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Abstract

Plasma welding parameters have been systemically investigated by using experimental factors/constraints along with
numerical analysis and the help of mathematical formulation as well as computer technique. In this paper, KSF6 gas has been
used to generate plasma which contains velocity shear instability. The plasma welding parameters like Debye length,
temperature of ions and the number of ions has been examined by taking experimental parameters. The results obtained by
theoretical calculations are identical to the experimental results. In this work, influences of electric and magnetic field on Debye
length, temperature of ions and the number of ions have been quantified. Theoretical investigation on one hand, while plasma
welding parameters on the other increased by increasing the values of homogenous DC electric field. It also decreased by
increasing the value of magnetic field. The controlling of welding parameters by electric and magnetic field has been discussed.
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1. Introduction

The plasma welding process was introduced to the welding industry in 1964 as a method of bringing better control to the arc
welding process in lower current ranges. Today, plasma retains the original advantages it brought to the industry by providing an
advanced level of control and accuracy to produce high quality weld in both miniature and precision applications and to provide
long electrode life for high production requirements at all levels of amperage. It is used in a variety of joining operations ranging
from welding of miniature components to seam welding, to high volume production welding, and many others (Bernard and
Heinzman., 1999). Plasma welding is similar to Gas Tungsten Arc Welding. The significant difference between the two is that the
arc plasma is constricted by a nozzle to produce a high-energy plasma stream in which temperatures between 10,000°C and
20,000°C are attained. Since the plasma jet is extremely narrow, it can not provide adequate protection for the weld pool, which is
why it is necessary to add a large diameter annular stream of shielding gas (Tse et al., 1999). In the process of deep penetration
welding with a laser, a partially ionized plasma forms around the focal point of the laser light. This laser-induced plasma
significantly affects the efficiency of deep penetration laser welding due to its shielding effect. A lot of research has been done in
the last few decades primarily to the control of plasma. The most successful method developed so far is to disrupt the plasma by
using a side jet of helium. Some newer methods which are different from the traditional plasma-control techniques have been
recently proposed. Liu and Tse have tried to use the effect of magnetic field to reduce the shielding effect of the plasma (Tse et al.,
2000).

The application of structures with Aluminium alloys in different areas of industry is continuously increasing. The fabrication and
repair of these structures are carried out by a number of welding technologies, in particular, argon-shielded electrode welding both
consumable and non-consumable. The application of arc technologies is accompanied by a number of issues, addressed by both the
special features of welding materials and by limited possibilities of these methods. They include the low productivity in welding
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metals of increased thickness, defectiveness of welded joints, the heterogeneity of the welded joints and parent metal and problems
in the fabrication of large structures with different spatial distribution of the welded joints. Characteristic defects in arc welded
Aluminium alloys are gas porosity, formation of oxide films, tungsten and other inclusions, hot and cold cracks, lack of fusion,
defects, cavities, etc. The majority of these problems can be solved and productivity can be increased by plasma welding
(Shchitsyn ans Shchitsyn, 2003). Litovoko (2008) presented a model in which charged particle beam is generated by an electric
and magnetic fields, and considering collision-less plasma for homogeneously distributed charged particles. Tyagi et al. (2011)
presented a model of metal cutting. The gas used to melt the metal was KSF6 based on the concept of velocity shear instability.

Plasma jet can be regarded as a multi functional fluid, since it has high enthalpy, chemical reactivity and is easily controllable. It
has been extensively utilized in the field of metallurgical and chemical processing, propulsion for space vehicles and MHD
generation. In these industrial applications, it is very important to control precisely the characterization of a plasma jet from both
micro and macro point of view. Nishiyama et al. (1992) investigated the effect of magnetic field on the thermo fluid characteristic
of heavy particles and plasma parameters such as plasma species number density and temperature in plasma jet.

The plasma generation by a coaxial plasma puff-gun using a double Langmuir probe and spectrometer has been studied by Shen
et al. (1995). Details of plasma parameters, i.e. change in voltage of energy storage capacitors which ranges from 1.5 to 4.0 KV,
the plasma electron temperature from 10 to 20 eV, the kinetic energy from 45 to 31 0 eV and the density from 5X10" to 7X10"
cm’ has also been discussed. An approximate solution has been obtained under the assumption of the snowplow model, and the
comparison of the predictions of the theory with our experimental results indicates general qualitative agreement.

The aim of this work was to find out the effect of magnetic field and electric fields on Debye length, temperature of ions, and
number of ions striking the probe, by using mathematical expressions and computer technique. Heat transfer from plasma to work
piece depends on many parameters. Temperature of ions, Debye length, and number of ions striking the probe are also some
important factors (Bychenkon and Silin, 1981). This study will be useful in understanding the heat transfer between plasma and
electrode and this phenomenon can be altered in an existing plasma welding machine by changing the electric and magnetic fields.

2. Working and model description

2.1 Working

The working principle of the model described here is similar to that indicated in Tyagi and Pandey (2011) in which plasma with
velocity shear instability is used to melt the metal to be welded. It should be noted that by forcing the plasma with velocity shear
instability through a constricted orifice, the torch transmits a high concentration of heat over a small area. Consequently, with high
performance welding equipment, the plasma process produces exceptionally high quality weld. Note that plasma gas is K+ and
SF6- ions. Also, note that the torch uses a secondary gas which can be argon, helium, etc, which assists in shielding the molten
weld puddle, thus minimizing oxidation of weld. Furthermore, a water/air recirculation is externally required for transferring heat
from torch to the atmosphere. The nozzle feeding the plasma should be gentle and constituent, that it provides for welding of thin
sheet, as well as fine wires. Such type of welding eliminates arc wander because there is no need to bias the electrode and the work
piece. This type of welding can be used for components like needles, wires, light bulb filaments, thermocouples, probes, surgical
instruments, die and mold repairs etc. (Henryk., 2011).

2.2 Model Description

The details of plasma production has been explained in (Tyagi et al., 2012) by using the KSF6 gas and potassium atoms (K) with
the help of velocity shear instability controlled by electric and magnetic field. High-velocity plasma sources have been
extensively applied in various fields of plasma physics, controlled thermonuclear fusion, plasma sputtering and plasma
interaction with solid materials. Several methods have been suggested for producing a directed plasma jet of high velocity. The
gun shown in Figure | is a coaxial plasma gun. The gun consists of plasma entrance nobe, inner and outer electrode, water
circulation for cooling of nozzle and weld pool etc. The inner and outer diameters of the cylindrical electrodes are 6 mm and 14
mm respectively, with the lengths 120 mm and 125 mm correspondingly. Both electrodes are made of graphite. The two auxiliary
spark plugs required to trigger the gun at the desired time are located 180" apart over the fast valve ports as shown in Figure 1. The
gas filling is continuously adjustable from 5 x 10* to 0.5 Pam’, the opening time of the valve ranges from 20 to 800 ps (Shen
et al., 1995).

The velocity of ions in plasma which contains Velocity Shear Instability is calculated with the help of real frequency of the
surface wave in plasma. With the help of velocity of ions, plasma parameters are calculated and the effect of electric and magnetic

field on plasma parameters will be discussed. We can calculate the group velocity (v) ((%o ” / 8k) with the help of real frequency
of surface wave (Tyagi et al., 2011).
Now the ion’s velocity v, (assuming it to be equal to the group velocity of wave, i.e. as Ow,. / Ok (Tyagi et al., 2012), and using

the expression for the real frequency W, of the wave incident on the work-piece surface according to equation (15) from (Tyagi et
al., 2011) can be written as:
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From this expression, a dimensionless, real frequency has been calculated by computer technique when b12 <4a,c, . Hence this
criterion gives a condition for the real frequency of wave with homogeneous DC electric field, considering the inhomogeneity,
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Now energy of ions converted to thermal energy is:

V =K, T =mvp>/2 )
er p=hpltimmvp

Where ¥, is the group velocity of waves/ions found out by equation (1) , m is the mass of ions, Kg is the Boltzman constant, T;

is the temperature of ions.

_ real frequency of waves
v,= . .
a

By Tse et al. (1999) Debye length, number of ions striking the probe are written as:
Ape= €T Jlen, 3)

Ape, is the Debye length of ion, 1 is the plasma density.

nyV, ev,
n =—"ex 4
probe 4 p(KbTe ) ( )
M probe > is the numbers of ions striking the probe per unit area per second

3. Result and Discussion

Numerical investigation with the help of mathematical formulation and computer technique by using experimental data such as
electric and magnetic field, density gradient, temperature anisotropy etc (Kim and Merlino, 2007) has been analyzed for equations

(1), (2), (3) and (4).The generated plasma have SFg ions in majority. In this section, we find the solution of equations (1), (2), (3),

(4) using parameters like magnetic field, density gradient, thermal velocities, temperature ratio etc. It is assumed that electron and
ion temperature ratio

T, . . . .
—% is 1 and magnetic field strengths are varying from 0.24 to 0.28 7, homogeneous DC electric field strength from 16 V/m
to 24 V/m, in which ion temperature anisotropy

T,; . . . . .
Ay =—L —1=10.5 with density gradient &g, p; =0.2, parallel velocity shear with scale length Ai =0.5.

i
The above selected values are experimental parameters which have been taken from Kim and Merlino (2007) and others
parameters are assumed and suitable for our calculations. The relation between number of ion-acoustic waves, temperature of ions,
Debye length, and electron heat flux is given by (Bychenkov and Silin, 1981) as:

26q, (mem;)"” 1
= i X, ln(kiDe )0d(cos —cosB, ) 5)

N(k)
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N(k) is number of ion waves, ¢, is heat flux, 7, is Debye length, @ is angle between the wave vector k and the heat flux,
6,=145".

The relation between heat flux and number of ions striking the target, temperature of ions/electron, ion acoustic wave velocity is
given by Bychenkov and Silin (981) as:

o2 0.5n kT v, (6)

Equations (5) and (6) show that heat flux in plasma welding increases by increasing the value of Debye length, temperature of
ions and number of ions/electrons on the working surface, which indicates that the above features are predominant parameters in
plasma welding. Figure 2 shows the variation of temperature of ions in K versus electric field in V/m. Other parameters are listed
in figure caption.
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Fig.2.Variation of temperature verses electric field and other parameters are

4,205, T/T;=1, 0,=885", 4r=0.5,6,p=02, k ,p,=2.

Temperature increase by the increase of electric field is because of the change in acceleration of ions and wave. The effect of
electric field is governed by the mathematical expression

ek,

m;

The temperature changes from 1X10* K to 5.02 X 10" K by changing the electric field 12F to 24V respectively. Figure 3. shows
the variation of Debye length in (mm) versus electric field in volts. Other parameters are defined in figure caption. The Debye
length has been increased by increasing the electric field. It changes from 2.5 X 10 mm to 5.5 X 10 mm by changing the electric
field from 12V to 24V, at a temperature of 5.02 X 10°K. Debye length is the ratio of thermal velocity of ions and gyro frequency of
ions. The thermal velocity is affected by temperature.
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Fig.3.Variation of Debye Length verses Electric field and other parameters are Ai =0.5, T/T; =1, 0 1= 88.5 0 , Ar=0.5, ¢,p;=0.2,
kip=2.
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In Figure 4, the number of ions striking the probe per second versus electric field has been shown and other parameters being
fixed are also shown in figure caption. The number of ions striking the probe has been increased by increasing the electric field. It
will change from 3.5 X 107 per second to 7.0 X 10* per second by changing the electric field from 12V to 24V. Figure (5), (6), (7)
shows variation of ion temperature, Debye length, number of ions striking the probe per unit area per second versus magnetic field
when varied from 0.1207 to 0.287. Maximum value of ion temperature, Debye length, number of ions striking the probe are 1.75
X 10° K, 2.25 X 10°mm, and 1.27 X 10 *® respectively when k 1Pp; =2, with other parameters being listed in figure caption. The

effect of magnetic field on temperature, Debye length and number of ions striking the probe per unit area per second has been
decreased by increasing the magnetic field.
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Fig.4.Variation of number of ions striking the probe verses Electric field and other parameters are 4,=0.5, T./T; =1, 0 ;=885
Ar=0.5,6,p702, k p,=2.
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Fig.5.Variation of temperature verses magnetic field and other parameters are 4 ;=0.5,T/T;=1, 8 7= 88.50 , Ar=0.5, ,p=0.2,

kip=2.

The plasma Debye length is experimentally found out by ( Paradkar et al., 2011) in which Debye length are in a range of 10 m,
when density of plasma varies from 10'%/cm’ to 10 /em®*. The value of Debye length calculated by mathematical formulation and
computer technique is also in the range of experimental values. The plasma temperature experimentally found by (Bourham and
Gilligan., 1996) in which temperature of plasma species varies from 8.8 X10° K to 1.4 X10°K, the density of plasma is 10%/m* The
value of temperature of plasma species calculated by mathematical formulation and computer technique is also in the range of
experimental values.



174 Tyagi et al./ International Journal of Engineering, Science and Technology, Vol. 3, No. 8, 2011, pp. 168-176

1.20E-05

1.00E-05 -

— E~16Vim
8.00E-06 -

6.00E-06 -
4.00E-06 -

2.00E-06 -

0.00E+00

—Debye Length (mm)

0 0.05 0.1 0.15 0.2 0.25 0.3

— Magnetic field (T)

Fig.6.Variation of Debye Length verses magnetic field and other parameters are 4,=0.5, T./T; =1, 0 1= 88.50

kip=2.

, Ar=1.5,¢6,p~0.2,

1.40E+26
1.20E+26
1.00E+26
8.00E+25

6.00E+25 -
4.00E425 | —* E/~16V/m

2.00E+25
0.00E+00

Work piece /sec

—No of Ions striking the

0 0.05 0.1 0.15 0.2 0.25 0.3

—Magnetic Field (T)

0

B
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4. Conclusions

This paper describes the mathematical model for plasma parameters. It shows the flexibility of using magnetic field and electric
field to control Debye length, temperature of ions, and number of ions striking the work-piece. This work illustrates the effect of
magnetic field and electric field on the number of ions striking the probe per unit area-second, by fixing the values of electron ion
temperature ratio, temperature anisotropy of ions, shear scale length and density gradient on ions temperature, Debye length has
been discussed separately. The results obtained will be useful for designing a new machine for plasma welding or to increase
efficiency of existing machine. With the help of the above study, one can use a single plasma welding machine for different
size/materials components by selecting appropriate plasma parameters.
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thankful to Mr. Afthab Arafath Azeez for his contributions to the paper.

Nomenclature

ki Wave number in the direction of magnetic field
k| Wave number in the direction of electric field
oy Thermal velocity in magnetic field direction

B, Magnitude of magnetic field (7)
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Q, Gyro frequency
I ;)= exp(—u )l ,(u,) where I,(u,) is modified Bessel function
T I, Temperature of ions in the direction of electric field
T‘ i Temperature of ions in the direction of magnetic field
4; Shear Scale length of ions
x Distance from origin
a Gyro-radius of plasma waves
Z(&) Plasma dispersion function
© =, +iy where @, =real frequency, y =growth rate
Ex) Magnitude of homogeneous DC electric field w.r.t distance x from origin
Ey, Magnitude of homogeneous DC electric field at origin
e Charge of species
m Mass of Species
k, Boltzmann constant
np Order of Bessel function
A Shear Scale Length of species
V 5(X) Velocity gradient

oX
e Log mean plasma density gradient
D, Gyro-radius of ions
n, (x) Plasma density function of distance
A, Temperature anisotropy
q Heat flux

e

Ay Debye Length

e
(2 Angle between the wave vector k and the heat flux
N(k) Number of ion waves
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