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ABSTRACT
Gas metal arc welding is the one of major process of welding in which an electric arc forms

between a consumable wire electrode and the metal work piece, which heat the metal work piece
causing them to melt and join. In the recent years great development are being made in this area
to optimize and improve the welding performance with high efficiencies and more production
rate.

The objective of this research is to find the optimized parameters in gas metal arc welding for the
application of steel. The effect of force and velocity with which the droplet fall in the weld pool
during the welding process are analyze and effect of different shielding gases used in the welding
process are also analyze by varying the percentage of different shielding gases during the
welding process.

During the welding process different types of forces are effect on the droplet from which some
forces act as an attaching forces and some behave like a detaching forces. These forces are
calculated by modified force balance model (MFBM) method analytically. Arc covered angle
during the welding process has also influence the metal transfer. In the range of 0°-30° angle
force on the detaching droplet is lower and the droplet did not follow the path and welding
process is not feasible. But in the range of 65° to 100° angle variation in the drop detachment is
very low so 90° angle is very feasible for the metal transfer.

To calculate the hitting velocity and force with which the droplet fall in the weld pool, equations
of motion are used. To observe the effect of the shielding gas we use different inert gases and
reactive gases. Effect of pure argon, different percentage of O2 mixed with the argon, and
different percentage of CO2 mixed with the argon observed that was show that while increasing
the percentage of COz2 for certain instant till 20% it will show the very good results, after that the
heat transfer is increase to the base metal and weld pool has more fluidity then that of pure argon

or other blend of shielding gas and calculated results are compared with the experimental data.

Key Words Used: Static Force Balance Model, Pinch Instability theory, Modified force
balance model, gas metal arc welding, Tungsten inert gas , Metal inert welding , Shielded metal
arc welding. Flux core arc welding.



Executive Summery
Welding is the one of major process of welding in which an electric arc forms between a

consumable wire electrode and the metal work piece, which heat the metal work piece causing
them to melt and join. In the recent years great development are being made in this area to
optimize and improve the welding performance with high efficiencies and more production rate.
The objective of this research is to find the optimized parameters in gas metal arc welding for the
application of steel. The effect of force and velocity with which the droplet fall in the weld pool
during the welding process are analyze and effect of different shielding gases used in the welding
process are also analyze by varying the percentage of different shielding gases during the
welding process.

Modified force balance model is used to calculate the effect of forces on the droplet from which
some forces act as an attaching forces and some behave like a detaching forces. By using this
model it is easy to calculate the diameter of droplet. Drop detaching and hitting force is
calculated by using this model. Arc covered angle during the welding process has also influence
the metal transfer. Its effect has also observed for different shielding gases

In the first chapter we discuss the background history and the importance of welding in the
manufacturing industry. Research objective and motivation is also discussed in the first chapter.
In the second chapter of we discuss the gas metal arc welding and different transfer modes
available in the gas metal arc welding. In the third chapter we discuss the modified force balance
model in details, effect of shielding gas is also discussed in this chapter. In the second last
chapter we discuss the results obtained from the experiment and also discuss the analytical

results. In the last we discuss the conclusion obtained from the work



Table of Contents

[T F= L= AT o SO PETSPTRSTRP iv
Plagiarism Certificate (TUFNItin REPOIT).....ccccvciiiee et resae e neenaennenes %
COPYIIGNT STALEIMENT ..ot e et bbbtk s b e e bt s b e e bt bt b e e b et e b e e b et et s b et ebe b et benans i
ACKNOWIBAGEIMENTS ...ttt bbb bbbt b bbb b bt e bbbttt b bbbt b st b s i
ABSTRACT .ottt ettt sttt sttt s e te st e s et e st es et e s b es e e b e s e Rt R e R Rt R 4R ARt R ARt R e ARt Rt R bt R et et n ettt et e i
L G To UL LRI 0T g =T ST i
JLIEE Lo (=300 L@ 0] (=T o OSSR iii
LLEST OF FIQUIES ...ttt bt bbb bk b bbb h bbb bbbt bbbt b et nn s i
LEST OF TADIES ...ttt b bbbt bt bt bt e h b e s b e b et e s b e eb e e be e bt e se e b e benbenbenes i
R O 3= T o) (=] OSSR 1
R [0 [0 Tox o] OO TS U TSP URORRUTRT 1
1.1 Motivation and SCOPE OF FESEAICH .......cvciii et ns 5
1.2 ODJECLIVE ...ttt bbbkt h bbb bR bRk bbbt b e bbbt b e 5

2 Chapter 2 LItErature REVIEW .........coiiiiiie ettt te st e te e ae e s e et e bestestesteeneenee e entees 6
2.1 GAS MEtal AFC WEIHING ....c.viiiiieiiiieie et et bbbttt bbbt bbbt e et e 6
2.2 Shielding gas in gas metal arc WeldiNg .........cccveiviiiiiiiie e 7
2.3 MOdES OF MELAI trANSTEL .........e i e e et e st ntesaeere e e eneeneees 9
2.3.1  ShOIt CIrCUIT TIANSTEE ...ttt sttt ettt st st et ebe et e et e neeneetas 9
2.3.2  GlOBUIAE TrANSTEI ... ettt bbbttt b e bbbt et e e et sb e b e s bt bt e b e et e e e nne b 9
T TS o] Y/ I -1 1) {1 (USROS 11

24 Static FOrce balance MOUEL .........cvoiiie ettt ne e e nnees 12
25 Modified force balanCe MOEL............ooe et nae 13

I 1 0= o] (- e SO PP URTTR 16
3.1 VT g 0T (0] (oo | S SPSOSSPRN 16
3.2 Y T o Ut =T YT T o (o= PSSR 16
3.3 GraVItALIONAL FOTCE.... .o eiie ettt ettt et e ne e s et e beseeeaesbeaneereeneeneeneeeas 16
34 Do I o] (ol T T OO U U PO R URRPRPPOON 16
35 L TeTo o 1o oy ol o) (o OSSR 16
3.6 MOMENTUM FIUX FOICE ..vieeie ettt r e et seestesteeneereeneeneeneens 17
3.7 Static FOrce Dalance MO .........c.oo i e bbb 18
3.8 Modified force balance MOGEL.............cooiiiiici e 19
3.9 CaS-2 9BYOAIGON F 2U002 ....veeieieeeiie ittt ettt 24
310  Case-3 Argon + COp IMIIXIUIE. ......cviiiitiieie ittt sttt b ettt b ettt b et sb et nb e 25

4 Chapter 4 (ReSUILS and dISCUSSIONS) .......ciueiitiriiiitirieiieiesieeete sttt ettt sttt sttt ebe st st e neens 27
4.1 Results of Pure Argon ShIeldiNg GaS.........ccoveieiiiieiieie ettt sre e 27
4.2 Validation of HItting VEIOCITY...........oiiiiiiiiie et e 28

4.3 Results of 98%Argon + 2%02 SNIEIING Ga8S .......cviirieiiiiiiie e 29



5

4.4

Results of Argon + CO2 SNIEIAING Ga8S ......eveiiiiriiiiiirieiie ettt sbe e sre e

(O =T o) (=T L PSSR

51

(00 3T [0 (o] 3 1SRRI



List of Figures

Figure 1 Welding ProCesS (GIMANWV) .......oii ittt sttt te et et e e st esbesbeesaesaenees e st e testesaeaneensenaennees 3
Figure 2 Gas metal Arc Welding (GMAW) QUN .....oveiiieii ettt e s sresbestesneene e e enaennennas 4
Figure 3 Schematic presentation of GMAW with Enlarge Welding Area..........cccoeiiiiiiiiineiie e 6
Figure 4 Short Circuit Transfer iN GIMAW. ... ..ot b e e b e e b e e bbb nneneas 9
Figure 5 Globular Transfer i GIMAW ..o bbb bbbttt b et sb ettt 10
Figure 6 Axial Spray Transfer Mode in GIMAW ..ot 11
Figure 7 Schematic of PENCANT ArOP. ........oiiiiiiiiece bbbt bbb 14
Figure 8 Forces on the detaChing ArOPIEt..........ooi oo e bbbt nee 17
Figure 9 Schematic Of PENAANT ArOP ........oiuiiiiiii e bbb st sb e bbb e e e 20
Figure 10 Schematic of momentum flux due to flow within MOItEN ...........cooiiiiii e 22
Figure 11 Detail Description 0f GIMAW SELUD .......ooviiieiiiiisesr et ste ettt e e e e e e e stesbestesneeneenneeenrens 24
Figure 12 Behavior of different force due to applied CUMTENE ...........coviiiiiie i 27
Figure 13 Theoretical and experimental Hitting velocity and fOrce .........ccooveveieieie i 28
Figure 14 Analytical and Experimental hitting force and VEIOCILY ...........ccoereiiiiniieienee e 29
Figure 15 Comparison of forces and velocity for DOth CaSES...........ccviiiiiiiiic e 30
Figure 16 Experimental and analytical hitting velocity with different percentage of CO2 ..o, 31
Figure 17 variation of Experimental and Analytical Velocity with different percentage of CO2 ........ccccccvveviinenen 32

Figure 18 Variation of Hitting force and velocity with different percentage of CO2........c.cooeviiiniiiiinsincncese 32


file:///C:/Users/USMAN/Desktop/Sample%20Thesis%20Template%20-%20SMME.docx%23_Toc496557697
file:///C:/Users/USMAN/Desktop/Sample%20Thesis%20Template%20-%20SMME.docx%23_Toc496557698
file:///C:/Users/USMAN/Desktop/Sample%20Thesis%20Template%20-%20SMME.docx%23_Toc496557710

List of Tables

Table 1 Advantages and Limitations 0f GIMAW ..ottt ne e s 7
Table 2 Material Properties FOr PUIE ATGON.......c.oiiiiieieeeeeeiesteste e stesre e e eae e e e stestesteaseesae s esseseesbesressessaenseseeseenees 21
Table 3 Material Properties in case of Blend of Shielding gases .........cccviveieieririese s 25

Table 4 Percentage variation of CO2 and Maximum Current PIOt...........coeviiriiiiiieee s 26



1 Chapter (Background theory)
1. Introduction

Welding is the process of joining of metal pieces by the application of heat. It is the fundamental
part of engineering and manufacturing process that involves a large number of variables
contributing towards the quality of finish product. A non-technical definition of welding is that
Welding is the joining together of the surface(s) of a material by the application of heat only,
pressure only, or with heat and pressure together so that the surface fuse together. A filler
material may or may not be added to the joint.[1] Welding is extensively use in the
manufacturing of different products ranging from the industrial applications, pipeline fabrication,
trains and bridges buildings, medical implants and electronic devices for high precision
engineering application in aerospace and marine application. It will reduce the cost involved in
the manufacturing and production time considerably. It has also offers significant advantages in
material joining compare with the other joining methods which include flexibility in design,
material utilization improve structure integrity, weight and cost saving. [2]

The American welding society’s (AWS) definition of welding is very technical to reflect

13

the differences in the welding processes used today states that “welding is a localized
coalescence of metals and nonmetals produced either by heating the materials to the required
welding temperatures, with or without application of pressure and with or without adding the
filler materials”. The term coalescence means the fusion or growing together of the grain
structure of the materials being welded. The definition also includes the term metals or
nonmetals because the material such as plastic, ceramics, and so forth nonmetals that will also
use in the welding. [3]

There are different types of welding processes used in the industry today from which the
most common are the shielded metal arc welding (SMAW), flux core arc welding (FCAW), gas
tungsten arc or tungsten inert gas (TIG) welding and gas metal arc welding (GMAW). All these
types have different parameters to apply. Shielded metal arc welding are the manual arc welding
process in which consumable electrode covered with the flux to lay the weld are used but in the
flux core arc welding semi-automatic or automatic process used to continuously fed the tubular
electrode containing a flux and constant voltage or constant current welding power supply.[4] In
the above two types consumable electrode are used but the gas tungsten arc welding is the

process that used non-consumable tungsten electrode and a filler wire to produce the weld. In the

1



gas metal arc welding an electric arc forms between a consumable wire electrode and the metal
work piece, which heat the metal work piece causing them to melt and join. In this type of
process metal is transfer from the wire tip to the weld pool through the arc in gas metal arc
welding. It is very commonly used welding process in which different shielding gas is used for
the protection of the molten metal droplet and these gases are very commonly available so it is
very low cost welding technique.[4]

During welding process thermal distortion and residual stresses are something that cannot
be avoided but with careful utilization and optimization of the welding process it can be
minimized to the significant level. These stresses not only slow up the welding process but is
will affect the weld quality and also decrease the life of weld.

In gas metal arc welding shielding gas also has a significant effect on metal transfer. This
shielding gas plays dual roles in the GMAW. Firstly, it protects the arc and the molten weld
metal from the contamination of the air. Second, it affords the desired arc characteristics through
the effect on ionization.[5]

A variety of gases are available for use in the gas metal arc welding process. Depends upon the
gas properties, it is classified as inert or active. Argon do not react with the liquid metal, they are
inert. Carbon dioxide, oxygen, and nitrogen are multiatomic molecules that dissociate when
exposed to temperatures in the arc and are able to react with the molten metal. So in many
applications, a mixture of gases is used as a shielding purpose. The gas affects the plasma
properties and the flow of current as it travels through the electrode and plasma which leads to
changes in the Lorentz pinch force in both the plasma and the electrode. Gas composition also
affects the surface tension of the metal. There are different types of gases available according to
the welding materials. All these gases are used for enhancement of weld quality. Different blends
of gases like Argon and carbon dioxide and oxygen are more likely used. According to the
requirement of the properties of the weld bead there composition will be added to get the

required results.[6]
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Figure 1 Welding Process (GMAW)
In the gas metal arc welding process, metal transfer has significant effect on the weld quality and

arc stability. Metal transfer is the complex phenomenon of the drop growth, neck formation and
the drop detachment. Despite extensive attempts at analytical, numerical and experimental
modeling, discrepancies still exist between predicted and experimental results. There are various
factors that will be affected the analytical and experimental result. Various theories are
developed that will be effect the weld quality and arc stability. In these theories static force
balance model theory and pinch instability theory is very common. In these theories Static force
balance theory is most favorable for globular transfer mode and PIT was most favorable for
spray region but none of them is favorite for the transition region. Modification is occurs when
momentum flux force is added in the SFBM to improve the accuracy for higher value of current
by adding the effect of taper formed during the drop detachment and the momentum flux
generated by the axial flow within the drop is also introduced in this work and it is added to the
force components of the SFBM that will reduce the effect on the surface tension force and

electromagnetic force, Calling name as Modified force Balance model.[6]



Pulse gas metal arc welding utilized pulse current and drop is detached from the wire tip
with the each pulse that is called one drop one pulse (ODOP) condition. In this condition drop is
detached from the wire during the peak time and arc is maintain during the base time. When the
drop is detached it has approximately spherical shape with diameter nearly equal to the diameter
of wire, which is similar to the metal transfer in the projected mode. So that, metal transfer is
controlled by synchronizing the drop detachment with the pulse current, and the weld quality is

improved with the reduction in the thermal distortion and residual stresses.[7]
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Figure 2 Gas metal Arc Welding (GMAW) gun
Modified force balance model (MFBM) have been used to calculate the effect of forces

on the droplet. By using this model force at which the droplet falls in the weld pool will also be
calculated. To calculate the velocity through which the droplet hit in the pool equations of
motion will be used. Variation in the weld quality will be observed by changing the current
intensity, arc covered angle and the shielding gas. Variation in the shielding gas is also observed
by using inert gas and reactive gas during the welding process. Pure argon gas and the mixture of
2% O2 and 98% pure argon will be use as a shielding gas more ever the mixture of CO2 and
argon will also use by changing the percentage of CO2 with argon with different values of current

and observed the variation.[4]



1.1 Motivation and Scope of research
Consider the importance of welding as it is most commonly used welding technique in

the manufacturing industry in all over the world encourage the effort to word in the field of
welding. It is the fundamental part of engineering and manufacturing process that involves a
large number of variables contributing towards the quality of finish product. Considering the
growing demand of the manufacturing industry and the products made in that types of industry
will offer me to work in the field of welding. As it is very wide field because there are different
types of welding process used for manufacturing in the industry but GMAW is very widely used
technique for the joining of parts. Considering the low cost per unit in the welding and widely
used joining technique there is lot of gap present to enhancing the quality of weld and reduce the
cost of joining by optimizing the parameters of welding. If we see the shielding gases used in the
welding has also very little in choice so it is very necessary to optimize and used blends of gases
to get the very good quality results of welding. Configuration of the blend of gases are available
according to the process requirement but very wide gas is also available to making configuration
of the blend of gases. Modified for balance model is very commonly used method for the

optimization of parameters that is used in our work.

1.2 Objective
The objective of research is to study the different configuration of the shielding gases used

in the gas metal arc welding and calculated the detaching force with which the droplet detached
from the welding wire, Calculation of detaching velocity of droplet, Calculation of hitting
velocity and force with which droplet fall in the weld pool. Optimization of the welding
parameters to minimize the post processing in gas metal arc welding And selection of optimal
amount of blend of shielding gases for the welding process in pulse Gas metal arc welding. In
our research work Pulse Gas metal arc Welding is used with different shielding gases and
Modified force balance model is used for calculation of detaching and hitting force and equations

of motion is used for the calculation of hitting velocity with which droplet fall in the weld pool.



2 Chapter (Literature Review)

2.1 Gas Metal Arc Welding
Gas metal arc welding (GMAW) that is also known as metal inert gas (MIG) welding or metal

active gas (MAG) welding are the major joining method used in the manufacturing industry. In
this method an electric arc forms between a consumable wire electrode and the metal workpiece,
which heats the workpiece metal(s), causing them to melt and join.[1] During this process heat is
produce that causing then to melt and join the work pieces. Welding process can be categories is
low current welding process and high current welding process for thin metal working and thick
metal working respectively.[2] The welding equipment and enlarged welding area are
schematically shown in the Figure 3
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Figure 3 Schematic presentation of GMAW with Enlarge Welding Area
It should be mentioned that for gas metal arc welding (GMAW), direct current is normally used

with positive wire electrode (DCEP) but it will produce more effect like spattering and more heat

is added to the metal workpiece so now a day pulse current gas metal arc welding (P-GMAW) is
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widely used for the joining of materials. It has more beneficial for joining of materials. Gas metal
arc welding process can be used for welding wide variety of materials like metals steel and other
alloyed materials.[8]

This method can be easily modified for the use of semiautomatic and automatic robotic welding
applications. There are various heat transfer modes in the gas metal arc welding and are lot of
advantages and limitations for the use of GMAW.

» Ability to join wide range of » High heat input during the spray

materials mode limit the process for the
» Enhanced mobility due to simple use in the thicker range of
equipment. material.
» Beautiful weld bead appearance. Due to high heat generation
> Lesser welding fumes making limited the application for only
the weld process quicker and flat position.
easily functional. High rate of spatter so it need a
» Easy Automation. lot of care during application of
» High Process efficiency joining.

» Low cost of weld per unit
length.
» Minimum post processing is

possible.

Table 1 Advantages and Limitations of GMAW

2.2 Shielding gas in gas metal arc welding
In the gas metal arc welding process there are different types of shielding gases available for the

used. From these gases some are inert gases that did not react with the molten droplet and some

gases are active gases that will react with the molten droplet and forms oxides of that metal.
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Argon is very commonly used shielding gas during the GMAW process. Also Oz, N2, and COz2 is
also very commonly used shielding gases that behave as an active gases. Shielding gas selection
has also influence the selection of mood of metal transfer. And has definite effect on the finish
weld profile.[4]

Because the thermal conductivity of Argon is low. Its energy required to give up an
electron, ionization energy, is low, and this results in the finger-like penetration profile
associated with its use. Argon favorable for axial spray transfer. Nickel, copper, aluminum,
titanium, and magnesium alloyed base materials use 100% argon shielding. Argon, because of its
lower ionization energy, supports with arc starting. It is the main component gas used in binary
(two-part) or ternary (three-part) mixes for GMAW welding. It also increases the molten droplet
transfer rate. But in case of CO2behave as an inert at room temperature.[9]

In the existence of the arc plasma and the molten weld pool it is reactive. In the high energy of
the arc plasma the CO2 molecule broken up in a process known as dissociation. In this process,
free carbon, carbon monoxide, and oxygen release from the CO2 molecule. This occurs at the
Direct current anode region of the arc. At the direct current cathode region, which is invariably
the work piece for GMAW, the released elements of the CO2 molecule experience the process of
recombination.

During recombination higher energy levels exist and are responsible for the deep and broad
penetration profile that characterizes the use of carbon dioxide.

In case of O, it is an oxidizer that reacts with components in the molten pool to form oxides. In
small additions (1-5%), with a balance of argon, it provides good arc stability and excellent weld
bead appearance. The use of deoxidizers within the chemistry of filler alloys compensates for the
oxidizing effect of oxygen. Silicon and manganese combine with oxygen to form oxides. The
oxides float to the surface of the weld bead to form small islands, and are more abundant under

CO:2 shielding than with blends of argon and oxygen gas.[4]



2.3 Modes of Metal transfer

2.3.1 Short Circuit Transfer
Short circuit metal transfer is a mode of metal transfer, whereby a continuously fed solid or

metal cored wire electrode is deposited during repeated electrical short circuits. The short circuit
metal transfer mode is the low heat input mode of metal transfer in GMAW. All of the metal
transfer occurs when the electrode is electrically shorted (in physical contact) with the base

material or molten pool.[4] This transfer mode depends upon the types of shielding gas used and

Current (A)

1

Electrode|

PucA2 ) | — Pinch effect force, P

Figure 4 Short Circuit Transfer in GMAW
amount of current flow and wire diameter. This transfer mode is favorable for the low wire

diameter of electrode. The low heat input quality makes it ideal for sheet metal thickness
materials, so it is limited for the thin sheet application.[4]

2.3.2 Globular Transfer
Globular transfer mode in gas metal arc welding is the mode of molten metal transfer in which a

continuously fed solid or metal-cored wire electrode is deposited in combination of short circuit
and gravity assisted large droplet. These droplets have irregular shape. During the use of all
metal core and solid wire electrode for GMAW there is a transition where the mode is switch
from short circuit to the globular mode. In the globular transfer mode large droplet of irregular
shape did not follow the axial detachment direction but it will fall out of direction or it will move
towards the contact tip. In this process cathode jet forces that move upwards from the work piece
are responsible for the irregular shape and the upward spinning motion of the molten droplets.[4]



The process at this current level is difficult to control, and spatter is severe. Gravity is involved
in the transfer of the large molten droplets, with random short-circuits.

Figure 5 Globular Transfer in GMAW

During the 1960’s and 1970’s, globular transfer was a common mode of metal transfer for high
production sheet metal fabrication. This transfer mode is associated with the use of 100% CO:2
shielding, but it has also seen heavily use with argon + COz2 blends. In general manufacturing on
carbon steel, it provides a mode of transfer, just below the transition to axial spray transfer,
which has given itself to higher speed welding. The use of globular transfer in high production
rate is being replaced with advanced forms of GMAW. The changes are being made to pulse gas
metal arc welding which results in lower fume levels, lower or absent spatter levels, and removal

of incomplete fusion defects.[4][2]
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2.3.3 Spray Transfer
Spray metal transfer is the high energy mode of metal transfer, whereby a continuously fed solid

or metal cored wire electrode is dropped at a higher energy level, resulting in a stream of small
molten droplets. The droplets are propelled axially across the arc. Axial spray transfer is the high
energy form of metal transfer in GMAW. In order to achieve axial spray transfer, binary blends
containing Argon + O2 and Ar+ CO2 is used. For minimum application amount of COz2 is
maximum 18%. Axial spray transfer is supported by either the use of solid wire or metal-cored
electrodes. Axial spray transfer mode may be used with all of the common alloys including:
aluminum, magnesium, carbon steel, stainless steel, nickel alloys, and copper alloys.[4]

For most of the diameters of filler metal alloys, the change to axial spray transfer takes place at

the globular to spray transition current.

A\

Figure 6 Axial Spray Transfer Mode in GMAW

A stream of fine metal droplets that travel axially from the end of the electrode characterizes the
axial spray mode of metal transfer. The high pool fluidity restricts its use to the horizontal and
flat welding positions. For carbon steel, axial spray transfer is applied to thicker section thickness
material for fillets and for use in groove type weld joints. The use of argon shielding gas
compositions of 98%, with a balance of oxygen, creates a deep finger-like penetration profile,

while shielding gas mixes that contain more than 10% CO: reduce the finger-like penetration
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profile and provide a more rounded type of penetration. The selection of axial spray metal
transfer is dependent upon the thickness of base material and the ability to position the weld joint
into the horizontal or flat welding positions. Finished weld bead appearance is excellent, and
operator appeal is very high. Axial spray transfer provides its best results when the weld joint is

free of oil, dirt, rust, and other particles.[4][9]

2.4 Static Force balance model
Metal transfer is the phenomenon of transferring the molten drop from the wire tip to the weld

pool through the arc in gas metal arc welding (GMAW) and is important because it has
significant effects on the weld quality and arc stability. Drops are detached in various transfer
modes such as the globular, spray and short circuit modes depending on the welding condition
such as the shielding gas composition, welding current and voltage.[10]

In order to calculate the metal transfer different analytical and mathematical model has been
used. Typically, the static force balance model and pinch in stability theory are very common for
the gobbler and spray transfer mode respectively. Static force balance model has been utilized to
calculate the detaching drop size in the globular mode, in which the drop diameter is greater than

the wire diameter, and the maximum welding current is lower than the transition current.[10]
F. = Fg + Fern + F4 (D)

Surface tension force is

F=mD,y (2
Electromagnetic force is
= Bot? ing) _1_ _1 ’ 2 ~Da
Fem= 4mn (ln(aSlne) 4 1-cos@ * (1+c0s0)2 n 1+cosﬂ) &= Dy, (3)

Gravitational force is
Fg=pgVa (4)

Drag force is

Fy= 5 CpAppgUZ,  (5)
Here y is surface tension coefficient, D,, is wire diameter, u, = permeability in free space, 6 =
angle of arc covered surface, | = Amount of current, p = density of material, C;, = Coefficient of
drag, Ap = Projected area, p, = density of shielding gas, U, = plasma velocity
The drop is detached if the detaching force of the gravity, drag force and electromagnetic forces
becomes larger than the attaching force of the surface tension.[11]
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A feature of the SFBM is the derivation of the axial electromagnetic force in the closed-form
equation, which is a function of the current and geometries of the spherical drop and arc.
However, a major disadvantage of the SFBM is that the difference between the Analytical results

and experimental data increases with increase in the current intensity.[12]

2.5 Modified force balance model
Since the accuracy of static force balance model is limited for low range of current because of

non-considering the taper formation during drop attachment and dynamic effect of drop
oscillation. So static force balance model is modified by considering the effect of momentum
flux, which is generated by the axial flow within the molten droplet. Momentum flux is derived
as a function of current and drop geometry.

Fr: Fg + l:"em+ l:"d-}' me (6)

Surface tension force is

Fi=mDyy (7)
Electromagnetic force is
= ol ing) —1_ 1 2 2 =D
Fem_ 4 (ln(aSlne) 4 1-cos6 * (1+cos0)2 In 1+cos(-)) y &= Dy (8)
Gravitational force is
F;=pgV. (9)

Drag force is
F4= 5 CoAppgU?, (10)
Here y is surface tension coefficient, D,, is wire diameter, u, = permeability in free space, 6 =
angle of arc covered surface, | = Amount of current, p = density of material, C;, = Coefficient of
drag, Ap = Projected area, p, = Density of shielding gas, U,,= plasma velocity
Momentum flux force is

U
Pt = PALU% (1) (11) (11)

A, = Area of planeP,, U, = Velocity at planeP,, U; = Velocity at plane P,
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_—=Plane 1

Figure 7 Schematic of pendant drop.
When the drop is detached with large size during the low range of current, the momentum flux

has minor effect on the drop detachment But when the current intensity increase the detaching
drop size decreases and the effect of momentum flux increase that is nearly equal to
electromagnetic force, thus momentum flux has great influence on the drop detachment.[10]

Since the static force balance model used for low value of current to get the accuracy and
modified force balance model used only for single shielding gas i.e. Pure Argon to calculate the
forces effect on the droplet and detaching drop size. In this research, the objective is to optimize
the welding parameters to minimize the post processing in gas metal arc welding and selection of
optimal amount of blend of shielding gases for the welding process in pulse Gas metal arc
welding. In this regard modified force balance model is used to calculate the drop detaching
force and the hitting force with which the droplet falls in weld pool. The hitting velocity of the
droplet is calculated by using equations of motion. This method is applied for calculating the

forces and velocity by using pure argon shielding gas, 98% argon + 2% oxygen and Argon +
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different percentage of carbon dioxide. After calculating these forces and Velocities the
calculated result is verified with the experimental data.[13][8]
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3 Chapter

3.1 Methodology
Modified Force balance model is used to calculate the forces acts on the molten droplet.

According to the modified force balance model there are different types of force effect on the
droplet when the current flow through the metal electrode. These forces are attaching and
detaching force.

3.2 Surface Tension Force
Surface tension force is the force that responsible for holding the molten weld droplet to detach

from the electrode tip. The surface tension force retain the droplet on the electrode behave as an
attaching force of droplet towards the electrode. Mathematically,

F,.=mwD,y
Here y is surface tension coefficient, D,, is wire or electrode diameter

3.3 Gravitational Force
The Force that attract any object with mass is call gravity force. Gravitational force assist the

droplet to detach from the electrode tip. Because the molten droplet has some mass so it will tend

to drop towards the weld pool. Mathematically,
Fy=pgV,
p = density of material, V, = Volume of attach droplet, g = gravitational constant

3.4 Drag Force
In the Gas metal Arc welding to prevent the chemical reaction between the molten metal and

atmosphere, a shielding gas is used and it is flown through the welding torch tip. This gas protect
the droplet from the atmosphere and due to this flow of gas it will be effect on the droplet and
push it to flow towards the weld pool, behave as a detaching force.

Mathematically,

1
Fd: E CDAPngZP

Cp = Coefficient of drag, Ap = Projected area, p, = Density of shielding gas, U,= plasma

velocity

3.5 Electromagnetic Force
When the current flow through the electrode it produce the magnetic field due to that an electromagnetic
force is generated due to that field and it is not only acted upon the electrode but also effect on the plasma

and force the droplet to detach from the electrode. Mathematically,
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uol? . 1 1 2 2 D,
F,.,= In(asinf) — - — + In a=—
em  4nm (In( ) 4 1-cos® (1+cos@)? 1+cose) ' D,,

U, = permeability in free space, 8 = angle of arc covered surface, | = Amount of current,

3.6 Momentum flux force
When the current flow through the molten droplet electromagnetic force is generated in radial

and axial direction the radial electromagnetic force generate an inward pinch pressure and induce

axial flow within the molten droplet. Since the axial flow produce the momentum flux that is to
be calculated as

U
Fp = pA; Uzz(l'u_:)

A, = Area of planeP,, U, = Velocity at planeP,, U; = Velocity at plane P,
According to the MFBM when the current flow through the electrode the above discussed forces

are effect on the droplet and droplet is detach when the detaching forces are greater than the
attaching forces.

Figure 8 Forces on the detaching droplet
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3.7 Static Force balance model
Metal transfer is the phenomenon of transferring the molten drop from the wire tip to the weld

pool through the arc in gas metal arc welding (GMAW) and is important because it has
significant effects on the weld quality and arc stability. Drops are detached in various transfer
modes such as the globular, spray and short circuit modes depending on the welding condition
such as the shielding gas composition, welding current and voltage.

In order to calculate the metal transfer different analytical and mathematical model has been
used. Typically, the static force balance model and pinch in stability theory are very common for
the gobbler and spray transfer mode respectively. Static force balance model has been utilized to
calculate the detaching drop size in the globular mode, in which the drop diameter is greater than

the wire diameter, and the maximum welding current is lower than the transition current.
Fr =F; +Fen + Fg (12)
Surface tension force is
F.=nD,y (13)
Electromagnetic force is

1 2 2
+

- Holz . _ l _ = _-a
Fem_ 4n (ln(aSlne) 4  1-cos6 (1+cos0)2 In 1+c059) &= Dy ( 14 )

Gravitational force is
F;=pgV.  (15)

Drag force is

Fg=5CpAppgU%,  (16)
Here y is surface tension coefficient, D,, is wire diameter, u, = permeability in free space, 6 =
angle of arc covered surface, | = Amount of current, p = density of material, C,, = Coefficient of
drag, Ap = Projected area, p, = density of shielding gas, U,= plasma velocity
The drop is detached if the detaching force of the gravity, drag force and electromagnetic forces
becomes larger than the attaching force of the surface tension.
A feature of the SFBM is the derivation of the axial electromagnetic force in the closed-form
equation, which is a function of the current and geometries of the spherical drop and arc.

However, a major disadvantage of the SFBM is that the difference between the Analytical results

and experimental data increases with increase in the current intensity.
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3.8 Modified force balance model
Since the accuracy of static force balance model is limited for low range of current because of

non-considering the taper formation during drop attachment and dynamic effect of drop
oscillation. So static force balance model is modified by considering the effect of momentum
flux, which is generated by the axial flow within the molten droplet. Momentum flux is derived
as a function of current and drop geometry.
Fo=Fg + Fet Fgt Fy¢ (17)
Surface tension force is
F.=nD,y (18)
Electromagnetic force is

1 2 n 2
1-cos®  (1+cos0)2  1+cos@

)!a:_ (19)

Fon= ":: (In(asin®) — % -

Gravitational force is
F;=pgV. (20)
Drag force is
Fy= 5 CoAppgU?, (21)
Here y is surface tension coefficient, D,, is wire diameter, u, = permeability in free space, 6 =
angle of arc covered surface, | = Amount of current, p = density of material, C, = Coefficient of
drag, Ap = Projected area, p, = Density of shielding gas, U,= plasma velocity
Momentum flux force is
Fut = PAU% (1Y) (22)

A, = Area of planeP,, U, = Velocity at planeP,, U; = Velocity at plane P,
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Figure 9 Schematic of pendant drop
When the drop is detached with large size during the low range of current, the momentum flux

has minor effect on the drop detachment But when the current intensity increase the detaching
drop size decreases and the effect of momentum flux increase that is nearly equal to
electromagnetic force, thus momentum flux has great influence on the drop detachment.[10][14]
Since the static force balance model used for low value of current to get the accuracy and
modified force balance model used only for single shielding gas i.e. Pure Argon to calculate the
forces effect on the droplet and detaching drop size.[10] In this research, the objective is to
optimize the welding parameters to minimize the post processing in gas metal arc welding and
selection of optimal amount of blend of shielding gases for the welding process in pulse Gas
metal arc welding. In this regard modified force balance model is used to calculate the drop
detaching force and the hitting force with which the droplet falls in weld pool. The hitting
velocity of the droplet is calculated by using equations of motion. This method is applied for
calculating the forces and velocity by using pure argon shielding gas, 98% argon + 2% oxygen
and Argon + different percentage of carbon dioxide. After calculating these forces and Velocities
the calculated result is verified with the experimental data.

Modified force balance model is used to analyse the metal transfer in gas metal arc welding.

Modified force balance model calculated the drop size more accurately by using pure argon
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shielding gas. Pure argon is an inert gas that did not react with the droplet during the application
of heat. Compare with the other inert gases like helium its thermal conductivity is low, low
ionization energy will results as finger like penetration profile associated with its used. Pure

argon used for steel and other metal alloys.

Mass density, steel 7680 Kg m3
Al 2680 Kg m™3
Surface tension coefficient, steel 1.2Nm?

Al 0.6 Nm?
Permeability in space, po 4*107 H m?
Drag coefficient, Co 0.44

Density of Shielding gas, pg 1.784 Kg m3

Table 2 Material properties For Pure Argon

By using the above material properties and constants we will calculate the forces effecting on the
droplet. In these forces, the gravitational force, drag force, electromagnetic force and the
momentum flux force act as the detaching force and surface tension force act as an attaching
force. The pendent droplet is detached when the detaching force become equal to the attaching
force, as for the electromagnetic force, it can be an attaching or detaching force depending on the
arc-covered angle of a molten drop at the wire tip.

When argon or argon-rich gas is used for shielding, the arc tends to cover most of the drop
surface so that the electromagnetic force becomes a detaching force due to the large arc-covered
angle. When current flows through the molten drop, electromagnetic force is generated in the
radial and axial direction, and the electromagnetic force, Fem, in the given equation represents the
axial electromagnetic force. Since the radial electromagnetic force is symmetric, it is cancelled
and does not contribute to metal transfer. However, the radial electromagnetic force generates an
inward pinch pressure and induces axial flow within the molten drop. Since the axial flow
produces the momentum flux, it is necessary to consider the effect of the momentum flux on

metal transfer.
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Figure 10 Schematic of momentum flux due to flow within molten
The flow of the molten metal is generated by the pinch pressure as illustrated in figure where

plane 1 represents the circular cross-section at the boundary of the arc-covered surface, and plane
2 is the cross-section at the bottom of the drop having the same diameter as the wire diameter.
Both planes have geometric features such that plane 1 is the interface of the arc-covered region
that is also important for the electromagnetic force, and the diameter of plane 2 is equal to the
wire diameter. Assumptions are made to derive the momentum: the drop is of spherical shape,
the current density is constant on the drop surface and the flow velocity on plane 1 is negligible
compared with the velocity on plane 2. Under these assumptions, the drop detaching condition of

the MFBM can be rewritten by adding the momentum flux to the SFBM as
Fo=Fg+Fon+Fg+ Fpy

When the pendant drop diameter is given, the forces relating to metal transfer are calculated

using the initial current. The current of drop detachment is determined by changing the current

with a small increment until the drop detaching condition of equation is satisfied, and the

detached drop diameter of the sphere is calculated using the pendant drop volume. When the

droplet is detach suppose it has spherical shape and it will fall downwards in to the pool with
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some velocity. To calculate the velocity with which the droplet fall into the weld pool we use

equations of motion.
Vhit = Vi + at
2aS = Vzhit - Vzl'

1
S=Vit+ Eatz

In the above equations Vhit is the velocity with which the droplet fall in the weld pool, Vi is the
velocity at plane 2, where the diameter of droplet is equal to the wire diameter, a is the
acceleration of gravity, t is the time frame with which the droplet travel from plan 2 to the weld
pool and S is the distance covered by the droplet from contact tip to the work plate, sometime
called arc length here it is the difference of contact tip to work distance and electrode extension
with excluding the height of cone. For 1.2mm steel wire electrode it is 5.8030mm
In order to calculate the hitting force of the detached droplet, there are the gravitational, drag and
detaching force with which the droplet fall in the weld pool is effected on the droplet. it is
calculate as:

Fpit = Fger + Fy, + Fy
In the above equation Fet is the force with which droplet is detached from the electrode and Fv is
the force of gravity due to the weight of droplet and Fq is the drag force. All these forces acted
downward to fall the droplet in the weld pool
To calculate the experimental hitting force and velocity we use High speed imaging
experimental system that is consist of welding system and optical acquisition system. The
welding system consist of pulse gas metal arc welding system and optical system include high
speed video camera, natural filter, interference filter of large bandwidth and camera lenses.

Details description of setup is following:
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Figure 11 Detail Description of GMAW Setup
By using the above configuration of the experimental setup we can get experimental date. To

obtained the experimental hitting velocity of droplet, angle of arc covered and distance covered
by the droplet we us phantom camera control software, in which after the celebration we can
calculated the experimental hitting velocity, distance covered by the detached droplet and arc

covered angle of the detaching droplet.

3.9 Case-2 98%Argon + 2%0:
Argon + oxygen blends get axial spray transfer at lower currents than other blends. The droplet

sizes are smaller, and the weld pool is more fluid. The use of Ar + O2 has historically been
associated with high travel speed welding on thin materials. Both stainless steel and carbon steel
benefit from the use of Ar + Oz blends. The initial use of

Ar + O2 blends for axial spray transfer mode on carbon steel employed 2% Oo. It is typically

applied to applications that require high travel speed on sheet metal. Applied with either axial
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spray or pulsed spray transfer modes. Stainless deposits are dull gray in appearance. This blend
is often used when superior mechanical properties are required from low alloy carbon steel

electrodes. By using this blend of gas the properties of shielding gas is change as:

Mass density, steel 7680 Kg m™3
Al 2680 Kg m™3
Surface tension coefficient, steel 1.2Nm?

Al 0.6 Nm?
Permeability in space, po 47*107 H m*
Drag coefficient, Cp 0.44

Density of Shielding gas, pg 1.7769 Kg m'®

Table 3 Material Properties in case of Blend of shielding gases
Modified Force balance model is applied for the calculation of detaching and hitting for of the
droplet and equations of motion is used for the calculation of hitting velocity of droplet similar as

discussed above case.

3.10 Case-3 Argon + CO2 Mixture

The most commonly used binary gas blends are that is used for carbon steel GMAW welding.
They have also enjoyed success in pulsed GMAW applications on stainless steel where the CO2
does not exceed 4%. Axial spray transfer requires CO2 contents less than 18%.

Ar + CO2 combinations are preferred where millscale is an unavoidable welding condition. As
the CO2 percentage increases, so does the tendency to increase heat input and risk burn through.
Ar + COz2 blends up to 18% CO2 support pulsed spray transfer. Short-circuiting transfer is a low
heat input mode of metal transfer that can use Ar + CO2 combinations. Optimally, these modes
benefit from CO: levels greater than or equal to 20%. There are different combination used in

our case it is shown in the table;
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Percentage Amount of Maximum

Shielding Gas Current(A)
CO2 7%and Argon 200
202
CO2 8%and Argon 140
168
CO2 13%and Argon 196
200
CO2 20%and Argon 190
200
CO2 30%and Argon 200
300
CO2 50%and Argon 170
180
CO2 70%and Argon 166
CO2 75%and Argon 180

Table 4 Percentage variation of CO2 and Maximum current plot
Modified Force balance model is applied for the calculation of detaching and hitting for of the
droplet and equations of motion is used for the calculation of hitting velocity of droplet similar as
discussed above case. When the percentage of CO:z increase then there is trend to increase the
heat input to the work piece that is effect the properties of the material. So to get the good quality

of weld it is important to use optimal amount of the blend of both gases.
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4 Chapter (Results and discussions)
4.1 Results of Pure Argon Shielding Gas

Pure Argon shielding gas was used with the maximum welding current of 450A, 1.2mm steel
electrode, 90° arc covered angle and flat welding position.
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Figure 12 Behavior of different force due to applied current
Discussion:

From the above fig it is shows that when the current is 100A detaching force shows -1.8mN
Force at that point the droplet did not detached with that force but due to large increase in the
wire diameter of 1.9208mm the droplet is detached and when the current is in the range of 245A
to 260A, the detaching force shows that its value is greater than the surface tension force and
droplet detached solemnly due to the detaching force. Similarly when current intensity is low as
160A the effect of detaching force is nearly equal to zero but at the same time there is the effect
of gravity and drag force due to the flow of shielding gas that will force the droplet to detach

from the electrode wire.
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4.2 Validation of Hitting Velocity
Force and hitting velocity is calculated and validated with the experimental results by using pure
argon shielding gas with the maximum welding current of 450A, 1.2mm steel electrode, 90° arc

covered angle and flat welding position.
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Figure 13 Theoretical and experimental Hitting velocity and force
Discussion:

In the above fig analytical hitting force and velocity is calculated and validate the result with the
experimental date. When the current intensity is 100A the hitting force is -1.82mN and hitting
velocity is 0.2503 as the current intensity increase the velocity and force both are increase. At the
current range of 250A to 280A, velocity and force increase linearly at that point when current is
260A it will show one drop one pulse condition. This is the point of transition of current. At that

point mode of globular transfer is switched towards the spray transfer.
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4.3 Results of 98%Argon + 2%0; Shielding Gas
98%Argon + 2%0: shielding gas was used with the maximum welding current of 450A, 1.2mm

steel electrode, 90° arc covered angle and flat welding position.
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Figure 14 Analytical and Experimental hitting force and velocity
Discussion:

In the analytical hitting force and velocity is calculated and validate the result with the
experimental date. When the current intensity is 110A the hitting force is -2.32mN and hitting
velocity is 0.1853m/s as the current intensity increase the velocity and force both are increase. At
the current range of 200A to 250A, velocity and force increase linearly at that point when current
is 225A it will show one drop one pulse condition. This is the point of transition of current. At
that point mode of globular transfer is converted towards the spray transfer. Addition of O2
shielding gas with argon will tend to change the molten droplet detachment due to the formation

of oxides, allow the droplet to detach more quickly due to this oxidation.
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Comparison of hitting forces and velocities for both case, pure argon and argon and oxygen
blend is shown in the figure. Here the maximum value of current is 450A and arc covered angle
90°
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Figure 15 Comparison of forces and velocity for both cases

Discussion:

Comparison of hitting force and velocity in case of pure argon shielding gas and blend of
shielding gases with Oz is shown above. From plot it is shows that velocity of the pure argon
case is more dominant as that of shielding gas mixture. When the current is 165A the hitting
velocity is 0.3106m/s in case of mixture of argon with Oz but similarly due to oxidation of the
shielding gas with electrode tend to resist the droplet from detachment. So pure argon produce
finger like penetration but addition of oxygen tend to shift the transition current value lower due

to oxidation with the electrode in case of thin electrode.
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4.4 Results of Argon + CO; Shielding Gas

Modified Force balance model is applied for the calculation of detaching and hitting for of the
droplet and equations of motion is used for the calculation of hitting velocity of droplet. When
the percentage of CO: increase then there is trend to increase the heat input to the work piece that
is effect the properties of the material. So to get the good quality of weld it is important to use
optimal amount of the blend of both gases. Different configuration of the mixture of gases with

theoretical and experimental results are shown in the figure:

Percentage Amount of Maximum Calculated Experimental
Shielding Gas Current(A) Velocity(m/s) Velocity(m/s)
CO2 7%and Argon 200 0.6804 0.6631
202 0.6855 0.6642
CO2 8%and Argon 140 0.5338 0.5220
168 0.6001 0.5313
CO2 13%and Argon 196 0.6702 0.6439
200 0.6807 0.6913
CO2 20%and Argon 190 0.6549 0.6590
200 0.6829 0.7023
CO2 30%and Argon 200 0.6906 0.7357
300 0.9433 1.0484
CO2 50%and Argon 170 0.6050 0.5697
180 0.6298 0.6460
CO2 70%and Argon 166 0.5953 0.6198
CO2 75%and Argon 180 0.6301 0.6568

Figure 16 Experimental and analytical hitting velocity with different percentage of CO2
There is a tendency to increase the detaching force by increasing the value of current but at the

same time there is a trend to increase the fluidity in the weld pool by increasing the percentage of

COa2. Experimental trend is shown as:
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5 Chapter

Conclusions
In this work, the influence of different shielding gas (Ar, O2 and CO2) compositions on the

welding process and globular and spray transfer mode is studied. On the basis of results of
current study following conclusions have been drawn.

Modified force balance model is suitable for calculating the drop detachment forces and force
with which the droplet fall in the weld pool. It is applicable for high range of current 450A.
Hitting velocity is calculated by using equations of motion was show the behavior of droplet by
changing the welding current.

Effect of arc covered angle are observed by changing the arc covered angle for different
shielding gases. In case of pure argon shielding gas arc covered angle is optimized at 90°.
Thermal conductivity of Argon is low. Its energy required to give up an electron, ionization
energy, is low, and this results in the finger-like penetration profile associated with its use. Argon
favorable for axial spray transfer

In case of Oz, it is an oxidizer that reacts with components in the molten pool to form oxides. In
small additions (1-5%), with a balance of argon, it provides good arc stability and excellent weld
bead appearance. The use of deoxidizers within the chemistry of filler alloys compensates for the
oxidizing effect of oxygen.

For the Ar+CQO2 shielding gas mixtures, it is found that a small quantity of CO2 (3.3%) can
make a great difference on the weld bead geometry. The influence of CO2 is reflected in two
aspects, both of which contribute to a deep penetration and a large fusion area. Firstly, a certain
amount of CO2 can also increase the arc voltage and the power of the welding arc.

More importantly, the presence of the surface active element, oxygen which is dissociated from
CO2 can largely reduce the surface tension of the liquid metal. As a consequence, the
temperature gradient of the surface tension can be changed from negative to positive and the
direction of the Marangoni convection which is driven by the surface tension force will be
changed from outward and upward to inward and downward. The efficiency of the heat transfer

from the surface of the weld pool to the bottom can be enhanced.
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