch toughness depends upon composition and processing. 
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2.8. Properties of HSLA Steels 

HSLA steels must have certain characteristics and properties to use in construction of 

various advanced welded structures such as strength, toughness, ductility, formability and 

weldability so that it can be fabricated successfully by customary methods depending upon 

applications. In addition to this, improved corrosion resistance is generally required [Pickering 

1978]. All of the HSLA steels have higher strength than the majority of as rolled or normalized 

structural carbon steels and have fairly good formability commensurate with their strength level. 

Their corrosion resistance and notch toughness depends upon composition and processing. 

2.8.1. Mechanical properties 

The mechanical properties of HSLA”steels are primarily dictated by their microstructure. 

These have generally”ferrite - pearlite microstructures, and their properties are”affected by 

changes in the”microstructure. Strength can be increased by”increasing the amount of pearlite, 

the”fineness of the microstructure, and the amount of”dispersed phases. As the strength is 

increased”by these micro structural changes, notch”toughness is usually impaired in proportion 

to the”increase of strength, but a finer”microstructure is accompanied by an”increase in 

notch”toughness [Pickering 1978]. Higher strength is often”obtained by the addition of 

small”amounts of niobium”or vanadium, or titanium [ASM Handbook 1994, Tamura et al 1988]. 

These elements”provide strengthening by precipitation”hardening [ASM Handbook 1994, 

Tamura”et al 1988 and Pickering 1978]. The minimum”mechanical properties of HSLA steels 

of different”thickness has been given in table -2.5. 

Table - 2.5 Minimum mechanical properties of HSLA Steels [Tamura et al 1988]. 

Property Minimum value 

Thickness, up to 20mm 

Tensile strength 

Yield strength 

Elongation in 200 mm 

 

485 MPa 

345 MPa 

18 % 

Thickness, 20 to 38 mm 

Tensile strength 

Yield strength 

Elongation in 200 mm 

 

460 MPa 

325 MPa 

19 % 

 

The notch toughness of high”strength low alloy steel, as evaluated by”Charpy-impact 

tests, is superior to that of”structural carbon steels [Tamura et al 1988] whereas, the transition 
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temperature of the”HSLA steels is lower [Tamura et al 1988, Pickering 1978]. Notch toughness 

of both”precipitations hardened and quenched & tempered steels is primarily”function of 

microstructure. HSLA steels are designed to”have adequate notch toughness for their 

intended”application, but generally are not supplied to a”minimum notch-toughness”criterion 

[Tamura et al 1988, Pickering 1978]. The suitability of the notch toughness of specific 

HSLA”grades may be based on established service”performance alone or in combination”with 

the results of impact tests on notched”specimen. Some HSLA steels are produced 

with”exceptionally good notch toughness to meet the stringent”requirements of certain 

applications. For example, controlled”hot-rolling practices are now commonly used in the 

production of HSLA plate to be fabricated into welded line pipe; [Kearns AWS handbook 1978]. 

Such pipes are required to meet notch-toughness specifications established by the American 

Petroleum Institute (API). The ASTM A572 and A588 grades must meet impact requirements at 

-12 to 210C when used for main tension members in highway bridges [Kearns AWS handbook 

1978, Metals Handbook 1979(a)]. 

2.8.2. Weldability  

 In view of the fact that welding is generally utilized in fabrication of structural steel, it is 

important that HSLA steels must be readily weldable for these applications by commonly used 

arc welding processes. It is also desired that the welds in fabricated structures should have the 

required strength and ductility to withstand the adverse conditions expected in the desired 

service. The development of the HSLA steels has paralleled the growth of the various welding 

processes, and particular care was exercised to ensure that these steels possess suitable welding 

characteristics. Most of these steels are considered to be readily weldable by conventional 

processes when good shop or field practices are used [Babu et al 2002 and Tamura et al 1988]. 

For shielded-metal-arc welding of HSLA steels having minimum yield stress up to about 345 

MPa, E-60 or E-70 grade electrodes are generally used. E-70 grade electrodes are suggested for 

steel grades having somewhat higher minimum yield points [Das et al 2008 (a, b), Das et al 2006, 

Davies 1983, Dhooge et al 1978, Sierdzinski and Ferree 1999]. For heavier sections and for 

grades that have higher carbon and manganese contents, preheating and/or low-hydrogen 

practices should be used for all thicknesses. Low-alloy-steel electrodes are generally required for 

steels with minimum yield points higher than about 415MPa or when specific characteristics 

[Tamura et al 1988], such as enhanced corrosion resistance is required in the weld metal. 

Electrodes or electrode flux combinations that provide filler metal similar to that of the suggested 

electrodes for shielded metal arc welding are recommended for submerged arc, gas metal arc and 

flux cored arc welding [Cerjak et al 1999, Yongyuth et al 1992]. In the automotive HSLA sheet 
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steels, good spot weldability is achieved through the use of low carbon contents which are 

generally restricted to about 0.13 percent or less [Tamura et al 1988]. HSLA steels are welded 

with SAW consumables covered by ANSI/AWS A5.23 include ASTM specifications A-242, A 

537 class 1 and 2, A-572 grades 42-65, A 588, and A-633 grades A-E [Kearns AWS handbook 

1978, Metals Handbook 1979(a, b)]. It must be noted that some of these steels can also be welded 

with consumables specified in ANSI/AWS A-5.17; the choice depends on the mechanical 

property requirements. ASTM A-242 and A-588 steels are resistant to rusting [Kearns AWS 

handbook 1978, Tamura et al 1988]. Some applications require welding these materials with 

electrode/flux combinations that will result in the same appearance and oxidation resistance as 

the base material [Chen et al 2006]. 

2.9. Factor Affecting the Weldability of HSLA Steels  

 Weldability of HSLA steels is comparable to plain carbon steel that have similar carbon 

equivalent [Metals Handbook 1979 (a)]. It is therefore HSLA steels have been widely used in the 

construction of buildings, pipelines and ships. However, it is very difficult to monitor and 

estimate the local property distribution of welded joints due to low alloying addition [Davies 

1983, Metals Handbook 1979 (a)]. Welded structure e.g. submarine hulls (or other naval vessels), 

may be subjected to dynamic loading from impact or explosion. Such a critical condition causing 

failure initiation is frequently found in the heat-affected zones and weld [Davies 1983, Tamura 

et al 1988], and is principally caused by tensile stresses [Chapman et al 1997]. The expression 

for finding carbon equivalent (CE) to determine the pre-heating temperature of HSLA steel 

proposed by international institute of welding (IIW) is as follows [ASM handbook 1994, Davies 

1983, Rothwell and Malcolm Gray 1976, Radaij 1992]. 

(% % % ) (% % )
% %

6 5 15

Mn Cr Mo V Ni Cu
CE C

  
   

                                 (2.38) 

If the CE exceeds 0.45, the welding situation changes due to the possibility of cracking in HAZ 

[Sindo Kou 1987].  

2.9.1. Effect of residual Stresses 

 The welded joint may be susceptible to structural failure due to development of residual 

stress resulting from the welding process [Teng et al 2003, Henderson and Steffens 1976]. The 

complex metallurgical processes in welding, such as shrinkage, quenching, or phase 

transformations is producing both tensile and compressive residual stress in different zones of 

the welded structure. Residual stress of tensile in nature in the weldment, can be a very important 

factor dictating the reliability and integrity of the weld joint. The formation of tensile residual 
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stress may develop initiation of fatigue cracks, stress corrosion cracking, or other types of fracture 

[Chang et al 2004, Clark et al 2002, Dong 2001, Fricke et al 2001, Roos et al 2005, Radaij 1992, 

Teng et al 2002]. 

 Residual stresses may be sufficient to cause a metal part to fail suddenly and split into two 

or more pieces without applying any external load [Davies 1983]. Residual stresses are stresses 

that are inside or locked up into a component or assembly of parts. The internal state of stress is 

generally caused by thermal and /or mechanical processing of the parts [Dieter 1988, Tamura et 

al 1988] e.g. bending, rolling or forging. Another situation is the thermal stresses induced by 

welding. In other extreme in certain cases residual stresses can play a significant role in 

preventing failure of a component. One example of residual stresses preventing failure is the shot 

peening of component to induce surface compressive stresses that improve the fatigue life. 

Unfortunately, there are also processes or processing errors that can induce excessive tensile 

residual stresses in locations that might promote failure of a component. The internal stresses are 

balanced in a component. Tensile residual stresses are counter balanced by compressive residual 

stresses. To better visualize residual stresses, it is sometimes helpful to use tension and 

compression springs to represent tensile and compressive residual stresses. Residual stresses are 

three-dimensional [Dieter 1988]. Residual stresses can result in visible distortion of a component. 

The distortion may be useful in estimating the magnitude or direction of the residual stresses. 

Thermal residual stresses are primarily due to differential expansion and contraction when a 

metal is successively heated or cooled. The factors that control this are thermal treatment (heating 

or cooling) and restraint. Both the thermal treatment and restraint of the component must be 

present to generate residual stresses.  

 Gao et al [1997] has found residual stress by X-ray diffraction in HSLA-100 steel weldment 

prepared by using GMAW process under different welding heat input and restraint condition 

[Gao et al 1997]. They observed that transverse residual stress is always compressive on the 

surface near the weld and gradually become tensile as the distance from the weld increases. 

However, longitudinal residual stresses are usually tensile on the surface near the weld and 

slowly decrease as the distance from the weld increases. Higher welding heat input generates 

smaller residual stresses at slower cooling rate of the weldments due to inhibition of shrinkage 

and phase transformation. Restraint of the weldment has a significant effect on residual stress. 

Additional tensile stress will be generated because the shrinkage of the weldment is impeded by 

rapid restraint. However restraint stress can also lead to an induced martensite/bainite 

transformation, resulting in an additional compressive stress.  There exist tensile longitudinal 
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residual stress and a compressive transverse residual stress on the subsurface near weld under 

restrained and non-restrained condition respectively.  

2.9.2. Effect of microstructure 

 Higher strength and toughness along with low carbon steel plate with improved weldability 

can be achieved by the combination of micro-alloying and controlled rolling. The improvements 

in mechanical properties result mainly from the refinement of the ferrite grain size together with 

a controlled amount of dispersion strengthening. One of the beneficial effects of Ti additions in 

Nb high strength low alloy (HSLA) steels is an improvement in the toughness of the heat affected 

zone (HAZ) resulting from welding, especially after high heat inputs [Gery et al 2005, Sundaram 

et al 1987]. This is because of forming of stable Ti rich carbonitride particles and these can restrict 

austenite grain growth in the HAZ at high temperature and hence improve HAZ toughness 

[Varughese et al 1993]. 

 When the quenched and tempered low carbon low alloy steels are welded, it is necessary to 

control the microstructures of both the heat affected zone and the weld deposit [Tamura et al 

1988]. Adequate toughness in a ferritic weld deposit can be obtained by minimizing the 

percentage of Widmanstatten side plate ferrite and maximizing the acicular ferrite content [Zhao 

et al 2003]. Widmanstatten side plate ferrite nucleates from the prior austenite grain boundaries, 

while acicular ferrite is nucleated intra-granularly on oxide inclusions. Research has also focused 

on the heterogeneous nature of the oxide inclusions and especially on the crystalline compounds 

present in the oxide inclusions [Babu et al 2002, Tamura et al 1988]. Two methods have been 

adopted to identify these crystalline compounds. One is to electrolytically extract the oxide 

inclusions and determine the presence of crystalline compounds by X-ray diffraction. The other 

is to identify the crystalline compounds in individual inclusions by electron diffraction. 

Widmanstatten side plate ferrite grows as parallel laths of similar crystallographic orientation 

and hence offers little resistance to crack propagation. Acicular ferrite grows in many directions 

and a crack is required to change directions repeatedly, thus providing better toughness. 

 Shome et al [2004, 2007] developed the analytical model for predicting the grain size in the 

heat affected zone (HAZ) near to fusion line by considering with and without grain boundary 

pinning precipitates in the micro alloyed HSLA matrix as follows.  
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 Where, Dg0 is the final mean grain diameter, Dg1 is the initial grain diameter, n is the time 

exponent (0.5), K1 is a kinetic constant (1.26  1012 m2/s), Qapp is the apparent activation energy 
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for grain boundary movement (260kJ/mol), R is universal gas constant, Tp is peak temperature 

in fusion line, t1, t2 and t3 are temperature cycle in austenite. It has been reported that the predicted 

grain size are within 10% of the mean experimental values of the grain size, and more accurate 

than predictions using earlier model proposed by Anderson’s [Shome et al 2004].  

 The effect of heat-input on austenite grain size in the different locations of heat affected zone 

of HSLA-100 steel has been reported [Shome et al 2007]. The single pass weld deposition was 

made by using GMAW and SAW process at relatively low and high heat input of 10 and 40kJ/cm 

respectively. The grain size at different locations of HAZ was related to the peak temperature 

and determined with the help of existing Ashby–Easterling [Dieter, 1988] analytical model based 

on Gaussian heat source distribution for two different heat-input conditions. It has been 

concluded that at a same peak temperature and relatively higher heat input of 40kJ/cm, the grain 

size increases considerably than those of lower heat input of 10kJ/cm which significantly 

influences the microstructure and properties of the heat affected zone.  

 In general it is observed that acicular ferritic microstructure is becoming an optimal 

microstructure because of its excellent combination of strength and toughness than ferrite–

pearlite microstructures [Xiao et al 2005, Yongyuth et al 1992, Zarandi et al 2005, Zhao et al 

2003, Zrilica et al 2007] and also the carbon contents of these acicular ferrite steels are lower 

than that of conventional micro-alloyed ferritic-pearlitic steels. The major constituents in the 

acicular ferrite microstructure are transformation products at quite low temperature during the 

controlled cooling process [Tamura et al 1988]. Although, acicular microstructure contains non-

equiaxial ferrite with dense dislocations and second-phase islands dispersed in the matrix [Zhao 

et al 2003]. In this regard, Xiao F et al [2005] designed the acicular ferrite microstructure for low 

carbon Mn-Mo-Nb micro-alloyed pipeline steel through hot deformation of continuous cooling 

and isothermal transformation processes. This investigation showed that the lowest cooling rate 

of 0.1C/sec revealed the microstructure as polygonal ferrite + acicular ferrite and relatively 

higher cooling rate in wide range of 0.2 to 7.5 C/sec revealed that acicular ferrite and also 

increases the starting transformation temperature from 620 to 740 C and, the polygonal ferrite 

disappears when the cooling rate was beyond 7.5 C/sec.  

 During welding at high heat input significant austenite grain growth may occur in the heat 

affected zone of welded joints, leading to bainitic microstructures after completion of the weld. 

These microstructures are known to be sometimes sensitive to cleavage cracking, especially 

when some austenite is retained after the bainite transformation, leading to martensite– austenite 

(M–A) constituents [Tamura et al 1988]. These M–A constituents may be located between 

bainitic laths as well as at prior austenite grain boundaries [Tamura et al 1988]. In this regard, 
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Lambert- Perlade et al [2004] investigated austenite to bainite phase transformation in the heat-

affected zone of a high strength low alloy steel by means of light microscopy, electron backscatter 

diffraction and transmission electron microscopy. It is observed that the bainite phase 

transformation appears to occur in two stages. In the first stage, discrete, non-parallel, highly 

intricate, straight groups of laths form. The second stage is thickening of these groups, leading 

to coarse crystallographic packets containing both elongated and equiaxed M–A constituents. 

Upper bainite packets of the fully transformed microstructures consist of highly intricate, non-

parallel sets of plate-shaped groups of laths. These groups have a low angle misorientation 

relationship but highly misoriented habit planes. 

 Shvachko et al [2000] investigated Hydrogen induced cold cracking (HICC) of HSLA steel 

weldments. These cracks can appear few minutes after welding or sometimes few hours or even 

days. If a great deal of elastic energy is stored in a joint then the cold crack propagate through a 

full section of a joint at very significant sound and mechanical effects. The hydrogen cracking 

problem both in welding and in other metallurgical fields has been studied for many years. In 

spite of that, the practical recommendations of how to avoid hydrogen cracking up until now are 

based on empirical knowledge [Sierdzinski et al 1999]. It is still not possible to explain exactly 

how the presence of hydrogen within the metal structure leads to the formation of cracks in 

certain circumstances. So the new model of hydrogen embrittlement (HE) has been described. 

The new model of HE suggests that the micro crack occurs in dislocation cluster by a micro 

cleavage mechanism during straining and propagates at the initial period analogous to the Griffith 

classic scheme; hydrogen, adsorbed in the form of negative ions on the new surfaces in a crack, 

promotes cracking [Sierdzinski et al 1999]. 

2.9.3. Effect of welding processes, procedure and parameters 

 The multi-pass welds of quenched and tempered 50-mm-thick steel plate have been carried 

out by depositing with a single wire narrow gap process using gas metal arc welding (GMAW) 

and submerged arc welding (SAW) processes [Powell and Herfurth 1998, Kanjilal et al 2007]. 

CV impact toughness at -20C and microstructure including oxide inclusion size and ferrite 

morphologies had been studied and correlated to the Al to Ti ratio of both the oxide inclusions 

and the weld deposits. It has been observed that the combination of more oxide inclusions greater 

than 1 mm and less acicular ferrite lowers the CV impact toughness.   

 The effect of alloying element powder additions on the microstructure and toughness of weld 

metals in HSLA- 70 line-pipe steel produced by submerged arc welding technique was 

investigated [Linnert 1994]. It was observed that the addition of Mo in the range 0.817 – 0.881 

wt. % resulted in a decrease of fracture appearance transition temperature (FATT) and an increase 
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of impact toughness. The beneficial effect of Mo is due to the formation of predominant acicular 

ferrite (AF) and granular bainite (GB), at the expense of ferrite with second phase (FS (A)) and 

grain boundary ferrite (GBF) in weld metal. The combined presence of Ni (2.03–2.91 wt.%) and 

Mo (0.7–0.995 wt.%) in the weld metal, leads to a high volume fraction of fine AF with good 

toughness, because the amount of both FS(A) and GBF are reduced. When Ni is added alone in 

the range of 2.03–3.75 Wt %, the weld metal shows a lower toughness and an increased FATT, 

due to a lower amount of AF and a high volume fraction of (FS (A)). The weld metal with a 

mixed microstructure comprising around 77% AF and 20% GB shows the optimum impact 

toughness at −45C [Tamura et al 1988]. 

 Tso-Liang et al [2002] proposed a mathematical model to predict the effects of important 

butt weld geometry parameters (such as weld toe radius, weld bead flank angle, preparation 

angle, and plate thickness), and residual stresses on the fatigue crack initiation (FCI) life of butt-

welded joints. In addition, this investigation develops theoretical explanations for the 

improvement of fatigue life from reductions in tensile weld residual stress introduced by varying 

the preheating temperature. An effective procedure is also developed by combining the thermal 

elasto-plastic theory, finite element and strain-life methods. It was observed that localized 

heating caused by welding and subsequent rapid cooling can cause tensile residual stresses at the 

weld toe of butt-welded joints. These tensile residual stresses were considered to be one of the 

major factors influencing fatigue strength. Longitudinal weld residual stress was found to be 

insensitive to changes in flank angle and weld toe radius. Modifying the weld geometry 

parameters such as increasing the radius of the weld toes and decreasing the value of the flank 

angle can improve FCI life of butt-welded joints. Preheating temperature thus affects the residual 

stress near the weld toe of the butt-welded joints in the following three ways 1) Preheating 

reduces the maximum cooling rate (temperature gradients) in HAZ during welding and thus 

reduces residual stress. (2) Preheating reduces the temperature variation and thus alters the 

shrinkage through the weldment thickness during cool down, thus decreasing residual stress. (3) 

Preheating maintains temperatures in HAZ after welding, so the yield stress and Young’s 

modulus are lower than at room temperature for the same time, thus reducing the residual stress. 

It is also observed that the peak transverse residual stresses in the central region decrease with 

an increasing specimen length. The tensile residual stresses in the region near the fusion zone 

increase with a decreasing specimen thickness. A higher welding speed reduces the amount of 

adjacent material affected by the heat of the arc and progressively decreases the residual stresses. 

The magnitude of the residual stresses with a restrained joint is larger than that estimated with 

an unrestrained joint. The preheating treatment, the weldment significantly reduces the residual 
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stresses. In line of the above, Peng-Hsiang Chang et al [2004] performed numerical and 

experimental investigations on the residual stresses of the butt-welded joints. It was reported that 

a very large tensile longitudinal and transverse residual stress occurs near the weld toe, and a 

compressive stress appears away from the weld bead. Meanwhile, the stress approaches zero as 

the distance from the weld toe increases. 

 Murugan et al [2001] investigated temperature distribution and residual stresses due to multi-

pass welding in 304 -L type stainless steel and low carbon steel with 6, 8 and 12mm thicknesses 

using SMAW process.  X-ray diffraction method was used for residual stress measurements. The 

peak temperature attained at different points during deposition of weld beads in stainless steel 

and low carbon steel weld pads are compared. Changes in the tensile stress with the deposition 

of weld beads, and the relation between the peak temperatures and residual stresses in the weld 

pads has been discussed. It is observed that peak temperatures in stainless steel weld pads (closer 

to weld fusion line) are higher than those in low carbon steel weld pads at lower heat input due 

to the lower thermal conductivity of stainless steel. With the number of passes, the peak tensile 

residual stress gradually reduces in magnitude on the root side, and gradually increases in 

magnitude on the top side of the weld pads. The distribution of residual stress increases with the 

increase in the plate thickness of the weld pad. This increase is more pronounced in low carbon 

steel weld pads. For any specified peak temperature at the middle plane of the weld pad, the 

residual stress in the low carbon steel weld pad has been found to be higher than the residual 

stress in the stainless steel weld pad of the same thickness. 

Jang et al [2001] studied the effects of root opening on mechanical properties, 

deformation and residual stress of weldments. Tensile, bend, impact and hardness tests were 

carried out on weld specimens having 0, 6 and 30 mm root openings. It was reported that the 

tensile strength is approximately 534–540 MPa for the 0-mm root opening, 528–537 MPa for the 

6-mm root opening and 536–547 MPa for the 30-mm root opening. There is little difference in 

the results, but in the case of the 30-mm root opening weld, the scatter in the tensile strength data 

is higher than for the other welds because of the extensive weld fusion zone and weld pool. There 

was no crack propagation for each specimen. The results of the bend tests were satisfactory. 

According to the impact tests, there was little difference in the 0 and 6mm root opening welds, 

but the scatter of impact values for the 30mm root opening weld was higher and non uniform. In 

terms of microstructure, refined regions resulting from weld heat and solidification that were not 

dissolved by the heat but were retained, appeared as a non uniform structure. With regard to 

mechanical properties, it appears there are problems in attaining toughness. The static strength 

such as tensile and bend strength in the 24-mm build up weld should have no problems in 
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manufacturing structures, such as the steel bridges. However, there may be problems in reliability 

of the weldment as a result of reductions in toughness because of non uniformity in the 

deteriorated regions of the weldment. The residual stress is distributed symmetrically, and 

maximum value is the same for the 0 and 6mm root opening welds. In case of the 30mm root 

opening weld, the equilibrium temperature is lower than the within-tolerance specimens and the 

distribution of the residual stress extends over a wide range asymmetrically because of the build 

up weld. It might be a problem in dynamic strength because most of the residual stress is biased 

toward the built up weld part.  

2.10. Conventional Arc Welding of Thick HSLA Steels  

Large amount of work has been carried out to study the welding of HSLA steels [Basak 

et al 1995, Cerjak et al 1999, Hafele 1994, Kanjilal et al 2007, Kanjilal et al 2006, 

Megudeeswaran et al 2009, Madhusudan Reddy et al 1996, Murugan et al 1994, 1995, Bhadeshia 

H. K. D. H. et. al 1985, Bhadeshia H. K. D. H. et. al 1993, Ghosh P. K. et. al. 1989] by using 

different welding processes, procedures and parameters. The studies show that HSLA steels are 

generally have good weldability with respect to producing weld joint free from any discontinuity 

defects. However, in so many of cases, the integrity and safety of the weld joints in reference to 

their long term fatigue and corrosion properties are questioned. Moreover, in certain cases, the 

post weld formability of the component has been found to be impaired [Sindo Kou 1987]. These 

problems to a large extent are successfully addressed by several workers [Das et al 2008(a, b), 

Das et al 2006, Dhooge et al 1978] on case to case basis but the solutions are yet to be found for 

their general applications.   

2.10.1. Gas metal arc welding  

 In gas metal arc welding (GMAW) process a low voltage electric arc is created between a 

consumable filler wire and base metal, which melts both of them by arc heating as major part 

and resistance heating as minor part. The wire is fed at a preset speed, which governs the 

magnitude of welding current, through a welding torch wherein it provides electrical connections 

and the shielding gas. The process has two basic requirements for successful open arc operation. 

1. The wire feed speed must be balanced with its melting rate to maintain constant arc length. 

2. Transfer of metal from the electrode tip to weld pool should be stable. 

 The arc length is self-adjusted because of the constant potential (CP) characteristics of the 

power source. The weld metal is protected with suitable shielding gas and metal is transferred to 

the weld pool by desired mode of metal transfer. Welding current and heat input commonly used 

are of the order of 60-500A and 1-25kJ/s respectively. It is broadly used in welding of steels, 
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aluminium, magnesium, nickel, copper, titanium and their alloys. However, functioning of 

process primarily depends upon proper control of process variables, behaviour of metal transfer 

and thermal behaviour of weld. 

 Process variables and their control 

 Filler metal is transferred in the form of superheated molten metal droplets. The mode of 

metal transfer defined by size and rate of droplet transfer, primarily determine the stability of the 

process [Liu and Siewert 1989] which is dependent upon the process variables [Choi et al 1998, 

Kim and Eagar 1993(a)]. These have considerable influence on the behaviour of the weld pool 

[Johnson et al 1989], which in turn affects the properties of weld through influence on 

penetration, solidification mechanism, heat flow and rate of metal deposition. 

Welding current 

 Welding current plays primary role in deciding the mode of metal transfer. At a 

comparatively lower value of it, drops are relatively larger than the filler wire diameter and 

assume classic pendent drop shapes, determined by surface tension and gravitational forces. With 

the increase in welding current, size of droplets reduces but frequency of transfer increases and 

a situation comes when the end of the wire electrode becomes tapered and drop becomes 

relatively smaller than the diameter of the filler wire. At still higher value of current, a short 

column of molten metal streams off at the end of the electrode tip and small drops are formed as 

a result of breaking of this column and at a very high value of current, asymmetric magnetic force 

becomes significant compared to the inertial force in the streaming column of the metal and the 

column spirals about the electrode axis [Lancaster 1984]. 

Arc voltage 

 Arc voltage primarily governs the arc length and affects the size and shape of the fusion 

zone. When the arc length is too short, electrode may touch or short circuit the weld pool resulting 

in low base metal melting, narrow weld deposit and variation in heat input and hence enhances 

the possibility of forming the weld defects. Long arc length causes a flat and shallow deposit, 

allows the arc to wander, increases spattering and may also cause porosity in weld deposit due to 

air aspiration in the shielding gas [jacket et al 1995]. Hence, it is important to select the proper 

arc voltage / arc length to obtain control of weld pool resulting in governing of properties of the 

weld. The use of long arc length increases the arc plasma perimeter resulting in a wider weld 

pool, reduces the heat concentration directly below the welding electrode and makes the weld 

pool response to weave very sluggish [Matthews et al 1992]. Shorter arc length improves wetting 

characteristics and weld pool control.  
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Electrode Extension 

 It has been observed that an increase of electrode extension reduces transition current i.e. it 

dominates the transition current region of the filler wire [Lancaster 1984]. It depends on the 

contact tube to work distance (CTWD), and affects the mode of metal transfer by changing the 

extent of ohmic heating. It has been revealed that at a given arc voltage, wire feed rate should be 

increased with the increase in CTWD [Heald et al 1994]. Electrode extension governs the arc 

length [Quinn et al 1994]. Longer extension results in enhanced resistive heating and 

consequently reduces the balance of energy available to melt the filler wire and base metal, which 

may result in lack of fusion [Quintino and Alllum 1984, Stenbacka and Person 1989]. It may also 

reduce the stability of metal and may increase the risk of porosity in weld metal [Stenbacka and 

Person 1989].  

 It has been established that in the operating range of process variables (5-10 mm arc length, 

10-20 mm electrode extension, 5-20% CO2 mixture in argon shielding) the specific burn off rate 

of 1-1.2 mm diameter filler wire and V-I relationship (Fig. 2.15) is linear. Consequently, the 

generalized burn off relationship in that range of parameters may be represented by linear control 

equations and can be applied for synergic control [Amin and Ahmed 1987]. Burn off rate is 

directly proportional to the electrode extension and resistivity of filler wire [Amin and Ahmed 

1987]. 

 

Figure 2-10 Static volt-ampere characteristics of power source. 

 Shielding gas govern the stability of arc, mode of metal transfer, bead appearance, spatters 

generation and transition current of filler wire [Ghosh et at 2009 (b)]. Shielding gases commonly 

used in the process are argon (Ar), helium (He), carbon dioxide (CO2) and their mixtures. 

Selection of proper shielding gas to be used primarily depends on the filler wire material and 

required mode of metal transfer. Gas flow rate plays an important role in deciding the properties 

of the weld and therefore, flow measurement techniques [Stenbacka and Person 1989] may be 
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employed to know the actual flow rate of the shielding gas. For obtaining the spray transfer, 

argon based shielding gases such as argon with 1 – 5 % of O2 or with 5 – 25 % of CO2 is generally 

required. It is a common practice in welding of steels to add CO2 or O2 to an inert gas, such as, 

Ar, for use as shielding gas because oxygen atoms promote the electron emission level in ferrous 

alloys, which stabilize the arc and regulate metal transfer, even on electrode negative polarity 

[Shinoda et al 1987]. However, such a oxygen bearing shielding gases cannot be used for welding 

of aluminium, as the production of refractory oxides inhibit proper metal transfer and deposition. 

However, chlorine may be used as an oxidising gas as an addition to the argon shielding for 

welding of aluminium by this process [Lucus 1992 (a, b), Suban and Tusek 2001, Subramanium 

et al 1998]. For aluminium welding shielding gas serves three functions.  

 It provides plasma for commutation of current. 

 Protects the weld pool and filler wire tip from reacting with the air environment. 

 Provides the cleaning action, which partially removes the oxide layer from the 

aluminium plate.  

 Studies were carried out to select the shielding gas for welding of aluminium using different 

gases and their mixtures and found that desirable weld geometry with maximum penetration can 

be obtained with pure argon shielding [Lucas 1992 (a, b), Suban and Tusek 2001, Subramanium 

et al 1998].  

 Thermal behaviour of weld 

Wire melting characteristics  

The wire burn off rate/melting rate for P-GMAW is expressed [Craig 1987, Smati 1986] as 

( )

0

pult

w pc w pul pulV V t dt                           (2.19) 

For a square pulsed current waveform it gives 

1

( ) ( )w pc wp p wb b pulV V t V t t                        (2.20) 

Where, Vw(pc) is wire burn off rate and Vwp and Vwb are wire burn off rates during tp and tb 

respectively. 

The Vwp and Vwb may be expressed as 

Vwp = A.Ip + B.Ew.Ip
2                                                            (2.21) 

Vwb = A.Ib + B.Ew.Ib
2                                                            (2.22) 

Therefore, Eq.(2.20) may be rewritten as  
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                                      (2.23) 
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Eq.(2.23) may be rewritten as  

2 2

p b w p b
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t t t t
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t

 
  
  

                                                 (2.24) 

Using Im = [(Ip tp + Ib tb)/t] in eq. (2.24) 

 
2 2 1

( ) w p bBE (I  + I )w pc m p b pulV AI t t t                                                         (2.25) 

As 
2 2

p bI Ip bt t neglecting ohmic heating during base current period, Eq. (2.25) reduces to 

2 1

( ) w pBE Iw pc m p pulV AI t t                                                                   (2.26) 

Considering f = 1/ tpul and Ip
2tp = Dn Eq.(2.26) gives 

( ) w nBE Dw pc mV AI f                                                                        (2.27) 

By considering Vd=AwVw/f in Eq.(2.27) a linear relationship has been obtained as follows, 

w
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                                                                       (2.28) 

Solving eq.(2.28) for droplet volume Vd,  

( )m
d w w w

I
V AA A E BD

f
                                                                   (2.29) 

Eq.(2.29) shows that for any wire feed rate, by fixing (Im/f), the droplet size can be held constant 

for a given wire diameter, electrode extension and detachment parameter. 

It has been observed that for 1.2 mm diameter steel filler wire [Quintino and Alum 1984] for a 

desired combination of peak current and its duration, giving one drop per pulse, the base current 

and its duration may be evaluated using frequency value of 50Hz for 100A mean current. It gives 

satisfactory droplet transfer as well as volume of droplet remains insensitive to Im. It can be 

expressed as 

Im/f =2                                                                                       (2.30) 

By combining  Eqs.(2.27) and (2.30) 

w m w
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Where, 
wBE D

2
A A

 
  
 

is modified burn off factor 

In P-GMAW process, by considering ohmic heating during base current duration, Eq. (2.29) 

reduces to 

2

( ) wBEw pc m effV AI I                                                                    (2.32) 
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Where,  
1

2 2 2 2

p bI (1 )Ieff p pI k k   and kp is pulse duty cycle defined as tp/tpul 

Ieff may also be expressed as, 

2 2 2(1 )eff m p p eI I k k I                                                                         (2.33) 

By combining Eqs. (2.32) and (2.33), 

2 2

( ) wBE ( (1 ) )w pc m m p p eV AI I k k I                                                          (2.34) 

In consideration of Eq.(2.5), Eq. (2.37) may be expressed as 

2

( ) ( ) . wBE (1 )w pc w cc equiv p p eV V k k I                                                          (2.35) 

Eq. (2.37) reveals the following aspects of P-GMAW [Alum 1983]. 

Total heat transferred to weld pool  

 The heat transferred to weld pool (QT) of GMAW was estimated in consideration of the total 

heat, QT, transferred to the weld pool as a function of arc heat transferred to the weld pool (QAW, 

Js-1), heat of the filler metal transferred to the weld pool (Qf, Js-1) and welding speed (S) as 

follows [Ghosh et al 2006, Goyal et al 2008 (b)]. 

/
T

Q Q S
                                                                                           (2.36) 

Where, AW fQ = Q  + Q                                                                                 (2.37) 

QAW may be estimated as (Js-1) 

 AW eff eff aQ  = V I  - ψ I η                                                                             (2.38) 

Where, V and Ieff are the arc voltage and effective current (root mean square value of the pulsed 

current wave form) respectively and  is the effective melting potential [Lancaster 1984] at 

anode. The Ieff is estimated by the following expression [Praveen et al 2005]. 

 2 2

eff p p p bI  = k .I  + 1 - k .I 
 

                                                                       (2.39) 

Where, the pulse duty cycle, p
p

pul

t
k  = 

t
                                                         (2.40) 

Qf may be estimated as  

f de tQ  = Q  m  f                                                                                           (2.41) 

Where, mt is mass of filler wire transferred per pulse (kg), Qde is heat content per unit mass of 

the filler wire (Jkg-1) at the time of deposition, f is pulse frequency (Hz) and mt is estimated as 

W W W
t

A .V .ρ
m  = 

f
                                                                                         (2.42) 
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Where, Aw is the cross sectional area of the filler wire, Vw is wire feed rate (ms-1) and w is 

density of the solid filler wire (kgm-3). The Qde is estimated as follows. 

tlide QQQ                                                                                        (2.43) 

Where, Qi is heat content per unit mass of the filler wire (Jkg-1) at the time of detachment and Qtl 

is total heat loss (Jkg-1) during flight of droplet. They may be estimated as follows 

       i m a i mp s p l
Q  = c T  - T  + L + c T  - T 

 
                                                           (2.44) 

Rcvtl QQQ                                                                                        (2.45) 

Where, cp(s) is specific heat of solid filler metal (Jkg-1k-1), cp(l) is specific heat of liquid filler metal 

(Jkg-1k-1), Tm is melting temperature (K), Ta is ambient temperature (K), Ti is temperature of 

droplet at the time of detachment (K) and L is latent heat of fusion (Jkg-1). 

The Qcv is heat loss during flight of the droplets due to convection (Jkg-1) and QR as heat loss 

during flight of the droplets due to radiation (Jkg-1) are expressed as follows. 

 h i a s

cv
t

α . T  - T .A .τ
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m

                                                                     (2.46) 
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i s
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m
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Here, αh is heat transfer coefficient of droplets in flight, ε is emissivity, σ is the Stefan-Boltzmann 

constant,  is flight time of the droplet and As and mt are total surface area of the droplets and 

mass of the filler wire transferred per pulse respectively. The As can be estimated as 

ds NDA 2                                                                                         (2.48) 

Where, D and Nd are diameter of the droplet and number of droplets transferred per pulse 

respectively. The D can be estimated by considering the electrode tapering coefficient under the 

concept of energy balance in detachment dynamics [Ghosh et al 2006, Goyal et al 2008 (b)]. 

Accordingly the molten metal transferred per pulse in number of droplets, Nd, can be derived as 

)16/31/(4  rD                                                                                  (2.49) 

)/( 22
rI po  

                                                                                 (2.50) 

)/(6 3

dtd DmN 
                                                                            (2.51) 

Where, the effective radius (r) of tapering of electrode is considered [Ghosh et al 2009 (a)] as 0.8 

± 0.2 mm. The coefficient of surface tension (), density of molten filler metal and the 

permeability of free space (0) are considered as 1.2 Nm-1, 7.85 g cm-3 and 4п x10-7 NA-2 

respectively. 
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Estimation of weld pool temperature 

 It is assumed that during pulsed current GMA welding (P-GMAW) process, the metal 

transfer primarily takes place at peak current (Ip) so the heat content of filler metal is largely 

governed by it. During welding the heat transfer to the weld pool is primarily attributed to the 

initial arc heating (QAW) followed by the deposition of superheated filler metal (Qf). Accordingly 

two heat sources of different nature act simultaneously in the P-GMAW process. One is continuous 

heat source (arc heat source) of double ellipsoidal [Robert W. Messler, Jr., 1999, ASM Handbook 

1994] nature acting at the surface of the base plate, which melts the base plate and produces an initial 

weld pool in the base metal. The other one is an interrupted heat source supplying superheated filler 

metal, as considered in the nature of a point heat source which dictates the size and geometry of the 

initial weld pool developed by the arc heating. Due to impact of the transferring droplets a cavity is 

formed in the weld pool, where droplets transfer their heat in the weld pool. Therefore, it may be 

assumed that point heat source of the superheated filler metal is acting at depth, h, of the cavity. Thus 

the temperature at any point in the weld fusion zone may be estimated by superimposing the 

analytical solution of the distributed heat source on that of the point heat source. The expressions for 

the temperature, T, at any point (x(ξ), y, z) in the weld fusion zone at a distance R with respect to 

central axis of the welding arc using combined heat source technique can be expressed as 

'
n n-λ.v.R -λ.v.R-λ.v.R n=

-λ.v.ξf
d'

n=1 n n

Q e e e
T = e .  +  +  + T

2.π.k R R R

  
   
   

                                             (2.52) 

Where R, Rn and R’
n are  

22 2R = ξ + y + z - h                                                  (2.53) 

  
2 2 2

nR  = 2.n.d - z - h + ξ + y                                                                  (2.54) 

  
2' 2 2

nR  = 2.n.d + z - h + ξ + y                                                                  (2.55) 

Qf is the heat transferred to the weld pool by the droplets of super heated filler metal and Td is 

the temperature of the point (x(ξ), y, z) due to arc heating using the distributed heat source 

expressed as follows:  
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Where, QAW is the arc heat transferred to the weld pool. 
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 Concept Of Summarized Influence Of Pulse Parameters  

 The advantages of P-GMAW over GMAW in improving the characteristics of weld and 

properties of various ferrous and non-ferrous metals, under different conditions of pulsation have 

been reported by many investigators [Ghosh et al 1994, Ghosh 1999, Ghosh et al 2000, Ghosh et 

al 2001 and Ghosh et al 2007 (a, b), Kulkarni 2008, Devakumaran 2009]. However, the wide 

acceptance of the process in fabrication is largely handicapped due to the criticality in the 

selection of pulse parameters. It is well established [Ghosh et al 1994, Ghosh 1999, Ghosh et al 

2000, Ghosh et al 2001 and Ghosh et al 2007 (a, b)] that the variations in pulse parameters 

identified as Im, Ip, Ib, tp, and f influence the weld characteristics to a great extent. It has been 

realized that a change in any one parameter affects the others also under the concept of energy 

balance. The variation in pulse parameter significantly influences the thermal behaviour and 

nature of metal transfer affecting the characteristics of weldment. Under these circumstances, the 

control of weld characteristics within a desired range is possible only by establishing a correlation 

amongst pulse parameters. It was also suggested [Ghosh et al 1994, Ghosh 1999, Ghosh et al 

2000, Ghosh et al 2001 and Ghosh et al 2007 (a, b)] that consideration of summarized influence 

of pulse parameters instead of individual one may be useful to study the different characteristics 

of the weldment. A summarized influence of pulse parameters has been proposed by Ghosh 

[Ghosh et al 1994, Ghosh 1999, Ghosh et al 2000, Ghosh et al 2001 and Ghosh et al 2007 (a, b)], 

defined by a factor, b
b

p

I
 = f t

I

  
   
   

, where tb is defined by 
pb t

f

1
t   and a good potentiality of 

the factor  to analyse various basic characteristics of weld deposit. Many investigators have 

justified the applicability of  in different conditions of pulsation by studying its effect on 

different weld characteristics using ferrous and non-ferrous materials.  

2.11. Narrow Gap Arc Welding of Thick HSLA Steels 

The developments of narrow gap welding (NGW) is aimed to reduce required amount of weld 

metal in thick section welding, thereby reducing cost of welding, time and residual stresses. The 

main welding process associated with NGW are shielded metal arc welding, gas tungsten arc 

welding, submerged arc welding and gas metal arc welding. The major problems in NGW 

technique are formation of defects such as lack of side wall fusion, undercutting and centre line 

cracking as a result of minor variation in welding conditions. NGW can be separated into two 

group based on electrode feeding technique used to ensure side wall penetration. The first group 

achieve side wall penetration through electrode/arc manipulation, including directing fixed 

electrode towards the side wall, oscillating or rotating the arc. The second group attempt to 
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control sidewall penetration through manipulation of welding parameters. Some advantages 

attributed to narrow gap welding processes when compared with conventional welding processes 

in thick sections are 

 Reduction in welding time 

 Lower consumable costs 

 Reduction in slag removal time 

 Reduction in preparation cost 

 Improved toughness  

 Reduction in residual stresses 

2.12. Gas metal arc welding 

 GMAW is one of the commonly used processes with narrow gap welding technique due to 

the easily observable arc, relatively narrow groove, high welding quality, productivity and cost 

effectiveness. However, NGW with GMAW are relatively prone to defects formation of lack of 

fusion in side walls, spattering and shielding gas deficiencies. Pores formation due to improper 

gas shielding and magnetic arc blow is frequent problems associated with NGW using GMAW. 

These problems which are associated with difficulty in feeding the electrodes and supplying a 

proper shielding gas coverage into a very narrow and deep groove and in obtaining well balanced 

arc heating between the side wall and the bottom of the joint has been major hindrance to greater 

acceptance of NGW using GMAW process. In order to overcome these limitations, several wire 

deposition approaches have been tried out such as pre casting the wire and depositing alternating 

stringer beads, oscillating wire inside groove, rotating alternately a bent contact tip about its axis 

inside the groove, plastically deforming wire into some wavy shape before its entrance in the 

contact tube in order  to oscillate the arc across the groove, rotating the arc by feeding the wire 

through an eccentric contact tube that rotates and rotating the arc by using special twist electrode 

wire. Some of wire deposition approaches used in industrial applications have been shown in Fig. 

(2.16-2.22). 

 

Figure 2-11 Rotational movement of welding arc produced by twist-arc [Okuda et al 1986]. 
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Figure 2-12 Wire waving mechanism (left) and the waved wires (right) [Kwahara et al 1986] 

 

Figure 2-13 Corrugated wire and rotating arc [Nakajima et al, 1986]  

 

Figure 2-14 Loop nap method mechanism [Kanbe Y et al, 1986] 
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Figure 2-15 Bent contact-tip: (a) end view, (b) top view, (c) side view including 

copper bend weld pool support [Halmoy E, 1983] 

 

Figure 2-16 High speed rotating arc principle [Nomura H, 1984] 

 

Figure 2-17 Electromagnetic arc oscillation [Kang Y H et al, 2003] 
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 Basic disadvantage of GMAW process is its comparatively larger torch nozzle which does 

not provide the required manipulation in the weld groove. Another major difficulty in GMAW-

NG is to ensure effective shielding gas coverage for the arc and weld pool inside the gap. The 

geometric configuration of the joint can promote air being entrained by the shielding gas column 

inside the groove while the relatively long distance that sometimes separates the gas nozzles from 

the arc, renders the process very sensitive to draughts. As a result, porosity can be formed. 

Narrow gap welding by using GMAW process is generally carried out in spray transfer mode as 

explained earlier in the section 2.3. Thus the considerably higher heat input employed further 

deteriorates the properties of the weld joint.  

2.12.1. Pulsed current gas metal arc welding 

 The problem of side wall fusion in thick section through careful control of selection of 

welding parameters has been tried out by using MPMSPL pulsed current GMAW welding 

process (Lebedev, 1977, Kulkarni, 2008, Devkumar, 2009). However, the use of pulse current 

generates the complexity in selection of welding parameters due to simultaneously interaction among 

them. But, the required angle of attack which should be provided to get the side wall fusion restricts 

the side wall to come closer. This problem has not been addressed by the researcher which can be 

overcome by depositing the superheated molten filler metal deep inside narrow weld groove centrally 

without providing any angle of attack with the side wall. With proper control of pulse parameters, P-

GMAW has numerous advantages over the conventional GMAW process [Praveen et al 2005, 

Collard 1988, Craig 1987a and b]. Hence from the literature it appears that, if a suitable cooling 

system for narrow torch nozzle is developed with proper control of P-GMAW process parameters, 

the characteristics of the weld joint can be suitably improved by employing MPSSPL narrow gap 

welding procedure. 

2.13. Characteristics of Weld 

2.13.1. Weld geometry    

 Bead geometry is influenced by pulse parameters of P-GMA welding.  

(a) Penetration 

 Influence of pulse parameters on bead geometry during GMA welding of Al-alloys has 

revealed that increase in mean current and pulse duration enhances the super heating of the 

molten filler metal and consequently its fluidity, which results in an increased penetration[Ghosh 

et al 1989, Ghosh and Rai 1996, Ghosh et al 1998]. At given welding parameter, in general, the 

penetration is inversely proportional to the welding speed and the electrode diameter. The 

reduced time of arc force acting on the metal surface results in less penetration with increase of 
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speed. A finger type penetration observed during spray transfer is directly related to the 

momentum of individual droplet impinging on the base metal. The weld penetration decreases 

non-linearly with an increase in electrode diameter, due to reduction in current density [Davies 

1983]. 

(b) Bead height and width 

 Weld bead height is directly proportional to the welding current and inversely proportional 

to the arc voltage and electrode diameter. At a given mean current, an increase in pulse duration 

reduces the bead height due to increase in fluidity [Ghosh et al 1998]. Bead width is directly 

proportional to the arc voltage and electrode diameter, which affects the area of distribution of 

arc force and is indirectly proportional to the welding speed [Robert W. Messler, Jr., 1999]. 

(c) Bead area 

 The area of the weld bead is directly proportional to the welding current and arc voltage 

[Robert W. Messler, Jr., 1999] because of their significant influence on wire melting. It increases 

with the voltage and is inversely proportional to the welding speed and electrode diameter due to 

reduction in deposition per unit area [Davies 1983]. Qualitative approach to understand the effect 

of welding variables on bead geometry does not lead to prediction of bead dimensions effectively 

[Davies 1983]. Even for GTAW, where filler metal is not used, pool size and shape are found to 

be dependent on convection driven by arc forces [Lancaster 1984]. 

(d) Porosity 

 In case of GMAW, an increase in welding current reduces the flight time of molten droplet 

in the arc cavern which reduces the absorption of gases and consequently the porosity contents 

of weld deposit [Ghosh et al 2000, Ghosh et al 2007 (a), Ghosh et al 2008], whereas, in case of 

P-GMAW, variation in arc pressure, which is primarily governed by the ratio of peak current to 

base current, leads to formation of vortex in inert jacket resulting in the air aspiration into 

shielding atmosphere causing enhancement of porosity content in the weld metal [Ghosh et al 

1991(b)]. In this process variation in pulse parameters affects the porosity content of the weld 

[Ghosh et al 1990 (a)].  

 In P-GMAW of aluminium alloy it was observed [Ghosh et al 1990 (b)] that, at any given 

mean current and pulse frequency; increase in pulse duration reduces the porosity content of weld 

metal. During deposition at a given pulse frequency and duration, the increase in mean current 

tends to lower the porosity content of weld metal and similarly at any given mean current and 

pulse duration, the increase in pulse frequency also reduces the porosity content of weld metal. 

During pulse current deposition, by keeping the mean current similar to the welding current of 
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continuous current deposition, the porosity content of weld metal has been found to be 

comparatively lower in pulsed current deposition [Ghosh et al 1990 (b)]. 

2.13.2 Microstructure 

 During P-GMA welding of Al alloy, microstructure of weld metal has been found to be 

refined under the influence of characteristics of metal transfer and thermal behaviour of weld 

metal at the time of deposition, governed by pulse parameters [Ghosh et al 1999]. It has been 

observed that it refines the microstructure by controlling the inward growing columnar grains 

into smaller equiaxed grains. A detailed microscopic study of the welds has suggested that 

suitable nuclei for equiaxed solidification would be stable only after the pulse duration because 

of considerable superheat in the weld pool. Thus, high frequency pulsing is supposed to be more 

effective, but this may limit the thermal inertia effect at higher pulse frequencies [Praveen et al 

2005]. During stainless steel cladding [Ghosh et al 1998], it has been revealed that, at a given f 

and tp, increase in Im comparatively coarsen the microstructure of the overlay. It has also been 

observed that, at comparatively higher Im of 200A and given f, increase in tp also coarsen the 

microstructure due to enhancement of superheating of the droplet [Ghosh et al 1999]. During 

welding of aluminium alloy, at high frequency of the order of 100 Hz, microstructure tends to be 

coarsened as heat flow characteristics approaches to GMAW [Robert W. Messler, Jr., 1999]. An 

analytical model of thermal behaviour of P-GMAW [Goyal et al 2008 (b), Goyal 2007] by 

considering the heat losses of the droplet during flight and pulse off period temperature gradient 

of weld metal at the time of deposition and at the end of the pulse off period has been estimated 

which may affect the microstructure of weld and HAZ [Goyal et al 2008 (a)]. 

 It has been reported [Goyal et al 2007] that microstructure of the HAZ of pulsed current 

GMA weld of aluminium alloy has finer grains than those of continuous current GMA weld 

primarily due to intermittent heat flow leading to lowering of peak temperature of HAZ. In the 

pulse current welding of Al-Zn-Mg alloy the extent of re-crystallization of HAZ was found to be 

significantly lower than that of continuous current welding at same welding current, which may 

be considered as a beneficial effect of P-GMAW.  

2.14. Modelling of Weld  

 Rosenthal et al, 1946 has used the Fourier partial differential equation of heat conduction 

and introduced the moving coordinate system to develop solutions for the point and line heat 

sources and applied it successfully to address a wide range of welding problems. In his solutions, 

quasi steady state condition (an observer stationed at the point heat source fails to notice any 

change in the temperature around him as the source moves on) was assumed which can also be 
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justified experimentally for a long weld. Starting from the partial differential equation of heat 

conduction, expressed in rectangular coordinates (x,y,z) w.r.t. a fixed origin in the solid, he 

applied it successfully for welding by considering a moving coordinate system. It is well known 

that Rosenthal’s solutions are valid at locations away from the heat source but are subjected to 

considerable error at or near the heat source due to assumption of a point or line heat source. 

 Wells et al, 1952, considered a two-dimensional moving rectangular heat source with a 

uniform distribution of heat intensity. He proposed the estimation of heat input and welding speed 

by examining the finished weld. Paley et al, 1975, investigated the heat flow in welding thick 

steel plates by considering the effects of boundary surfaces (bottom or edge of the plate) 

assuming them adiabatic based on the Rosenthal’s solution for point heat source. Christensen et 

al, [1965], developed generalized plots of temperature distribution in dimensionless form at 

surface as well as at different depths of any substrate, which was found useful for estimation of 

HAZ, cooling rate and residence time between two temperatures. Pavelic et al [1969] developed 

a finite difference method to determine the temperature distribution in a 2-D plate using line heat 

source. By using melting temperature isotherms as a boundary condition, the shape of the weld 

pool was correlated with the welding variables. In this method experimental work is required to 

determine the boundary conditions. The details of the weld pool shape could not be correlated 

using line source theory therefore distributed heat source with Gaussian distribution of heat flux 

(W/m2) was suggested. Friedman [1975] developed a thermo mechanical analysis of welding 

process using FEM. The model enables calculation of temperatures, stresses, and distortions 

resulting from the welding process. Friedman and Glickstein  [1976] developed FEM analysis 

for transient heat conduction to investigate the effect of various welding parameters such as heat 

input and its duration from the arc and its distribution at the surface of the weldments on the 

thermal response characteristics, in particular the weld bead shape and the depth of penetration. 

Tsai et al [1992] developed a semi empirical 2-D finite element heat transfer model that treats 

the melting interface as an inner boundary to calculate the quasi steady state temperature field 

and cooling rate in HAZ. Eager and Tsai [1983] modified the Rosenthal’s model considering a 

2-D Gaussian distributed heat source after assuming (i) no convective or radiative heat flow, (ii) 

constant average thermal properties, and (iii) a quasi steady state semi-infinite medium. They 

also developed its solution for the temperature of a semi-infinite body using a constant 

distribution parameter and obtained results were compared with their experimental values on 

various metals. Goldak et al [1984] developed a mathematical model based on a Gaussian 

distribution of the power density and proposed a three-dimensional double ellipsoidal moving 

heat source. Finite element modelling was used to calculate the temperature field for bead on 
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plate study and found that the use of 3-D heat source can predict the temperature of the weld 

joints with much deeper penetration compared to the 2-D model. The computed results of 

temperature distributions for submerged arc welds in thick work pieces were compared with the 

experimental values of Christensen et al [1965]. Tekriwal and Mazumder [1988,1986] developed 

a 3-D transient heat conduction model for arc welding using FEM analysis and compared the 

predicted size of the weld pool and HAZ with the experimental results and found good agreement. 

Na and Lee [1987] conducted 3-D finite element analysis of the transient temperature distribution 

in GTA welding by introduced a solution domain which moves along with the welding heat 

source and it was verified with the experiments on medium carbon steel under various welding 

conditions. Boo and Cho [1990] developed an analytical solution of 3-D heat conduction 

equation with convective boundary conditions at welding surface to predict the transient 

temperature distribution in a finite thick plate. The results were compared with the experimental 

values of GTA bead on plate weld on medium carbon steel. Vishnu Ravi et al [1991] developed 

an analytical model of heat flow during pulsed current GTAW considering Gaussian distributed 

heat source and the results were compared with mild steel weld. The investigation shows that 

pulsed current welding refines the grain structure of the weld metal. Kumar Subodh et. al, [1992] 

developed three dimentional finite element modelling of gas metal arc welding. He has 

considered volumetric distribution of heat content of transferring droplets. The model is valided 

by predicting weld bead dimensions and comparing them with experimental data. Ghosh et al 

[1993, 2006, 1999] developed a model to predict the thermal and metal transfer behaviour during 

P-GMAW process and validated the model considering a summarized influence of pulse 

parameter factor . Prasad Silva and Sankara Narayanan [1996] developed a technique involving 

finite element analysis of temperature distribution during arc welding by using a transient 

adaptive grid technique. It gives a finer mesh around the arc source, where the temperature 

gradients are high, and a coarser mesh in other places to increase computational efficiency of the 

analysis. Nguyen et al [1999], Nguyen et al [2004] developed the analytical solutions for transient 

temperature field of a semi-infinite body subjected to a double ellipsoidal power density moving 

heat source with conduction only. The results were compared with the bead on plate deposition 

on HT-780 plates using GMA welding. The model failed to predict the shape of the weld pool in 

the transversal cross section. Pathak and Datta [2000] presented a three-dimensional transient 

finite element analysis of heat flow in arc welding using Gaussian distributed heat source and the 

results were compared with the published values. It was found that arc length significantly affects 

the temperature of weld pool and adjacent base metal. Komanduri and Hou [2000] developed an 

analytical solution for the temperature rise distribution in short work pieces in arc welding 
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considering the arc beam as a moving plane (disc) heat source with a pseudo-Gaussian 

distribution of heat intensity. Christensen et al has proposed a neural network approach [2003] 

for GMA butt joint welding. Fanous Ishab F. Z. et. al. [2003] have done 3D finite element 

modelling of welding process using element birth and element movement techniques.   Mahaptra 

M. M. et. al., [2006] developed 3D finite element analysis to predict the effect of shielded metal 

arc welding process parameters on temperature distribution, angular distortion and weldment 

zones in but and one sided fillet welds. The predicted temperature distributions in butt bead on 

plate and one sided fillet weld under various conditions of welding are compared with 

experimental results and found to be in good agreement. Bag S. and De A. [2008] have developed 

a finite element based 3 dimensional quasi steady heat transfer model to compute temperature 

field in gas tungsten arc welding process. The welding heat has been considered as volumetirc 

heat source. The model is validated with experimently measured weld dimensions. Goyal V. K. 

et. al [2008] has developed analytical solution to find the temperature distribution in weld pool 

for pulse current gas metal arc welding considering two types of heat source acting 

simultaneously. Arc heat source has been considered as double ellipsoidal while transfer of heat 

by super heated metal droplets as point heat source. The results are validated by comparing the 

results of bead on plate study. The equation is unable to determine the temperature within a radius 

of 2mm from arc centre. Bag S. and De A. [2009] have developed efficient numerical heat 

transfer model coupled with genetic algorithm based optimization for prediction of process 

variables in GTA spot welding. Genetic algorithm identifies suitable value of process variable 

for a target weld dimensions. 

2.15. Formulation Of The Problem 

2.15.1. Motivation for the Present Study 

 A fairly large number of publications are available on the joining of dissimilar metals such 

as austenitic stainless steel (ASS) to low alloy steel by arc welding process. But, a review of 

literatures shows that majority of the studies are primarily focused on microstructure and tensile 

properties of the joints.  However, there is not much data available in open literature regarding 

other critical aspects of joint properties including the residual stresses, stress distributions and 

fracture sensitivity/behaviour of various regions of arc weld. A systematic study from a scientific 

angle is therefore desirable in these areas for effective usage of such dissimilar joint. The 

objectives of the project are precisely formulated in this regard. 

 The energy input involved in a welding process, causing melting of the filler and base metals, 

also develops certain reactions in a very short period of time which result some dramatic changes 
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in the microstructure of HAZ near to the fusion line. These changes primarily result from the 

relatively rapid heating and cooling of the base materials during welding. In order to control these 

changes, it is necessary to regulate the thermal behaviour of the welding process. This is 

especially important in reference to the critical durations of  maximum temperature and the 

temperature above some critical range as well as cooling rate prevailing in the interactive 

locations of the materials involved with respect to diffusion of active elements, phase 

transformations and development of residual stress at the joint.     

 The use of  pulsed current gas metal arc welding (P-GMAW) process can be accredited for 

the possibility of more precisely controlled weld isotherm and weld thermal cycle, primarily due 

to its merit of developing  relatively lower heat build up in weld pool than the conventional 

GMAW process resulting from interruption in weld metal deposition under pulsed current. 

Moreover as the P-GMAW is also a low heat input process [Ferraresi et.al. 2003, Zhang et.al. 

1998] it may reduce residual stresses and favourably affect the dilution [Ghosh et.al. 2004, 

Kulkarni et. al. 2005] and phase transformation [Goyal et.al. 2006] in weld joint. 

 Due to its several merits of lowering of thermal severity and its adverse influences the P-

GMAW can also facilitate the application of narrow gap gas metal arc welding [Malin 1983] in 

dissimilar welding of thick sections of ASS and HSLA. However, an ultra-narrow gap P-GMAW 

process often produces lack of fusion in the groove wall due to low angle of attack (arc strike), 

low heat input and small molten weld pool. Thus, in order to produce minimum residual stresses 

in a defect free dissimilar weld joint with improved or comparable mechanical properties with 

respect to those of the base materials having widely different physical properties the design of 

appropriate ultra-narrow groove and selection of pulse parameters is very much important. This 

may be achieved by developing a clear understanding over the influence of ultra-narrow groove 

design and pulse parameters on amount of weld deposition, weld isotherm, weld thermal cycle 

and microstructure of the multipass weld being largely influenced by the solidification behaviour 

[Goyal et.al. 2006] of the P-GMA of dissimilar weld deposit in the joint. 

 It is also well established that the use of narrow groove in welding of thick sections of 25 

mm may significantly reduces number of adverse influence of welding including the severity of 

thermal cycle and residual stresses in weld joint. Thus, a combination of P-GMAW and ultra-

narrow gap welding procedure can be considered as an interesting technique to weld thick 

dissimilar sections of stainless steel to HSLA steel, having improved properties of weld joint than 

those observed in case of conventional weld joint. 

 In this context it is also realised that the effective use of P-GMAW in ultra-narrow groove of 

at least 25 mm thick section becomes practically impossible due to difficulties in manipulation 
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of relatively large conventional torch head of the order of 24 mm O.D. in weld groove. In order 

to successfully implement this technique, development of a narrow torch head which can produce 

narrowest possible weld joint for thick section by allowing desired protection to weld deposition, 

effective torch manipulation to achieve sufficient groove wall fusion and satisfactory arc stability 

is very much essential. Here it should also be noted that the critical selection of simultaneously 

interactive pulse parameters can only be made by developing a clear understanding of the 

influence of  the hypothetical factor f(Summarised influence of pulse parameters), total heat 

transferred to the weld pool (QT) and the variation of heat input (Ω) on characteristics of the 

weld bead. 

2.15.2. Objectives of the Work 

 In view of the above the present investigation on welding of thick dissimilar section of  

304LN stainless steel to HSLA steel has been carried out using pulse current gas metal arc 

welding(P-GMAW) in ultra-narrow weld groove. The studies have been systematically planned 

as stated below in order to gain sufficient knowledge to establish a welding technique superior 

to some conventionally used welding process and weld groove design. 

The various aspects and objectives of the studies primarily consist of following. 

1. To design an advanced nozzle head system for narrow gap GMAW torch nozzle to facilitate 

the application of P-GMAW process in multi pass ultra-narrow gap welding of thick plates. 

2. Study of shielding gas flow behaviour inside the ultra-narrow groove and optimization of its 

flow rate by simulation in ANSYS-CFX software. 

3. To develop a thermal model for preparation of multi pass ultra-narrow gap weld joint of thick 

dissimilar plates, free from lack of groove wall fusion, using single seam centrally located 

weld deposition per layer technique inside the weld groove. 

4. To study the e -GMAW process 

by analysing their influence on thermal behaviour and geometry of weld pool in bead on plate 

weld deposition. This is in order to develop an understanding of efficient use of them to 

produce ultra-narrow gap thick dissimilar steel weld free from lack of groove wall fusion by 

single bead per layer of weld deposition technique.  

5. To analyse and validate the proposed thermal model for development of an ultra-narrow gap 

welding procedure for preparation of sound P-GMA weld joint using the MPSBPL of weld 

deposition technique. 

6. To study the effect of variation in pulse parameters, considered by their summarized influence 

known in terms of the factor f, on metallurgical and mechanical properties as well as shrinkage 

stress and bending stress of dissimilar weld joints. 
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7. To establish suitability of the MPSBPL narrow gap P-GMA weld for its use to improve the 

properties of dissimilar weld joint with respect to those prepared by commonly used MPMBPL 

weld deposition in conventional weld groove. 
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DESIGN OF NARROW GAP GMAW TORCH NOZZLE HEAD 

 There are a numerous advantages in gas metal arc welding (GMAW) process such as the 

ability to produce cleaner weld with finer microstructure and better weld properties over 

commonly used gas tungsten arc welding (GTAW), submerged arc welding (SAW) and shielded 

metal arc welding (SMAW) processes. In spite of that GMAW process is not preferred in narrow 

gap welding of thick section of the order of 25mm and above due to its comparatively bulky 

(large diameter) torch nozzle head which is generally supplied with commercially available 

GMAW process that poses difficulties in its deep manipulation inside the weld groove. 

 The major problems like formation of inclusion and porosity in weld deposit due to 

inadequate shielding gas coverage of the arc and weld pool, lack of fusion of the groove wall and 

spatter generation are generally create because of inappropriate or faulty manipulation and 

positioning of torch nozzle inside weld groove. Thus, there is a worldwide demand for  research 

to develop GMAW torch nozzle head with effective shielding of weld pool from air 

contamination [Tyagi 2000, Nosse 2001, Jones 2004] and preparation of narrowest gap weld 

joint of thick section ( 25mm). It also reduces stresses in weld joint and cost of production. Due 

to large diameter of its torch nozzle head which is biggest limitation to produce narrowest gap 

GMA weld joint of thick section, several weld deposition procedures and torch designs have been 

proposed by several investigators such as electromagnetic arc oscillation [Kang et al 2003], wire 

oscillation inside the groove through swinging of contact tube across or along the groove 

[Nakayama et al  1976, Futamura et al  1978], alternate rotation of a bent contact tip about its 

axis inside the groove [Innyi et al  1975], plastic deformation of filler wire into some wavy shape 

before its entrance in the contact tube that produces oscillating arc across the groove [Sawada et 

al  1979, Kawahara et al 1986], rotating the arc by feeding the wire through an eccentric contact 

tube that rotates [Nomura and Sugitani 1984] and rotating the arc by using a special “twist” 

electrode wire [Okuda et al  1986].  

 However, any appropriate torch head is not  commercially available which can be used  for 

producing narrowest possible GMA weld of thick section along with proper consideration of 

maintaining  the necessary characteristics of shielding jacket at the outlet of torch head protecting 

the weld deposit from any types of contamination. It requires special attention while welding in 

narrow weld groove primarily due to significant constraints to dynamics of gas flow imposed by 

the groove wall. The constraints on gas flow due to boundary conditions applied by groove design 

may induce turbulence in the shielding jacket resulting in porosity due to air aspiration in it at a 
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given gas flow rate while using narrow torch head. Hence in the present study a narrow torch 

head addressing the above aspects has been designed and employed in maximum possible narrow 

gap welding of thick plates (25mm).   

3.1. Design Considerations of Narrow Gap Welding Torch Nozzle Head 

The commercially available torch nozzle for gas metal arc welding has been shown in 

Fig. 3.1 which is having an integrally formed copper tube with relatively large outlet diameter 

(Fig. 3.2). This is primarily suitable for shielding gas discharge in conventional V-groove butt 

welding of 10-12 mm thick sections when fitted to the forward end portion of a welding torch 

during use. Such large outlet diameter torch nozzle can seldom be used in conventional or narrow 

groove GMA welding of thick sections beyond about 15-20mm. 

 

Figure 3-1 Photograph of commercially available conventional GMAW torch nozzle. 

The schematic diagram of modified torch head has been shown in Fig. 3.2(b). A narrow 

rectangular faced torch nozzle, suitable for appropriate manipulation inside a practically 

narrowest possible weld groove, has been designed by removing both of its lengthwise side walls 

as shown in Fig. 3.3. This is done to avoid burning of the side wall (Fig3.4 b and c) of the nozzle 

being close to the electrode tip. As such the general approach of increase in wall thickness of the 

copper nozzle to avoid its burning could be ignored as it consequently enhances the nozzle width. 

Increase of nozzle width is not compatible to the objective of exploring GMAW with narrowest 

possible groove width in case of thick section butt welding. 
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Figure 3-2 Schematic diagram of (a) Conventional and (b) newly designed narrow GMA torch 

nozzle. (All dimension in mm) 

The use of such torch nozzle in narrow groove welding is considered by lengthwise placing of 

the rectangular faced nozzle in the direction of welding, where the walls of the narrow groove 

may virtually act as lengthwise side wall of the nozzle as schematically shown in Fig. 3.5(a). 

However, the success of such nozzle in producing sound weld having no discontinuity defect of 

lack of fusion primarily depends upon providing an appropriate oxidation protective inert gas 

shielding and enough thermal intensity to the weld pool required for necessary groove wall fusion 

and inter-pass fusion in single pas per layer of weld deposition. After each weld pass the 

deposited weld metal fill the weld groove and to maintain the contact tip to weld distance (15-17 

mm) one has to uplift the welding nozzle. Such movement of welding torch or nozzle introduces 

an open exposure between the nozzle and groove wall of the plate. Thus, there is a requirement 

of shortening of the nozzle head as shown in Fig. 3.5(b) for effective shielding of arc zone by 

covering the opening between the nozzle and groove wall, which otherwise may introduce 

turbulence in shielding of the arc zone and degrade the weld quality.  
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Figure 3-3 Schematic diagram of 7.5 mm narrow groove width for welding of thick section. 

 

 

Figure 3-4 Photograph of (a) unburnt (b & c) burnt narrow GMAW torch nozzle. 
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Figure 3-5 Isometric drawing of rectangular faced narrow gap GMA welding torch nozzle used 

in (a) first pass and (b) second pass. 

 

 

Figure 3-6 Photograph of newly developed narrow GMAW torch nozzle. 

In this work a relatively easily attachable narrow torch nozzle head device as shown 

schematically in Fig. 3.2(b) and Fig.3.3 has been prepared to introduce GMAW and especially 

P-GMAW process to produce narrowest possible gap welding of thick sections. The isometric 
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drawing and photograph of the narrow torch nozzle head device are also shown in Fig.3.5 and 

3.6 respectively. The device could be easily attached to the commercially available GMA 

welding torch in such a manner that the wire holder, contact tip adaptor and contact tip are totally 

hidden within the welding nozzle. The newly developed narrow torch nozzle head (Fig. 3.3) with 

respect to its use as a cost effective easily attachable part to the conventional GMAW torch nozzle 

consist of three members. The first one is the torch nozzle device having a tubular internally 

threaded member (1a) which is removable from the welding torch (2), usually through the use of 

a screw threading method. The second one is the round tubular body (1e) with a drawn 

rectangular end portion which is nozzle head (1c) of suitable length, which is fitted on the 

internally threaded member (1b) and the third one is the coiled copper tubular section (1d) brazed 

on the round tubular body (1e) to carry cooling fluid. This newly designed nozzle head (1c) 

provides the desired torch manipulation in narrow weld groove of thick section. An adequate 

cooling is provided by the high conductive water cooled copper tubes (1d) spirally brazed on the 

cylindrical portion of the torch nozzle to prevent excessive heating and burning thereof. As a 

result the durability of the narrow torch nozzle is extended up to that of a conventional one.  

 

 

 

Figure 3-7 GMA torch head with newly developed narrow torch nozzle device. 
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Figure 3-8 Photograph showing closely fitted narrow groove of 25 mm thick dissimilar plates 

with narrow welding torch nozzle inserted in it. 

3.2. Simulation by ANSYS 14.5 CFX Software 

 A model of shielding gas flow dynamics and its flow rate in case of employing newly 

developed GMAW nozzle has been studied at different projection angle of torch nozzle inside 

the narrow groove of butt joint by using ANSYS-CFX (14.5) software. The simulated 

characteristics of GMAW for arcing and argon shielding gas flow at a given flow rate inside the 

narrow groove of 25 mm thick butt weld are analyzed by 3D CFD modeling using ANSYS-

CFX(14.5) software. The model geometry was constructed in 3D CAD design software CATIA 

in which newly designed welding torch is vertically positioned 12 mm above the surface inside 

the narrow weld groove with groove width of 7.5mm as shown in Fig.3.3. Both the stick out of 

the 1.2 mm diameter filler wire electrode and the distance between electrode tip and the work 

piece is kept as 6 mm. Fig.3.9 depicts all relevant zones and parts of the welding torch nozzle 

head with respect to gas flow behavior in it while studied inside the 7.5mm narrow groove width. 

The simulation studies were carried out at the welding current and arc voltage of 220A and 25V 

respectively. The effect of variation in intensity of gas flow on the arcing and flow characteristics 

of shielding gas have been studied at different projection angle of the newly designed nozzle tip 

varied from 0 to 600 (Fig.3.10). The density, specific heat capacity, dynamic viscosity and 

thermal conductivity of argon as considered are given in Table-1.  

Table 3.1: Physical properties of argon gas. 

Density 1.784 g/L 

Specific heat capacity 20.786 J·mol−1·K 

Dynamic Viscosity 2.1017E-04 Poise 

Thermal Conductivity 16.483 mW/(m.K) 
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In addition to the equation for conservation of mass, the equations of momentum and energy 

are also applied in order to establish a mathematical model of the combined plasma arc. To 

simplify its calculation, the following assumptions have been made: 

1. Pure argon plasma arc is in local thermodynamic equilibrium (LTE), which is considered to 

mean that the temperature of electron and heavy particle are not significantly different. 

2. The flow of plasma arc is laminar and radially in three dimensional approach, which is 

appropriate for the operating conditions. 

3. The heating effects of viscous dissipation and compressibility effects are negligible. 

4. The governing equations are not time dependent because plasma arc is steady and optically 

thin for radiation. 

With the above-mentioned assumptions, a group of magneto hydrodynamics (MHD) equations 

are expressed in terms of all coordinates as follows: 

Equation of Mass Continuity 

                                                                                                                 (3.1) 

Where  = mass density in kg/m3, r = radial distance in m, z = axial distance in m, u = radial 

velocity in m/s, w = axial velocity in m/s 

Conservation of Radial Momentum 

                  (3.2) 

Conservation of Axial Momentum 

                               (3.3) 

Where = radial current density in A/m2, = Axial current density in A/m2, P = Pressure in 

N/m2, μ = Viscosity in N-s/m2, = Azimuthal magnetic field in Tesla in equations (3.2) and 

(3.3) 

Conservation of Energy 

         (3.4) 

Where h = Enthalpy in joule, k = Thermal conductivity in w/m-k, Cp = Specific heat at constant 

pressure,  = Electrical conductivity in1/Ω-m , SR = Radiation heat loss ,Kb = Boltzmann 

constant (8.617332× 10−5eV/k), Elementary charge (1.602176× 10−19 C) 

Current Continuity Equation 

                                                                                                        (3.5) 
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Where  = Electric potential in V.The current density can be obtained from Ohm’s law which is 

given by, 

Ohm’s Law 

                                                                                (3.6) 

Ampere’s Law 

                                                                                                                         (3.7) 

Where, is the vacuum permeability (4π×10-7H/m). 

The above equations are based on the magneto-hydrodynamic approximation (MHD) which 

combines the fluid mechanics equations with the Maxwell's equations of the electro-magnetics. 

The boundary conditions used in solving the equations are shown in table 3.2. 

Table 3.2: Used boundary conditions for the equation system. 

Boundary 
Mass and 

Momentum 
Energy Current Magnetic Potential 

Wire Top 

Wire Surface 

 1800K 

1800K 

220A 

Conservative flux 

Zero Flux 

Conservative flux 

Nozzle Top 

Nozzle Surface 

 900K 

900K 

 Zero Flux 

Conservative flux 

Plasma Top 

Plasma Side 

Plasma Back 

Shielding Gas Inlet 

Wire Surface  

Nozzle Surface 

Work piece Surface 

P=1bar 

P=1bar 

P=1bar 

V=10 l/min 

No Slip 

No Slip 

300K 

300K 

300K 

300K 

1800K 

900K 

qplasma 

Zero Flux 

Zero Flux 

Zero Flux 

Zero Flux 

Conservative flux 

Zero Flux 

Conservative flux 

Zero Flux 

0 T/m 

0 T/m 

Zero Flux 
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Figure 3-9 Computational domains of the torch nozzle head placed inside the narrow  

groove. 

 

Figure 3-10 Computational domains of the torch nozzle head placed inside the narrow groove 

at   different projection tip angle i.e. 0o-60o. 

The geometric model analysis of shielding gas flow in narrow groove assembly was carried out 

in the region starting from inside the welding torch to free region between the gas nozzle and the 

work piece. The model was meshed using hexahedral element consisting of 281695 nodes for 

shielding gas and was refined further in relevant regions according to the computational 

gradients. In this simulation Shear-Stress-Transport (SST) turbulence-model was also applied. 
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The equations of this turbulence model are applied in the domain of ANSYS 14.5 database. The 

arc was modeled with the help of Magneto-hydro dynamics (MHD) model applied in the arc 

column and an assumption of Local Thermodynamic Equilibrium (LTE) in the near electrode 

region. The MHD model combines the equations of the fluid mechanics (Navier-Stokes 

equations) with the maxwell's equation of the electro-magnetic field. 
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THERMAL MODELING OF MULTI PASS SINGLE SEAM PER LAYER NARROW 

GAP WELDING OF ɤ-SS TO HSLA STEEL 

 In this chapter a thermal model has been developed for production of a multi-pass single seam 

per layer deposition (MPSSPL) ultra- narrow gap pulse current GMA weld joint of dissimilar 

sections free from lack of groove wall fusion under partially zero angle of attack to dissimilar groove 

wall.  To produce a weld joint free from lack of fusion, the weld pool inside the narrow groove 

must have enough heat which is required to fuse both sides of the groove wall as well as apart 

of earlier deposited weld. The heat content of the weld pool is primarily dictated by the amount 

of weld deposit and the temperature of the weld pool. which primarily arises out of initial arc 

heating and heating by superheated droplets of filler metal transferred to the weld pool. For 

production of a sound weld joint, the favourable role of pulse current gas metal arc welding (P-

GMAW) has been also justified.  

4.1. Requirement for Preparation of a Sound Weld Joint 

The basic requirement of preparation of sound weld joint by using MPSSPL deposition 

technique and specially in case of dissimilar plate weld joint the fusion of groove wall up to a skin 

depth of 0.5 to 1.0mm [Radaij D., 1992] is generally considered. During MPSSPL deposition 

technique for thick section the fusion of earlier deposited weld metal up to a certain extent is also 

very much required. This is primarily dictated by the heat content of weld pool and bead geometry 

affecting the thermal distribution as it is necessary for desired fusion. The heat content of weld pool 

is largely governed by its mass per unit length and temperature.  

In case of conventional gas metal arc welding (GMAW) the weld bead geometry to touch 

the wall of thick section and sufficient heat transfer wall for fusion is basically governed by the 

welding parameters and heat input. It becomes difficult during a low angle of attack or approach of 

the conventional GMAW arc to the narrow groove wall. This is required fusion can be controlled 

by the geometry of molten weld bead intimately touching the groove wall for quick for sufficient 

heat transfer, Control of this condition becomes highly critical especially when a comparatively low 

heat input GMAW than high heat input submerged arc welding (SAW) is used. Thus, during the 

use of GMAW process in narrow gap welding, it is imperative to have a clear understanding 

primary on the control of heat and geometry of weld pool as a function of welding parameters 

[Goyal V. K. et. al., 2008(a), Goyal V. K. et. al., 2008(b)] so as to apply it appropriately in narrow 

groove.  
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The use of pulse current in GMAW process, often known as P-GMAW process, has 

considerably widen the scope of welding with more precise control of heat and geometry of weld 

pool as a function of welding parameters [Ghosh P. K. et. al. 2006, Ghosh P. K. et. al. 2010]. It has 

significantly broadened the range of application of this process in comparison to that of the 

conventional GMAW process. It may further provide an opportunity to appropriate positioning of 

heat transfer in weld pool through control of cavity formation on it, regulated by the transfer of 

superheated droplets from the filler electrode, which can facilitate required fusion at desired 

location. Such an advantage of this process can be properly used in laying weld deposit of required 

geometry and thermal characteristics in appropriate location with respect to the groove wall in order 

to ensure its required fusion, especially in case of centrally laid MPSSPL narrow gap welding 

process. Thus, in this regard the application of right pulse parameters of P-GMAW process with 

necessary knowledge of their selection for required geometry and thermal behaviour of weld pool 

in each pass may play a vital role in preparation of a sound MPSSPL narrow gap weld free from 

lack of groove wall fusion. Further, the selection of pulse parameters of P-GMAW process is quite 

complex due to their relatively large number with simultaneously interactive nature [Ghosh P. K. 

et. al. 2007]. 

In consideration of the above, an effort has been made to develop an experimentally 

verified spatial model to analyse the geometry and thermal behaviour of weld pool in order to 

prepare ultra-narrow gap dissimilar weld of thick section of austenitic stainless steel to HSLA 

steel using centrally laid MPSSPL weld deposition, which is free from lack of dissimilar groove 

wall fusion, especially in case of a dissimilar weld. 

On the basis of model analysis, the selected parameter can be used to get a ultra-narrow 

groove dissimilar weld joint of thick section of austenitic stainless steel to HSLA steel without 

any lack of groove wall fusion in thick section using MPSSPL welding by employing P-GMAW 

process in narrowest possible weld groove. The use of pulsed current GMA welding process 

has been found to improve the conventional mechanical properties as well as metallurgical 

properties of the weld, over those observed in case of the conventional continuous current GMA 

weld, primarily due to its favorable influence on microstructure of the weld and HAZ [Gupta 

P.C. et.al. 1998]. The advantage of using such a welding parameter, process and procedure may 

be realised in production of weld joint with introduction of higher integrity in fabrication. The 

production of a weld joint using narrowest possible weld groove results into consumption of 

less filler material and energy, leading to reduction of the cost of production of faster welding. 

The selection of parameter with the help of model, which is able to produce a narrow groove 

dissimilar weld joint without any lack of fusion on both side of dissimilar wall, prior to carrying 
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out welding may facilitate accomplishment of the highly critical ultra-narrow gap welding more 

conveninently. Such an advanced narrowest groove butt weld of thick section may be 

advantageous especially to attain maximum reduction of residual stresses and elimination of 

adverse metallurgical transformation as well as severity of thermal characteristics of weld joint.  

In order to produce a dissimilar weld joint free from lack of groove wall fusion by using 

MPSSPL ultra-narrow gap welding, the weld pool temperature should be able to fuse it apart 

from melting a part of weld deposit of earlier pass. It may be achieved by having a weld pool 

of required geometry and temperature primarily depending upon the design of weld groove 

(Fig. 4.1) accomodating and allowing the weld metal to come in contact with the dissimilar 

groove wall of austenitic stainless steel and HSLA steel. The critical geometry and the 

temperature of the weld pool necessary to produce MPSSPL ultra-narrow groove weld free 

from lack of dissimilar groove wall fusion can be estimated as follows. 

 

Figure 4-1  Schematic diagram of metal deposition in a narrow weld groove with the 

formation of cavity in weld pool. (All dimension in mm) 

4.2. Spatial Model for Estimation of Geometrical Aspects of Weld Pool  

The geometrical aspects of weld pool in MPSSPL narrow gap welding primarily 

concern its ability to intimately contact the dissimilar groove wall of austenitic stainless steel 

and HSLA steel in order to result its desired fusion on both side and filling the fraction of weld 

groove as estimated by their proportionate cross sectional area. In multi-pass welding of thick 

section, each weld pass fills a portion of the cross sectional area of weld groove. The cross 
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sectional area (A1) covered by molten filler metal during each pass of weld deposition in 

MPSSPL ultra-narrow gap welding can be estimated as 

1
mV

L
A                                                                                              (4.1) 

Where, L and Vm are the length and volume of weld deposit respectively. The Vm can be 

estimated by the following expression as a function of the length of filler wire (Lw) of a given 

diameter (dw) consumed per pass of weld deposition.  

ww
2

m

π
V =L . .d

4
                                                                                    (4.2) 

The Lw, as a function of welding speed (S) and wire feed rate (w) is expressed as follows, 

w

L
L = .w

S
                                                                                           (4.3) 

In order to find out dissimilar base metal fusion within the entire zone of its contact with 

the weld pool of each pass, height of weld metal deposited per pass is necessary to be estimated 

by considering the geometry of weld groove. The cross sectional geometry of weld deposit of 

a given weld pass can be considered as rectangular as schematically shown in Fig. 4.2. Thus 

the cross-sectional area of weld deposit may also be obtained as 

                                                                                   (4.4) 

 

Figure 4-2 Schematic diagram showing effective geometry of weld deposit in contact with 

groove wall. 
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where, h is the height covered by the deposit of a given weld pass and a is the width of weld 

metal deposited in earlier pass or current pass. Solving the equations (1) and (4) the height 

covered by a weld pass within a weld groove can be estimated as 

                                                                                     (4.5) 

4.3. Spatial Model for Estimation of Thermal Behaviour of Weld Pool 

In order to find out the amount of heat required for necessary fusion of both the sides of 

a dissimilar groove wall and a part of earlier deposited weld, it is necessary to evaluate the mass 

of material to be fused per pass of weld deposition. By assuming certain depth (tb) of groove 

wall fusion is necessary to produce a weld free from lack of groove wall fusion, the mass (

) and ( ) of dissimilar base material fusion required upto this depth along the entire surface 

area (sb) of each side of groove wall in contact with molten weld pool, can be estimated as 

follows. 

                                                  (4.6) 

Where 

                                                                                          (4.7)  

Where, h and lp are the vertical length of groove wall and run on length of weld pool respectively 

in contact (Fig. 4.2) with the molten weld pool and  and  is the density of solid 

dissimilar base metal. To avoid lack of fusion with the weld deposit of earlier pass, the mass of 

it (mw) required to be fused, can also be similarly estimated as follows by assuming a 

requirement of its certain (tw) depth of fusion along the entire surface area (sw) of the weld pool 

in contact with the earlier weld deposit. 

w w wwm =s .t .ρ                                                                                   (4.8) 

                                                                                           (4.9) 

Thus, the total mass of fusion involved from the base metal (mt) and earlier deposited weld 

metal in preparation of a sound weld joint can be expressed as follows. 

                                                                                         (4.10) 

Heat required to fuse  amount of metal per unit length of  HSLA side base metal 

for weld preparation can be  estimated as : 

                                     (4.11) 
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Heat required to fuse   amount of metal per unit length of  -SS side base metal for 

weld preparation can be  estimated as : 

                                          (4.12) 

Heat required to fuse   amount of metal per unit length of earlier deposited weld 

metal for weld preparation can be  estimated as : 

                                   (4.13) 

where, CpH(S),CpS(S),CpW(S),TmHS,TmSSTmWTiHS,TiSS,Tiw, LHS,LSS,LW,CpH(l),CpS(l),CpW(l), and T 

are the specific heat of solid HSLA , -SS steel and earlier weld deposit respectively, melting 

temperature of the HSLA , -SS steel and earlier weld deposit  respectively, initial temperature 

of the HSLA, Y-SS steel and earlier weld deposit  respectively with preheating, are the latent 

heat of fusion of the HSLA , -SS steel and earlier weld deposit  respectively, are the specific 

heat of liquid metal of  -SS steel and earlier weld deposit  respectively and T is the temperature 

of the liquid metal respectively. 

So, the total heat required of fusion involved from the base metal (mt) and earlier deposited 

weld metal in preparation of a sound weld joint can be expressed as follows. 

                                                                                                    (4.14) 

Considering the efficiency of welding process dictating the melting efficiency (ηm) of the 

system, gross amount of heat (HG) required to fuse both sides of the groove wall as well as a 

part of earlier deposited weld metal can be evaluated by using the following expression 

                                                                                                                                  (4.15) 

Thus, to produce sound single seam per layer narrow gap weld without  lack of fusion, at least 

HG amount of heat has to be introduced to a given pass of weld pool. The HG can also be 

expressed as 

                                           (4.16) 

Where, Trwp is the required temperature of the weld pool and mf is the amount of filler wire of 

density ρf consumed per pass.  The mf can be estimated as follows. 

                                                                                     (4.17) 

Solving the equations (4.16) and (4.17), the required temperature of the weld pool Trwp for 

producing a weld joint without lack of fusion can be found out as  

                                                 (4.18) 
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In order to produce sound dissimilar weld joint having no lack of fusion to the both side of the 

dissimilar groove wall in contact with the weld pool, it is imperative to identify the 

predominantly effective location of the molten pool in this regard in single seam per layer multi-

pass welding. In view of this, the factor which may primarily dictate the effective fusion of 

dissimilar groove wall can be primarily considered by the distance of its contact points with the 

molten metal in reference to the location of heat transfer by the droplets in the cavity formed in 

the weld pool. Considering the farthest contact points of groove wall with the upper and lower 

surface of the molten pool of each weld pass on both dissimilar side of groove wall  as P1, P1’ 

and P2, P2’ respectively (Fig.4.3), the distances of these two points from the center of the arc, 

P, denoted as R1 and R2 respectively can be estimated as  

 

                                                                                  (4.20)                                                                                                                                                  

                                                                                                       (4.21)     

A solution from Eqs. (4.20) and (4.21) for the square of ratio of R1 and R2, by considering  

d/h << 1, may be written as 

 

                                                                                                   (4.22)   

 

Figure 4-3 Schematic profile of molten pool of a weld pass showing distance touching points 

of its upper and lower most layer with groove wall in reference to the point of heat transfer by 

droplets in the cavity. 

As the values of the ratio of (h/a) are less than one, the values of (R1/R2) will be less than one, 

which shows that R2 shall always be higher than R1. Thus, the point P2 at a distance R2 from 
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the arc center shall predominantly play the critical role to assure required fusion of the groove 

wall. 

The heating of weld pool under P-GMAW is primarily attributed to arc heat and heat 

transfer by the superheated filler metal under pulsed current. The arc heat acting continuously 

on the system as double ellipsoidal heat source is defined by three-dimensional ellipsoidal heat 

source [Goldak J. et. al., 1984] parameters (Fig.4.4). The arc may cover a part of the weld pool 

(Fig. 4.1) from where the heat is transferred to rest of the weld pool primarily by conduction 

and convection of liquid metal. The arc heat transferred to the point P2 of the weld pool is 

contributing to raise the temperature of groove wall from initial preheating temperature upto a 

temperature of Tarc, which may cause an initial fusion to it. The heat transferred by the 

superheated filler metal as point heat source, acting at the depth of cavity formed on the weld 

pool contributes additional heat to the point P2 to raise its temperature further to Tfiller . 

Accordingly, the final temperature of weld pool at location P2 denoted as Tewp in each pass may 

be considered to be arising out of the contributions of arc heat and heat transfer by the 

superheated filler metal. Thus, minimum thermal condition of welding necessary to establish 

required fusion at a point P2 of the groove wall may be expressed as follows:  

                                                    (4.23) 

Where (Tarc) is the temperature required for initiation of base metal fusion at a point P2 out of 

arc heating, and (Tfiller)is the additional temperature required to produce desired extent of base 

metal fusion at the point P2 out of superheated filler metal. The temperature (Tarc) at the point 

P2 arising out of arc heating can be expressed as follows [Nguyen N. T. et. al., 1999, Nguyen 

N. T. et. al., 2003].  

                           (4.24) 

where QAW, ,c, a, T0 and ah, bh , chf, chb are the arc heat transferred to the weld pool, mass 

density of the base metal, specific heat of the base metal, thermal diffusivity of the base metal, 

initial preheated temperature of groove wall, and rests are ellipsoidal heat source parameters 

(Fig. 4.4) respectively: 
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                               (4.25) 



95 

 

 
2' 2 2

'

b ' 2 ' 2 ' 2

hb h h

3 a/23(x - v.t ) 3d
B  = r .exp -  -  - 

12a(t - t ) + c 12a(t - t ) + a 12a(t - t ) + b

 
 
 
    

                          (4.26) 

Where, rf and rb are the proportion coefficients in front and behind the heat source, estimated as 

 
hf

f
hf hb

2.c
r  = 

c  + c
                                                                          (4.27) 

 
hb

b
hf hb

2.c
r  = 

c  + c
                                                                              (4.28) 

The heat source parameter chf (in front of the heat source) and chb (behind the arc) may be 

considered [Nguyen N. T. et. al., 1999] as chf = ah and chb = 2 chf. 

 The arc heat transferred to the weld pool, QAW, can be estimated as  

 AW eff eff aQ  = V.I  - ψ.I .η                                                                          (4.29) 

where,  is the effective melting potential at anode and ηa is the arc heat transfer efficiency 

[Christensen, N., 1965]. The effective current, Ieff, is estimated by considering the root mean 

square of the pulsed current wave form as 

 2 2

eff p p p bI  = k .I  + 1 - k .I 
                                                                        (4.30) 

where, kp is the pulse duty cycle defined as 

p
p

pul

t
k  = 

t
                                                                                     (4.31) 

Where, tpul is the pulse cycle time estimated as 

pul p bt  = t +t                                                                                      (4.32) 

Similarly the contribution to the temperature rise of weld pool (Tfiller) from superheated filler 

metal at point P2 [Roshanthal, D. et. al., 1946] can be estimated by using the expressions as 

follows 

 

'
n n-λ.v.R -λ.v.R-λ.v.R n=

-λ.v.ξf
filler '

n=11 1n 1n

Q e e e
T  = e .  +  + 

2.π.k R R R

  
   
   

                                               (4.33) 

where, R1, R1n and R’
1n are estimated as stated below.  

 
22 2

1R = ξ + a / 2 + d                                                                                        (4.34) 

   
2 22

1nR  = 2.n.d - d + ξ + a/2                                                                (4.35) 

   
2 2' 2

1nR  = 2.n.d + d + ξ + a/2                                                                (4.36)  

The heat transfers to the weld pool by superheated filler metal per pulse (Hfp) and per unit time 

(Qf) are expressed as follows 
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fp de tpH  = H .m                                                                               (4.37) 

f de tpQ  = H .m .f                                                                                   (4.38) 

where, mtp and f are the mass of the filler wire transferred per pulse [Goyal, V.K. et. al., 2008] 

and pulse frequency respectively. The eq.4.24 and eq.4.33 show that the temperature of weld 

pool is dependent on location of point of interest. Accordingly surface tension of the weld pool 

may vary because of changes in temperature leading primarily to convective fluid motion (weld 

pool stirring).  

The heat distribution in weld pool is largely dictated by fluidity of weld pool and 

location of heat transfer by the droplets at certain depth (d) inside the weld pool. The depth of 

penetration of the transferring droplets is largely determined by their impact [Kumar Subodh 

et. al., 1994] on the weld pool imparting kinetic energy to a region adjacent to the pool surface 

resulting in a cavity formation in it as shown in Fig. 4.3. In this context it is assumed for 

simplicity that the cavity formation in molten weld pool is primarily dictated by the force 

exerted by the momentum of the droplets [Goyal V. K. et. al., 2008(a)] rather than the magnetic 

forces of arc zone. In consideration of work done, WD, in creating paraboloidal cavity formed 

on the weld pool as a function of creation of new surface to the cavity and imparted kinetic 

energy of the droplet [Goyal V. K. et. al., 2008(a)], the depth d of the cavity can be estimated as 

follows. 

2

322
d de

2 2
m1m1 m 1

3.m .Vγ γ
d= + -

8.π.r .ρr .ρ .g ρ .g. r

 
 
 
 

                                                          (4.39) 

Where, γ, r1, ρm, g, md and Vde are the coefficient of surface tension of liquid molten weld pool, 

focal length of paraboloidal cavity, density of molten metal of the weld pool, acceleration due 

to gravity, mass of droplet and velocity of droplet at the time of striking the weld pool 

respecticely. The mass of the droplet, md, may be estimated as mass of the molten metal 

transferred per pulse, mtp, divided by the number of droplets transferred per pulse, ND. The 

velocity of droplet at the time of striking the weld pool, Vde, as a function of velocity of the 

droplet at the time of its detachment from the electrode, Vi, acceleration due to arc plasma, acc 

, acceleration due to gravity, g, and flight time of the droplet,τ, can be estimated as  

 de i ccV  = V  + a  + g .τ                                                                     (4.40)  

where, the values of Vi, acc and τ are estimated by using the expressions as follows  reported 

earlier [Ghosh P. K. et. al. 2006]. The depth of the cavity, d, formed by the impact of droplets 

on the weld pool can be determined by considering that the focal length of the paraboloidal 

cavity r1 is equal to radius of the droplet. 
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The analysis of model expressions as stated above reveals that a higher depth of cavity 

on weld pool can bring the point P2 closer to the point of heat transfer by the superheated filler 

metal allowing the presence of groove wall within the range of a relatively stronger weld 

isotherm necessary for its required fusion. In this context, it may be interesting to note the 

favourable role of P-GMAW where, a higher value of Ip may increase the d and amount of weld 

deposition per pulse but, enhances heat transfer to the weld pool by relatively larger superheated 

droplets reducing their heat loss during deposition through the arc chevern [Ghosh P. K. et. al. 

2006].  In view of all these relevent aspects of welding conditions dictating the groove wall 

fusion, it is imperative to assure the required geometry and thermal characteristics of weld pool 

by appropriate selection of pulse parameters. It gives rise to intimately contact of weld pool to 

the groove wall with sufficient heat for its required melting. However, in this context the 

influence of arc length on the width of weld pool has not been considered due to its insignificant 

effect expected on it under the constraint of narrow groove wall. 

4.4. Summary 

 The proposed thermal model is able to help in proper selection of pulse parameters to 

produce ultra-narrow gap dissimilar weld joint prior to carrying out welding based on 

geometrical and thermal aspects of weld pool with appropriate dissimilar groove wall fusion.  
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EXPERIMENTATION 

 This chapter describes the experimental procedures used in present investigation on bead 

on plate as well as dissimilar weld joint study of thick section of austenitic stainless steel (γ-SS 

304LN) and controlled rolled high strength low alloy (HSLA) steel plates have been stated in 

detail. The weld joints are prepared by P-GMAW welding process using multi pass single seam 

per layer deposition technique having no angle of attack with the dissimilar groove wall in ultra-

narrow weld groove and multi pass multi seam per layer deposition in conventional dissimilar 

weld groove of the thick plates of γ-SS and HSLA steel using solid filler wires. 

5.1. Base and Filler Materials 

5.1.1. Used in bead on plate experimentation 

 The bead on plate weld deposition has been carried out on 20 mm thick plate of austenitic 

stainless steel of grade AISI 304LN as base material using direct current electrode positive 

(DCEP) pulsed current gas metal arc welding (P-GMAW) processes using 1.2 mm diameter 

filler wire of specification SFA-5.9 ER308L grade. Chemical composition as per ASTM of the 

base plates as per test certificates given by the supplier as well as obtained through spark 

emission optical spectroscopy have been shown in Table - 5.1. Similarly the chemical 

composition of the filler wire as per test certificate given by the supplier is also mentioned in 

Table-5.1. The results of chemical analysis obtained by using spark emission spectroscopy are 

found to be in good agreement with the results of the test certificates given by the supplier. The 

bead on plate weld deposition was performed with DCEP polarity under commercial pure argon 

(99.98%) gas shielding at a flow rate of 18 l/min. 

5.1.2. Used in weld joint preparation  

 The weld joint studies have been carried out on 25 mm thick austenitic stainless steel (γ-

SS) and controlled rolled high strength low alloy (HSLA) steel plates of specification AISI-

304LN and SAILMA-410HI/SA543 grade respectively as base material. The chemical 

composition, confirming the specification, ASTM obtained by using spark emission optical 

spectroscopy and test certificate given by the supplier has also been given in Table - 5.1. Similar 

to the earlier observation of chemical analysis of 20mm thick base metal, here also it is observed 

that the results of spark emission spectroscopy are in good agreement to the test certificate given 

by the supplier. The dissimilar weld joints were prepared using 1.2 mm diameter filler wire of 

specification SFA-5.9 ER308L grade. The welding was performed with the polarity of DCEP 
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under commercial pure argon (99.98%) gas shielding at a flow rate of 10-12 l/min for ultra-

narrow gap dissimilar weld joint and 18 l/min for conventional gap dissimilar weld joint. During 

welding the plates were rigidly fixed in a fixture to minimize distortion. The weld deposition 

was carried out in flat position by a vertically placed centrally located welding torch in ultra-

narrow groove, which was moving on an automated trolley. Welding was performed by keeping 

the distance between the nozzle to work piece as 16-17 mm. A relatively higher electrode 

extension has been used to facilitate torch manipulation in the ultra-narrow weld groove for 

weld deposition with satisfactory root and dissimilar groove wall fusion. Before welding the 

25mm thick control rolled micro alloyed high strength low alloy (HSLA) steel plate of 

specification SAILMA - 410HI/SA543 grade was preheated at about 125 - 130◦C for 60 

seconds. The flow rate of gas was controlled with the help of a flow meter and a pressure 

regulator fitted to the gas cylinder. The weld joints were prepared by using pulse current gas 

metal arc welding (P-GMAW) process. The size, chemical composition and specification of 

filler wire used in welding processes are also shown in Table - 5.1. 

Table 5-1 Chemical compositions of base and filler material used in bead on plate as well as weld joint 

study. 

Material 

 
Source 

Chemical analysis (Wt.%) 

C Cr Ni Mn N Mo Si Cu S P 

γ-SS 

(304LN) 

Base metal 

20mm and 

25mm  

ASTM 0.035 18-20 8-11 2.0 
0.1-

0.16 
- 0.75 - 0.03 0.04 

Supplier test 

certificate 
0.024 18.8 9.3 1.7 0.15 - 0.55 - 0.001 0.022 

* 0.022 19.0 9.1 1.8 0.16 0.19 0.57 0.30 0.002 0.021 

HSLA 

SAILMA - 

410HI/ 

SA543 

Base metal 

25mm thick  

Supplier Test 

certificate 
0.14 0.023 

0.04 

(v) 
1.46 

0 0.02 

(Ti) 

0.04 

  (Nb) 
00.28 0.02 00.008 00.02 

* 0.154 0.014 
00.08 

(  (v) 
1.50 

0.02 

( (Ti) 

0.04 

  (Nb) 
0.31 0.03 00.02 00.022 

GMAW filler 

wire 

(ER308L) 

1.2mm Dia 

Supplier Test 

certificate 
0.022 19.7 9.6 1.3 - 0.10 0.39 0.08 0.007 0.016 

* 0.020 19.6 10.3 2.2 - 0.30 0.39 0.08 0.007 0.016 

* indicates testing by spark emission optical spectroscopy. 
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5.2. Welding Power Source 

 A, ESAB make Aristo 2000 – LUD 450 UW model, direct current (D.C) welding power 

source along with a MEK 44C wire feeder was employed in the present investigation. The power 

source was capable to operate for different welding processes such as SMAW, GTAW, GMAW 

and P-GMAW in both the synergic and non-synergic modes at a given command regarding the 

material and diameter of electrode/filler wire as well as shielding gas. During operation with 

the GMAW the welding current was regulated by changing the wire feed rate (VW). During P-

GMAW process in synergic mode operation at a given wire feed rate the power source was 

capable to self adjust the other parameters such as arc voltage (V), peak current (Ip), base current 

(Ib), pulse frequency (f) and peak current duration (tp), whereas in non-synergic mode it was 

possible to operate the power source by manually setting all the parameters with maintainance 

of appropriate correlations among them. In the power source the peak current, and background 

current, was capable to operate in steps of 4 A, whereas the pulse frequency and pulse current 

and base current duration in steps of 2 Hz and 0.1 ms respectively.  

 

 
Figure 5-1 Photograph of power source used in this investigation. 

 The power source was fitted with a control panel along with screen for displaying different 

set of parameters as well as soft push buttons to input different parameters of welding. The 

power source was fitted with a push type wire feed unit which consists of two sets of U-grooved 

wire drive rollers to accommodate required diameters of the filler wires. The pressure on the 

wire drive rollers was suitably adjusted to avoid slippage of the filler wire. The filler wire was 

fed to the arc through a water-cooled welding torch suitable to use up to 500A welding current 
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for different diameters of filler wire ranging from 0.8 to 2.0 mm. The power source was 

connected with 3-phase electrical supply for its operation as per requirement. 

5.3. Fixture and Torch Manipulator 

 The fixture and torch manipulator are required to hold the base material properly and guide 

the welding torch during operations of welding. 

5.3.1. Welding fixture 

 To fix the base plates rigidly in order to avoid distortion during welding, a fixture was used 

as shown in Fig.5.1. The fixture consists of a thick mild steel supporting plate of size 450 × 350 

× 40 mm and two clamping plates of dimension 300 x 150 x 40 mm. A groove of dimension 

200×50 ×5 mm was made at center along the length of the supporting plate and a copper backing 

plate was fitted in the groove. The backing plate along its centre line of longitudional surface 

was also having a groove to support root reinforcement of the weld as shown in Fig.5.1. During 

welding the base plates were rigidly fixed and clamped in the fixture. The clamping force was 

released after the plates naturally cool down to ambient temperature. 

 
Figure 5-2 Schematic diagram of welding fixture. 

5.3.2. Torch manipulator 

 A mechanized GMA welding torch manipulator, “Gullco make KAT” travel carriage has 

been used in this work. It was capable to hold the welding torch rigidly in the arms and clamping 

pivots to adjust it at any desired position with the help of rack and pinion arrangement as well 

as to vary the travel speed in the range of 2.6 – 83.8 cm/min with a digital display during 

deposition of weld bead on plate and preparation of weld joint. The reliability of the digital 
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reading of travel speed of the carriage was verified before use by measuring the length and time 

of travel with the help of a scale and a stopwatch of least count 0.01 second respectively at 

different speeds. 

5.4. Instrumentation and Recording 

 Instrumentation and recording includes recording of parameters of welding as well as 

thermal behaviour of the weld pool.  

5.4.1. Welding parameters 

 During P-GMA welding their respective mean current or welding current, along with arc 

voltage and wire feed speed was displayed on the LED screen fitted on the control panel of the 

power source. To verify the values displayed on the LED screen the power source was also 

connected to a personal computer equipped with WMS4000 software to record on line the 

variation in welding current and arc voltage during operation (Fig.5.3 (a,b)). A wire feed 

measuring instrument was also used to check the accuracy of setting of the wire feed speed in 

operation. 

 

Figure 5-3 Typical behaviour of recording of WMS4000 software of (a) arc voltage, 25V (b) 

welding current, 240A. 

 The welding current and arc voltage was recorded by a transient recorder having a 

maximum resolution of 1 MHz suitably connected to the welding circuit for simultaneous 

recording of their behaviour during welding. The potential drop across a standard shunt (75 mV 

(a) 

(b) 
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= 600 A) connected in series with the welding circuit was fed to the transient recorder for 

estimation of the welding current. The transient arc voltage was measured by connecting the 

other channel of the transient recorder parallel to the welding circuit. The transient arc voltage 

and welding current were simultaneously recorded and displayed on the screen of the recorder 

having time (s) as ordinate and potential (V) as abscissa. During pulsed current welding the set 

values of the pulse parameters such as Ip, Ib, tp and f were verified with their characteristics 

appeared in the transient recorder.  

5.4.2. Thermal behaviour  

 Measurement of temperature of weld pool  

The temperature of the weld pool was recorded during bead on plate deposition with the help 

of an R-Type thermocouple (Platinum-13 % Platinum Rhodium) of 0.25 mm diameter. The 

thermocouple was connected with computer through a “Strain Buster” (decentralized 

strain/temperature measuring module) for recording the output. The Strain buster was capable 

of recording the output of the thermocouple at a time interval of 10 ms in both of its two 

channels. The circuit diagram along with cooling system of welding torch head, strain buster 

and the photograph of complete welding and recording setup have been shown in Fig. 5.4, Fig. 

5.5 (a) and (b) respectively. 

 

Figure 5-4 Schematic circuit diagram of welding and recording set up along with cooling 

system of torch head. 
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Figure 5-5 (a) Photograph of the strain buster (b) Photograph of the experimental set up used 

for welding. 

 Estimation of heat input (Ω) 

 The heat input (Ω) of P-GMAW process can be estimated as a function of welding or mean 

current (I or Im), arc voltage (V), welding speed (S) and arc efficiency (ηa) as follows [Maruo 

H. et al 1984].  

 m( )a V I or I

S

  
                                                                             (5.1) 

The mean current (Im) of P-GMAW process as a function of base current (Ib), peak current (Ip), 

base current duration (tb) and peak current duration (tp) may be obtained as [Lancaster 1984] as 
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(a) 

(b) 
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In case of ER308L grade electrode/filler metal under argon gas shielding the ηa of GMAW 

processes has been considered as 70% to 85% [Christensen et al 1965].  

 Estimation of average weld pool temperature  

 The average weld pool temperature (TWP) of P-GMAW process has been estimated [Goyal 

et al 2008] by considering the heat transfer by superheated droplets of molten filler metal to the 

weld pool (Qf) and temperature (Td) of the point (x(ξ), y, z) due to arc heating using double 

ellipsoidal heat source as follows (Fig.5.5). 

 

Figure 5-6 Schematic diagram of double ellipsoidal heat source (volumetric heat source). 

'
n n-λ.S.R -λ.S.R-λ.S.R n=

-λ.S.ξf
WP d'

n=1 n n

Q e e e
T  = e .  +  +  + T

2.π.k R R R

  
   
   

                                     (5.3) 

Where, λ and k are thermal diffusivity and thermal conductivity of base metal respectively. The 

R and ξ are distance (mm) of the point with respect to the central axis and along the x-axis of 

the welding arc respectively.R, Rn and R’
n are 

 
22 2R = ξ + y + z - h                                           (5.4)                                                                                  

  
2 2 2

nR  = 2.n.d - z - h + ξ + y                                                                                        (5.5) 

  
2' 2 2

nR  = 2.n.d + z - h + ξ + y                                                                  (5.6) 

Qf is the heat transferred to the weld pool by the droplets of super heated filler metal and Td is 

estimated as follows. 



107 

 

   

   

'

' 2 ' 2

h h
t

AW
d 0

0 ' '

' 2 ' 2

hf hb

dt
.

12a(t - t ) + a . 12a(t - t ) + b
3 3.Q

T  =  + T
ρ.c.π π A B

+
12a(t - t ) + c 12a(t - t ) + c

 
 
 
 
  
  
   
   

                        (5.7) 

The complete modeling detail for estimation of TWP has been reported elsewhere [Goyal et al 

2008]. 

 Estimation of weld isotherm 

 The weld isotherm of dissimilar weld joint as a function of heat input (Ω), Im and  of 

different temperature for P-GMAW process has been estimated and ploted using the software 

origin 6.1 using Eq. 5.3. The weld isotherm dictates the geometrical and thermal aspects of 

weld pool ultimately governing the properties of the weld.  

5.5. Weld Bead on Plate Experimentation 

 The studies on weld bead on plate experimentation give a through understanding of thermal 

and geometrical aspects of weld deposite through which it is possible to identify an optimised 

welding condition to apply in preparation of narrow gap dissimilar weld of thick section especially 

with ultra-narrow groove width having desired weld properties.  

5.5.1. Welding 

 The welding was carried out by rigidly fixing the base plate in fixture to avoid any distortion 

during welding. The base plate was throughly cleaned before carrying out weld bead deposition 

to remove any dirt or grease adhering to the surface. The bead deposition was carried out in flat 

position by keeping the welding torch perpendicular to the base plate maintaining an electrode 

extension of 16-17 mm using the commercial (99.98%) argon gas as shielding at a flow rate of 

18L/min. The flow rate of the gas was controlled through flow meter with a pressure regulator 

fitted to the gas cylinder. The bead on plate study was carried out at a constant arc voltage of 

25±1V considering three levels of mean current (Im) and 2 levels of heat input (Ω) of 200, 220 

and 240A and 7.63±0.4, 9.81±0.5kJ/cm respectively. The heat input was varied through a 

variation of welding speed. 

In case of P-GMAW process at a given value of mean current, Im, the pulse parameters 

Ip, Ib, tp and f were varied to get different values of summerised influence of pulse parameters 

defined by the factor  [Ghosh et al 1994, Ghosh 1999, Ghosh et al 2000, Ghosh et al 2001 and 

Ghosh et al 2007] of 0.05 and 0.25 respectively. For every set of parameters three weld beads, 

each of 100mm in length, were deposited and properties were studied to ensure reproducibility 
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of the process. The combinations of parameters facilitate to study and correlate the influence of 

pulse parameters and heat input on various characteristics of weld bead. The welding 

parameters used during bead on plate experimentation using P-GMAW process are shown in 

Table - 5.2 respectively.  

Table 5-2 Pulse parameters and corresponding thermal behaviour used in weld bead on plate deposition 

by P-GMAW process. 

Arc 

Voltage 

(V) 

Heat 

Input (Ω) 

(kJ/cm) 

Welding 

Speed (S) 

(cm/min) 

Mean 

Current 

(Im) (A) 

 

Pulse Parameters 
Thermal 

Behaviour 

Ip Ib 
f 

(Hz) 

tb 

(sec) 

tp 

(sec) 

QAW 

(J/s) 

Qf 

(J/s) 

25±1 

7.63±0.4 26.4 
200±3 

0.15 289 123 90 4.12 3.51 3614 4697 

9.81±0.5 21.4 0.25 246 164 95 4.07 3.49 3445 5204 

7.63±0.4 29.1 
220±2 

0.15 332 125 107 3.97 3.66 4136 4725 

9.80±0.5 23.4 0.25 295 164 106 4.09 3.51 2771 3925 

7.63±0.4 31.8 
240±4 

0.15 350 121 124 3.47 3.17 2812 4304 

9.81±0.5 25.7 0.25 316 164 126 3.84 3.01 1111 4070 

5.5.2. Measurement of thermal behaviour of weld 

 At a given set of pulse parameters, the temperature of molten weld pool was measured 

during bead on plate weld deposition in order to verify validity of the analytical expression of 

eq. 5.3. To get weld pool temperature after achieving its stability two thermocouples were 

inserted from the bottom of the base plate in two different locations at distances of about 40 

and 80 mm from the run on position of welding as schamatically shown in Fig. 5.7(a). The two 

wires of the thermocouple are kept separate with the help of sleeve and beads. The beads were 

push fitted in the hole prepared by drilling process. Thermocouples were placed at different 

depths from the surface of weld as shown in Fig. 5.7(a). The depth of placement, DT, of 

thermocouple as schematically shown in Fig. 5.7(b) was decided based on the estimation of 

weld isotherm matching with melting point of the austenitic stainless (γ-SS) steel as base plate 

using the analytical model proposed earlier [Goyal et al 2008], so that the tip of the 

thermocouple comes under fused weld pool without having a direct contact with the welding 

arc. In this regard the limitation of proposed model as it is unable to estimate the temperature 

of the weld pool within a radius of 2mm from arc center was duly considered. The weld 

isotherm was estimated by considering the temperature dependent thermo-physical properties 

of materials [Tamura et al 1988] as shown in Fig. 5.8 for austenitic stainless steel which are 

assumed to be in close approximation to those of the HSLA used in this work. The weld thermal 
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cycle was measured by using computerized data recorded as output of the thermocouples 

through “Strain Buster” as explained in section 5.4.2.1. 

 

Figure 5-7 (a) Schematic diagram showing location of thermocouples in bead on plate 

deposition (b) Schematic diagram showing the depth of placement of thermocouple (DT) and 

typical macrograph showing placement of thermocouple in weld pool. 

 The characteristics of weld bead observed at various welding parameters of different 

welding processes were analyzed with respect to geometrical aspects of weld bead as well as 

microstructure of weld and HAZ. The different aspects of the studies on weld bead 

characteristics have been detailed out as below. 

(a) 

(b) 
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Figure 5-8 Temperature dependent thermo-physical properties of commercial mild steel. 

  Geometrical aspects of weld pool 

 The transverse section of weld bead collected from its central part of weld deposition 

assuring a stable welding was polished by standard metallographic procedure and etched by 

using electrolytic etching in 10% oxalic acid solution to reveal the weld geometry and its 

microstructure. The schematic diagram of geometrical aspects of weld bead has been shown in 

Fig. 5.9. The characteristics of different aspects of weld bead were studied by measuring the 

bead width (Wb), depth of penetration (Pd), height of reinforcement (Hr), area of fusion (AF) 

and area of weld deposit (AW) as well as deposition characteristics of weld bead such as 

deposition form factor (FF), fraction of base metal fusion per unit mass of bead deposition 

(FBMF), dilution % (DL) and bead toe angle (BTA) by graphical method with the help of image 

analyzer software installed in a computer. The deposition form factor (FF), dilution of weld 

deposit (DL) and fraction of base metal fusion per unit mass of bead deposition (FBMF) were 

estimated in terms of geometric solution as follows.  

b
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H
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Figure 5-9 Schematic diagram showing geometrical aspects of weld bead. 

5.6.   Preparation of Single Seam Multi Pass Ultra-narrow Gap Weld Joints  

 P-GMA welding process is used for good arc stability by using commercial argon of 

99.98% purity as shielding gas at a gas flow rate of 10-12 l/min, where contact tip to work piece 

distance was kept constant at about 16-17mm in order to facilitate proper torch manipulation in 

ultra-narrow groove.    

5.6.1. Preparation of weld groove 

 The austenitic stainless steel (γ-SS 304LN) and controlled rolled high strength low alloy 

(HSLA) steel plates of 25mm thick of size 250 x 100mm has been used in preparation of weld 

joint. The conventional V-groove as per AWS specification [AWS hand book, 1994] and 

suitably designed ultra-narrow groove as schematically shown in Figs. 5.10(a-b) respectively 

were prepared by proper machining of the plates. The groove surface was checked visually 

followed by dye penetrant test to ensure the defect free groove wall. 

 

Figure 5-10 Schematic diagram of (a) conventional V-groove (CG) and (b) Ultra-narrow 

groove (UNG). 

(a) (b) 
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5.6.2. Preparation of weld joints  

 The welding was carried out by multi pass multi seam per layer deposition in case of 

conventional V-groove (CG) while for Ultra-narrow groove (UNG) the welding was carried out 

by multi pass single seam per layer deposition techiniqe having the electrode placed at the 

groove centre with no angle of attack to the groove wall. The schamatic diagram showing the 

weld deposit under these two techniques has been shown in Fig. 5.11(a-b). The dissimilar weld 

joints were prepared by using direct current electrode positive polarity as stated earlier. The 

root was supported by a copper backing plate fitted in a thick mild steel supporting plate of the 

fixture as stated in section 5.3.1. Prior to weld deposition, the both (γ-SS and HSLA Steel) base 

plates were thoroughly cleaned to remove the excess oxide layer and any dirt or grease adhering 

to the faying surface. The welding parameters used during preparation of weld joints under 

different welding process and procedures are shown in Table – 5.3. 

 

Figure 5-11 Schematic diagram of (a) multi pass multi seam per layer deposition and (b) 

multi pass single seam per layer deposition technique. 

Table 5-3 Welding parameters used in weld joint studies under P-GMA welding process. 

Arc 

Voltage, V 

Heat Input, 

Ω, kJ/cm 

Welding Speed, 

S, cm/min 

Mean Current, 

Im, A 
 

Pulse Parameters 

Ip Ib f (Hz) 
tb 

(sec) 

tp 

(sec) 

25±1 

7.63±0.4 26.4 
200±3 

0.15 289 123 90 4.12 3.51 

9.81±0.5 21.4 0.25 246 164 95 4.07 3.49 

7.63±0.4 29.1 
220±2 

0.15 332 125 107 3.97 3.66 

9.80±0.5 23.4 0.25 295 164 106 4.09 3.51 

7.63±0.4 31.8 
240±4 

0.15 350 121 124 3.47 3.17 

9.81±0.5 25.7 0.25 316 164 126 3.84 3.01 

 

(a) (b) 
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5.6.3. Planning for collection of Specimen for different studies  

 Sectioning of the dissimilar weld joints of γ-SS and HSLA steel for fabrication of various 

test specimens was made with the help of power hacksaw. The collection of specimens for 

mechanical testing and metallography from different locations of the weld joint has been 

schematically shown in Fig. 5.12.   

 

Figure 5-12 Schematic diagram of collection of test specimens from the dissimilar weld joint. 

5.6.4. Non-destructive testing of weld joints 

 NDT of welds was carried out in two steps, first by carrying out dye penetrant test 

intermittently between the passes and secondly after the completion of weld joint by ultrasonic 

test. The methodology followed for carrying out these tests is explained in the following 

sections.   

   Dye penetrant test 

 The specifications for the dye penetrant test were prepared as per ASME section V. The 

test was conducted to detect and rectify the presence of any flaws at the weld groove surface 

after its machining and the filler passes carried out by P-GMA welding process.  

 Ultrasonic test 

 The specifications for ultrasonic test of weld joint were prepared as per ASME section V. 

The weld joints were fully tested by ultrasonic examination.  
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Figure 5-13 Photograph of Ultrasonic test on ultra-narrow gap weld joints. 

5.6.5. Characterization of weld joint 

 Geometrical characteristics of weld joint 

 Geometrical characteristics of dissimilar weld joint of γ-SS and HSLA steel have been 

studied with respect to its weld appearance and size. The size of weld as revealed on the 

metallographically polished and electro etched transverse section of all the dissimilar weld 

joints has been graphically measured on the macro photographs of the joints captured by using 

automatic digital camera.  The measurement was carried out in a computer with the help of an 

image analyzer software.  

 Thermal analysis of weld joint 

  A thermal model based on geometrical and thermal aspects of weld pool has been 

developed (chap.4) for producing a sound dissimilar weld joint using multi pass single seam 

per layer deposition technique in ultra-narrow groove by P-GMAW process. The model has 

been analysed considering different expressions in the light of production of a weld joint having 

no lack of fusion with the groove wall by comparing the result of it by experimental one.  

 Estimation of transverse shrinkage stress 

 During P-GMA welding at a given heat input per weld pass in both the multi pass multi 

layer weld deposition in conventional groove (CG) and multi pass single seam per layer 

deposition in ultra-narrow groove (UNG), the transverse shrinkage was measured using Vernier 

caliper having least count of 0.01 mm. The shrinkage was measured at a given straining length 

of 80 mm [Radaij 1992] from weld center line as shown in Fig. 5.14 (a). The measurement was 

carried out at each weld pass with respect to shrinkage of the plate from its initial position. After 

completion of welding the deflection of the plate from its initial position was measured using a 
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dial gauge placed at a given distance of 100 mm from weld center line (LC) as shown in Fig. 

5.14 (b). 

 

Figure 5-14 (a) Schematic diagram showing the technique of measurement of transverse 

shrinkage (b) Schematic diagram showing the technique of measurement of deflection. 

 The transverse shrinkage stress (σtr) developed in the weld joints under different welding 

processes, groove size and parameters was estimated through measurement of transverse 

shrinkage (∆tr) and restraint intensity (R) acting on the weld as follows.  

tr
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Where, d is the plate thickness (25mm), E is the Young’s modulus of base material 

(210×103MPa), Lw is the weld length (250 mm) and η* is shape factor (0.15) [Radaij 1992 and 

Koichi Masubuchi 1980]. 

 Estimation of bending stress 

 The bending stress (σb) developed due to distortion of weld joints during preparation under 

varied thermal behaviour of different welding processes and procedures was also estimated 

[Radaij 1992 and Koichi Masubuchi 1980] as follows.   

(a) 

(b) 
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Where, M is the bending moment, Im is the moment of inertia and d is plate thickness. The M 

and Im are estimated [Khurmi 2002] as follows. 
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Where, LC is the distance of measuring point (dial gauge tip, Fig. 5.13(b)) from the central axis 

of weld joint and b is plate width. The force (F) generated due to distortion of the plate was 

estimated as follows [Khurmi 2002] with the help of measured deflection (δ) by considering it 

as a case satisfying fixed beam theory in view of both end of the plate is fixed as explained 

earlier (Fig. 5.13(a)).  
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The F has been suitably estimated under different welding processes, procedures and 

parameters. 

 Metallographic studies 

Studies on weld  

 The transverse sections of the base metal and the weld joints prepared by using the P-

GMAW process were polished by standard metallographic procedure and etched by using 

electrolytic etching in 10% oxalic acid solution (Fig.5.15). Metallographic studies under optical 

microscope were carried out on the multi pass multi seam per layer (MPMSPL) weld deposit 

and multi pass single seam per layer (MPSSPL) weld deposit. The studies have been carried 

out largely at the central part of each weld deposit and reheat refined region of the weld passes. 

The microstructure of the weld has been analyzed by measuring its proportional content of 

columnar or coaxial dendrite and morphology of equi-axed grain region of the reheat refined. 

The dendrite fraction measurement was carried out, with the help of Axio vision software based 

image analyzer facility connected with the optical microscope. The image analysis was carried 

out on at least 21 randomly selected spots on weld joints. 

Studies on HAZ 

 Studies on heat-affected zone (HAZ) of the base metal adjacent to fusion line were carried 

out on the transverse section of metallographically prepared and etched specimens of the weld 
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joints prepared by using different groove size and parameters as stated earlier. The studies were 

carried out under optical microscope (Leica make Fig.5.15) on the HAZ at both sides of the 

weld joint.  

 
Figure 5-15 Photograph of Equipments used for microstructure recording (a) Electro-etching 

equipment (b) Leica Optical microscope 

 Porosity/Inclusion content 

 The porosity/inclusion content of base metal and weld deposit was measured with the help 

of image analyzer software used in optical microscopic studies on the metallographically 

polished un-etched transverse section of weld joint. The analysis was carried out on at least 21 

randomly selected different locations of the matrix using point counting method. The analysis 

was made considering the area fraction of practically round shape black spots observed on 

matrix of weld deposit as porosity or a void containing inclusions in it. The volume fraction of 

the spots present in the matrix was estimated by assuming it as a linear function of their 

measured area fraction.  

5.6.6. Studies on mechanical properties 

 The mechanical properties were studied by considering tensile properties as well as 

hardness across the weld.  

 Tensile testing 

 Tensile properties of the base metal and weld joint, such as the ultimate tensile strength 

(UTS), yield strength (YS) and percentage elongation were studied by using round tensile test 

specimens as per ASTM E8M standard. The tests were performed under uniaxial loading at a 

crosshead speed of 1mm/min using a tensile testing machine Instron Medium Capacity 

servohydraulic system includes 8802 systems accepting actuators upto 250kN capacity. The 

photograph of the Instron 8802 servohydraulic tensile testing machine used for testing has been 

shown in Fig.5.16. Tensile properties of weld joint were studied by using specimens from axial 

weld (weld at its centre) and all weld metal. The axial weld specimens were prepared by keeping 
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the weld at center of the gauge length whereas all weld specimens were prepared by machining 

out specimens from the all weld deposit. The dimensions of the base metal, axial weld and all 

weld specimens are schematically shown in Figs. 5.16 (a-c) respectively. The yield strength 

was estimated at 0.2% offset strain on stress-strain diagram of the uniaxial tensile test. Fracture 

surface of the base metal and all weld tensile specimens was examined in detail under scanning 

electron microscope as shown in Fig.5.18. 

 

Figure 5-16 Photograph of the Instron 8802 servohydraulic tensile testing machine. 

 

Figure 5-17 Schematic diagram of the tensile specimens (a) base metal (b) axial weld and 

(c) all weld metal (All dimensions are in ‘mm’) 

(a) 

(c) 

(b) 
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Figure 5-18 Photograph of the Scanning Electron Microscope. 

 Hardness measurement 

 The hardness of the dissimilar weld joint across the weld and HAZ was measured by 

Vickers micro hardness testing of Leitz Wetzlar Germany at a load of 100 grams having 

provision of magnification of image upto X500. Prior to carrying out testing the machine was 

calibrated by measuring hardness of a standard sample at the same load. The photograph of the 

Vickers micro hardness tester used in the present study has been shown in the Fig. 5.19.  

 

Figure 5-19 Photograph of the Vickers micro hardness tester. 
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RESULTS AND DISCUSSION 

 This chapter presents analysis of the proposed thermal model and verification of it for 

preparation of sound ultra-narrow gap dissimilar weld joint of thick γ-SS and HSLA steel plates 

using MPSSPL narrow gap welding technique. The soundness of the ultra-narrow gap weld is 

primarily considered by its quality assuring the presence of no lack of groove wall fusion. The 

results of various experiments as entails in experimentation are presented and described. This 

chapter also describes the analysis of results in order to understand the influence of pulse current 

GMA welding processes and parameters on welding of 25 mm thick γ-SS and HSLA dissimilar 

steel plate. The characterization of weld joints has been made with respect to their shrinkage 

stress, mechanical and metallurgical properties resulting from different welding parameters 

producing sound weld joint. Necessary control of the welding parameters to improve weld 

quality has been analysed in the light of the prescribed model.  

6.1. Characteristics of Base and Filler Materials 

 The base materials of 25 mm thick plates of γ-SS and HSLA steel has been characterised 

with respect to their microstructure, hardness, tensile properties and impact toughness which 

may be influenced by the thermal characteristics of arc welding. These observations have been 

used as a reference point to study the variation in characteristics of base metal of HAZ with a 

change in welding conditions.  

6.1.1. Chemical Composition 

 Chemistry of the γ-SS (304LN) and HSLA (SAILMA-410HI/SA543 grade) base metal as 

well as the filler metals used in this work for producing dissimilar conventional and ultra-

narrow gap welds is given in Table-6.1. The results primarily show that the chemical 

compositions of base metal and filler metals are in agreement to those prescribed in standard 

(ASTM) and the test certificate given by the supplier. It has been further observed that the 

GMAW filler wire is having relatively lower carbon and higher chromium content in 

comparison to that of SMAW electrode.  It may have a beneficial effect in reducing or 

preventing micro fissuring in austenitic stainless steel weldments. 
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Table 6-1 Chemical compositions of γ-SS and HSLA steel base materials and welding filler metals. 

Material 

 

Testing 

method 

Chemical analysis (Wt.%) Equivalents 

C Cr Ni Mn N Mo Si Cu S P Creq Nieq 

Base metal  

γ-SS 

ASTM 0.035 18-20 8-11 2.0 
0.1-

0.16 
- 0.75 - 0.03 0.04 - - 

Test 

certificate 
0.024 18.8 9.3 1.7 0.15 - 0.55 - 0.001 0.022 - - 

* 0.022 19.0 9.1 1.8 0.16 0.19 0.57 0.30 0.002 0.021 19.21 13.22 

Base metal 

(HSLA) 

SAILMA - 

410HI/ 

SA543 

Test 

certificate 
0.14 0.023 

0.04 

(v) 
1.46 

0.02 

(Ti) 

0.04 

(Nb) 
0.28 0.02 0.008 0.02 - - 

* 0.154 0.014 
0.08 

(v) 
1.50 

0.02 

(Ti) 

0.04 

(Nb) 
0.31 0.03 0.02 0.022 - - 

GMAW filler 

wire 

(ER308L) 

Test 

certificate 
0.022 18.5 9.6 1.3 - 0.10 0.39 0.08 0.007 0.016 - - 

* 0.020 18.6 10.3 2.2 - 0.30 0.39 0.08 0.007 0.016 19.27 11.05 

* indicates testing by spark emission optical spectroscopy. 

6.1.2. Microstructure 

 Typical microstructures of the γ-SS and HSLA steel base materials having homogeneously 

distributed grains in the matrix has been shown in Fig. 6.1(a-b) and Fig. 6.2(a-b) respectively. 

The average grain diameter of the γ-SS and HSLA steel materials lies in the range of 14  3 

and 12 ± 4μm respectively corresponding to ASTM number of 9.5 and 9 respectively. The γ-

SS and HSLA base metal contains negligible inclusion and porosity content as shown in Table-

6.2. The microstructures of the γ-SS consist of commonly known equiaxed grain twin structure 

and HSLA (SAILMA-410HI/SA543 grade) consist of ferrite and pearlite along the lamination 

of matrix of banded structure which has shown in Fig. 6.1(a-b) and Fig. 6.2(a-b). 
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Figure 6-1 Typical microstructure of the γ-SS base metal (a) transverse direction and (b) 

longitudinal direction. 

 

Figure 6-2 Typical microstructure of the HSLA steel base metal (a) transverse direction and 

(b) longitudinal direction. 

Table 6-2 Inclusion content of dissimilar base Materials. 

Process 
Inclusions rating Inclusion content, 

 (Vol. %) Category Severity level 

γ-SS 

Base Metal 

B thin/B thick 0.7-1.5 
0.20 

D thin/D thick 3.0-5.0 

HSLA  

Base Metal 

B thin/B thick 0.43-1.8 
0.17 

D thin/D thick 3.2-4.6 

6.1.3. Mechanical properties 

 Tensile properties 

 Tensile properties of the γ-SS and HSLA steel base materials in longitudinal and transverse 

directions of the plates with respect to direction of length of the component are shown in Table-

6.3. The Table mainly shows that both the base metals are having comparatively higher yield 

(a) (b) 

(a) (b) 
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strength in longitudinal direction in comparison to that observed in transverse direction due to 

relatively smaller grain size Fig. 6.1(a-b) and Fig. 6.2(a-b). However, the ratio of yield strength 

(σy) to ultimate tensile strength (σu) of the base metals has not been found to vary significantly 

with the change in direction from the longitudinal to transverse one. Typical fractograph of the 

longitudinal tensile specimens of γ-SS and HSLA steel has been shown in Fig. 6.3. The wide 

spread fine dimples observed on the fractured surface (Fig. 6.3) indicates high ductility of the 

base metal. 

Table 6-3 Tensile properties of base materials of different gauge length. 

Material 

Gauge 

length 

(mm) 

Orientation 

Tensile properties of base material 

U.T.S. 

(MPa) 

Y.S. 

(MPa) 

YS/UTS 

Ratio 

Elongation 

(%) 

γ-SS 

25 
Longitudinal 

direction 

704 

687 

376 

365 0.53 

74.2 

72.7 686 362 72.5 

669 357 69.7 

50 
Transverse 

direction 

667 

663 

338 

340 0.51 

68.7 

70.6 664 340 70.8 

658 342 72.5 

HSLA 

25 
Longitudinal 

direction 

567 

567 

430 

434 0.76 

27 

29 565 432 29 

570 441 33 

50 
Transverse 

direction 

537 

539 

424 

421 0.78 

20 

23 539 421 26 

543 419 25 
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Figure 6-3 Typical fractograph of tensile sample at relatively low and high magnifications of 

HSLA steel base metal and γ-SS base metal. 

 Hardness 

 Typical indentation of Vickers’s micro hardness test on the γ-SS and HSLA steel base 

material has been shown in Fig. 6.4(a-b). The indentation marks has not shown any pin 

cushioning effect resulting from sinking of the metal around the flat faces of the pyramid and 

hence depicts the true characteristics of the base materials. The observed hardness of the γ-SS 

and HSLA steel base metals has been found to lie in the range of 225-250 VHN and 176-184 

VHN respectively. 

 

Figure 6-4 Typical indentation observed in (a) HSLA and (b) γ-SS steel base metal. 

(a) (a) 
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6.1.4. Summary 

 The γ-SS and HSLA steel base materials used for studies on bead on plate and weld joint 

are having homogeneously distributed equiaxed grains in the matrix along with negligible 

amount of inclusion/porosity. The base materials show comparatively finer grain size than that 

of commercially used austenitic stainless steel and structural steel resulting in to superior 

mechanical and fracture properties. Thus, thermal influence of welding process and procedure 

for joining of such steel must be criticality analyzed to impart comparable properties to the weld 

joint. 

6.2. Studies on Newly Developed Nozzle Head Device 

 A narrow rectangular faced torch nozzle, suitable for appropriate manipulation inside a 

practically narrowest possible weld groove, has been designed by removing both of its 

lengthwise side walls as shown in Fig.3.3 (Chapter 3). This is done to avoid burning of the side 

wall of the nozzle being close to the electrode tip. As such the general approach of increase in 

wall thickness of the copper nozzle to avoid its burning could be ignored as it consequently 

enhances the nozzle width. Increase of nozzle width is not compatible to the objective of 

exploring GMAW with narrowest possible groove width in case of thick section butt welding. 

The use of such torch nozzle in narrow groove welding is considered by lengthwise placing of 

the rectangular faced nozzle in the direction of welding, where the walls of the narrow groove 

may virtually act as lengthwise side wall of the nozzle as schematically shown in Fig.3.5 (a) 

(Chapter 3). However, the success of such nozzle in producing sound weld having no 

discontinuity defect of lack of fusion primarily depends upon providing an appropriate 

oxidation protective inert gas shielding and enough thermal intensity to the weld pool required 

for necessary groove wall fusion and inter-pass fusion in single pas per layer of weld deposition. 

After each weld pass the deposited weld metal fill the weld groove and to maintain the contact 

tip to weld distance (15-17 mm) one has to uplift the welding nozzle. Such movement of 

welding torch or nozzle introduces an open exposure between the nozzle and groove wall of the 

plate. Thus, there is a requirement of shortening of the nozzle head as shown in Fig.3.5 (b) 

(Chapter 3) for effective shielding of arc zone by covering the opening between the nozzle and 

groove wall, which otherwise may introduce turbulence in shielding of the arc zone and degrade 

the weld quality.  

6.2.1. Performance Analysis of Simulated Gas Shielding 

 The different in dynamics of shielding gas flow sets in during using the newly conceived 

narrow torch nozzle in narrow gap welding from that happens during using the conventional 
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nozzle of GMAW torch in conventional V-groove butt welding of 25mm thick plate (Fig.6.5) 

has been studied. In this study, 3-D model of using conventional nozzle with conventional 

groove has been developed for verifying the effect of inlet flow rate of shielding gas on its 

coverage area and velocity inside the conventional groove. The simulated results show (Fig.6.6) 

that the model developed for conventional nozzle with applied boundary condition gives 

adequate range of shielding gas velocity which is required (2-5 m/sec) [Drehar et.al.] to produce 

sound weld as shown in Fig. 6.7 (a-d).  

 

Figure 6-5 Schematic diagram of conventional GMA welding torch with 28mm groove 

opening. 

 

Figure 6-6 Simulation result of shielding gas flow in conventional groove opening of 28mm 

in 25mm thick plate. 
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Figure 6-7 Influence of gas flow rate on different flow parameter.(a) Maximum velocity of 

argon gas at opening (m/sec), (b) Argon gas velocity at outlet (m/sec), (c) Average pressure at 

outlet (Pa) and Turbulence kinetic energy in arc zone (J/kg). 

6.2.2. Shielding Gas Flow Characteristics  

 Primary objective of studying the results of simulated model analysis is to realize the 

possibility of manipulation of GMA welding torch in a narrowest possible groove of thick 

section welding and to produce a practically porosity and oxidation free sound weld with no 

lack of groove wall and inter pass fusion. Accordingly the attention is basically put forward to 

study the characteristics of shielding gas flow inside the narrow groove primarily to avoid 

turbulence and the arc characteristics promoting a weld pool efficient enough to give required 

groove wall fusion at different gas flow rate and nozzle tip angle as stated above. The arc 

characteristics are studied mainly with respect to its length and width (spread) especially to 

realize the thermal distribution in weld pool inside the narrow groove. The gas pressure at outlet 

of the welding torch as well as the velocity and turbulence kinetic energy of shielding gas flow 

at different zone was estimated.  
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 At different projection angle of the nozzle tip varying from 0-600 the effect of flow rate at 

5, 8, 10 and 12 l/min on flow characteristics of argon gas shielding inside the narrow groove 

has been shown in Fig.6.8. Similarly the influence of flow rate of the argon gas shielding and 

variation of projection angle of the nozzle tip on arc characteristics and thermal distribution 

inside the narrow groove has been shown in Fig. 6.9.  

 In Fig.6.8 and Fig.6.9 the results were evaluated using vector plots of shielding gas 

concentration at different zone of the nozzle inside the narrow groove. Fig.6.8 is a vector plot 

of shielding gas without MHD at different gas flow rate (5, 8, 10 and 12l/min) with 00 to 600 

nozzle tip projection angle. It shows the streamline flow of shielding gas at different gas flow 

rate inside the narrow groove. The change in gas flow distribution with increasing nozzle tip 

angle is noticeable in Fig.6.8 which shows that the density of argon gas increases near the 

expected arc zone with increasing nozzle tip angle. This is due to the principle of the 

conservation of mass which states that the smaller the nozzle outlet area, the higher the velocity 

of the existing gas as simulated and demonstrated in Fig.6.9.  

 Fig.6.9 represents the temperature and the argon gas flow field in GMAW arc systems. 

When projection angle is increased the area of outlet is reduced, so the velocity, pressure and 

turbulence kinetic energy increases. To produce better shielding quality and arc stability 

turbulence kinetic energy should be minimum. It can be observed that as the outlet area of the 

nozzle decreases, the shielding gas columns to the adverse effects of the cross draft increases. 

All the characteristics may be understood by the principle of conservation of mass, which 

explains the resistant of shielding gas flowing through a narrower area, the velocity has to 

increase in order to maintain mass flow rate. It is also noticed that when the gas flow rate 

increases from 5 to 12l/min the visibility of arc is reduces. This may have happened due to the 

increase of outlet velocity of shielding gas which efficiently removes significant amount of the 

heat from the arc to its surrounding by absorption and correction. The effect of shielding gas 

flow rate and the nozzle tip angle of welding torch n the above mentioned characteristics of the 

arc zone have been shown in Table 6.4 and Table 6.5. 

 The observations of the simulation studies on different behaviors of gas flow inside the 

narrow groove have been plotted as a function of the projection angle of nozzle tip at different 

shielding gas flow rate as shown in Figs.6.8(a-b) and 6.9(a-b). The Fig.6.8 (a) and (b) shows 

that at a given gas flow rate the increase of projection angle of nozzle tip appreciably increases 

the maximum velocity of argon flow at the opening and outlet of the nozzle respectively that 

may create turbulence in gas flow. While at a given projection angle of nozzle tip the increase 

of gas flow rate also significantly enhances the same. 
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Figure 6-8 At a given gas flow rate effect of projection angle of nozzle tip on the argon 

shielding gas flow characteristics as (a) maximum velocity at opening and (b) velocity at 

outlet. 

 The primary design of the nozzle was to ensure narrowest possible sound weld joint of thick 

section by adequate flow of shielding gas with a stable arcing inside the narrow weld groove of 

plate wall supporting the shielding gas flow as stated above in order to produce. The 

performance of the newly designed nozzle in such condition of narrow groove welding studied 

at nozzle tip angle and gas flow rate varied from 00 to 600 and 5 to 12 l/min respectively shows 

that at a given flow rate of shielding gas its pressure outlet and turbulence in arc zone increases 

with the increase of nozzle tip projection angle (Figs. 6.9(a) and (b)). The figures also show 

that at a given nozzle tip angle the increase of gas flow rate creates more turbulence and eddies 

in arc zone inside the narrow groove. 
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Table 6-4 Flow characteristics of argon gas shielding inside narrow groove without MHD. 
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Table 6-5 Flow characteristics of argon gas shielding inside the narrow groove with MHD. 
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Figure 6-9 At a given gas flow rate the effect of projection angle of nozzle tip on the argon 

shielding gas flow characteristics as (a) average pressure at the outlet and (b) turbulence kinetic 

energy in arc zone. 

 The effect of gas flow rate on length and diameter of arc inside the narrow groove has been 

plotted as a function of projection angle of nozzle tip at different shielding gas flow rate as shown 

in Figs. 6.10(a) and (b) respectively. It shows that the length and diameter of arc inside the narrow 

groove decrease with the increase of nozzle tip angle and shielding gas flow rate. This has primarily 

happened due to appreciable removal of arc heat by shielding gas. The interaction of shielding gas 

and arc significantly increases with increasing gas flow rate as well as nozzle tip angle. 

 The above observations effectively give some directions to design and construct the torch 

nozzle. The newly developed nozzle is primarily aimed to protect the weld pool through shielding 

gas without any atmospheric contamination and turbulence in the arc zone. Based on the 

observations of Figs.6.10-6.12 it may be realized that in order to achieve this aim 00 projection 

angle of the nozzle head is useful which can provide the required arc length and diameter at 10-12 

l/min shielding gas flow rate. This is because in this range of flow rate the required shielding gas 

velocity can be obtained to support a steady flow field inside narrow groove with negligible effect 

of turbulence. The understandings (Figs.6.10-6.12) about the influence of gas flow rate and 

projection angle of nozzle tip on gas flow behavior inside the narrow groove, arc diameter and arc 

length lead to some useful planning of nozzle designing and its use in narrow weld groove. 
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Figure 6-10 At a given argon shielding gas flow rate the effect of projection angle of nozzle tip 

on the arc characteristics as (a) arc length and (b) arc diameter. 

 The results are simulated using vector plots of mass concentration of argon gas flow at 12 l/min 

as typically shown in Fig.6.13 for the 00 and 600 nozzle tip projection angle respectively. The 

influence of flow rate of the argon gas shielding at 12 l/min on the arc characteristics and thermal 

distribution inside the narrow groove with MHD has been also shown in this figure. In this case 

the results were evaluated using vector plots of shielding gas concentration at different zone of the 

nozzle inside the narrow groove. It shows that there exists a streamline flow of shielding gas at 

different gas flow rate inside the narrow groove. The change in velocity distribution of gas flow 

with increasing nozzle tip angle is also noticeable, which indicates that the density of argon gas 

flow increases near the expected arc zone with increasing nozzle tip angle. This may be understood 

from the principle of the conservation of mass which states that a smaller nozzle outlet area 

enhances the velocity of shielding gas as simulated and demonstrated in Fig.6.13. 

 Fig.6.11 also depicts the temperature and argon gas flow field in the arc system of GMAW 

process. It shows that an increase of projection angle of the nozzle tip reduces the area of gas outlet 

which consequently enhances its velocity, pressure and turbulence kinetic energy as per 

conservation of mass principle. To produce better shielding quality and arc stability turbulence 

kinetic energy should be minimum. It is observed that as the outlet area of the nozzle decreases, 

the resistance of the shielding gas columns to the adverse effects of the cross draft increases. This 

is justified because the velocity of shielding gas has to be increased while flowing through a 

narrower area in order to maintain mass flow rate. Here also it is noticed that at a given gas flow 

rate the increase of projection angle of the nozzle tip from 0-600 and at a given nozzle tip angle the 
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increase of gas flow rate from 5 to 12 l/min significantly reduces the visibility of arc due to 

efficiently removal of heat from the arc as discussed earlier. 

 

Figure 6-11 Typical flow characteristics of argon gas shielding inside the narrow groove with 

MHD. 

 After laying the first pass in single bead per layer in narrow groove of multi-pass welding, the 

deposition of second pass may require suitable lifting of the torch nozzle which necessitates 

shortening of the nozzle length in order to avoid the exposure of its side wall, which is no longer 

fully protected by the narrow weld groove wall. Thus the flow characteristics of argon gas shielding 

inside the narrow groove with MHD for the second pass has been simulated as shown in Fig.6.12. 

The figure and its observations plotted in (Figs.6.13-6.15) shows the influence of gas flow rate on 

the outlet velocity of the shielding gas and its pressure and turbulence level inside the narrow 

groove during second pass. During the second pass the shielding gas flow behavior is not changed 

significantly but the diameter and length of the arc reduces as compared to those measured during 

the first pass. The figure shows that at 12 l/min gas flow rates the reduced diameter and length of 

the arc is not very much suitable for preparation of sound weld joint. This may have primarily 

happened because at this gas flow rate the velocity of shielding gas considerably increases as 

observed in Fig.6.13 (a). Thus, it is realized that the 8-10 l/min gas flow rate supports the acceptable 

arc length and diameter. Further the comparative characteristics of gas flow behavior during first 

and second pass depicted in Figs.6.14 and 6.15 reveals that at this level of gas flow rate (8-10 l/min) 

the outlet velocity of shielding gas is lying well within the acceptable level of 2-5 m/sec as 

discussed above. 
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Figure 6-12 Flow characteristics of argon gas shielding inside the narrow groove with MHD for 

2nd pass. 

 

Figure 6-13 Difference in arc characteristics during first and second pass as (a) arc length and (b) 

arc diameter. 



137 

 

 

Figure 6-14 Difference in argon gas flow characteristics during first and second pass as (a) 

maximum velocity at opening and (b) velocity at outlet. 

 

Figure 6-15 Difference in argon gas flow characteristics during first and second pass as (a) 

average pressure at the outlet and (b) turbulence kinetic energy in arc zone. 

6.2.3. Summary 

A rectangular faced narrow torch nozzle head designed by removing both of its lengthwise side 

walls along the direction of welding suits close fitting manipulation inside a practically narrowest 

possible weld groove to get support from the groove wall for creation of a protected zone of arc 

shielding with appropriate dynamics of argon gas flow during GMA welding of 25 mm thick plate. 

A simulated model analysis of shielding gas flow dynamics and its flow rate successfully 

establishes its optimization for employing P-GMAW process by vertically placed electrode 

depositing single bead per layer in narrow weld groove of 7.5 mm face opening. 
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6.3. Characteristics of P-GMAW Weld Bead on Plate 

 The acceptability of the weld joint in MPSSPL ultra-narrow gap dissimilar welding of γ-SS 

and HSLA steel is primarily governed by required fusion in both sides of dissimilar groove wall as 

well as in earlier deposited weld deposit at an optimum thermal exposure giving rise to a minimum 

heat affected zone (HAZ) of undesirable microstructure on both side of dissimilar base metal. The 

extent of fusion of the base metal largely depends upon nature of thermal behavior and metal 

transfer of the weld dictating shape and size of the weld pool and its temperature. The heat content 

of weld pool is largely governed by its mass per unit length and temperature. The shape and size of 

weld pool affects the properties of the weld and HAZ. Achieving all these aspects can be more 

precisely addressed by using P-GMAW process controlled by summarized influence of pulse 

parameters proposed earlier [Ghosh et al 2000] and defined by a hypothetical factor   derived on 

the basis of energy balance concept of the system, because it more throughly facilitates governing 

the weld characteristics including its microstructure [Ghosh 1996, Ghosh et al 2006, Ghosh et al 

2008, Goyal et al 2008 (b), Hussian et al 1996, Randhawa et al 1998, Randhawa et al 2000, Agrawal 

2010]. In this respect the nature of variation in characteristics of weld bead and weld isotherm as a 

function of , Ω and Im has been studied and its understanding may be beneficial in using P-GMAW 

to produce desired weld quality.  

 The thermal behaviour of weld has been studied considering heat transfer to the weld by the 

arc, superheated molten droplets [Goyal et al 2008 (b), Ghosh et al 2006, Agrawal 2010], heat input 

(Ω), temperature of weld pool (TWP) and weld isotherm governing shape and size of weld pool. 

Therefore, to control the P-GMAW process in order to get desired weld quality in MPSSPL narrow 

gap welding, it is required to have an understanding of correlation among the , TWP,  and Im and 

weld characteristics.  The P-GMA welding parameters used for bead on plate study has been shown 

in Table-5.2 (chap.5). 

6.3.1. Thermal aspects of weld pool 

 At a given arc voltage of 25±1V, the typical theoretically estimated thermal behavior of metal 

transfer as heat content per unit mass of droplet (Qde) and temperature of droplet at the time of 

deposition (Tde) at different mean currents (Im) of about 200±3, 220±2 and 240±4A where the value 

of  is 0.05 and 0.25 has been shown in Figs. 6.15(a) and (b) respectively. It has been observed 

that the Qde and Tde reduces with the increase of  at a given Im and vice-versa. This is attributed to 

the heat gain by the droplet from energy input at the time of detachment from the electrode and 
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heat loss by convection and radiation during its flight from electrode tip to the weld pool. For a 

given shielding gas and specific distance between the electrode and the work piece, the heat loss 

during its flight from the electrode tip to the work piece primarily depends upon temperature of the 

droplet at the time of detachment from the electrode tip, surface area of the droplet and flight time. 

The diameter of droplets has been found to increase with increase of   at a given Im and at a given 

 it reduces with increase of Im whereas, the number of droplets transferred per pulse reduces with 

increase of   at a given Im or with the reduction of Im at a given  as shown in Fig.6.16 (a) and (b). 

Therefore the surface area of droplets is governed by relative enhancement of the diameter of 

droplets and decrement of number of droplets transferred per pulse. It has been found that total heat 

loss decreases with increase of   at a given mean current and at a given   it increases with an 

increase of mean current [Goyal et al 2008 (b), Ghosh et al 2006, Agrawal et al 2010]. The heat 

content of the droplet at the time of detachment has been found to reduce with an increase of  at 

a given Im and at a given  with enhancement of Im [Goyal et al 2008 (b), Ghosh et al 2006]. 

Considering all these facets, the Qde and Tde will depend upon the comparative rate of the decrement 

of the heat content of droplet at the time of deposition and heat loss of the droplet during its flight 

from the electrode tip to the weld pool. Due to these reasons the trend of Qde and Tde has been found 

as shown in Figs. 6.16(a) and (b) respectively. This is in agreement to the earlier study [Goyal 

2007, Agrawal 2010] on aluminium alloys and HSLA steel showing similar trend of variation as 

explained above. Hence, it can be concluded that the thermal behaviour of metal transfer can be 

controlled up to certain extent by varying  and Im. The empirical correlations have been found as 

given below. 

Qde =229.134-0.199Im-117.658 +0.285Im                                               (6.1) 

Tde = 4037-5.15Im-2699 +6.12Im                                                        (6.2) 
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Figure 6-16 At a given arc voltage of 25±1V the effect of  on (a) heat content per unit mass of 

droplet and (b) temperature of droplet at the time of deposition at different Im of 200, 220 and 

240A respectively. 

 

 

 

 

 

 

 

(a) 

(b) 
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Figure 6-17 At a given arc voltage of 25±1V the effect of  on (a) diameter of droplet and (b) 

number of droplet transferred per pulse at different Im of 200, 220 and 240A respectively. 

 The thermal behavior of metal transfer being dictated by  and Im may affect the total heat 

transferred to the weld pool. The total heat transferred to the weld pool may govern the temperature 

(TWP) and shape and size of weld pool consequently affecting the weld isotherm which ultimately 

influences thermal behavior of weld. Thus, the thermal behavior of weld pool has been studied 

considering total heat transfer to the weld pool, average weld pool temperature (TWP) and weld 

isotherm under different pulse parameters (Table-6.4).  

 At a given arc voltage of 25±1V the influence of  on theoretically estimated QT at different 

mean currents (Im) of about 200±2, 220±2 and 240±3A has been depicted in Fig. 6.17. The total 

(a) 

(b) 
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heat transferred to weld pool reduces with increment of  at a given Im and enhances with Im at a 

given . The total heat transferred to weld pool QT is primarily dictated by the arc heat, largely 

depending upon the effective mean current and heat of filler metal transferred per unit time, which 

are having similar trend of variation with  at a given Im and with Im at a given  (Table-6.4). The 

empirical correlation of QT with  and Im at a given arc voltage have been worked out as follows.    

                                                      QT = 29.08Im- 3773.45 + 0.04Im  + 1237                     (6.3) 

   

Figure 6-18 At a given arc voltage of 25±1V the effect of  on total heat transfer to weld pool at 

different Im of 200, 220 and 240A respectively. 

 At a given arc voltage of 25±1V the effect of  on theoretically estimated weld pool 

temperature, TWP at a depth of about 2.1 – 3.5mm from its surface and about 3.5mm from arc center 

under different Ω has been shown in Fig. 6.19(a) to (c). It has been observed that at a given Ω and 

Im the TWP reduces significantly with increase of ,  the TWP enhances with increase of Ω at a given 

Im and  and it also increases appreciably with enhancement of Im at a given Ω and .  At a given 

Ω and Im, the reduction of TWP with the increase of  may have primarily happened due to decrease 

of Qde and Tde as explained earlier. While, the enhancement of TWP with increase of Ω at a given 

Im and  is accredited to increase of total heat transferred to the weld pool (QT) per unit length. 

However the appreciable increment of TWP with enhancement of Im at a given Ω and  has primarily 

happened due to increase of number of droplets transferred per pulse with the increase of Im. This 

is because the molten metal droplets carry appreciable amount of heat while getting transferred to 
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weld pool. The empirical correlation of TWP with respect to Ω and  have been worked out as 

follows.  

(TWP)200A= 39.17 Ω - 1202.23 + 46.08 Ω + 1780.23                                            (6.4)  

(TWP)220A= 50.69 Ω - 760 + 12.86 Ω + 1829.71                                                        (6.5) 

(TWP)240A= 8.448 Ω - 1513.74 + 82.43 Ω  + 2375.78                                            (6.6) 

 

Figure 6-19 At a given arc voltage of 25±1V, the effect of  and Ω on weld pool temperature 

under different mean current of 200, 220 and 240 A respectively. 

 The mathematical expression (chap-5, eq.5.3) used for estimation of weld pool temperature 

has been verified for certain cases by comparing the theoretically estimated values with 

experimental measured values. At a given arc voltage of 25±1V a comparison of the theoretically 

estimated and measured values of TWP at depths of about 2.5 – 3.0mm from molten pool surface at 

(a) (a) 

(a) 
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different pulse parameters has been shown in Fig. 6.19. It has been observed that theoretically 

estimated values of TWP are in good agreement with their corresponding measured values with a 

maximum deviation of about  8 %. The limitation of the expression is that it is unable to estimate 

weld pool temperature correctly close to arc center within radius of 2 mm to avoid significant 

influence of arc heating [Goyal et al 2008 (b)]. 

 

Figure 6-20 At a given arc voltage of 25±1V, comparison of measured and estimated weld pool 

temperature at depths of about 2.5 - 3mm from its weld pool surface at different Im and . 

 The size and shape of the weld pool in welding process affects the mechanics and kinetics of 

solidification and thus, the microstructure and properties of the weld. The size and shape of weld 

pool along with the size and shape of heat affected zone also affects the thermally induced stresses 

that act on the weld leading to formation of residual stresses and distortion. The size of weld pool 

is dictated by the heat input, mean current and pulse current parameters of pulsed current gas metal 

arc welding and is governed by the isotherms predicted out of solutions of the heat flow equations.  

Thus, it is very much necessary to study the effect of these parameters on weld isotherm in order 

to critically understand, predict and ultimately control the final weld upto a maximum extent for 

desired performance of weld joint.  

 At a given arc voltage of 25±1V the effect of  on weld isotherm at different Im and Ω lying in 

the range of 200A-240A and 7.64±0.4 to 9.81±0.5 kJ/cm respectively have been shown in Table 

6.6 and 6.7. It is observed that the width and length of isotherm decreases with the increase of  at 

a given Im and Ω. This is attributed to the reduction in heat transferred to the weld pool with the 

increase of . It has been also observed that the increase of Ω at a given Im and  and the increase 
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of Im at a given Ω and  enhances the width of the isotherm. This is attributed to the enhancement 

of the heat transferred to the weld pool with the increment of Ω and Im. It is further observed that 

increase of Ω at a given Im and , which is achieved through the reduction of welding speed, 

decreases the length of the weld pool. This may have primarily happened because of its ability to 

cool the molten weld pool to relatively higher extent due to availability of comparatively more time 

at lower welding speed and higher Ω. 
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Table 6-6 At a given Ω (7.64±0.4 kJ/cm) and arc voltage (25±1V) the effect of  and Im on weld isotherm at γ-SS plate. 
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Table 6-7 At a given Ω (9.81±0.5 kJ/cm) and arc voltage (25±1V) the effect of  and Im on weld isotherm at γ-SS plate. 
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 Summary 

Thermal aspects of weld pool of weld can be varied significantly with respect to heat 

input  and pulse parameters of welding of  and Im. The characteristics of variation of these 

have been obtained and empirical correlations have been found. The isotherm of the weld can 

be regulated appropriately by variation of  and pulse parameters in order to achieve the 

optimised conditions of welding. 
 

6.4. Analysis and Validity of Proposed Thermal Model for MPSSPL Narrow Gap Weld 

6.4.1. Analyses of the proposed model 

 The major aspects relevant to perform MPSSPL ultra-narrow groove dissimilar welding of 

Austenitic stainless steel to HSLA steel has been analyzed with the help of various expressions 

of the spatial model as stated above in order to support a proper selection of pulse parameters 

prior to carrying out dissimilar metal welding with appropriate groove wall fusion. A systematic 

approach in this regard with respect to the analyses of the geometry and thermal behavior of 

weld pool are stated below. 

 Geometry of molten pool inside weld groove 

 The geometry of molten weld pool inside a weld groove is primarily dictated by the 

geometry of the groove space available at each weld pass and the amount of weld deposit filling 

a specific depth of the weld groove. The amount of weld deposit per pass is primarily governed 

by the mean current and the welding speed, which consequently also affect the heat input. 

 In case of a given design of weld groove, the amount of weld deposit filling a specific depth 

of groove by each weld pass is dictated by the length of filler wire of a given diameter consumed 

per pass of weld deposition which is primarily a function of mean current, Im and welding speed 

dictating the heat input. At a given arc voltage the effect of Im on length of filler wire consumed 

per pass of weld deposition at different heat inputs of about 7.63 and 9.81 kJ/cm (Table-6.4), 

as estimated by using the eq. 4.3 (Chapter 4), has been typically shown in Fig. 6.21. The figure 

shows that at any weld pass, the length of filler wire consumed per pass of weld deposition 

increases with the enhancement of both the Im and Ω. This has happened because the increase 

of Im at a given Ω increases the wire feed rate resulting in more deposition of weld metal. 

Similarly at a given Im the consumption of filler wire per pass of deposition increases with the 

increase of Ω through lowering of welding speed. In a weld pass under the heat input of 

7.63±0.4 and 9.81±0.5 kJ/cm, the effect of Im on volume of weld metal deposits per pass (Vm) 

of weld, as estimated by using eq. 4.2 (chap.4), has been shown in Fig. 6.22. The figure shows 

that the volume of weld deposit per pass also increases with the increase of both the Im and Ω 
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because of its dependency primarily on the length of filler wire consumed per pass of 

deposition.  

 

Figure 6-21 Effect of mean current on length of filler wire consumed per unit length of weld 

deposition at different heat input. 

 During filling of a ultra-narrow weld groove, the height of groove wall covered by the 

amount of metal deposition in each weld pass primarily depends upon Im affecting the melting 

of filler wire and S which is controlling the amount of metal deposition per unit length and the 

groove space available at each pass. Thus, at a given Im, the weld deposition per unit length can 

be broadly taken into account as a function of Ω. At different mean currents of 200, 220 and 

240A, the effect of number of weld pass on height of the groove wall covered by weld pool at 

varied Ω of 7.63±0.4 and 9.81±0.5 kJ/cm, estimated by using the eq. 4.5 (chap.4), has been 

shown in Fig. 6.23 (a) and (b) respectively. The figure reveals that at a given Ω and Im, the 

higher sequence of weld pass relatively reduces the height of groove wall covered by the weld 

pool whereas, at any weld pass it increases with the increase of Im at a given Ω or with the 

increase of Ω at a given Im. At a given Ω and Im that gives rise to a constant mass of weld 

deposition for filling the weld groove, the reduction in height of the groove wall covered by the 

weld pool of higher number of weld pass of single seam deposition at each layer has happened 

due to in case of root pass there is a less area of weld groove and for the second and third pass 

(capping) which is larger groove opening. This phenomenon largely depends upon groove 

design with respect to the parallel groove wall governing the width of groove openings at 

different layers of weld pass as shown in Fig. 4.1 & 4.2 (Chapter 4). 
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Figure 6-22 Effect of mean current on volume of metal deposited per unit length of weld at 

different heat input. 

Table 6-8 Pulse parameters with corresponding thermal behaviour used in preparation of weld joint using 

P-GMAW process 

Arc 

Voltage 

(V) 

Heat 

Input (Ω) 

(kJ/cm) 

Welding 

Speed (S) 

(cm/min) 

Mean 

Current 

(Im) (A) 

 

Pulse Parameters 
Thermal 

Behaviour 

Ip Ib 
f 

(Hz) 

tb 

(sec) 

tp 

(sec) 

QAW 

(J/s) 

Qf 

(J/s) 

25±1 

7.63±0.4 26.4 
200±3 

0.05 289 123 90 4.12 3.51 3614 4697 

9.81±0.5 21.4 0.25 246 164 95 4.07 3.49 3445 5204 

7.63±0.4 29.1 
220±2 

0.05 332 125 107 3.97 3.66 4136 4725 

9.80±0.5 23.4 0.25 295 164 106 4.09 3.51 2771 3925 

7.63±0.4 31.8 
240±4 

0.05 350 121 124 3.47 3.17 2812 4304 

9.81±0.5 25.7 0.25 316 164 126 3.84 3.01 1111 4070 
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Figure 6-23 At different mean currents effect of number of weld pass on height of the groove 

wall covered by weld pool at varied Ω of (a) 7.63±0.4 and (b) 9.81±0.5 kJ/cm. 

 

 

 

 

 

 Thermal behaviour of molten pool inside weld groove 

 In order to produce a dissimilar weld joint free from lack of fusion the weld pool inside the 

ultra-narrow groove must have enough heat required to fuse both sides of the dissimilar groove 

wall as well as a part of earlier deposited weld. The heat content of the weld pool is primarily 

dictated by the amount of weld deposit and the temperature of the weld pool. In view of this an 

(a) 

(b) 
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analysis of the model has been carried out for estimation of heat required to produce a sound 

dissimilar ultra-narrow gap weld joint on the basis of total mass of metal to be fused from the 

each side of dissimilar groove wall and earlier deposited weld as well as thermal behaviour of 

weld pool in each weld pass. 

The total mass of fusion (mt) inclusive of the fusion of dissimilar base metal at -SS 

groove wall (mbSS) and HSLA steel groove wall (mbHS) as well as weld metal of earlier deposit 

(mw) required to prepare a sound joint at a given pass has been estimated using the eqs. 4.6 to 

4.10 (chap.4) while, the minimum depth of fusion necessary to produce a sound weld joint has 

been considered as 1mm [Radaij D., 1992] for the estimation of mbHS,  mbSS and mw. At different 

mean currents, the effect of number of weld pass on the required mbHS,  mbSS and mt at each 

weld pass of Ω of 9.81±0.5 kJ/cm has been shown in Figs. 6.24 (a,b) and Fig.6.25 respectively. 

The figures show that at a given Ω and Im the required mbHS and mbSS reduces due to reduction 

in height of groove wall in contact with the weld pool (Fig. 6.49). However, the figures also 

show that with the enhancement of Im at a given Ω and weld pass both, the mbHS, mbSS and mt 

decreases due to introduction of significant lower heat. 
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Figure 6-24 At different mean currents, the base metal fusion in dissimilar groove wall at 

different weld passes of (a) mbHS and (b) mbSS 

(a) 

(b) 
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Figure 6-25 At different mean currents, the total necessary mass of fusion at each weld pass 

at Ω of 9.81±0.5. 

 In case of MPSSPL welding with no angle of attack of electrode to groove wall, a minimum 

amount of heat has to be primarily supplied by the molten weld pool for fusion of mt. In this 

regard the requirement of heat to fuse 𝑚𝑏𝐻𝑆, 𝑚𝑏𝑆𝑆 and 𝑚𝑊 amount of metal for weld 

preparation can be estimated by eq.4.11, eq.4.13 and eq.4.14 (chap.4)  respectively. Total heat 

(Ht) and the temperature of the weld pool (Trwp) can be estimated using the eqs.4.14 and 4.18 

(chap.4) respectively. It is observed (Fig. 6.26) that the requirement of total heat decreases with 

the increase of number of weld pass and Im. It is also noticed that the required weld pool 

temperature decreases with the increase of weld pass at a given Ω and Im and also reduces with 

the enhancement of Im at a given Ω and weld pass respectively as shown in Fig. 6.27. It’s 

because of the 𝑚𝑏𝐻𝑆, 𝑚𝑏𝑆𝑆 reduces with the increase of weld pass at a given Ω and Im. The 

reduction of total heat required with the increase of Im at a given Ω and other two components 

of the three including weld pass respectively may have primarily happened due to a similar 

trend of reduction of mt (Total mass of fusion) observed in this context and due to shrinkage 

whish is discussed in the earlier chapter 5. A similar trend of decrease in Trwp with the increase 

of weld pass beyond the first pass (root pass) to that of the Ht required for desired fusion to 

produce weld without lack of fusion because both of them are the function of mt involved in 

each weld pass. 
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Figure 6-26 At different mean currents, the total heat required for desired melting of 

dissimilar groove wall at each weld pass at Ω of 9.81±0.5 kJ/cm. 

     

 

Figure 6-27 At different mean currents, the average weld pool temperature required at each 

weld pass for producing dissimilar sound weld joint at Ω of 9.81±0.5 kJ/cm. 

 Heat transfer in molten pool and critical point of fusion in weld groove   

 During P-GMA welding the fusion of dissimilar groove wall and the part of earlier weld 

deposit finally depends upon distribution of a minimum required temperature. This is important 

in case of dissimilar weld joint where the melting temperature of opposite groove walls is 

different in a superheated weld pool with respect to the point of heat transfer from superheated 
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droplet inside a cavity formed on the weld pool. During variation in pulse parameters at a given 

arc voltage the depth of cavity (d) formed (Fig. 4.3, chap.4) by impingement of metal droplets 

to the weld pool at different mean currents of 200, 220 and 240A, as estimated by the eq. 4.39, 

has been typically shown in Fig. 6.28(a,b).  

 

Figure 6-28 Effect of number of pass and  on estimated depth of cavity formed by 

impingiment of metal droplets at different mean currents. 

The figure shows that the d decreases with the increase of weld pass number at a given Im and 

Ω. At the same time, the d also enhances with the increase of Im at a given Ω. The reduction of 

d with the increase of weld pass number at a given Im and Ω has been attributed to decrease of 

kinetic energy of the droplet transferred to weld pool dictating the cavity formation [Goyal V. 

K. et. al., 2008(a)]. In spite of reduction in Ip with the increase of  at a given Im and Ω (Table-

6.3), which reduces the velocity of droplet [Ghosh P. K. et. al. 2006], the enhancement of its 

kinetic energy is predominantly governed by the increase of mass of droplet (droplet size) 

[Ghosh P. K. et. al. 2006]. However, at a given  the kinetic energy of the droplet increases with 

the enhancement of Im, boosting the peak current, predominantly by an increase of droplet 

velocity in spite of its relatively reduced mass, while an increase in fluidity of the weld pool 

also acts favourably due to increase of its temperature [Devkumaran K. et. al., 2009] resulting 

a higher depth of cavity. 

 To control thermal distribution in super-heated weld pool surrounding the point of heat 

transfer by droplet inside the cavity, it is necessary to identify the critical points where the 

desired temperature of weld isotherm should exist for fusion of groove wall. In case of 

dissimilar groove wall in a MPSSPL ultra-narrow gap welding, the weld isotherm is not similar 

(a) (b) 
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in all the directions in reference to focal point of the cavity formed in weld pool as the primary 

point of heat transfer. 

 

Figure 6-29 Variation of the distance R1 and R2 at each weld pass of a given Ω of 7.63.2±0.4 

kJ/cm under different Im. 

  The points which primarily guide the soundness of weld joint with respect to lack of fusion 

may be considered as the touching points of the upper and lower layers of weld pool with the 

both side of dissimilar groove wall marked as P1 and P2 respectively as typically shown in Fig. 

4.3 (chap.4). The distance of these two points from the center of the arc, P, on both side of 

dissimilar groove wall where the molten droplets are deposited in the cavity has been marked 

as R1 and R2. R1 and R2 are the distance of upper and lower point of touching by weld deposit 

to dissimilar groove wall from the center of arc P to P1, P1’ as well as P2, P2’ respectively. The 

distances R1 and R2 with the change in number of weld pass, as estimated by the eqs. 4.20 and 

4.21 (Chapter 4), under varying Im of 200, 220 and 240A at  the variation of Ω of  7.64±0.4 

kJ/cm  and 9.81±0.5 kJ/cm has been typically shown in Figs. 6.29 and 6.30 respectively. The 

figures show that both the distances R1 and R2 increase with the increase of Ω but decrease with 

the number of weld pass, however, both the distances R1 and R2 increase with the increase of 

Im, while the other two respective parameters remain constant. Whereas, the enhancement of R1 

and R2 with the increase of Im or Ω at a given other parameters may have primarily happened 

due to increase of weld metal deposition per unit length. But, the R2 always becomes higher 

than R1 irrespective of any change in number of weld pass, Ω and Im. Thus, maintaining a 

desired temperature of weld isotherm for groove wall fusion at the farthest point R2 from the 

point P may be considered as the critical predominating factor to avoid lack of fusion in 

centrally laid MPSSPL ultra-narrow gap welding. 

(a) (b) 
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Figure 6-30 Variation of the distance R1 and R2 at each weld pass of a given Ω of 9.81±0.5 

kJ/cm under different Im. 

 Weld isotherm in molten pool 

 At two values of , the weld isotherms of the weld pool at different pulse parameters and 

same heat input, as estimated by using the eqs. 4.24 and 4.33 (chap.4), which gives rise to 

MPSSPL ultra-narrow gap weld joint without lack of fusion are typically discussed below 

where, the arc voltage has been kept constant as 25±1V. The weld isotherms are determined in 

reference to the arc centre assumed as coinciding with the point P. At a given Ω and  of 

9.81±0.5 kJ/cm, and 0.5 respectively, the typical weld isotherms at different Im 200, 220 and 

240A are shown in fig.6.31 (a-c) respectively. Similarly for another  of 0.25 under the same 

Ω the weld isothermal at different Im value 200, 220 and 240A are shown in Fig.6.32 (a-c) 

respectively. The figures reveal that the length and width of the weld isotherm relatively reduces 

with the increase of  at a given Ω and Im. It is further observed that the length and width of 

isotherm also increases with the increase of Im at a given Ω and . In consideration of significant 

influence of welding speed on the shape of weld isotherm, the above observations are made 

with appropriate care of welding speed as per the parameters shown in Table-6.3. The reduction 

in length and width of the weld isotherm with the increase of  at a given Ω and Im may have 

primarily happened due to significant reduction in heat transfer by the arc and filler metal to 

the weld pool with the increase of  [Kulkarni S. G.,2008, Devakumaran K., 2009]. The 

reduction in heat transfer by the filler metal happens primarily due to convection, conduction 

and radiation heat losses during transfer of droplets from the electrode tip to the weld pool. 

However, the increase of width and length of the weld isotherm with the increase of Im at a 

given Ω and  are primarily governed by the increase in amount of metal deposition enhancing 

(a) (b) 
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the heat transfer to the weld pool. The width of weld isotherm at a given set of Ω, Im and  

provides an idea regarding its possibility to touch the dissimilar groove wall and fuse 

appreciably by a given set of pulse parameters. The weld isotherm shown in Fig.6.31 and Fig. 

6.32 may give rise to appropriate fusion with the both side of dissimilar groove wall because 

the weld pool associated with these isotherms may touch and fuse the dissimilar groove wall 

leading to production of a weld joint without any lack of fusion. 



160 

 

 

Figure 6-31 At a given arc voltage the typical isotherm of weld pool at different Im and same 

 value respectively of (a) 200A and 0.05, (b) 220Aand 0.05 and (c) 240Aand 0.05 at Ω of 

9.81±0.5. 

(a) 

(b) 

(c) 
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Figure 6-32 At a given arc voltage typical isotherm of weld pool at different Im and  

respectively of (a) 200A and 0.25, (b) 220Aand 0.25, (c) 240Aand 0.25 and at Ω of 9.81±0.5. 

6.4.2. Validity of model analysis 

 In order to justify the validity of the model analysis as stated above the condition of weld 

pool in centrally laid MPSSPL ultra-narrow groove dissimilar weld with respect to its ability to 

(a) 

(b) 

(c) 
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fuse the both side of dissimilar groove wall has been analyzed at various pulse parameters. Out 

of them two typical theoretical conditions of analyses representing the situation of welding 

without and with groove wall fusion are presented here followed by their experimental 

verification. 

 

Figure 6-33 Comparison of the estimated and required temperature of the weld pool at 

different Im and  respectively of (a) 200A and 0.05, (b) 220A and 0.05 and (c) 240A and 0.05 

at Ω of 9.81±0.5 kJ/cm. 

 At a given Ω of 9.81±0.5 kJ/cm, the estimated temperature (Tewp) of the weld pool and the 

required temperature (Trwp) of an weld pool (Fig. 6.33 (a-c), Fig. 6.34 (a-c)) for desired fusion 

of metal as estimated on the basis of mt (Total base metal fusion) at a given Ω of 9.81±0.5 

kJ/cm, a comparison of the Tewp and Trwp of an weld pool at different Im and  respectively of 

(a) 200A and 0.05, (b) 220A and 0.05 and (d) 240A and 0.05, which may give rise to sound 

weld without lack of fusion in both side of dissimilar groove wall according to their weld 

isotherm has been shown in Fig. 6.31 (a-c), Fig. 6.32 (a-c).  

(a) 
(b) 

(c) 
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Figure 6-34 Comparison of the estimated and required temperature of the weld pool at 

different Im and  respectively of (a) 200A and 0.25, (b) 220A and 0.25, (c) 240A and 0.25 at 

Ω of 9.81±0.5 kJ/cm. 

6.4.3. Analyses of weld performance 

 Typical appearance of the centrally laid MPSSPL ultra-narrow groove P-GMA dissimilar 

weld joints prepared by weld deposition at a constant arc voltage (25±1V) and Ω of 7.64±0.4 

kJ/cm using the Im and  respectively of (a) 200A and 0.05, (b) 220A and 0.05 and (c) 240A 

and 0.05 has been shown in Fig. 6.35(a-c). Similarly the appearance of  ultra-narrow groove P-

GMA dissimilar weld joints prepared by weld deposition at the same arc voltage but relatively 

higher Ω of 9.81±0.5 kJ/cm using different Im and  respectively of (a) 200A and 0.05, (b) 220A 

and 0.05, (c) 240A and 0.05 has been typically shown in Fig. 6.36 (a-c). Similarly the 

appearance of similar ultra-narrow groove P-GMA dissimilar weld joints prepared by weld 

deposition at the same arc voltage and same Ω of 9.81±0.5 kJ/cm using different Im and  

(a) 
(b) 

(c) 
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respectively of (a) 200A and 0.25, (b) 220A and 0.25, (c) 240A and 0.25 has been typically 

shown in Fig. 6.37 (a-c). In agreement to the weld isotherms presented in Fig. 6.31 and Fig. 

6.32 according to the model prediction, it appears that in all the cases of Fig. 6.35(a-c) the weld 

pool is unable to touch the both side of groove wall showing lack of fusion to it weld passes of 

filling the weld groove. Whereas, the Fig. 6.36 (a-c) shows that at relatively higher Ω of 

9.81±0.5 kJ/cm the weld pool is well in contact with the groove wall which may give rise to 

appropriate fusion in it which is also predicted from weld isotherms. However, the features of 

weld deposit revealed in the photographs presented in Fig. 6.36 and Fig 3.37 further confirms 

that at a given Ω of 9.81±0.5 kJ/cm the pulse parameters Im and  have significant influence on 

uniform spreading and intimate contact of weld pool in the weld groove. It is observed that at 

a given  of 0.05 and 0.25, increase of Im from 200 to 240A relatively improves the contact of 

weld pool to the both side of groove wall, whereas at a given Im of 200 to 240A a low value of 

 i.e. 0.05 further improves it to reduce lack of dissimilar groove wall fusion during multi pass 

weld deposit. The said improvement in groove wall fusion with the increase of Im and decrease 

of  primarily happens due to increase of droplet temperature at the time of deposition [Ghosh 

P. K. et. al. 2006] enhancing the heat transfer to the weld pool [Devakumaran K., 2009] resulting 

higher weld pool temperature [Devakumaran K. et. al., 2009, Goyal V. K. et. al., 2008(a)] with 

wider bead width and large external weld toe angle. Thus, it may be assumed that in spite of 

getting better groove wall fusion at higher Ω, keeping pulse parameters having lower  and 

higher Im may further assure preparation of a sound weld joint avoiding lack of fusion in it.      
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Figure 6-35 Typical appearance of interrupted intimate contact of single seam per layer weld 

deposit with the dissimilar groove wall in ultra-narrow gap welding at (a) 200A and 0.05, (b) 

220A and 0.05, (c) 240A and 0.05 at Ω of 7.64±0.5 kJ/cm. 

 

Figure 6-36 Typical appearance of uninterrupted intimate contact of single seam per layer 

weld deposit with the dissimilar groove wall in ultra-narrow gap welding at (a) 200A and 

0.05, (b) 220A and 0.05, (c) 240A and 0.05 at Ω of 9.81±0.5 kJ/cm. 
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Figure 6-37 Typical appearance of uninterrupted intimate contact of single seam per layer 

weld deposit with the dissimilar groove wall in ultra-narrow gap welding at (a) 200A and 

0.25, (b) 220A and 0.25, (c) 240A and 0.25 at Ω of 9.81±0.5 kJ/cm. 

 Transverse section of the multi pass dissimilar welds revealing their soundness of it with 

respect to lack of fusion in dissimilar groove wall has been shown in the macrographs presented 

in Figs. 6.38 (a-c) and Figs. 6.39 (a-c) where the Ω has been kept at 7.63±0.4 and 9.81±0.5 

kJ/cm respectively at a given arc voltage of 25±1V. The Fig. 6.38 shows that at the low Ω of 

7.63±0.4 kJ/cm using a relatively low Im and high  of 200A and 0.05 respectively, starts 

resulting a lack fusion in groove wall from about second layer of weld pass in γ-SS side from 

the root of the weld groove, which is broadly in agreement to the model analyses shown in Fig. 

6.38 (a). However, at the same Ω an increase of Im to 220A and 240A with  of 0.05 (Fig. 6.38 

(b,c)), resulting a lack fusion in groove wall from about second layer of weld pass in γ-SS side 

from the root of the weld groove, which is also broadly in agreement to the model analyses 

shown in Fig. 6.38(a). The use of relatively higher Ω of 9.81±0.5 kJ/cm has been grossly found 

to improve the situation with respect to the groove wall fusion in case of using any Im and  

where, in contrast to the observations of Fig. 6.39(a-c)  no lack of both side of dissimilar groove 

wall fusion has been practically marked in the region of weld passes from the root as shown in 

Fig. 6.39(a-c). It might have resulted because of application of relatively stronger weld isotherm 

giving rise to wider weld pool with comparatively higher temperature of it. This is also very 

much in the line of model analyses shown in Fig. 6.39 (a-c) showing that the temperature of 

weld pool estimated from the welding parameters is always significantly higher than the 

required temperature for fusion at the groove wall giving rise to required fusion to it producing 
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a sound ultra-narrow groove weld joint.  The temperature of weld pool estimated from the 

welding parameters is forced towards higher side resulting in production of weld joint without 

any lack of fusion for relatively higher Ω of 9.81±0.5 kJ/cm due to application of relatively 

stronger weld isotherm and larger amount of weld deposition per unit length of the weld. 

(a) 

     

(b) 

 

(c) 
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Figure 6-38 Lack of fusion at groove wall typically observed in transverse section of 

dissimilar weld joint prepared at a given arc voltage and Ω of 25±1V and 7.63±0.4 kJ/cm 

respectively under different Im and  respectively of (a) 200A and 0.05, (b) 220A and 0.05 

and (c) 240A and 0.05. 

(a)  

     

 

 

 

(b) 
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(c) 

 

Figure 6-39 Without lack of fusion at groove wall typically observed in transverse section of 

weld joint prepared at a given arc voltage and Ω of 25±1V and 9.81±0.5 kJ/cm respectively 

under different Im and  respectively of (a) 200A and 0.05, (b) 220A and 0.05 and (c) 240A 

and 0.05 

                             

                                                                                                                                                                                                                                                                                                                                                                                                                                 

6.5. Characteristics of Multi Pass Single Seam per Layer Centrally Laid Ultra-narrow 

Gap P-GMA Dissimilar Weld 

 The appropriate use of pulse parameters allows the production of ultra-narrow gap weld 

joint free from lack of dissimilar groove wall fusion by MPSSPL centrally laid weld deposition 
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in ultra-narrow weld groove of thick dissimilar sections using P-GMAW process. The right 

selection of pule parameters with the help of model developed (Chap.4) on the basis of thermal 

and geometrical aspects of weld pool has facilitated to carry out the P-GMAW for producing 

sound dissimilar weld of -SS and HSLA steel. The primary advantage of pulse current gas 

metal arc welding (P-GMAW) arises from its ability to more precisely control the thermal and 

geometrical aspects of weld pool specially in the case of dissimilar weld joint. It dictates 

soundness of weld joint through comparatively more accurate manipulation of energy input as 

well as energy distribution within the process of welding by appropriate selection of pulse 

parameters. Thus, the pulse parameters of , Im and  Ω also affect the metallurgical 

characteristics and mechanical properties of the weld [Goyal et al 2008, Ghosh et al 2000, 

Ghosh et al 2007]. The P-GMAW process also gives rise to development of comparatively low 

heat buildup in weld pool largely arising out of unique control over the characteristics of arc 

and metal transfer along with interruption in weld metal deposition under the pulse current 

[Waszink et al 1982, Wang F et al 2003, Wang G et al 2004, Agrawal et al 2010]. 

The model explained in Chapter 4 along with the knowledge gained out of bead on plate 

studies can significantly help to decide the pulse parameters which may be used for production 

of a weld joint free from lack of fusion in MPSSPL centrally laid narrow gap welding of thick 

dissimilar sections using P-GMAW process. The effect of  at various pulse parameters on 

shrinkage stress, mechanical and metallurgical properties of the weld have been studied.  The 

properties of dissimilar weld joint as per the parameters selected using P-GMAW process in 

MPSSPL centrally laid ultra-narrow gap welding has been compared with those of conventional 

groove multi pass multi seam per layer (MPMSPL) dissimilar weld joint prepared using same 

process of P-GMAW under similar range of heat input. 

6.5.1 Weld appearance and size 

6.5.1.1 Multi-pass multi seam per layer conventional V-groove P-GMA dissimilar weld 

joint  

At a given arc voltage (V), , Im and Ω of 25±1V, 0.05, 220±3A and 9.81±0.5kJ/cm 

respectively, the typical macrograph of the dissimilar weld as revealed in transverse section of 

the conventional V-groove (CG) weld joint prepared using MPMSPL welding has been shown 

in Fig. 6.40. The figure shows the soundness of weld joint with respect to lack of fusion between 

the inter bead deposit and the dissimilar groove wall to weld deposit.  
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Figure 6-40 Typical macrograph of conventional V-groove P-GMA dissimilar weld joint at a 

given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm and , Im of 0.05, 220A. 

6.5.1.2 Multi-pass single seam per layer centrally laid narrow gap P-GMA weld joints 

At a given close range of arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively, the typical macrographs of the weld as revealed in transverse section of the 

MPSSPL centrally laid ultra-narrow gap dissimilar weld joints prepared at different mean 

currents (Im) of about 200±2, 220±3 and 240±4A under different  of 0.05 and 0.25 have been 

shown in Fig. 6.41. The dissimilar welds are prepared by using the pulse parameter in 

conformation to the model analysis for producing the weld joint free from lack of fusion. The 

figure typically reveals the uniformity of weld joints as well as their soundness in reference to 

the presence of discontinuity defect in them. 
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Figure 6-41 Typical macrographs of ultra-narrow groove P-GMA dissimilar weld joints at a 

given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm respectively under different  and Im. 

 Area of weld (AW) at a given arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively under different  and Im for MPSSPL centrally laid ultra-narrow gap weld joint has 

been compared with that of MPMSPL conventional groove weld joint in Fig. 6.42. It is revealed 

that MPSSPL centrally laid ultra-narrow groove dissimilar weld joints are having considerably 

lower AW than that of the MPMSPL conventional V-groove weld joint by about 50-65%.  

 The area of weld observed in case of commonly used narrow gap P-GMA weld joint has 

been reported of the order of 304-315 mm2 [Devkumar, 2009], which is 47-50% higher than 

that observed in present investigation on MPSSPL narrow gap weld. Thus, the narrow groove 

used in the present investigation of narrow groove P-GMA weld prepared by using MPSSPL 

process has been defined as ultra-narrow groove. The observed less area in case of ultra-narrow 

gap weld may be due to narrow groove weld joint requires comparatively less number of passes 

to fill the gap and less amount of weld deposition as compared to commonly used narrow groove 

and conventional V-groove P-GMA weld joint respectively. This has primarily happened 

Y-SS  HSLA  

Y-SS  HSLA  

Y-SS  HSLA  HSLA  Y-SS  
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because of MPSSPL narrow gap welding gives an opportunity to use further narrow groove in 

comparision to that for preparation of narrow groove P-GMA weld in earlier cases. 

               It is further observed that at a given Ω and Im, the AW of MPSSPL centrally laid ultra-

narrow groove weld relatively decreases with the increase of . This is accredited to reduction 

in melting rate of filler wire and dilution of the base metal with the increase of  due to decrease 

in total heat content per unit mass of filler metal at the time of deposition (Qde) [Figs. 6.17(a)] 

[Goyal et al 2008]. However, it is also revealed that at a given  and Ω, the AW of ultra-narrow 

groove weld marginally increases with the enhancement of Im which may be accredited to 

enhancement of total heat transferred to the weld pool leading to more dilution. 

 

Figure 6-42 Effect of weld groove size and Im and  on weld area of P-GMA dissimilar weld 

joints prepared at a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm respectively. 

 

6.5.2 Transverse shrinkage stress and bending stress  

The cumulative shrinkage at a given arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively under different  and Im for MPSSPL centrally laid ultra-narrow gap dissimilar 

weld joint of -SS and HSLA steel has been compared with that of MPMSPL conventional V-

groove dissimilar weld joint in Fig. 6.43. It is found that the cumulative shrinkage marginally 

increases with the enhancement of number of weld pass irrespective of the variation in either  

and Im or size of weld groove. It is further observed that cumulative shrinkage under similar 

range of Ω in case of MPMSPL conventional groove weld joint is appreciably higher as 

compared to MPSSPL centrally laid ultra-narrow gap dissimilar weld joint. This has primarily 

happened due to comparatively higher amount of weld deposition per unit length in 

conventional weld groove. 
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At a given arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm respectively at different 

 of 0.05 and 0.25, the effect of Im on measured transverse shrinkage (∆tr) during MPSSPL 

centrally laid narrow gap P-GMA weld joint and MPMSPL conventional groove P-GMA weld 

joint has been shown in Fig. 6.44. It is observed that the use of MPSSPL centrally laid ultra-

narrow groove dissimilar weld significantly reduces the transverse shrinkage by about 67-72% 

than that of the MPMSPL CG dissimilar weld. It is further observed that at a given Im and Ω, 

the increase of  reduces the transverse shrinkage of the weld. This may have primarily 

happened because of decrease in temperature of weld pool and size of the weld isotherm with 

the increase of  as explained earlier (section-6.2.2.1). However, it has been found that at a 

given  and Ω, the increase of Im enhances the estimated transverse shrinkage. This might have 

primarily happened because of increment of Qde with Im (Fig.6.16(a)).  

 

Figure 6-43 Effect of weld groove size and Im and  on cumulative shrinkage of P-GMA 

dissimilar weld joints prepared at a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively. 
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Figure 6-44 Effect of weld groove size and Im and  on transverse shrinkage of P-GMA 

dissimilar weld joints prepared at a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively. 

The variation in transverse shrinkage as a function of Im and , also results into changes 

in transverse shrinkage stress of the weld. The effect of Im and  at a given Ω on estimated 

transverse shrinkage stress of MPSSPL centrally laid ultra-narrow groove P-GMA dissimilar 

weld joints and MPMSPL conventional groove P-GMA dissimilar weld joint has been shown 

in Fig. 6.45. It is revealed that at a given Ω, the transverse shrinkage stress developed in the 

weld joint prepared in case of MPSSPL centrally laid ultra-narrow groove dissimilar weld is 

45-60% lower than that observed in case of MPMSPL conventional groove dissimilar weld 

joint. It is also observed that at a given  Ω and Im increase of  reduces the transverse shrinkage 

stress while at a given   and Ω increase of Im enhances the transverse shrinkage stress due 

similar nature of variation of measured transverse shrinkage with  and Im as explained earlier.  
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Figure 6-45 At a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm effect of weld groove 

size and Im and  of P-GMA weld joints on transverse shrinkage stress. 

 

At a given similar range of arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively at different  of 0.05 and 0.25, the effect of Im on measured deflection (δ) and 

estimated bending stress (σb) during MPSSPL centrally laid ultra-narrow gap P-GMA 

dissimilar weld joint and MPMSPL conventional V-groove P-GMA dissimilar weld joint has 

been shown in Fig. 6.46 (a) and (b). It is observed that the deflection in MPSSPL centrally laid 

ultra-narrow gap dissimilar weld joint is 71-85% on HSLA steel side and 77-90% on -SS side 

lower than MPMSPL conventional groove dissimilar weld joint. However bending stress of 

MPSSPL centrally laid ultra-narrow gap dissimilar weld joint is 45-64% lower than MPMSPL 

conventional groove dissimilar weld joint. The figure further show that both the deflection and 

bending stress reduces with the increment of   at a given Ω and Im whereas, these has been 

found to increase with the enhancement of Im at a given Ω and . The nature of variation of 

deflection with respect to  and Im is in aggreement to the nature of variation of the shrinkage 

(Fig.6.44) generating bending force in weld joint. The bending stress is primarily governed by 

deflection. Therefore the variation of bending stress with  and Im at a given Ω and arc voltage 

is of similar trend as deflection. In this context here it further confirms that the estimated 

transverse shrinkage in case of dissimilar weld joint is well in agreement to the bending stress 

estimated on the basis of distortion generated in weld joints.  

One of the major causes of development of residual stresses in the weld joint is 

shrinkage of the weld on solidification. The shrinkage of weld on solidification is primarily 

attributed to amount of weld deposition in the weld groove which can be considerably reduced 
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by using centrally laid ultra-narrow gap MPSSPL welding technique. Thus it can be inferred 

that the weld joint with higher shrinkage are associated with comparatively higher residual 

stresses specially in dissimilar weld joint where the thermal properties of metals are different. 

Thus, MPSSPL centrally laid ultra-narrow groove P-GMA weld joint are having relatively 

lower residual stresses as compared to MPMSPL conventional groove weld joint. The residual 

stresses developed in MPMSPL commonly used narrow gap P-GMA weld has been observed 

to be of the order of 300 Mpa [Kulkarni, 2008] which is comparatively higher than shrinkage 

stress in the weld prepared by using ultra-narrow gap MPSSPL deposition technique under 

relatively lower Im. However, to have clearer comparision of the development of residual stress, 

it should be measured experimentally for centrally laid ultra-narrow gap MPSSPL weld joint 

and studied further in detail in section 6.5.7 
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(b) 

 

Figure 6-46 At a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm effect of weld groove 

size and Im and  of P-GMA weld joints on (a) deflection and (b) bending stress respectively. 

6.5.3 Microstructure of weld 

The properties of dissimilar weld joint of -SS and HSLA steel often become quite 

sensitive to the microstructure of weld deposit. Earlier observation [Goyal et al, 2007] shows 

that the presence of coarse dendrites in weld metal can be considered as one of the primary 

cause of failure of weld joint. Therefore, to achieve desired properties of weld joint specially in 

case of dissimilar weld joints, a control over the coarsening of microstructure of weld metal is 

very important. The microstructure of weld is being governed by its chemical composition, 

temperature and cooling rate. The chemical compositions of the weld is primarily dictated by 

the compositions of filler metal as well as base metal which is ultimately controlled by degree 

of dilution and design of groove while the temperature is governed by the heat input, Ω and 

heat transferred to the weld pool controlling the cooling rate under the given heat sink. The 

cooling of weld primarily takes place by transfer of heat to the base metal through conduction 

while other heat transfer may be effective due to convection and radiation from molten weld 

pool to the surrounding. The use of P-GMAW process has been found to provide improvement 

in mechanical properties of weld primarily by refining of microstructure of weld metal, which 

may have caused by the interruption in metal deposition under the pulsed current (Agrawal et 

al 2010). The interruption in metal deposition affecting the solidification of weld pool to refine 

its microstructure largely depends upon the pulse parameters affecting the heat input and heat 

built up in it (Agrawal et al 2010, Ghosh et al 2017). Hence micro structural studies have been 
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carried out in order to analyze the influence of thermal aspects prevailing in MPSSPL centrally 

laid P-GMA dissimilar weld deposition and compared with MPMSPL conventional groove P-

GMA dissimilar weld joint. 

6.5.3.1 Conventional V-groove 

At a given arc voltage (V), mean current (Im),  and heat input (Ω) of 25±1V, 220±3A, 

0.05 and 9.81±0.5kJ/cm respectively, the typical microstructure of different zone of 

MPMSPL P-GMA weld deposit revealing its scarcely distributed coaxial dendrite  and 

reheat refined(RR) morphology under optical microscope has been shown in Figs. 6.47. 

The microstructure of the two distinctly different regions has been found to consist of 

both coaxial dendrite and reheat refined fine grain morphology. This may have primarily 

happened due to partial melting and heat treatment of earlier weld bead by subsequent weld 

deposition in multi pass welding process.  

    

                 

Figure 6-47 Typical microstructures of CG P-GMA weld deposit from its different portion of 

the weld joint at a given arc voltage, , Im and Ω of 25±1V, 0.05 and 240A and Ω of 

9.81±0.4kJ/cm.  
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6.5.3.2 MPSSPL Narrow Gap P-GMA Weld Joints 

At a given arc voltage (V) and Ω  of 25±1V and 9.81±0.5kJ/cm respectively, effect of 

 and Im on microstructure of MPSSPL centrally laid ultra-narrow gap P-GMA weld deposit 

has been shown in the micrographs presented in Fig. 6.48. Similar to MPMSPL conventional 

groove P-GMA weld joint, the microstructure here too consists of a mixture of scarcely 

distributed coaxial dendrite and reheat refined (RR) region in the multi pass welds. However, 

their amount and distribution in the multi pass welds have been found to vary with a change in 

parameters of welding of Im and   as discussed below. In MPSSPL centrally laid ultra-narrow 

gap welding, the variations in these aspects of weld deposits are primarily governed by the 

extent of partial remelting and reheat refinement of dendritic microstructure of an earlier 

deposited weld bead by a later one.  

The variation in fraction of coaxial dendritic region and reheat refined region of weld 

deposit with the change in Im and   at a given Ω of 9.81±0.5kJ/cm has been shown in Fig. 6.49, 

Fig. 6.50 and 6.51, Fig. 6.52 respectively. It has been observed that fraction of dendritic region 

of weld deposit is comparatively higher and consequently the reheat refined region are 

relatively lower in case of MPMSPL conventional groove P-GMA weld joint than that of 

MPSSPL centrally laid ultra-narrow groove P-GMA weld joint. This may have primarily 

attibuted to application of milder weld isotherm largely due to relatively lower amount of weld 

deposition in MPSSPL centrally laid ultra-narrow groove P-GMA weld joint. It is further 

understood that at a given Ω and Im the increase of  enhances the dendrite fraction and 

consequently reduces the fraction of reheat refined region in the MPSSPL centrally laid ultra-

narrow gap P-GMA weld while at a given Ω and  the increase of Im decreases the dendrite 

fraction and increases the reheat refinement fraction in the MPSSPL centrally laid ultra-narrow 

gap P-GMA weld. At a given Ω and Im the enhancement of dendritic fraction and consequent 

reduction in reheat refinement fraction in the MPSSPL centrally laid ultra-narrow gap P-GMA 

weld with the increase of  may have primarily attributed to relatively lower weld pool 

temperature [Goyal et al 2009, Agrawal et al 2010, Ghosh 2017 ] and amount of metal 

deposition per unit length. It is further observed that the fraction of dendritic region of weld 

deposit is comparatively lower and consequently the reheat refined region are relatively higher 

in case of MPSSPL centrally laid ultra-narrow groove than that of commonly used conventional 

MPMSPL narrow groove P-GMA weld joint [Devkumar, 2009]. This may have primarily 

attibuted to application of milder weld isotherm largely due to relatively lower amount of weld 

deposition in MPSSPL centrally laid narrow groove P-GMA weld joint. 
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Figure 6-48 At a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm typical 

microstructures of intersection part of MPSSPL ultra-narrow gap P-GMA weld joint prepared 

at different Im and . 

 

  



182 

 

 

Figure 6-49 Effect of weld groove size, Im and  on percentage of dendritic region of P-GMA 

weld joints prepared at a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm respectively. 

 

Figure 6-50 Effect of weld groove size, Im and  on percentage of reheat refined region of P-

GMA weld joints prepared at a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively. 
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Figure 6-51 Typical dendritic microstructures of MPMSPL conventional groove P-GMA 

weld joint and MPSSPL ultra-narrow gap P-GMA weld joint at comparatively higher 

magnification prepared at diverse Im and . 
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Figure 6-52 Typical reheat refined microstructure of MPMSPL conventional groove P-GMA 

weld joint and MPSSPL ultra-narrow gap P-GMA weld joint prepared at diverse Im and . 

6.5.4 Studies on HAZ 

At a given arc voltage (V) 25±1V, mean current (Im) of 200A, 220A, 240A heat input 

(Ω) at 9.81±0.5kJ/cm and  value of 0.05,0.25  the typical microstructures of the heat 

affected zone close to fusion line of the MPMSPL conventional groove P-GMA dissimilar 

weld joint of -SS and HSLA steel, as revealed at comparatively lower and higher 

magnification, has been shown in Fig. 6.52, Fig. 6.65. Similarly, the variation of typical 

microstructures of the heat affected zone close to fusion line of MPSSPL centrally laid 

ultra-narrow gap P-GMA dissimilar weld joint of -SS and HSLA steel, as revealed at 
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relatively low and high magnifications has also been shown in same Fig. 6.52 and Fig. 

6.55, where the Im and   has been varied at a given Ω of 9.81±0.5kJ/cm. The figures show 

that the microstructure of HAZ mostly it consists of bainite and acicular ferrite in HSLA side 

and the microstructure show that the γ-SS consists of commonly known equiaxed grains of 

austenite with twin structure. It has been observed that the microstructure of HAZ of both 

side of dissimilar metal becomes relatively coarser as one goes closer to fusion line in 

conventional and ultra-narrow gap weld joint. In γ-SS steel side in ultra-narrow groove 

dissimilar weld joints have comparatively very less grain coarsening than those observed in 

conventional groove weld joints. It is also observed that at a given Ω and Im the increase of 

 and at a given Ω and  the decrease of Im relatively reduces the width of the region of grain 

coarsening. This may have primarily happened because the increase of  and decrease of Im 

reduces the heat transferred to the weld pool. In view of this, the changes in microstructure of 

HAZ have been characterized by measuring the width of HAZ, defined by coarse grain region 

adjacent to fusion line, and the size of coarse grain of this region. At a given arc voltage (V) 

and Ω of 25±1V and 9.81±0.5kJ/cm respectively the effect of Im and   on width of HAZ has 

been shown in Figs. 6.58.  The results show that at a given Ω and Im the width of HAZ adjacent 

to fusion line on both side decreases with the increase of . The variation in width of HAZ with 

the change in Im and    may have happened primarily because of the variation in heat transferred 

to the weld pool as well as width and length of weld isotherm as it has been found in the bead 

on plate studies (section-6.2.2.5). 

At a given arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm respectively effect of Im 

and  on coarse grain size adjacent to fusion line on both dissimilar side of the MPMSPL 

conventional groove P-GMA weld and MPSSPL centrally laid ultra-narrow gap P-GMA weld 

has been shown in Fig. 6.54 and Fig. 6.56. It is observed that the grain size in case of MPMSPL 

conventional groove P-GMA weld is comparatively much higher than that of MPSSPL 

centrally laid ultra-narrow gap P-GMA weld due to comparatively lower amount of metal 

deposition per unit length in the later one resulting in relatively lower thermal sock. The change 

in grain size as a function of Im and  is attributed to changes in severity of weld thermal cycle 

because of changes in weld pool temperatureas discussed in earlier section.   
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Figure 6-53 Typical microstructures of HAZ (HSLA side) at relatively low and high 

magnifications of conventional groove and narrow groove weld joints at a given arc voltage Ω 

of 25±1V and 9.81±0.5kJ/cm of varied Im and . 
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Figure 6-54 Effect of weld groove size, Im and  on HAZ width of P-GMA dissimilar weld 

joints (HSLA side) prepared at a given arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm 

respectively 

 

Figure 6-55 Effect of weld groove size, Im and  on coarse grain size adjecent to fusion line 

of P-GMA dissimilar weld joints (HSLA side) prepared at a given arc voltage and Ω of 

25±1V and 9.81±0.5kJ/cm respectively. 
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Figure 6-56 Typical microstructures of HAZ (-SS side) of conventional groove and ultra-

narrow groove weld joints at a given arc voltage Ω of 25±1V and 9.81±0.5kJ/cm of varied Im 

and  . 
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Figure 6-57 Effect of weld groove size, Im and  on coarse grain size adjecent to fusion line 

of P-GMA dissimilar weld joints (-SS side) prepared at a given arc voltage and Ω of 25±1V 

and 9.81±0.5kJ/cm respectively. 

6.5.5 Tensile properties 

Tensile properties of the dissimilar weld joint of -SS and HSLA steel have been 

studied for both axial and all weld specimens in order to compare it from that of the base 

material.  

6.5.5.1  Axial weld   

The location of fracture in the axial tensile specimens of the MPMSPL conventional 

groove P-GMA dissimilar weld joint and MPSSPL centrally laid ultra-narrow gap P-GMA 

dissimilar weld joint of -SS and HSLA steel has been typically shown in Fig. 6.58. The figure 

depicts that the fracture occurs always away from the weld on HSLA side and it is mostly from 

the HSLA base metal irrespective of the type of weld joint and welding parameters. It may be 

understood that tensile strength of weld joint is always higher than base metal in P-GMA 

welding process. 
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Figure 6-58 Typical location of fracture under tensile loading on axial weld test of MPMSPL 

conventional groove weld joint and MPSSPL narrow gap P-GMA weld joint at different  

and Im of (a) UNG, 0.05 and 200A (b) UNG, 0.25 and 200A, (c) UNG, 0.05 and 220A , (d) 

UNG, 0.25 and 220A,  (e) UNG, 0.05 and 240A (f) UNG, 0.25 and 240A and (g) CG, 0.05 

and 220. 

6.5.5.2  All weld  

At a given arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm respectively, the effect 

of Im and  on tensile properties of all weld specimen machined out from center locations of 

MPMSPL conventional groove P-GMA weld joint and MPSSPL centrally laid ultra-narrow gap 

P-GMA weld joint have been shown in Figs. 6.59-6.62 respectively. Higher tensile properties 

by about 12-25% have been observed in case of MPSSPL centrally laid narrow gap P-GMA 

dissimilar weld in comparison to that at the MPMSPL conventional groove P-GMA dissimilar 

weld. Such a variation in tensile properties of weld is primarily attributed to changes in 

microstructure as well as chemical composition. It is observed that at a given Ω and Im the yield 

strength (YS) and ultimate tensile strength (UTS) increases but the percentage elongation 

decreases with the increase of . It is also observed that at a given Ω and  the increase in Im 

appreciably reduces the yield strength (YS) and ultimate tensile strength (UTS) but enhances 

the percentage elongation. Such a variation of tensile properties with respect to Im and  may 

have happened due changes in fraction of dendritic and reheat refined(RR) region in the matrix. 

The fractured surface as revealed at relatively low and high magnifications of the all weld 

tensile specimens of the MPMSPL conventional groove P-GMA weld and MPSSPL centrally 

laid ultra-narrow gap P-GMA weld prepared by using different pulse parameters at a given Ω 
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has been shown in Fig. 6.94. The figure shows that the mode of fracture of the weld is ductile 

in nature with formation of dimples.  

 

Figure 6-59 Effect of Im and  on yield strength of MPMSPL conventional groove weld joint 

and MPSSPL ultra-narrow gap P-GMA weld joint prepared at a given Ω of 9.81±0.5kJ/cm.              

 

Figure 6-60 Effect of Im and  on ultimate tensile strength of MPMSPL conventional groove 

weld joint and MPSSPL ultra-narrow gap P-GMA weld joint prepared at a given Ω of 

9.81±0.5kJ/cm. 
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Figure 6-61 Effect of Im and  on % elongation of MPMSPL conventional groove weld joint 

and MPSSPL ultra-narrow gap P-GMA weld joint prepared at a given Ω of 9.81±0.5kJ/cm. 
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Figure 6-62 Typical fractured specimen of all weld tensile specimen of MPMSPL 

conventional groove weld joint and MPSSPL ultra-narrow gap P-GMA weld joint prepared at 

a given Ω of 9.81±0.5kJ/cm
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Figure 6-63 Typical fractographs of all weld tensile specimen of MPMSPL conventional 

groove weld joint and MPSSPL ultra-narrow gap P-GMA weld joint prepared at a given Ω of 

9.81±0.5kJ/cm. 

6.5.6 Hardness measurement 

The hardness distribution across the dissimilar weld joint of -SS and HSLA steel prepared 

at a given arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm respectively has been compared 

for MPMSPL conventional groove P-GMA weld joint and MPSSPL centrally laid ultra-narrow 

gap P-GMA weld joint in Fig. 6.68. The hardness distribution in -SS weld deposit and HAZ of 

-SS side in MPMSPL conventional groove P-GMA dissimilar weld joint is relatively lower 
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than MPSSPL centrally laid ultra-narrow gap P-GMA dissimilar weld joint because of 

comparatively coarser grain. It is further observed that influence of   on hardness distribution 

appears to be practically negligible in weld and HAZ of -SS side in MPSSPL centrally laid 

ultra-narrow gap P-GMA weld joint. A considerable scattering of hardness across the weld and 

HAZ region are observed. The considerable amount of scatter in hardness may have occurred 

due to presence of comparatively larger number of different kinds of zones of microstructure 

having dendrite and reheat refined region. A slight reduction in the hardness has been observed 

near the fusion boundary. It may be attributed to coarse grain structure on both the sides of 

fusion boundary (weld metal and HAZ). Peak hardness was found in the HAZ of HSLA side in 

all the weld joints. As the distance increases from fusion boundary toward base metal, hardness 

decreases rapidly from the peak hardness on HSLA side. The peak hardness might have 

occurred in grain refined zone of HAZ.  

 

Figure 6-64 Typical variation in hardness observed across the MPMSPL conventional groove 

and MPSSPL ultra-narrow gap P-GMA dissimilar weld joints prepared at a given Ω of 

9.81±0.5kJ/cm at different Im and . 

6.5.7 Residual Stresses 

The longitudinal and transverse residual stresses present at different locations on top of 

the weld in reference to the centre and fusion lines the MPMSPL conventional groove and 

MPSSPL ultra-narrow gap P-GMA dissimilar weld joint of -SS and HSLA steel at a given 

weld width of 28mm and 7.5mm are shown in Fig. 6.69 (a) and (b) respectively. The figures 
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show that for MPSSPL ultra-narrow gap dissimilar weld joint at the top of the weld, longitudinal 

residual stress reduces by 24-31% at weld center, 57-64% at fusion line on -SS side, 40-43% 

at fusion line of HSLA steel side, 67-74% at -SS HAZ and 62-68% at HSLA HAZ area with 

the use of P-GMAW process in comparison to that obtained using MPMSPL conventional 

groove.  

(a) 

 

(b) 

 

Figure 6-65 Typical variation in residual stresses at the top in the weld joint observed across 

the MPMSPL conventional groove and MPSSPL ultra-narrow gap P-GMA dissimilar weld 

joints prepared at a given Ω of 9.81±0.5kJ/cm at different Im and . 
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Ultra-narrow gap welding technique further reduces harmful tensile longitudinal 

residual stresses with respect to those observed in case of the conventional V-groove weld joint 

specially in case of dissimilar weld joint. The transverse residual stress has also been found to 

follow a similar trend but having a magnitude comparatively higher than the longitudinal 

residual stress of the weld joint as it is commonly observed [Murugan et al 2001, Webster et al 

2002, Fricke et al 2001, Deng et al 2008, Kulkarni et al 2008]. 

P-GMAW ultra-narrow gap technique is found to be advantageous in respect of 

reduction in residual stress distribution in dissimilar weld joint of -SS to HSLA steel. primarily 

due to the use of relatively less severe weld thermal cycle along with reduction in number of 

weld passes in comparison to those for conventional groove weld joint. Whereas a considerable 

difference in the development of residual stresses in the conventional and ultra-narrow gap 

welds may be attributed primarily to the severity of thermo mechanical characteristics arising 

out of differential expansion and contraction stresses resulting from multipass deposition, 

which becomes comparatively milder in case of the ultra-narrow gap weld holding appreciably 

lower amount of weld deposit [Radaij 1992, Anant et al 2017]. However, in P-GMA ultra-

narrow gap dissimilar welds at different  of 0.05 and 0.25, the residual stress distribution in 

both longitudinal and transverse direction varies negligibly at the top of weld. The significance 

of this nature of distribution of residual stresses in P-GMA ultra-narrow groove dissimilar weld 

of  -SS and HSLA steel may be carefully considered in the context of the influence of residual 

stresses on kinetics of sensitization in weld and heat affected zone near to the fusion line. 

6.5.1. Commercial benefits 

 Material consumption 

At a given arc voltage (V) and Ω of 25±1V and 9.81±0.5kJ/cm the effect of Im 

and  on filler material consumption per meter length of weld of MPMSPL conventional groove 

and MPSSPL centrally laid ultra-narrow gap P-GMA dissimilar weld of -SS and HSLA steel 

has been shown in Fig. 6.70. The filler material consumption per meter length of weld for 

MPSSPL centrally laid ultra-narrow gap P-GMA weld has been found to be lower by about 40-

54% and 79-83% as compared to commonly used narrow groove and conventional V-groove 

P-GMA weld joint respectively. This may be due to comparatively lower area of ultra-narrow 

groove weld as compared to commonly used narrow groove and conventional V-groove P-

GMA weld joint which requires relatively less number of passes to fill the gap and less amount 

of weld deposition (section-6.5.2).  
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Figure 6-66 Effect of weld groove size, Im and  of P-GMA weld joints prepared at a given 

arc voltage and Ω of 25±1V and 9.81±0.5kJ/cm respectively on filler material consumption 

per meter length of weld. 

6.5.9 Summary 

The use of MPSSPL centrally laid ultra-narrow gap P-GMA welding technique 

improves the mechanical and metallurgical properties in comparison to those of MPMSPL 

conventional groove P-GMA welding processes due to relatively less amount of weld deposit 

in ultra-narrow gap. MPSSPL centrally laid narrow gap P-GMA weld also minimize the 

shrinkage stress and bending stress generated in weld joint. It is also found that the summarized 

influence of pulse parameter defined by the factor  play important role in controlling the 

properties of P-GMA weld joint thick section steel. The improvement in mechanical and 

metallurgical properties of the weld joint is achieved at comparatively higher , Im and lower 

Ω. The filler material consumption per meter length of weld for MPSSPL centrally laid ultra-

narrow gap P-GMA weld has been found to be significantly lower than weld joints prepared by 

MPMSPL commonly used narrow gap and conventional groove P-GMA welding.   
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CONCLUSIONS 

The specific conclusions drawn from different facets of the present work have already 

been given in the corresponding chapters. However, finally the generic conclusions drawn from 

the present work can be summarized as follows. 

Design and Fabrication of Narrow GMAW Torch Nozzle Head Device  

1. A rectangular faced narrow torch nozzle head designed by removing both of its 

lengthwise side walls along the direction of welding suits close fitting manipulation inside 

a practically narrowest possible weld groove to get support from the groove wall for 

creation of a protected zone of arc shielding with appropriate dynamics of argon gas flow 

during GMA welding of 25 mm thick plate.  

Bead on Plate Studies 

2. The analytical expressions proposed earlier [Goyal V. K. et. al., 2008 ] for estimation of 

temperature and isotherm of P-GMA weld deposit is justified to use for γ-SS steel with a 

variation lying in the range of 10 to 12% of their measured values. 

3. The Heat input (Ω), summarised influence of pulse parameter  and mean current (Im) 

significantly affect the geometry and isotherm of weld pool, maintain good correlations 

with them.  

4. At a given Ω the appropriate control of geometry and isotherm of weld deposit with a 

variation in pulse parameters as Ω and Im of P-GMAW process may facilitate its use for 

narrow groove wall fusion by centrally laid weld deposit. 

Thermal modelling of MPSSPL narrow gap pulse current GMA welding technique 

5. The analytical model, in consideration of geometrical and thermal aspects of weld pool, 

is capable to decide appropriate pulse parameters with suitable heat input to produce a 

centrally laid MPSSPL ultra-narrow gap dissimilar weld joint of thick plates of γ-SS and 

HSLA steel free from lack of groove wall fusion. 

6. The use of MPSSPL ultra-narrow gap P-GMA welding, by selection of pulse parameters 

giving rise to relatively lower value of summarized influence of pulse parameters at a 

given heat input under comparatively higher mean current assures the preparation of 

sound weld by avoiding lack of groove wall fusion. 

7. It is understood that a centrally laid MPSSPL ultra-narrow gap P-GMA welding can be 

favourably manipulated by changing the pulse parameters without varying the heat input 

to produce a sound weld. 
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Studies on MPSSPL narrow gap pulse current P-GMA Weld Joint 

8. MPSSPL ultra-narrow gap P-GMA dissimilar weld joints of -SS to HSLA steel 

significantly reduce the transverse shrinkage and estimated transverse shrinkage stress by 

about 45-60% than that of the MPMSPL conventional groove P-GMA dissimilar weld 

joints of -SS to HSLA steel.  

9. The deflection in MPSSPL centrally laid ultra-narrow gap dissimilar weld joint is 71-

85% on HSLA steel side and 77-90% on -SS side lower than MPMSPL conventional 

groove dissimilar weld joint.  

10. The estimated transverse shrinkage stress and measured residual stresses in different zone 

of the top of the weld joint for MPSSPL ultra-narrow gap P-GMA dissimilar weld joints 

are significantly lower than stresses developed in case of commonly used MPMSPL 

narrow groove P-GMA weld joint. 

11. The MPSSPL ultra-narrow gap P-GMAW increases the tensile properties of weld metal 

by about 12-25% in comparison to those of MPMSPL conventional groove P-GMA weld. 

12. The fraction of cast dendritic region of weld deposit is comparatively lower in the 

MPSSPL ultra-narrow gap P-GMA weld joint than that of the MPMSPL conventional 

groove P-GMA weld joint. 

13. The MPSSPL ultra-narrow gap P-GMA weld produces comparatively finer 

microstructure and produces very less effect on heat affected zone (HAZ) microstructure 

on both side of dissimilar weld joint and also lowers the grain coarsening in HAZ with 

respect to that observed in conventional groove weld joints. 

14. The filler material consumption per meter length of weld for MPSSPL centrally laid ultra-

narrow gap P-GMA weld has been found to be lower by about 40-54% and 79-83% as 

compared to commonly used narrow groove and conventional V-groove P-GMA weld 

joint respectively. 
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Annexure A 

SCOPE FOR FUTURE WORK 

In light of the understanding on the work presented in this report it is realised that following 

aspects of studies have to be carried out further to improve the reliability of performance of 

MPSSPL ultra-narrow gap P-GMA welding of thick steel section. 

 

1. The ceramic narrow gap torch nozzle head should be tried out for better life of torch 

nozzle as well as further narrowing down the groove size. 

2. The argon-helium shielding gas mixture should be tried, in order to have superior bead 

characteristics especially with respect to its thermal behaviour, in MPSSPL ultra-narrow 

gap P-GMAW of thick similar or dissimilar steel section. 

3. The narrow gap P-GMA welding technique with narrow torch nozzle should be tried in 

higher thick wall steel section. 

4. The estimated transverse shrinkage stress and bending stress generated in weld joints as 

a function of , Im and Ω should be compared with the measured residual stresses 

developed at different regions of extra narrow gap weld joint. 
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