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Abstract : A unified comprehensive mathematical model was developed to simulate the transport phenomena occurring in the
cold metal transfer welding process (CMT). It includes the arc plasma, droplet generation, velocity, current density,
Temperature distribution, onto the workpiece. The continuum formulation is used for the conservation equations of mass,
momentum, and energy in the arc plasma region. The distribution of pressure, temperature, and flux for the plasma zone are all
calculated as a function of time. It is also observed that these distributions for a moving heat source are non-axisymmetric and
the peaks shift to the arc moving direction. It is observed that the temperature obtained in the Cold metal transfer welding
process is less than the conventional welding methods like GMAW, GTAW, SMAW, and SAW.

Index Terms -Cold metal transfer welding; Gas metal arc welding; Temperature; Potential; Pressure; Current density

. INTRODUCTION

Less than a decade ago, Fronius began to develop and introduce a new metal inert gas (MIG)/metal active gas (MAG) dip-transfer
arc process called cold metal transfer (CMT), in which the welding process is defined by the cyclic alternations between arcing and
short circuiting phases. According to the invention, during the arc phase, welding consumable is displaced toward the workpiece
until it makes contact with the weld piece and during the short-circuit phase the welding consumable displacement is reversed and
the consumable is then moved away from the workpiece. The welding current and voltage are controlled during the arc phase in a
way that the welding consumable melts and forms a droplet. During the short-circuiting phase, the droplet bridges the gap between
the electrode and the workpiece and while the control system reciprocates the wire feeding, the droplet launches to the weld pool
when there is no arc driven by the surface tension (cold transfer).When comparing with any other fusion welding process cold metal

transfer welding is having many advantages like spatter free, Iess power consumptlon fine droplet etc.
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Fig 1.Metal Transfer Process, Current and VVoltage Waveforms of Cold Metal Transfer Welding
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The modeling of electric arc began at 1935 with Elenbaas et al. [6] and Heller et al. [8]. In their models, they solved the energy
conservation equation by considering Joule heating as a source of energy and conduction as the main mechanism for heat transfer.
In 1955 Marcker et al. [9] considered the electromagnetic force and pressure gradient and derived a model for the arc. By solving
the flow and continuity equations analytically, he obtained an approximate value for the maximum pressure. As reported by Boulos
et al. [6] in 1967, Watson and Pegot [10], for the first time combined flow and energy equations in a two-dimensional model and
through solving these equations numerically obtained accurate results for flow and temperature fields. Their model considered only
the column of the arc. Zhu et al. [14] combined both arc and cathode by using a one dimensional model for the electrode layer [15].
They divided the calculation domain into three parts electrode (cathode) cathode sheath and arc column. By defining two internal
boundaries between these parts they solved the relevant conservation equations for the electrode and the arc. The results of this
model are in fairly good agreement with some available experimental data. Modeling of the arc in the GMAW process has only
started recently and it will be sometime before the appearance of a well-developed model. Some of important areas to study for
GMAW can be listed as follows:

e Non-thermionic cathode nature and behaviour in different arises.
Effect of composition of gas on the arc properties.
e Consumable-arc interaction.
e Droplet-arc interaction
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Il. MODEL DEVELOPMENT OF COLD METAL TRANSFER WELDING

A schematic sketch of a DCEP gas metal arc welding is illustrated in Figure 2.1.The DCEP configuration is preferred in the
GMAMW process because of the melting of the continuously fed electrode. For this reason the work piece is the cathode. Electrons,
either emitted from the cathode (work piece) or produced in the arc, condense on the anode (electrode). The heat transferred by
the electrons dong with the radiation heat and more importantly the Joule heating into the electrode raise the temperature of the
electrode to the melting point The heat content of the falling droplets will be transferred to the weld pool. Other heat sources for
the work piece will be radiation and convection.
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Fig 2 Schematic of Welding Arc (GMAW)

11l. GOVERNING EQUATIONS:

In the GMAW process, there are electrons emitted from the cathode which pass through the gap between the work piece and the
wire electrode to condense on the anode (wire electrode). The interaction of the magnetic field produced by this current with the
current itself produces an electromagnetic force which is the main driving force for the plasma. This phenomenon is very similar to
the case in the GTAW process. Although in the GMAW, the electron current direction is opposite to that of the GTAW, the change
in the sign of the magnetic field results in the electromagnetic force to act in the same direction as the case of the GTAW. The
thermal effect of the electric current which originates from the Joule heating, keeps the temperature high enough for maintaining
stable plasma.

Conservation of mass:

AP/t + 0/0x(pu) + 0/0y(pv) =0

Conservation of axial momentum in Y-direction:

i pv*) [+ puv) [0 = —OP | dy+20(ude [y) {dy+ 3 | D/ 0x+

du/dr)[dz) + 1B,

Continuity of current: (in terms of potential)
2 i 2 A — 0
T2 e"_?.g,.rE T

Since the arc is axi-symmetric, the azimuthal component of the magnetic field will be the only component that acts on the plasma
through the Lorentz force. The azimuthal component of the magnetic field can be calculated by following relation from Ampere's
Law.

Maxwell’s equation:

By = 20 [7 ] rdr

Conservation of Energy:

‘i 1 dproh _ i( k @) + EL‘) k T@) Y Y _|_5ka J. IR n - aflj
= T or 0z C,0z ror-C, or "‘T 2e "C, 0z C, or

A non-uniform grid point system is employed with finer grid sizes near the consumable electrode. The distance between the
electrodes is varied from 2.0 to 10.0 mm. The inflow boundary at the top of the domain is taken at 20.0 mm above the electrode
face (anode surface). The boundary at the side is 20.0 mm away from die axis of symmetry. The corresponding boundary conditions
are given in Table 4.1.In here the shielding gas flow is also considered since phenomenon such as convection and radiation are
predominant to obtain the flux value. The domain is divided as such for better understanding in different sections of arc plasma and
around it. It is also done for ease in solving the equations.
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IV. ASSUMPTIONS:

Density is constant with respect to temperature and time in arc region.

Thermal conductivity is constant in arc.

Radiation losses in arc region are neglected.

Since the droplet spends only a very short time in flight it is assumed that there is no droplet between the consumable

electrode and the work piece. The short life of the droplet in the very high temperature zone combined with the high velocity

of the plasma about the axis of symmetry lead to the assumption that there is no metal vapor in the space between the

electrodes. A limited amount of metal vapor enters the plasma but it cm not diffuse radially into the outer parts. Therefore a

small amount of metal vapor is present near the axis of symmetry, very close to the droplets, but the effect of this on the

whole arc is insignificant.

e Itisassumed that the arc is axially symmetric so that the equations can be written in two-dimensional cylindrical coordinates.

e Laminar flow is assumed. This assumption is justified by McKelliget and Szekely et al. [8] on the basis of laminar-turbulent
transition for a free jet.

Pressure Calculations Due To Weld Droplet In The Arc Region:
Conservation of mass:
dP/ot + 0fdx(pu) + 0/dylpv) =0
Assuming the weld metal transformation to be Globular mode of transfer (gravity plays the major role)
v =/2g9(h —y))
dv/dy + dufdr =0
v/ 2g(h —y)) /Oy + Ou/Ox =10
dv/2g(h —y)) /Oy + Ou/Oxr =10
On solving:
= LL +k
V2(h—y)
Substituting boundary conditions- u=0 at x=0;
VI* T
V2(h—y)
Conservation of axial momentum: Y-axis
A pu®) [dy+ 3 pur) [0 = 3P| dhy+20( pdhe | Dy) | Dy+ 0 | e [r+
du/dz)/dz) + J,B,

U =

dlpy/29(h—y))) [0y = 0p*29(h~y))) [0y = 2pg(0-1)) = ~2pg

AN 0. AR Jpur TR T R
dlpuv) [ = d[x(p+ NI #4/20(h—y))) = 0/0x(pgz) = pg

Now: 2*d/dylpduv/oy)

Assume Viscosity to be constant

2% 113/2g * A/ Oy (D) dy(VI — y))
On solving:
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—Zgrp(h—y) T
= 2
8/02(1(D)D2(\/2gTh =) + 8 )ay(—LLE )

2(h —y)
On solving:

H* g =3
Wi # (h—y)F

2
Now: 1+2 = —@P}f@y +3+4+ Tg

g, VIER
—pg = —0P[dy+ Jp — (h —y)5 * Y—
/ NG
Integrating with respect to “y’ and substituting boundary condition: at y=h, P=0
iyg* (h—y)5
V2

P = pgy+ Jp + — pgh — Jgh
Similarly about x-direction ;
2 —
—pga’ 3uy/gx i(h—y)) =5
—— — Jpr + —
2h — y) 8v/2

Fluid surface is subjected to surface tension because of molecular forces at the surfaces change abruptly as the fluid properties
change discontinuously. It is expressed as

P=

Ps =k
Where vy - surface tgnsion coefficient
n 1 7
—(V(=)) = (=) % v = (v * i)
And k= BT

Considering sphere surface equation:

2, .24 .2 o =
+y + 2" = kang obtaining the value of 't/ 71|
We get

vit/ || -
(1/\/2yh + m — h2)+(j(2yh+m—h> —yh) /(2yh+m—h%)%\/2yh + m — h?))

Adding the above surface tension term to pressure equation and solving the final equation in MATLAB.

Calculation of Potential, Temperature and Flux due to electrode droplet on the work piece surface:
For calculating Potential:

Current contlnmty equation:

32 b {j c' o

s -+ =0

Current contmuny:

1, D06 | 9% _
r*arTar+agz_D

Ohm’s law: 5 5
o) o)
g, = —o. == 5= J. = —0.5=

On solving the above equations and applying boundary conditions
s

b = cos(ﬂ & cos(ﬂ 57

For calculating Temperature:

The heat source models that are available are double ellipsoidal, Gaussian, hyperboloid and paraboloid, on substituting the
assumed boundary conditions into the above mentioned heat source model, double ellipsoidal model was the one that gave better
result. The equation considered is

5,
T:lOOO—((T*m £+ 1000) # 1

i
For calculating Flux:

Q=0cx((T—T4

atim

2
+ ?*105* + 1000
Y

)+ WMT = Tapm))
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Q=>56T+107%T + 10 (T))

In real world welding, the arc is moving, the weld pool is non axi-symmetric, and the heat flux at the work piece are greatly affected
by the weld pool shape. In addition, the geometries of many weld joints such as T-joint, lap joint, corner joint, are naturally three-
dimensional.

Finally, perturbations such as external magnetic field may deflect axi-symmetric plasma arc from its axi-symmetry. A 3D model is
necessary to investigate all these applications. Using MATLAB software 3D model of following entities were found.

Governing equation for variation in shielding gas velocity at nozzle:

2 2 2 2y In(r/Ra)
20 {Rn —r+ (R, - Rw)lnr-:‘;f,,,fkw} v ln’%

l‘(r) — a3 3.2 W3y R
n 4 (kSR Ina
{R: — Ry 4 lnf.k...«R\..w} =

V. RESULTS AND DISCUSSION

Variation In Velocity Of Shielding Gas At Nozzle:
x=0.001:0.0001:0.01;

z=(4.5.*10.7(-2)).*(log(x.\0.01));

a=(0.122.*%10./(5));
b=0.0001-(x.*x)+((0.0001-0.000001).*(2.3026.\(l0g(0.01.\x))));

c=a.*b;
d=c+z;
figure
plot(x,d)
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FIG 3. Variation of Velocity of Shielding Gas at Nozzle

Pressure In The Arc Region As A Function Of F(X, Y):
x=-0.01:0.004:0.01,

y=0:0.001:0.009;

[X,Y]=meshgrid(x,y);
Z=(((37670.25).*(X."2)).\(Y-0.01))+((0.08305).*(X.*2)).\((0.01-Y)."2.5)-(X);
Figure

surf(X,Y,2)

Fig 4. Pressure Variations Due To Electrode Droplet In Arc Column
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Fig 5. Pressure Variations In Arc Column At Different Time Intervals

Variation of Current Density in Arc Region:
x=0:0.0001:0.01;

y=0:0.0001:0.01;

[X,Y]=meshgrid(x,y);
a=((2.71.7(152.33.%Y))-(2.71.M(-(52.33.*Y))));
¢=((0.06.\X));

b=sin(pi.*c);

£=(99.089.*10.7(5)).*b.*a;
d=((2.71.4(152.33.*Y))+(2.71.7(-(52.33.*Y)))).*cos(pi.*c).*(99.089.*10.7(5));
z=d+e;

figure

surf(X,Y,d)

Variation of Current density in Arc region
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Fig 6. Variation of Current Density in Arc Region

Potential Variation In Arc Region

x=0:0.001:0.03;

y=0:0.001:0.03;

[X,Y]=meshgrid(x,y);
a=((2.71.7(152.33.*Y))-(2.71.7(-(52.33.*Y))));
¢=((0.06.\X));

b=cos(pi.*c);

z=0.2459.%(a).*(b);

figure

surf(X,Y,z)

Potential Variation In Arc Column
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Fig 7. Potential Variations Due To Electrode Droplet In Arc Region
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Temperature On Thse Work Piece SLil’faCE As A Function Of F(X, Y):
T — 1000 — ({10 * y; 1000) ¥ 2%y (74 10° % y + 1000)

2
The above governing equation is used for 3D model Generation in MATLAB.
x=-0.01:0.0004:0.01;
y=0:0.0001:0.01;
[X,Y]=meshgrid(x,y);
z=(1000-((7.*10.75.*Y)+1000)).*(0.01.~(-2)).*(X."2)+((7.*10./5.*Y)+1000);
figure
surf(X,Y,z)

Fig 8. Temperature Variations Due To Electrode Droplet On The Work Piece Surface

For Flux On The Work Piece Surface As A Function Of F(X, Y)
Q=>56T+107%T*+ 10 (T))

The above governing equation is used for 3D model Generation in MATLAB.
x=-0.01:.0004:.01;

y=0:.0001:0.01;

[X,Y]=meshgrid(x,y);
z=(1000-((7.*10.75.*Y)+1000)).*(0.01.7(-2)).*(X.~2)+((7.*10.75.*Y)+1000);
XX=((5.67.*10.7(-8)).*(z."4)+(10.%(2)));

figure

surf(X,Y,XX)

Fig 9. Flux Variations Due To Electrode Droplet On The Work Piece Surface

V. CONCLUSION:

e A 3D Mathematical model for the arc plasma region in GMAW was formulated.

e A 3D Mathematical model for the CMT on work piece was formulated for temperature distribution.

e The current density, velocity, pressure, potential and temperature variation, moving heat source in arc region are calculated
as a function of time.

e  The distribution of temperature, heat flux, potential on the work piece surface for both GMAW and CMT are obtained by
Gaussian distribution.

e On comparing the above results it is observed that the temperature developed in weld pool and heat affected zone is less
(about 20%) when compared with conventional welding methods such as GMAW, GTAW, SMAW, SAW.
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