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Chapter 1

Introduction
1.1

Objectives of the project

The overall objective of this focused fundamental research project was to provide manufacturing industry with
combined experimental and theoretical models of the non-consumable arc welding processes (TIG, LASER-TIG and
PLASMA) as an alternative route to the empirical approach currently adopted in welding technology.
The purpose was to develop a fundamental understanding of the mechanisms by which the plasma and laser assisted
arc processes are governed in order to improve process performance, reduce defect levels and increase productivity.
For this aim, it has been necessary to develop a sound scientific understanding of a wide range of arc phenomena in
order to improve the decision making processes upon which parameter optimisation depends. This is particularly
important in respect of the chosen welding processes both of which involve large numbers of independent and
partially dependent operating parameters.
In the case of the Plasma process, trial and error methods have been proven ineffective, resulting in the under
utilisation of the process since its introduction in the mid 1960s.
The Laser Enhanced Tungsten Inert Gas process (LASER -TIG) is relatively new and appears to offer significant
technical benefits. A sound scientific understanding is therefore vital for the acceptance of this new process as well
as for the development of Plasma to its full industrial potential.
The project therefore included the following research tasks:
1. Development of experimental set-up’s for studying the effect of a focused laser beam on the TIG welding arc
by arc diagnostic methods like split-anode, high speed probe and photographical techniques. and LASER -TIG
Welding experiments.
2. Development of an understanding of the relationship between Plasma operating parameters in terms of
physical changes occurring in the welding arc and their relationship to variations in resultant weld pool
geometry and characteristics.
3. Provide experimental data for fundamental modelling of non-consumable welding arcs:
l
l
l

Arc temperature distributions.
Arc current density distributions.
Cathode behaviour and erosion processes.

4. Mathematical modelling of arc cathode processes, column behaviour, anode processes (incl. weld pool
behaviour), constriction and laser enhancement.
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1.2

Technical and scientific approach of the project

The approach adopted for the present study involved the integration of theoretical and experimental
expertise from different partners in order to develop a better insight into the structure and
behaviour of the non-consumable welding arc. The combined approach resulted in an evolutionary
development of the Plasma and Laser Enhanced welding processes, although complete integration
was difficult due to the complex nature of the mathematical descriptions required to model their
underlying physical structures. Results from the present study will be relevant to many welding
operations and should provide a core understanding for future studies of the more complicated
consumable processes. In detail, the approach was to combine the following specific objectives:
l

l

l

Modelling:
Critical for future development of welding processes is the development of a physical understandiing.
Because of the indeterminate nature of experimental data concerning welding arc behaviour,
the development of mathematical models based on first principles must deliver the basis of
the understanding process.
LASER-TIG welding:
Before starting to develop this new welding process to industrial applicability, one has to
evaluate the underlying physical mechanisms, because in the development stage, this process
has more parameters than any other. In addition, the operating parameter range of combined
laser-arc welding is narrow and far away from known TIG parameters. Contrary to these
difficulties for the process development, the parameter optimisation for a specific application
will then be much easier, because the TIG arc concentrated and stabilised by the laser, is no
longer strongly affected be the application parameters, e.g. arc length or surface state of the
workpieces to be joined.
Plasma welding:
The combined fundamental and applications based approach ensured that knowledge gained
concerning the basic physical mechanisms governing arc structure, stability, and behaviour,
was applied to welding process investigations and parameter optimisation.

The project has been conducted as an BRITE/EURAM II focused fundamental research project
due to the fundamental physics oriented approach necessary for the development of the modelling
and experimental framework. Whilst the programme had ultimate industrial relevance it was not
thought to produce data of direct practical benefit for direct competitive follow-up developments.
Industrial support will be of significant benefit in the subsequent pre-competitive development of
the Plasma and LASER-TIG process. An Industrial Research or similar project is required now!

Chapter 2

Management of the project
2.1

Role of the partners

As a focused fundamental programme, the project was formed by public institutions carring out the research work
and supported by endorsing industrial enterprises:
2.1.1

Institut fiir SchweiBtechnik, TU-Braunschweig, D (Ifs)

As project co-ordinator, the institute of welding was responsible for the organisational aspects of the project.
Within the research programme, the institute was responsible for the analysis of the interaction between a TIG-arc
and a focused laser beam. The major objective for the Ifs was to deliver the basic research knowledge needed for
the development of combined laser-arc welding processes for future industrial application.
Of the institute of welding two working groups were involved. The group dealing with arc welding and materials
testing and the working group of beam technology.
Compared to the original work programme, the experimental set-up was much more complicated than initially
assumed. Because of incompatibilities between the contract and the local accounting rules (5 year depreciation and
a 3 year project), all devices had to be self-made for non-scientific reasons.

2.1.2

Cranfield Institute of Technology, U.K.(CIT)

The role of Cranfield was to carry out basic research concerning the structure of non-consumable welding arcs, and
to develop the understanding of parametric interactions for the plasma arc welding process. This has been achieved
through the investigation of arc structures by means of spectral temperature measurements, the study of arc energy
losses and the development of the Plasma welding process for a number of potential industrial applications.

2.1.3

Institut fiir Theoretische Physik, TU-Braunschweig, D(ITP)

Main fields of research of the Institute of Theoretical Physics were the investigation of basic physical processes
in laser and arc material processing namely plasma effects, heat conduction, melt flow, evaporation, chemical
reactions, thermoelectric effects and stability behaviour.
In the first year of the project the fundamental equations have been set up. This has required extensive literature
work as well as the development of new physical models.
During the course of the project two numerical simulations have been made, the first of which was the PICPSSsimulation of the space-charge plasma sheath in front of a metal body. The second simulation was a FORSIMsimulation of the heat transfer to the workpiece by the welding arc, including the Joule heating and the electric
potential in the workpiece. Apart from the numerical simulations several analytic and semi-analytic models have
been developed, describing some of the important physical processes close to the electrodes in a welding arc. A
main success has been the prediction of lower limits for the laser power in the laser enhanced TIG process.
The work accomplished by the ITP remarkably deviates only in the modelling of the cathode erosion from the
original work programme. It has turned out that the actual physical process of cathode erosion is different from
the originally expected one. A new and to be further investigated theory of cathode erosion processes has been
developed in the course of the project.
7
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2.1.4

University of Essex, G.B.(Essex)

The contribution is from the Departments of Physics and Mathematics. Essex was jointly responsible for theoretical
developments and modelling of arc and weld pool behaviour together with the ITP of the TU Braunschweig.
Responsibilities included the development of the basic arc model, the examination of radiative transfer behaviour
and the modelling of the weld pool flow patterns. Results had to be correlated with experimental input from
Cranfield and the Institute of Welding at Braunschweig for comparison and model refinement.

2.1.5

The industrial endorsers of the project

This fundamental research project was focused on delivering a basis for a follow-up industrial research project.
Therefore, some endorsing industrial companies (all of them were SME’s) were involved into the steering of the
research work and supported the programme:
1. A LFA LASERTECHNIK GmbH, Braunschweig, D
The experimental set-up developed by the Ifs in the second half of the project was located in the IfS-Laserlab
located at the site of ALFA and significant support came from this company.
2. Focus CONTROL GmbH, Braunschweig, D

As a small company working in the field of high-precision material treatment by focused laser beam, FOCUS
CONTROL gave know-how support to the H’S developing the basic LASER-TIG welding set-up’s.
3. T ECNIROB S.A., Amadora, P

As a small company developing welding automation systems, the company has supported the automation
aspects of the project.
4. DINSE SCHWEISSWERKZEUGE GmbH, Hamburg, D

As a leading manufacturer of welding torches for gas metal arc (MIG/MAG), the company supported the
research work in order to allow a later extension of the work to consumable laser-arc welding.
5. M IGATRONIC , DK and ESS Schweilltechnik, D

As leading TIG power source manufacturers, these companies provided the Ifs with the power sources needed
for the experiments.

2.2

Management conclusions

The study has been carried out in accordance with the initial project specification. All subject areas indicated
in the technical work programme have therefore been addressed, although some areas have received additional
consideration whilst others were only briefly examined due to limited technical feasibility.
Some problems were encountered with the recruitment of suitable personnel at the start of the project, because
the start was delayed for administrational reasons. This led to delays, particularly to the fundamental aspects of
the programme. Existing personnel had to be utilised to undertake some of the applications based subtasks in the
early stages of the project, to ensure that the overall manpower expenditure remained approximately on schedule
throughout this study (see table 2.1).
Incompatibilities between the university and CEC accounting principles led to major problems building the
experimental set-up’s: The needed durable equipment could not be bought, because a five year depreciation and
a three year project are incompatible for public research organisations, which are only allowed to buy equipment
when the funding is 100% secured.
Close and regular contacts were maintained between the theoretical and experimental partners. This was facilitated
by the structure of the partnership and the work programme.
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Chapter 3

Physics of the TIG and Plasma arc
welding processes
3.1 Introduction
The arc discharge is a familiar sight in many industrial environments, ranging from large fabrication companies to
small repair shops, where arc welding has been employed in various forms since the early part of this century. Due
to the widespread familiarity and relative ease of many arc welding applications, it is not often appreciated that
the science associated with the arc is intensely complex, involving some of the most extreme physical conditions
found anywhere in the universe.
Before discussing the contributions made by the present study to the overall understanding in this field, an
introduction to the physics of the electric arc is given.

3.1.1 The TIG Arc
The present study has concentrated on the examination and analysis of variants of the short, point-plane TIG
welding arc. Figure 3.1 clearly illustrates the non-consumable pointed rod cathode, the electrically conducting,
bell shaped gaseous plasma and the planar anode (workpiece).
The arc may be subdivided into a number of arbitrary regions characterised by different physical conditions and
behaviour. The simplest form of subdivision is illustrated schematically in figure 3.2. The central column forms
the luminous, visible portion of the arc. This may be regarded as a plasma, i.e, there are sufficient negatively and
positively charged particles per unit volume and the number densities are approximately equal (no space charge).
The plasma column is a hot, gaseous electrical conductor. It is well known that a flowing current produces an
associated magnetic field. Due to the relatively high currents involved in the majority of arc welding applications
the plasma column may often be regarded as an electromagnetically driven jet whose behaviour is modified by
viscous and buoyancy terms. The electromagnetic force acts from a region of high current density to a region of
low current density, it is therefore evident from figure 3.2 that an arc is essentially a combination of two opposing
jets, with the cathode jet dominating due to the greater current density in the region of electron emission. These
opposing jets account for the characteristic bell shape of the TIG welding arc.
A further property of any free burning arc is its tendency to entrain matter. The arc draws in cold gas from the
region close to the cathode, heats it to a high temperature and transports the energetic particles toward the anode.
Additional energy is transported from the cathode to the anode due to the flow of electrons. Electrons require
energy to leave the cathode (the work function) and gain additional thermal energy in the plasma column. Further
kinetic energy is imparted on falling through the potential field adjacent to the anode surface. The majority of the
electrons energy is liberated when the electron enters the anode. In practice, electronic heating typically accounts
for over 50% of the total energy transfer to the anode. In addition to the gas convective (enthalpic) and electronic
contributions, energy is also transferred to the workpiece by conductive and radiative means, although these terms
are relatively small by comparison.
The cathode region is extremely small, extending about a micron from the electrode surface and may be regarded
as the source of the jet like plasma column. It is characterised by a high current density, large electric field and a
positive space charge (a greater number of positively charged ions than electrons). Remarkably, the cathode fall
region adjoining the plasma column also has an enormous thermal gradient. Few particle collisions occur in this
10
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Figure 3.1: Photograph of a lOOA, 5mm long argon TIG arc
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Figure 3.3: Illustration of fluid flow on weld pool shape: (a) positive surface tension gradient and/or
electromagnetically driven flow (b) negative surface tension gradient and/or stirred weld pool [44]
region, hence, the arc is able to sustain a core temperature close to 20,OOOK a few microns away from the cathode
tip whose melting temperature is only 3,650K.
Due to the source like nature of the cathode region, small changes in physical conditions can have a disproportionate
influence on the structure of the plasma column and subsequent conditions at the anode. Such changes may occur
due to movement of the arc root on the cathode surface, electrode erosion, a change in electron emission behaviour,
or fluctuations in the flow of the cooler shielding gas in the outer boundaries of the arc where mass entrainment
occurs. These random variations result in the propagation of arc instabilities.
The anode fall region is similar in extent to the cathode zone; viz, around a micron. Physical conditions and energy
transport mechanisms in this region are poorly understood at the present time. However, it is known that the
welding behaviour of the TIG arc can be significantly affected by the composition of the plasma in this region,
where high concentrations of volatile elements may be found. These are generally liberated from the weld pool
or filler material and tend to be the dominant ionic species close to the anode surface due to their low ionisation
potential (compared with that of the shielding gas). The structure of the arc in the anode fall region determines to
a significant degree the efficiency of energy transfer to the workpiece and hence, the shape and size of the resultant
weld pool.
3.1.2

The Weld Pool

The TIG arc can be regarded as a heat source which, for the purposes of welding, may be employed to melt a
controlled volume of metallic material. The behaviour of the target material is highly complex and depends on the
material composition, homogeneity, temperature distribution, heating and cooling cycles, and convective motion.
Some of these factors may be influenced by the choice of welding parameters, either through a change in the power
density distribution or pressure distribution at the anode surface.
Fluid motion in the weld pool may significantly alter the shape and the properties of the resultant weld. Figure 3.3
illustrates the influence of the surface tension on fluid flow for positive and negative gradients (a and b respectively).
Surface tension or ‘Marangoni’ flow is strongly influenced by the composition of the material, particularly with
respect to minor elements. Changes of a few parts per million of certain components can lead to a change of sign
of the surface tension gradient, and hence a variation of the weld pool shape. This factor is also influenced by the
temperature distribution at the weld pool surface and therefore by the structure of the welding arc. At currents
above about lOOA, electromagnetically induced fluid flow tends to dominate weld pool convection and an inward
toroidal flow ensues (similar to figure 3.3a), resulting in a narrow, deep weld pool. Under some circumstances, pool
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Figure 3.4: Keyhole formation with the plasma welding process [44]
instabilities may arise; these can be overcome by the application of an axial magnetic field which results in weld
pool stirring and the formation of a wide shallow weld pool (similar to figure 3.3b).
When high power densities are combined with high arc pressures, keyhole conditions may occur whereby the arc
penetrates the workpiece (figure 3.4). The pressure of the arc plasma maintains the keyhole against the surface
tension forces acting to close the hole. Fluid flow is additionally complicated by the three dimensional distribution
of current entering the pool surface and the resultant electromagnetically induced flow.

3.1.3

The Plasma and Laser Enhanced TIG Processes

Although very different in their characteristics and applications, the principle physical justification for both the
Plasma and Laser Enhanced arc welding processes is identical. The jet like structure of the arc column has already
been noted. It has been found during industrial applications that the TIG arc may exhibit instabilities for a variety
of reasons. The Plasma and Laser Enhanced process variants both provide an additional constraint to the arc.
Mathematically, these processes introduce additional boundary conditions on the equations describing the arc’s
structure. However, even for the simplest magneto- hydrodynamic description of the arc, no analytical solutions
exist which describe the free burning TIG arc. Additional boundary conditions complicate such a description
further and numerical solutions must often be sought.
The advantages of the Plasma and Laser Enhanced processes lie with the improved stability and process flexibility
introduced with the additional boundary conditions. However, these must be offset by the increased number of
operating variables and the consequent difficulties which arise with process optimisation.
The basic features and nomenclature of the Plasma process are illustrated in figure 3.5. The plasma process may be
regarded as a constricted TIG process, where the physical constriction acts to prevent radial expansion of the arc
close to the point of generation. This reduces the arc radius and increases the core temperature and velocity. The
addition of a second, plasma forming gas provides control over the enthalpy flow and acts to suppress instabilities
due to buoyancy. Plasma arcs may therefore operate in a stable manner at very low currents (less than 1A) as well
as at high currents (greater than 1,OOOA) and at all values in between.
The Laser Enhanced TIG process offers a different solution to the stability and control problem; this variant is
illustrated in figure 3.6. The physical phenomena are discussed in chapter 4, the technological phenomena in
chapter 6.
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region, hence, the arc is able to sustain a core temperature close to 20,OOOK a few microns away from the cathode
tip whose melting temperature is only 3,650K.
Due to the source like nature of the cathode region, small changes in physical conditions can have a disproportionate
influence on the structure of the plasma column and subsequent conditions at the anode. Such changes may occur
due to movement of the arc root on the cathode surface, electrode erosion, a change in electron emission behaviour,
or fluctuations in the flow of the cooler shielding gas in the outer boundaries of the arc where mass entrainment
occurs. These random variations result in the propagation of arc instabilities.
The anode fall region is similar in extent to the cathode zone; viz, around a micron. Physical conditions and energy
transport mechanisms in this region are poorly understood at the present time. However, it is known that the
welding behaviour of the TIG arc can be significantly affected by the composition of the plasma in this region,
where high concentrations of volatile elements may be found. These are generally liberated from the weld pool
or filler material and tend to be the dominant ionic species close to the anode surface due to their low ionisation
potential (compared with that of the shielding gas). The structure of the arc in the anode fall region determines to
a significant degree the efficiency of energy transfer to the workpiece and hence, the shape and size of the resultant
weld pool.
3.1.2

The Weld Pool

The TIG arc can be regarded as a heat source which, for the purposes of welding, may be employed to melt a
controlled volume of metallic material. The behaviour of the target material is highly complex and depends on the
material composition, homogeneity, temperature distribution, heating and cooling cycles, and convective motion.
Some of these factors may be influenced by the choice of welding parameters, either through a change in the power
density distribution or pressure distribution at the anode surface.
Fluid motion in the weld pool may significantly alter the shape and the properties of the resultant weld. Figure 3.3
illustrates the influence of the surface tension on fluid flow for positive and negative gradients (a and b respectively).
Surface tension or ‘Marangoni’ flow is strongly influenced by the composition of the material, particularly with
respect to minor elements. Changes of a few parts per million of certain components can lead to a change of sign
of the surface tension gradient, and hence a variation of the weld pool shape. This factor is also influenced by the
temperature distribution at the weld pool surface and therefore by the structure of the welding arc. At currents
above about lOOA, electromagnetically induced fluid flow tends to dominate weld pool convection and an inward
toroidal flow ensues (similar to figure 3.3a), resulting in a narrow, deep weld pool. Under some circumstances, pool
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instabilities may arise; these can be overcome by the application of an axial magnetic field which results in weld
pool stirring and the formation of a wide shallow weld pool (similar to figure 3.3b).
When high power densities are combined with high arc pressures, keyhole conditions may occur whereby the arc
penetrates the workpiece (figure 3.4). The pressure of the arc plasma maintains the keyhole against the surface
tension forces acting to close the hole. Fluid flow is additionally complicated by the three dimensional distribution
of current entering the pool surface and the resultant electromagnetically induced flow.

3.1.3

The Plasma and Laser Enhanced TIG Processes

Although very different in their characteristics and applications, the principle physical justification for both the
Plasma and Laser Enhanced arc welding processes is identical. The jet like structure of the arc column has already
been noted. It has been found during industrial applications that the TIG arc may exhibit instabilities for a variety
of reasons. The Plasma and Laser Enhanced process variants both provide an additional constraint to the arc.
Mathematically, these processes introduce additional boundary conditions on the equations describing the arc’s
structure. However, even for the simplest magneto- hydrodynamic description of the arc, no analytical solutions
exist which describe the free burning TIG arc. Additional boundary conditions complicate such a description
further and numerical solutions must often be sought.
The advantages of the Plasma and Laser Enhanced processes lie with the improved stability and process flexibility
introduced with the additional boundary conditions. However, these must be offset by the increased number of
operating variables and the consequent difficulties which arise with process optimisation.
The basic features and nomenclature of the Plasma process are illustrated in figure 3.5. The plasma process may be
regarded as a constricted TIG process, where the physical constriction acts to prevent radial expansion of the arc
close to the point of generation. This reduces the arc radius and increases the core temperature and velocity. The
addition of a second, plasma forming gas provides control over the enthalpy flow and acts to suppress instabilities
due to buoyancy. Plasma arcs may therefore operate in a stable manner at very low currents (less than 1A) as well
as at high currents (greater than 1,OOOA) and at all values in between.
The Laser Enhanced TIG process offers a different solution to the stability and control problem; this variant is
illustrated in figure 3.6. The physical phenomena are discussed in chapter 4, the technological phenomena in
chapter 6.
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3.2. ARC CATHODE PROCESSES

3.2 Arc cathode processes
3.2.1 Experimental observations
In order to analyse the optimum cathode material selection and the cathode lifetime limiting erosion, the mass loss
ratio of electrodes made by tungsten or tungsten alloyed with LasOs, ZrOs and ThOs was determined (figure 3.7
and table 3.1).

Figure 3.7: Total mass loss at the cathode
by erosion for different electrode materials,
plotted against the total welding time (DCwelding current 100A).

Electrode
materials
Pure W
W + 2% ZrOr
W + 4% ThOs
W + 2% ThOs
W + 3% ThOz
W + 2% La203

work function
K!
unknown
m2.63
~2.63
2.63
2.1

erosion rate

ngl As
7.8
5.2
2.9
2.4
1.5
1.1

m-ignition
behaviour
very poor
poor
good
very good
good

Table 3.1: Measured electrode material erosion rates (2.4mm
Electrodes, 20’ tip angle, 2.5mm 1OOA DCEN Argon TIG arc).

For getting an idea of the cathode operation mode, the morphological changes of electrode tips due to arcing were
determined by SEM (figure 3.8) and EDX. Additionally the ignition behaviour and long term operation of different
electrode materials was measured (table 3.1).
As a conclusion, the activated electrodes were found to cause lower electrode erosion and better ignition probability
of the welding arc. The best properties were displayed by WThOs (3%)- and WLasOs- electrodes. The working
duration of such electrodes is limited by formation of a rim at the tip, restricting the active emission area and thus
increasing the stress at the tip. For the rim formation, two possible interpretations were found:
1. Due to enhanced electron emission by additives the operating temperatures are lower and the volume of the
molten electrode metal is smaller. This metal is pushed upwards from the zone of highest temperature to the
zone of lower temperature at the periphery of the cathode. There it solidifies and formed the rim.
2. Evaporated tungsten diffuses out of the active tip region and is deposited in the rim region, because there
the ablation/deposition balance changes to net deposition due to the absense of the cathode plasma heating.
Compared to that of vacuum arcs (the only field were data was available), the absolute values of the erosion rates
are very small. This can be explained by a recycling process in the cathode plasma: Evaporated cathode material
is ionised and transported back to the surface by the electric field of the cathode fall (see also section 3.2.2).
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Figure 3.8: SEM pictures of the different welding cathodes (arc current:lOOA, working time: 45min, electrode
diameter: 2.4mm).
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3.2.2 Erosion Processes and Cathode Modes
The phenomenological appearance of arcs is often used as criterion to classify different types and modes of arc
operation, since the basic processes underlying these modes are not yet fully understood. One of the main criteria
is the erosion structure on the cathode surface left after arcing together with the erosion rate.
Arcs can roughly be divided into two groups, namely stationary and non-stationary modes. In non-stationary
modes the electrons are emitted by a co-operation of explosive processes and Thermo-Field emission. Nonstationary modes are characterized by instabilites and high-frequency voltage noise on the arc voltage. In stationary
modes the cathode electron emission is thermionic or field-enhanced thermionic emission which permits only current
densities up to 10s A/m2. Higher current densities are connected with locally very high energy dissipation leading
to microexplosions and destruction of the small emitting area.
The SEM pictures of welding cathodes show that their surface is heavily destroyed. A possible explanation is that
these destructions are the result of cathode spot moving with high speed over the cathode surface. This would lead
to the conclusion that welding cathodes operate in a nonstationary mode.
Contradictory to that are the measurements of the erosion rate at welding cathodes. The low rates for activated
cathodes lead to the conclusion that welding cathodes operate in thermionic spot mode at high pressure, which is
a stationary mode. There are two possible explanations for the contradictory results:
l

The arc mode is non-stationary. Around the cathode spots there is an intense backflow of ionized material
to the cathode, which reduces the effective erosion rate.

l

The arc mode is stationary. The activator material (e.g. Thorium) in welding cathodes are evaporated
preferably due to their lower boiling temperature compared to tungsten. This would increase the erosion rate
only slightly but could explain the irregularly shaped surface of the welding cathodes. Since the activator
material lowers the workfunction of the cathode, the electron emission mechanism becomes more effective
and the cathode can operate at a lower temperature, so that the erosion rate is even reduced compared to
pure tungsten cathodes.

It is most probable that the second explanation is the correct one. This is due to the fact that the temperature
of the cathode is known to be very high (at least in the case of the non-activated tungsten cathode) so that the
electron emission is field-enhanced thermionic emission. But to decide in lest consequence in which mode the
arc operates, is only possible by additional experimental information. For example measurements of the arc noise
voltage would give important informations.
Knowledge about the mode of arc operation is essential for the understanding and mathematical modelling of the
whole arc. The Energy balance and therefore the heat input into welding electrode and workpiece are largely
affected by the cathodic mechanism.

3.2.3 Electron-Emission and Nottingham-Effect
3.2.3.1

The Electron Emission Current

Cathode phenomena are dominated by the electron emission mechanism. The emission mechanisms are
1. Thermionic Emission due to high cathode surface temperatures,
2. Field Emission due to strong electric fields at the cathode surface, but only moderate surface temperature
and
3. Thermo-Field Emission due to high temperatures a& strong electric fields.
The thermionic emission can be described analytically via the Richardson-equation

[ 1c,

j, =A,T:exp -&

where A, = 4rr$me M 1.073. lo6 m2A-‘K’2. In the case of field and thermo-field emission there exist no simple
analytical expressions to calculate the electron emission density from the cathode surface in the entire range of
field, temperature and work function. Instead the emission current has to be calculated by numerically sol&g a
two-dimensional integral proposed by Murphy and Good [48]:
co E
hj (Fe, Z, h) = e *

JJ

-0. -a0

NE (TA de, E) * Dw (Fe, w) dW(=,

(3.2)
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where T, is the cathode surface temperature, Fc the electric field at the cathode surface, & the workfunction and
QC the crystal potential of the cathode material, that usually can be neglected and set to infinity. Dw is the
tunneling probability of an electron through the potential wall in front of the cathode caused by the electric field,
and NW is the supply function describing the number of electrons running against the potential wall per unit time
and unit area. Both are complicated functions of their arguments and can be found in [48].

lg F [V/m]
00
Figure 3.9: Logarithm of the electron emission-current density from a tungsten-cathode
(4 = 4.5 eV) an d i ts dependence on electric field and cathode surface temperature. It can
be clearly seen that the thermo-field emission cannot be described as the sum of thermionic
and field emission.
Figure 3.9 shows the electron emission current of a tungsten cathode (& = 4.5 eV) is dependent on the cathode
temperature and the electric field in front of the cathode.
This is a result from a developed fit-formula for the field emission, see [571 for details.
3.2.3.2 The Nottingham-Effect
Another very important process is the cooling and heating of the cathode surface due to the electron emission,
called the Nottingham-Eflect [52, 701. Because the electrons can tunnel through the near-cathode potential wall,
the average energy of the emitted electrons can either be less (=+ heating) or greater (=+ cooling) than the average
energy of the electrons inside the cathode. Because conduction processes always occur near the fermi-level -El,
one can approximately set the average energy of the electrons which replace the emitted ones equal to the work
function I&. The heat flux at the cathode surface due to the electron emission is therefore given by
QN = -+ -

((E) + &)

(3.3)

The cathode is heated if QN > 0 and cooled if QN < 0.
The average kinetic energy of the emitted electrons can be calculated using the first moment of the normalized
energy distribution function of the electron emission process:

(E) (Fe, T,, 6) =

ja

(Fc,eTc,

4c) -

7 ]E-0.

NE

CT,, de, E) * Dw (Fe, W) &V&T.

-aa

The cooling of a tungsten cathode due to the emission of a single electron is shown in figure 3.10. There can be
seen that the cathode is cooled at high temperatures and low fields, whereas it is heated for strong electric fields
and low temperatures. The order of the cooling per emitted electron is some electron volts, for pure thermionic
emission it can be shown that qp ‘- = -2kT, - I&, see [571 for details.
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Figure 3.10: The cooling ((E) - El > 0) and heating ((E) - Et < 0) of a tungsten cathode
(& = 4.5 eV) per emitted electron in eV (Nottingham-Effekt)
3.2.4 S h e a t h T h e o r y
Furthermore, a sheath theory has been developed which integrates in a self-consistent way the space-charge sheath
in front of an electron-emitting electrode. According to the results of a PICPSS-simulation (see [75]), simplifying
assumptions can be made allowing to a great extent for an analytical treatment. This theory has been described in
detail in Report 4. It has turned out that for most cases of practical interest the approximative Mackeown-Equation
(3.5)
may be used. If the maximum electron temperature is lower than approx. 5 eV, the Mackeown-approximation for
the electric field and the electron current is very good, although the ion-current can become up to 50% too low.
Because the electron emission current is the most important sheath current, equation (3.5) is a sufficiently good
approximation of the sheath equations and therefore it will be used in the following calculations to make their
results independent from the plasma properties.

3.2.5

The Heat Flux at the Cathode Surface

The four most important heating and cooling mechanisms at the cathode surface are Nottingham-effect QN, ioncurrent to the surface qi, evaporation cooling qsU and radiation cooling qr.
When using the Mackeown-equation (3.5) to determine the electric field, the resulting heat flux at the cathode
surface
Qtot = !?N + qi+ qeu + qr
(3.6)
can be expressed as a function of only two parameters: The total current density jtot and the cathode temperature
Te.
The heat flux at the surface of a tungsten-cathode is shown in fig. 3.11. For a given total current density, the heat
flux is positive, i.e. the cathode is healed, if the surface temperature is below an inversion-temperature TiI:. It is
zero at Tc = Ti and becomes negative (strong surface cooling) for T, > Ti. Therefore the heat j?ux is a stabilization
mechanism for the cathode surface temperature.

From fig. 3.12 follows that the inversion temperature strongly depends from the cathode material work function.
For a work-function of 4.5 eV (pure tungsten) the inversion-temperature is higher than the melting temperature
of tungsten (Tm = 3680 K), so it can be stated that a pure tungsten cathode will melt at its tip.
By contrast, if activated tungsten (i.e. W + 2%LazOs, work function 2.1 eV or W + 2%ThOz, work function 2.63
eV) is used as cathode material, it clearly follows from fig. 3.12 that the heat flux will effectively cool down the
cathode surface temperature far below the melting temperature.
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Figure 3.11: The resulting heat flux at the cathode surface for a tungsten-cathode and its
dependence on the cathode surface temperature and the total current density (a,, = -15 V,
z = 1).

The above conclusion from a theoretical investigation is well confirmed by the experimental result that pure tungsten
cathodes quickly melt up at the cathode tip, whereas activated tungsten cathodes do not show any extended melted
regions at operation.

3.2.6 Cathode Spots
Often it can be observed that the electron emission current is not emitted homogeneously from the entire cathode
surface as it would be the case in the thermionic operation mode of the cathode. It rather can be observed that
the entire electron current is fed into the arc at a single or only a few cathode spots. These spots are very small
emission regions (only a few micrometer in diameter) living only a few nanoseconds. Because nearly the entire arc
current is emitted from a single spot, the current densities within a spot can reach values up to 1012 A/m2. The
heat input into such a spot via joule heating locally erodes the cathode surface and leaves a crater at the surface
after the spot has become extinct (see fig. 3.13). Even though the temperatures reached within a spot are very
high, the global cathode temperature remains rather low.
3.2.6.1 Cathode Spot Formation
The cathode spot formation can be understood by the following model (see fig. 3.14):
A small microinhomogeneity (diameter less than about 1 pm) at the cathode surface enhances the electric field
of the arc to values up to log V/m, so that field electron emission can occur. The field emission heats up the
microinhomogeneity by the mechanisms of Jou&heating and Nottingham-effect, and the emission process changes
to thermo-field emission. Finally the microinhomogeneity explodes thermionically and forms a plasma ball. In
the electric field of the sheath the ions are accelerated towards the cathode, and this plasma pressure results in
tangential ejection of the melted material, finally forming the crater structure. After most part of the plasma bulk
has been transported back to the cathode, the ion density at the sheath-edge decreases and so the electric field
at the spot surface decreases rapidly. If the ion-density at the sheath-edge decreases below a critical value, the
electric field at the surface becomes too low to inject the necessary electron current into the arc (see section 3.2.4).
At this point the cathode spot becomes extinct, and a new spot develops at a nearby microinhomogeneity.
3.2.6.2 The Cathode Spot Model
Time-dependent development of a cathode spot has been modeled in order to estimate the crater end radius and
spot lifetime for different cathode materials. The model is sketched in fig. 3.15. It is l-dimensional and considers
Joule heating, heat conduction and melt-ejection within the cathode as well aa electron emission, ion current,
evaporation and sheath formation at the cathode surface (see [40] for details).
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Figure 3.12: The inversion temperature of the surface heat flux for different total current
densities ($, = -15 V, 2 = 1 and tungsten-ions).

Starting the calculation with an initial crater radius that is much less than the end crater radius and stopping
the calculation when the plasma bulk has dissipated, the resulting crater end radius and spot lifetimes are in very
good agreement with experimental results obtained for copper (fig. 3.16) an dmolybdeneum cathodes (not shown).
The results for pure tungsten cathodes for which no experimental results exists within the literature, are given in
fig. 3.17.
Calculating the spot end temperatures, one recognizes a very strong dependency of the end temperature from the
work function of the cathode material (see fig. 3.18). For pure tungsten cathodes, the end temperature is far above
the melting temperature of tungsten, so that it can be stated in agreement with section 3.2.5 that pure tungsten
cathodes will rather operate in the thermionic mode than in the spot mode. By contrast, the spot end temperature
for activated tungsten cathodes is far below the melting temperature. So these cathodes are able to operate in the
spot mode and do not show globally melted regions even after a long operation time, as long as the influence of
the activation material on the melting temperature is negligible.
Furthermore, these calculations can predict the maximum workfunction of an activated tungsten cathode necessary
to force the cathode into the spot operation mode if the influence of the activation material on the melting
temperature is neglected (see fig. 3.19).
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Figure 3.13: Remains of cathode spots on a cadmium-cathode (from: [14]).
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Figure 3.14: The development of a cathode spot (from: [471.)
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3.3 The arc column
3.3.1 Spectroscopical analysis
Many groups have measured argon TIG arc temperatures using relative or absolute intensities of emission lines.
Although it is difficult to compare results due to the wide variety of different arc parameters used in the experiments,
there has clearly been considerable disagreement. For example, Key [39] obtained a temperature of lO,OOOK, lmm
from the anode, on the axis of a 2mm, 300A arc. Haddad [31] measured a temperature of over 22,OOOK for the
same position in a 200A arc of the same length.
Up to now only those groups using the ‘Fowler-Milne’ spectroscopic technique have obtained consistent results
[31, 53, 54, 331. Calculations of temperature profiles by these authors have involved the measurement of relative
emission intensities with the 696.5nm line of neutral argon. This emission line was selected because it is unaffected
by other neutral and ionic argon lines, and is believed to be free from self-absorption [43]. Agreement between
authors that have used the ‘two line’ [39], ‘multiple line’ [61] and ‘absolute line’ [62] intensity methods has been
poor. Despite the lack of agreement in the results from spectroscopic measurements, no other technique currently
available can obtain the same range of temperatures with such potential accuracy. It is important to determine
which, if any, of these spectroscopic methods gives the correct values and to explain why these differences have
occurred.
3.3.1.1 Experimental Details
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Figure 3.20: Schematic diagram of the experimental appartus.
Figure 3.20 gives a schematic view of the experimental apparatus. A DC arc is struck between a tungsten cathode
and a copper anode. The cathode is a 3.2mm diameter, 2% thoriated tungsten rod, ground to a 30” included angle
and truncated to a 0.2mm flat tip. The anode is a 40mm diameter oxygen free copper disk held in a water cooled
copper block. The copper disk does not melt while the arc is running. The arc is struck at atmospheric pressure
within a steel chamber filled with high purity argon (99.998% argon). The chamber is evacuated before it is filled
with argon to minimise the concentration of atmospheric contaminants. The use of high purity argon is found to
be essential to keep electrode erosion to a minimum and the arc stable during the experiments.
Light from the arc passes through a sapphire window in the chamber wall and is imaged at a 1:l ratio on to a 50pm
diameter pinhole. Light from the pinhole is collected by a second lens and imaged on to the diffraction grating of
a monochromator. The monochromator has a lm focal length and a diffraction grating with 1200 grooves/mm.
At 600nm with a reciprocal linear dispersion of O.gnm/mm for first order images, the monochromator gives a
bandpass of 0.016nm with an exit slit width of 20pm. The signal received by a photomultiplier at the exit slit of
the monochromator can be integrated from lms to lOs, to improve the signal-to-noise ratio and signal stability.
Control of the monochromator and data storage are carried out via a desktop computer.
A diaphragm limits the acceptance cone of the collecting lens to f.20. The second lens matches light from the
pinhole to the f.8 monochromator, filling the diffraction grating and giving the maximum possible resolution of
the instrument. With a 5Opm entrance slit to allow all the light from the pinhole to enter and a wide exit slit
to measure the intensity of a complete emission line, the system is used to acquire an intensity profile of the arc.
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With narrow entrance and exit slits, high resolution wavelength scans are carried out for small well defined regions
of the arc.
The TIG torch and water cooled anode are mounted on a motorised table that translates them in the horizontal
direction. The table may be moved in the vertical direction to select a position between the copper anode and the
tungsten electrode for the horizontal scan. The torch body is mounted on a third axis to allow touch striking of the
arc and to select an arc length. The sxes are operated through the computer used to control the monochromator.
The minimum step size of the axes is lpm.
A typical sequence for data collection is to select a vertical position and scan horizontally across the arc. The
intensity of radiation from a wavelength band encompassing an entire spectral line is measured at 100 separate
positions. The distance between each measurement is varied depending on the diameter of the arc at the vertical
position. Typical distances are 50pm near the tungsten electrode and 150pm near the anode. The intensity data
is corrected for the influence of the underlying continuum radiation by subtracting the results of a scan made in
an adjacent wavelength band containing no spectral lines. A number of separate readings are recorded at each
position, their average and standard deviation calculated, to allow measurements taken during brief fluctuations
of the arc position to be rejected. Each horizontal scan, of line and continuum measurements takes approximately
thirty minutes. Twenty such scans are taken at different vertical positions in the arc to build up a complete map.
A freshly ground tungsten is used for each scan to ensure that erosion of the tip does not change the arc shape
during the course of the measurements.
3.3.1.2 Data Inversion
Measurements are made of integrated chordal intensities. The Abel inversion process is used to convert the
measured intensity profile of the arc into a radial distribution of the emission coefficient. For a rotationally
symmetric, optically-thin plasma, the integrated chordal intensity I(z), can be related to the radial distribution of
the emission coefficient c(r), by an integral equation:

where R is the radius of the arc from the axis to the fringe. This equation can be inverted analytically to give:
,(,,=-;

R
d1(
x
)
da
:
r,/Z7dx
J
1

(3.8)

Care is required when solving this equation numerically, as computing the derivative of the intensity data I(x),
greatly amplifies any noise present. The earliest methods, proposed by Nestor [28] and Bock&en [37], fit a low
order polynomial to small sections of the data before differentiating. It is found that the level of noise on the
intensity data makes the use of these methods impractical.
An improved version of this method developed by Barr [42], and Cremers [34], uses a slightly different form of the
solution for the integral equation (3.7):

(3.9)
A low order polynomial is still fitted to small sections of the data, but now the integration is performed before the
differentiation, this acts to further smooth the data. This technique is found to give acceptable noise amplification
for the data. The method is quick and simple to implement on a desktop computer.
It is difficult to calculate the exact size of the errors on the inverted data, although it is possible to make an order
of magnitude estimate. Having obtained a complete intensity profile of the arc, there are two sets of data for
inversion, one for each half of the arc. The areas under the two halves of the intensity profile should be equal as
the integral equation only applies to a symmetric arc. After inversion of the two data sets, the emission coefficients
calculated at the axis of the arc should agree. Any differences in the two coefficients arise from asymmetry in the
intensity profile and noise amplification in the inversion procedure.
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3.3.1.3

Calculation of Temperatures

The emission coefficient is given by:
(3.10)
where, niu is the population density of the species i in the excited state u. vu1 is the frequency of the photons
emitted from the transition from the upper level u, to the lower level 1. A,1 is the corresponding transition
probability.
The measurement of c,,l gives only the population of the upper level of the transition. To determine a temperature,
a Boltzmann distribution is assumed to hold for the excited states:
(3.11)
where, Eiu is the energy of the upper excited state. ni is the concentration of the species. Zi is the partition
function calculated at T,, and giu is the statistical weight of the upper excited state. This equation may be written
more simply as:
(3.12)
where K is a constant depending only on the atomic properties of the radiating atom.
At some temperature, called the ‘normal temperature’ T,., 1531, this function passes through a maximumvalue, where
the increase due the exponential factor is balanced by the reduction in ni(T) due to expansion and ionisation of the
gas. Provided the axial temperature in the arc exceeds the normal temperature, there will be an off-axis maximum
in the radial emission coefficient c(f), with a minimum on the arc axis.
Assuming LTE in the arc it is possible to obtain a theoretical curve for e,l(T) versus temperature by calculating
partition functions and species number densities via the Saha equation. This theoretical curve gives Tn, corresponding
to the point where the experimental curve for c(r) passes through a maximum. Assuming that temperatures increase
towards the axis and decrease towards the fringes of the arc it is possible to compare E,I(T) with e(r) and obtain
a complete temperature profile.
3.3.1.4 Results
Intensities of neutral argon lines at 738.4nm, 706.7nm, 69&5nm, 425.9nm and 419.lnm were inverted to yield
radial emission coefficients c(r) and converted to temperatures using the techniques described in sections 3.3.1.2
and 3.3.1.3. Two other commonly used lines at 430.0nm and 415.9nm were tested [62, 351 but found to be distorted
by ionic argon lines emerging within 1.5mm of the tungsten cathode.
Further measurements were made using the ionic argon line at 480.6nm. Temperatures were not high enough in the
arc to observe an off-axis peak for this spectral line, so some arbitrary peak value for the emission coefficient was
chosen. This value was selected to give a best fit to temperatures calculated from a neutral argon line. Temperatures
calculated using the ionic line were found to fit best to the results from the 738.4nm neutral argon line. Absolute
temperatures cannot be calculated in this fashion, however it is useful to give information on temperature changes
in the arc without use of the off-axis peak.
Figure 3.21 shows a temperature profile of a lOOA, 5mm free-burning TIG arc obtained using the 696.5nm line.
Figure 3.22 compares the 10,OOOK and 14,OOOK temperature contours from figure 3.21 to those obtained by Haddad
[49]. Haddad also used the ‘Fowler-Milne’ method and the same 696.5nm emission line to calculate temperatures.
At a similar lOOA, 5mm free-burning TIG arc, the only difference was the tungsten electrode ground to a 60’ rather
than a 30’ included angle. There is good agreement in the results above 14,00OK, differences increase towards the
fringes of the arc. These variations may be attributed to the use of different electrode tip angles. It was not
possible to test this, as the arc was insufficiently stable for temperature measurements when an electrode with a
60“ included angle tip was used.
Figure 3.23 compares the temperatures obtained along the arc axis and the positions of the 10,OOOK contours
for different spectral lines. There is poor agreement for the temperatures on the arc axis within lmm of the
tungsten electrode (note that the the distance from the anode is plotted!). Temperatures from the 706.7nm and
696.5nm lines are 5,OOOK higher than those from the 419.lnm line near the cathode tip. Agreement is much better
for temperatures in the rest of the arc, particularly among the longer wavelength lines at 696.5nm, 706.7nm and
738.4nm. Values obtained using the shorter wavelength lines at 419.lnm and 425.9nm are up to 1,OOOK higher than

3.3. THE ARC COLUMN

111
m
m
m
m
m

15Elm
14Elml
13Elml
12El!?iEl
IiElEiB
imlwl
BELOlJ

-

v

29

Tungsten Electrode

16ROR
15fm
14EiEle
13Em
12EMtl
11ElElM
1EiEBEl

F! (mm!
Figure 3.21: Temperature profile for a 1OOA free-burning argon arc. The temperature contours are labeled in units
of lOOOK.
those from the other lines in this region. Figure 3.23 shows that contours obtained from the shorter wavelength
lines give a consistently broader arc than the longer wavelength lines.
For a plasma in LTE and at a constant pressure, all volume elements at the same temperature should have identical
emission coefficients. This means that the maximum value of the radial emission coefficient cmcrz(r), that occurs
at the unique temperature Tn, should have a constant value throughout the arc. Haddad [31] observed that the
magnitude of the off-axis maximum varies as a function of position between the cathode and the anode for the
696.5nm line. Figure 3.24 shows that the same phenomena is observed for all the emission lines used in these
measurements, although the size of the variation in cmcrr(r) is not constant.
Errors in the derived temperatures for the lines at 696.5nm, 706.7nm and 738.4nm are estimated to be less than
400K using the procedure described in section 3.3.1.2. Temperatures are reproducible to within 500K on the arc
axis when measurements are repeated. The emission lines at 425.9nm and 419.lnm are somewhat weaker than the
others, this leads to larger errors, estimated to be less than 700K.
It is clear that if the differences in the derived values of the temperature are substantially greater than the predicted
experimental errors, one or more of the basic assumptions in the ‘Fowler-Milne’ method may have broken down.
In particular the variation in the peak emission coefficient within the arc implies that this is not a valid method
of deriving arc temperatures. Despite these problems temperatures obtained from the different emission lines are
in reasonable agreement over the majority of the arc and the method may still provide useful information on the
effects of varying parameters such as arc current and shielding gas flow rate.
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Figure 3.22: A comparison of temperature contours obtained for a free-burning lOOA, 5mm TIG arc, by Haddad
[49] and from this work.
For arc currents greater than 1OOA the measurement of emission line intensities for the short wavelength lines
at 419.07nm and 429.54nm became increasingly difficult. The difference between the signals recorded for the
spectral lines and the background radiation decreased with increasing arc current, this led to unacceptably large
experimental errors. In order to effectively compare the results it was necessary to obtain temperatures for all
the different arc parameters with the same emission line, this left only the longer wavelength lines at 696.54nm,
706.72nm and 738.40nm. The emission line at 738.40nm was chosen for this work because the temperatures
obtained from this line were in best agreement with the results from the ionic argon line at 480.60nm.
Arc temperatures were measured for different arc currents, 50A, 75A, lOOA, 150A and 200A. Higher arc currents
were not possible due to problems with cooling of the pressure vessel, lower arc currents were restricted by problems
with arc stability. When varying the arc current the other parameters remained constant; 5mm arc length, argon
shielding gas flow rate of 8l/min, 16mm diameter shielding gas nozzle, electrode extension 7mm, and a tungsten
electrode tip included angle of 30°.
Figure 3.25 compares axis temperatures and shows the positions of the 10,OOOK contour for each arc current.
Axis temperatures increase slowly with arc current, raising the current from 50A to 200A produces an increase in
temperature of between 4,OOOK and 5,OOOK (approximately 40%) over the majority of the arc. For currents of 75A
and above, derived values of the temperature converge to a constant value of roughly 20,OOOK within lmm of the
tungsten cathode tip. A slight fall in the axis temperatures is observed for the 200A arc close to the tungsten tip.
If the 10,OOOK contour is defined ss the radius of the arc, figure 3.25 shows that this increases more rapidly with
arc current.
Variation of the shielding gas flow rate, internal shielding gas nozzle diameter, electrode stick out and electrode tip
included angle were found to have very little effect on arc temperatures. Any differences that were observed, were
within experimental error.
Arc temperatures were measured for different arc lengths, 3mm, 5mm and 10mm. The other parameters were kept
constant, 200A arc current, shielding gas flow rate 8l/min, 7mm electrode extension, 16mm nozzle diameter, and
electrode tip included angle of 30° (see figure 3.26).Moving from the tungsten tip towards the anode surface the
axis temperatures remain very similar until a point approximately lmm above the anode, when temperatures begin
to fall more rapidly. For the range of arc lengths examined in this work the temperatures in the arc core appear
to be unaffected by the much cooler anode outside of a lmm region above the surface. Figure 3.26 displays the
10,OOOK contours obtained for each arc, temperatures in the cooler arc fringes are influenced by the anode over the
entire length.
Arc temperatures were measured for different argon gas pressures, lbar, abar, 3bar and Sbar. It was found that if a
suitable shielding gas flow rate at lbar was selected, with this mass flow at higher pressures the arc would become
unstable. Conversely if a constant volumetric flow rate was used the shielding efficiency became unacceptably poor.
A compromise was to keep the flow setting constant as the pressure increased, this maintained an adequate shielding
efficiency and did not introduce any problems with arc stability over the range of pressures used in these tests.
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Figure 3.23: A comparison of axis temperature (left) and 103K contours (right) obtained with different spectral
lines.
Thus at lbar the volumetric shielding gas flow rate was 8l/min, at 2bar it was 5.71/min, at 3bar it was 461/min,
and at 5bar it was 3.61/min. The effect of shielding gas flow rates on arc temperatures at higher pressures was not
investigated, however on the basis of the results at lbar it was assumed that these variations would not significantly
affect the results. The other arc parameters were kept constant, 200A arc current, 5mm arc length, 7mm electrode
extension, 16mm diameter nozzle, and a tungsten tip included angle of 30°.
Figure 3.27 compares the axis temperatures derived for each of the different pressures. Temperatures increase
slowly with pressure, rising by approximately 1,OOOK (<7?‘o) as the pressure is increased from lbar to Sbar. The
characteristic drop in temperature observed close to the tungsten tip at lbar disappears for the 3bar and 5bar cases.
Figure 3.27 also shows the 10,OOOK contours for the various pressures. The cooler fringes of the arc as defined
by the 10,OOOK contours contract with increasing pressure, while the arc core as defined by the axis temperatures
increases. These results suggest that the arc becomes smaller and hotter with increasing pressure.
3.3.1.5 Discussion
The fall in value of the off-axis maxima occurs within approximately 1.5mm of the cathode, the same region as
the rapid divergence of temperatures from the different spectral lines. One possible explanation is that the plasma
is optically thick. Bober and Tankin [43] found evidence of self- absorption for the 763.5nm neutral argon line
but concluded that neglecting corrections for this effect produced far smaller changes in temperatures than are
observed in figures 3.23 and 3.24. Tourin [29] has shown, that for the wavelengths of interest here, the effect
of self-absorption decreases with shorter wavelengths. Olsen [54] found that the 696.5nm neutral argon line was
practically free of self-absorption. Consequently, if self-absorption caused the drop in magnitude of the off-axis
maxima, the longer wavelength lines should show the greatest fall. This is not observed, figure 3.25 shows that
the 425.9nm line suffers from the greatest decrease. The assumption that the plasma is optically thick does not
explain either of the observed phenomena.
Corrections for intense plasmas were neglected when calculating temperatures [60]. The energy, Ei” in equation
(3.12) is perturbed at high plasma densities (i.e. the emission line is shifted in wavelength). Since essentially only
the upper levels are perturbed, the correction Ei” can be obtained from measured line shifts, X,1. Griem has shown
that the correction in the Boltzmann factor to be less than 1% for electron densities encountered in the arc.
The Saha equation, used to calculate particle number densities, is formally derived in the limit of vanishing electron
interactions. Griem has shown that for the uncertainties in the particle densities to be less than l%, the Coulomb
interaction energy should remain below 10% of the thermal energy. This imposes a theoretical limit on the electron
density which Griem has calculated to be approximately 1024m -3. Electron densities in the arc (calculated via
the Saha equation) do not exceed 2.1023m -3. Moreover, temperatures calculated from the same particle species
will be affected in the same manner, thus it cannot explain differences in temperatures derived from neutral argon
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Figure 3.24: Magnitude of the off-axis maxima E,,,== as a function of distance z from anode.
lines. Discrepancies will only be observed when comparing temperatures derived from different particle species, ie.
neutral and ionic emission lines.
Another possible explanation is a breakdown in LTE among the excited states of the argon atom. A number of
experimental investigations have concluded that there may be departures from LTE in the bound level population
densities of the argon atom in the fringes of the arc [35, 121. These studies have shown that the symptoms of
departure from LTE decrease with increasing temperature; Giannaris and Farmer both observed non-LTE below
9,OOOK. Cram [18] has proposed that this non-equilibrium is caused by intense resonance line radiation from the
arc core being absorbed in the arc mantle, and overpopulating the excited neutral argon states with respect to the
ground state. These results are consistent with theoretical studies showing that high electron densities promote a
state of LTE [72, 11. These studies suggest that the electron densities encountered in the central region of a high
current, (>lOOA) atmospheric argon TIG arc should be large enough to promote LTE.
The results of this work show that the greatest difference in arc temperatures and the fall in the off-axis maxima
occur in the region of high electron density near the cathode. Although it is likely that these phenomena can be
attributed to a breakdown in equilibrium, they are not satisfactorily explained by present equilibrium theory or
arc models.
3.3.1.6 Conclusions
Measurements of arc temperatures using the ‘Fowler-Milne’ spectroscopic technique, with the 696.5nm neutral
argon line, are in good agreement with results presented by Haddad [49]. Results from the use of different emission
lines show differences in temperatures of up to 5,OOOK within lmm of the cathode, differences of up to 1,OOOK
are observed in the rest of the arc. Although it is not possible to define a temperature T,,, where the bound
states do not obey a Boltzmann distribution, it is convenient to treat the effect of non-LTE as an error in the
derived temperatures. Uncertainties in temperatures from non-LTE are greater than those arising from estimated
experimental errors. These results suggest that the bound states of the neutral argon atom are not in LTE. Current
equilibrium theory and arc models do not satisfactorily explain these results.
These results on the existence of LTE in the arc, coupled with temperature measurements for a complete range of
arc parameters provide essential information for the successful modelling of an argon TIG arc.
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Figure 3.25: A comparison of axis temperature (left) and 103K contours (right) obtained with different arc currents.
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3.3.2 High speed probe diagnostics
Since it was impossible to investigate the column of the laser enhanced TIG arc by the spectroscopical techniques
described above, a simpler method was used: The high speed scanning needle detector.

It allows determination of the electrical width of the arc and gives an impression on the arc current density
distribution in the column (figure ??). Compared to photographical analyses, this electrical signal is more closely
linked to the arc current delivering the energy for welding.
A prototype of the set-up of a high-speed needle detector has been designed and constructed (see figure 3.28). The
measuring principle is based on the fact that an electrostatic probe oscillate which known frequency. On sweeping
the small probe through the arc plasma the change of potential of the cross section area is registrated providing
arc current density information.
By using the probe at various points along the arc length a complete map of arc current density is gained. Figure
3.29 shows an original measuring curve of the detector. The asymmetrical appearance can be attributed to the
measurement from the backside of the arc into the direction of movement.
Results are provided in the Physics of the LASER-TIO processchapter.

Figure 3.28: High speeed scanning probe detector.
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Figure 3.29: High speed probe measurement curve.
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3.3.3 Column

modelling

3.3.3.1 Introduction

Despite a variety of interesting mathematical models of arc processes a number of intriguing questions remain to
be addressed. One of these relates to a wide range of temperatures that appear to be measured by different groups
of experimentalists raising attendant questions of possible violations of local thermodynamic equilibrium (LTE)
in at least certain regions of the arc. Such violations of LTE undoubtedly occur near electrodes and on the outer
fringes of the arc [12]. Other questions, for example, centre on variations of the electric field in the arc and on the
radiative output of an arc operating under specific conditions. Despite the fact that a few questions have not yet
been decisively answered, this paper focuses on two specific aspects of arc models and, at the same time, facilitates
comparison with previous work on the subject. Glickstein [26] treated the radiative losses in arcs, but neglected the
variation of the electric field with position in the arc as well as the flow in his model. C.J. Allum [3], [5] produced a
number of experimental results which he interpreted by using simple averaging techniques whose validity it would
be useful to check from a more fundamental standpoint. Furthermore, there is a growing literature on the detailed
properties of argon gas as a function of temperature. It is necessary to include this information in more up to date
models of the arc process, particularly because these properties of argon vary by about three orders of magnitude
over the range of temperatures that need to be considered in models of arcs. This paper, accordingly, takes account
of these features, but continues to employ the assumption of LTE, at least in the main body of the arc. It serves to
act as a check on the validity of the averaging process employed by Allum and presents a different computational
approach. One further difference between Allum’s work and the model presented here is that no attempt is made
to simplify the governing differential equations by assuming a Gaussian form for the axial velocity and current
distribution. Instead an iterative solution for the heat transfer and gas flow is sought using the finite difference
method. Also detailed consideration is given to the radiative heat losses from the arc and the effects of spatial
variation of the properties of the gas in a plasma are fully considered. In this way temperature distribution, arc
profiles and gas flows are derived.
The model presented here assumes axi-symmetry and considers pure argon gas neglecting contamination from both
the cathode and the anode. The radiation inevitably associated with the arc process is likely to eject photo-electrons
from both electrodes. Likewise, the action of the arc plasma on the anode is likely to eject neutral gas atoms as well
as ions and electrons. These effects, together with the vertex angle of the cathode have an important bearing on the
electric field and its variation in the arc. To quote Allum (31, “the arc shape is known to be influenced by factors
dependent on electrode geometry (e.g. cathode current density, electrode vertex angle) and so comparison with
other work is difficult”. These effects persist up to 5mm from the cathode, significantly influencing the behaviour
of short arcs. For these reasons it is prudent to employ the experimental electric field distribution measured by
Allum using a needle probe detector.
Kovitya and Lowke [41] have also developed a finite difference model of the welding arc using a similar set of
magnetohydrodynamic equations to our own. The main differences are that Kovitya and Lowke assume a fixed
current density at the cathode which they choose to give the best possible agreement with experiment. They also
attempt to estimate the temperature distribution in the region immediately outside the arc using a much simplified
conduction based analysis that neglects possible contributions from the recirculation currents resulting
from density variations in the gas. These complications are deliberately avoided in our model through the use of
an experimentally prescribed electric field distribution. One further difference is that Kovitya and Lowke calculate
the radiation loss from the arc using the experimental data of Evans and Tankin [23]. The radiation loss from the
arc poses a problem because Evans and Tankins results are rather higher than those obtained by Bues et al [56],
Emmons [19] and Allum [5]. We find Evans and Tankins data cannot be made consistent with the experimental
electric field distribution used in our model unless it is modified by a renormalisation factor of 0.5 as Glickstein
[26] first suggested it should be.
This model is suitable for application to short arc lengths (< 12mm) operated in the moderate current range (50 A
to 500 A) necessary for weldpool control. The flow in the arc is assumed to be axial and axial contributions to
heat conduction are neglected. It is assumed that the arc is struck between a non-consumable (tungsten) cathode
and a flat metal workpiece. A partially ionized plasma is formed owing to the joule heating produced by the flow
of current between the electrodes. Gas motion arises because of the interaction between the arc current and its
associated magnetic field. In particular, a magnetic compression is generated along the length of the arc and that,
in turn, results in a downward moving plasma jet. The magnetic compression is strongest near to the cathode where
the current density is highest and falls monotonically with axial distance from the cathode, producing axial pressure
gradients which generate the flow. For this reason, a nearly constant electric field would produce a cylindrical,
as opposed to a bell-shaped arc in which plasma flow would cease. This special case has been considered by S.S.
Glickstein [26].
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3.3.3.2 The Arc Model

We employ a cylindrical polar coordinate system and assume axial symmetry. The independant variables will
be r and z where r is the radial coordinate and z is the distance from the cathode. Denoting the density of the
gas by p(T), its specific heat at constant pressure by C,(T), its thermal conductivity by k,(T) and its electrical
conductivity by u(T). The temperature field T(r,z) will be given by the heat conduction equation modified by
ohmic and radiative terms:
BT - ;;(r kc(T) g) + aEa - V(T)
PCp% x
Hence uZ(r, Z) is the z component of the flow velocity, V(T) is the heat loss due to radiation and E(z) denotes the
electric field intensity. Axial conduction is neglected and radial convection is assumed to be negligible.
At the boundary of the arc, the shape of the arc is given by a(z) with the temperature T taking the value TO
there and ($$)rso = 0 . We take TO H 6000K and T > TO. The properties of thermal conductivity, electrical
conductivity and viscosity as a function of temperature for a pure argon gas were calculated using a third order
Chapman-Enskog approximation (Devoto [IS]). The boundary condition at the cathode is calculated assuming
that the axial velocity u1 = 0 at I = 0. It is interesting to note that no condition is specified at the lower end of
the arc. The reason for this is because it is assumed that there is strong unidirectional flow of heat along the z
coordinate axis. The temperature at any point in the arc is therefore largely independent of conditions near the
anode. Patanakar [55] draws an analogy between this situation and time-dependent heat transfer. The temperature
at a time t is subject to influences from the past, but is independent of events in the future. The same marching
integration technique can therefore be used to obtain solutions in both instances. In this analysis the electric field
is prescribed in Figure 3.30 and extrapolated to the origin of co-ordinates where the electric field is not measurable,
but its value was set at 3,400 volts/cm. It was found that if the electric field was increased beyond this value then
it was no longer possible to obtain a convergent solution of the equation of heat conduction. The reason for this is
that a higher electric field implies a current greater than the assumed input current of 100 amps.
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Figure 3.30: Measured electric field distribution in a 1Omm argon arc at 100A [5].
The choice of the boundary condition u, = 0 at I = 0 reduces the x dependence in the heat conduction equation
in the sense that at z = 0, the convection term is zero, thus enabling a full solution to be obtained using only the
information specified at the boundary r = a of the arc. Since the shape of the arc depends on z it is helpful to
introduce the dimensionless variable < = P/U with 0 5 C 5 1. Ohm’s law takes the form
.
3J = aE

where j, denotes the z component of the current density. For values of T < To, the electrical conductivity is too
small to be of significance and relatively little current flows outside the arc. The equation of charge conservation
gives for the electrical current J the expression
J = 27raz Ji j, ([)cq = constant
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The modified heat conduction equation is

To carry out an iterative solution of the equation for J and the modified heat conduction equation a suitable a(z)
is first guessed and the modified heat conduction equation is solved for T enabling a revised value of a(z) to be
calculated from the expression for the current J. The process is repeated until convergence is obtained.
3.3.3.3 Radiation from the arc
7

,

.

Figure 3.31: Radiative emission from an argon plasma as a function of temperature. For the purpose of a finite
difference calculation the experimental curve of Evans and Tankin (1967, solid curve) has been reduced by a factor
of 0.5 (dashed curve). The experimental data of (0) B ues et al (1967) and + Emmons (1967) is included here for
comparison.
Evans and Tankins [23] have made measurements of the energy per unit volume V(T) radiated from argon plasmas
at different temperatures and pressures. In the case of an optically thin plasma at a pressure of one atmosphere,
Figure 3.31 gives the radiation losses as a function of temperature. Glickstein [26] employed Evans and Tankins
[23] data in his model of the welding arc. In order to ensure, however, that the heat lost from the arc does not
exceed that generated by Ohmic heating, he found it necessary to normalize Evans’ and Tankins’ data by a factor
of 0.5. If this is done and the appropriate radiative term is introduced into the heat conduction equation, then the
solution of this equation gives the temperature as a function of P and z. Using this temperture distribution, the
total radiative heat loss from the arc can be calculated as a fraction of the Ohmic heating. In our calculation this
fraction amounts to 22% f 4% in agreement with the very precise measurements of Allum, thus confirming the
validity of the renormalization chosen by Glickstein. The Planck mean absorption coefficient for the plasma can
be calculated using the formula (see Gardon [25])

x, =

Y
47ruBT4

where UB is the Stefan-Boltzmann constant. The quantity X, is the reciprocal of the photon mean free path &,
and the equation for X, shows that X, 3 5.4 cm whenever T 5 25000K. Hence X, is seen to be much larger
than the dimensions of the arc and it is reasonable to assume that the plasma is optically thin.
3.3.3.4

The Flow Field in the A r c

This can be evaluated using the Navier Stokes equation. Since ur = 0 we concentrate on the axial equation
pu,

( 8%

where p(T) is the viscosity.
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It is anticipated that most of the flow will take place within the confines of the arc boundary, since this is the
region in which the magnetic compression is operating. The axial velocity has therefore been set equal to zero on
the boundary. Furthermore the radial pressure gradient is given by
8P
&+%B=O

where B is the magnetic field. The pressure on the arc boundary is assumed to be equal the ambient pressure
outside the arc.
The magnetic field B is related to the current j, by Maxwell’s equation

where ~0 denotes the magnetic permeability. It is assumed that the flow is predominantly axial and therefore that
the small radial component of flow that must be present to satisfy the equation of continuity does not introduce
significant viscous or inertial terms into the Navier Stokes equation.
The ionized argon plasma is made up of neutral atoms, ions and electrons and an ideal gas equation of state is
assumed for the particle with appropriate partial pressures for each species. The equation of state for the partial
pressure is pi = nikT, where ni is the number density for each species. Number densities are obtained using the
Saha equation (Cambel [6] p.125).
3.3.3.5 Results and Discussion
The equations are solved on a computer using a finite difference method. The heat conduction equation and the
Navier Stokes equation are llrst discretized. The solution of the finite difference equations is carried out using the
line by line method. In the line by line method a solution for the radial temperature distribution is obtained using
the tridiagonal matrix algorithm (TDMA) for a sequence of values of the z coordinate starting at the top of the
arc. This technique is also called marching integration because the sweep is carried from the top of the arc to the
bottom. No additional sweeps are needed because information concerning both the temperature distribution as
well as the flow is assumed to propagate downwards. The details of the method can be found in Patanakar [55]
who discusses the general case.
The results obtained yield the shape of the arc in an inert argon atmosphere at different points along its length.
Additional to the arc profile, temperature distributions are obtained as and gas flows are calculated.
A comprehensive review of the experimental results in the literature has been carried out by Allum [5] . Allum
noted that accurate comparison between theoretical and experimental results is difficult because of differences in
precise experimental details such as the geometry of the cathode. We therefore restrict the comparison of our
work to that of Allum for the case of a 1Omm arc carrying a DC current of 100A. Figure 3.32 shows reasonable
agreement between our arc profile and that of Allum using the same electric field data as Allum but avoiding
Allum’s restriction to an assumed Gaussian flow and a Gaussian current density. For purposes of the comparison,
the the arc boundary has been taken to be the 8000K isotherm.
Our model predicts much higher temperatures near the cathode (T N 20000K) than in the main body of the arc,
consistent with detailed temperature maps of the arc using spectroscopic methods (Haddad and Farmer [30]). Since
Allum quotes average temperatures we cannot effect a detailed comparison with his work beyond observing that
our average temperatures agree with his, apart from departures close to the cathode. Figure 3.33 illustrates this.
Figure 3.34 shows a comparison between our axial velocity profile and that of Allum at I = 4mm. It can be seen
that our axial velocity profile is narrower than the Gaussian distribution assumed by Allum but that our maximum
velocity is about 1.5 times greater. Figure 3.35 illustrates how the velocity on the axis departs from that that of
Allum for other values of the z co-ordinate. The differences are significant but the agreement is still reasonable
bearing in mind the simplifications used by Allum in his calculational procedure.
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Figure 3.32: Comparison computed arc profile (solid curve) to that of Allum. The boundary is taken to be the
8000K isotherm.

Figure 3.33: The radially averaged temperature in the arc as a function of the axial coordinate. The dashed curve
is that of Allum.
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Figure 3.34: The axial gas flow velocity as a function of the radial coordinate at x = 4mm. The dashed curve is
the Gaussian profile of Allum.
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Figure 3.35: The axial gas flow velocity as a function of the axial coordinate at r = 0. The dashed curve is that of
Allum.
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3.4 The arc anode
3.4.1 Anodic Current density measurements

The current density at the workpiece surface is of major importance, because it is the only measurement quantity
available, which is proportional to the energy density. Knowing the energy density distribution at the workpiece
will allow to compare different welding processes and/or parameter settings in general; without refering to a specific
application.
3.4.1.1 The split anode technique
Measurement of the radial distribution of properties at the anode surface may be made using a split planar anode
probe. This technique has been used by a number of experimental groups for the determination of current density
distributions as well ss the measurement of stability and arc root displacement [50, 4, 45, 461. The technique
involves scanning an arc over two seperate sections of the anode and measuring a physical property F as a function
of the distance z from the split plane (figure 3.36). Assuming cylindrical symmetry, the radial distribution f(r) in
question then may be obtained from the following expression

R tIaF(z) 1
f(f) = -g &lJz J-_‘;;zdX

(3.13)

Accurate determination of f(r ) is considerably complicated, because of its dependence on the second derivative of
the measured data. Small experimental errors can be greatly amplified, leading to inaccuracies or oscillations in
the radial distribution. Details of the methods employed
to obtain a stable inversion mav be found in reference
_

Area

=

r2!a - sina)
2

a

=

2 cos-lk/r)

Figure 3.36: Illustration of the split anode measurement technique.
Measurements of both current and power density distributions have been made for ‘soft’ plasma welding arcs (i.e,
low to moderate current arcs which do not exert a significant differential pressure on the workpiece) to establish the
influence of primary welding parameters on the anodic current and power density distributions. The parameters
examined were current, plasma gas flow rate, free arc length and nozzle diameter. Increasing plasma gas flow rate
has only a small influence on the current and power densities, differences falling within the limits of experimental
error.
The total electric current has the greatest influence on both the power and current density distributions. The
axial values increase approximately linearly with current, and also the distribution half width grows up. Typical
current densities are shown in figure 3.37. These have an approximately gaussian form for the range of parameters
examined in this study.
Decreasing orifice diameter has only a marginal influence on the axial current density, i.e. a small increase in the
case of small diameter nozzles. However, the influence on power density is considerable with a significant increase in
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Figure 3.37: Anodic current densities for soft plasma arcs at different currents (6mm arc length, bl/min argon
plasma, 4.75mm nozzle, 2mm set back, 60” electrode angle).
axial power density for small diameter nozzles (figure 3.38). This behaviour is connected to the increased enthalpy
flow due to the greater gas velocities obtained with small diameter nozzles. In general, power density distributions
tend to be sharper than the corresponding current densities and extend to greater radial distances.
3.4.1.2

The advanced split anode technique

The commonly used method [63, 50, 4, 45, 461 assumes a radial symmetric distribution and uses water cooled
copper anodes instead of real welding samples. This measurement technique often shows results not in line with
the experiences from welding experiments, because
l

l

the arc structure is significantly changing for different anodes: a TIG arc with a cooled copper anode is not
a welding arc!
under realistic welding speeds, the arc becomes non radial symmetric (take aZong eflect).

For these reasons an altered technique is needed fullfilling the following requirements:
1. The real P-dimensional current density distribution of the arc has to be measured, therefore Abel inversion
has to be replaced by a new technique called Radon inversion as is used in tomography.
2. The cooled (copper) anodes have to be replaced by conventional welding samples.
The Radon algorithm adds a new requirement to the experimental set-up: The scan across the slit from one anode
part to the other must be done for different angles. This causes major problems for the paths nearly parallel to
the slit, therefore special extrapolation techniques were implemented to avoid these scans. The set-up is drawn in
figure 3.39.
The second requirement is much more difficult to fullfill: The advantage of water cooled anodes is that they do
not melt, therefore no short circuits between the electrically isolated anodes can occur. In order to minimize these
problems the isolation between the two anodes has to fullfill the following demands:
l

l

The width of the slit has to be less than O.lmm in order to prevent the anode spot from jumping over the
slit.
The insulation material of the slit (if any) must have a very high melting temperature, a high electrical
resistance and a good heat conductivity.

Figure 3.40 shows the typical result of a measurement in the case of crossing the slit in rectangular direction.
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Figure 3.38: Anodic power densities for soft plasma arcs with different diameter nozzles (6mm arc length, Gl/min
argon plasma, 60A, 2mm set back, 60° electrode angle).
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Figure 3.40: Anodic Current density on mild steel for a 50A TIG arc at different arc lengths for a welding speed
of 90 mm/min.

CHAPTER 3. PHYSICS OF THE 27G AND PLASMA ARC WELDING PROCESSES

46

3.4.2 Steenbeck’s Minimum Principle
There are two physical mechanisms by which a laser beam can influence the welding arc:
l

The absorption of laser light at the surface of the workpiece causes evaporation of the metal. The ionisation
energy of the metal vapour atoms is lower than those of the shielding gas (usually argon), so the composition
and ionisation rate of the plasma directly above the workpiece is increased.

l

The absorption of laser light with in the arc increases the plasma temperature and therefore the conductivity
of the plasma.

Since the radius of the laser beam is much smaller than the radius of the welding arc, these effects force the arc to
burn favourably in the small region of the laser beam. This effect is due to the Steenbeck Principle of a minimum
arc voltage U (which itself is a consequence of the general principle of minimum entropy production): written in
terms of the axial arc temperature Te and the radius T of the conducting arc region it reads
dU
a=o,

dU

-J-p=

0

(3.14)

.

It means that, by a given arc current, the axial arc temperature and the radius of the arc will adjust themselves
to result in a minimal arc voltage.

3.4.3 fiesnel Absorption
The absorption of laser light at a metal surface may be described by the classical Fresnel formulas for which the light
beam is assumed to couple to the metal electron gas. This mechanism gives an intensity-independent absorption
coefficient A, depending on the polarisation of the laser beam, the angle of incidence (commonly measured from
the surface normal), the refractive index n, and the absorption index K of the metal. Figure 3.41 depicts the
absorptivity of iron for room temperature and melting temperature.
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Figure 3.41: Absorption coefficient of light in the case of iron (clean and geometrical smooth surface). The refractive
index n = 80 corresponds to room temperature 20° C and n = 20 corresponds to the melting temperature.
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3.4.4

Laser light absorption by Inverse BremsstruhZung

The plasma in arc welding is a low-temperature plasma in local thermodynamic equilibrium (LTE) with electron
temperatures ranging from about 10000 K to 25000 K. Absorption of laser light in such a plasma is dominated by
inverse Bremsstrahlung due to free-free transitions of electrons in the field of the ionic component of the plasma. At
angular frequencies w of laser radiation well above the electron plasma frequency an accurate theoretical expression
for the corresponding linear absorption coefficient is
a, =

n_-n@t? (1 - eBhwlkT*)

(3.15)

6&e@w3m$

considering only binary collisions between electrons and ions. A Maxwell-Boltzmann distribution of the electrons
with temperature Te has been assumed. Here p is the real part of the refractive index of the plasma, which is about
a The main problem in evaluating (3.15) is the determination of the average Gaunt factor j. The
JW.
simple approximations available in literature, mainly applied to high-temperature plasmas of controlled nuclear
fusion, are not well-suited for the low-temperature plasmas encountered here. In the present analysis we have used
the rigorous quantum-mechanical result of Menzel and Pekeris,
!I(% %l, %a) =

dh ?l2
(e2*qls1)

IWrll, h2)l

(1 - e -2rrla) ’ q2 - q1

(3.16)

’

where

A(iql, iqa) = {F(-iv1 + 1, -im, 1; s)}~ - (F(-ir]z + 1, -iql, 1; z)}~

,

= Ze2/47rqJivc~, q2 = Ze2/47rc&,2 and t = -4?jiqz/(~~z - 91) ‘. F denotes the hypergeometric function.
gquation (3.16) is better suited for numerical purposes than the more familiar representation obtained by Sommerfeld,
which involves the derivative of the hypergeometric function. Both expressions are equivalent.
If a Maxwell-Boltzmann distribution of the electrons is assumed, the average Gaunt factor is given by

00
g- -- e *

/

g(w, U, wWC de

(3.17)

Iv
m

where E := E/ET,, E = ~rnv~, and E - t-u = irnvz,.
For practical purposes a simple fit to the exact integral is suggested of the form

To = 2116 K
a = 0.227

(3.18)

in the case of the COz-wavelength X = 10.6pm and

To =

206400 K
a = 0.459
b = 0.917

(3.19)

in the case of the Nd:YAG-wavelength A = 1.06pm. In the range from 5000 K 5 Td < 500000 K the maximum
error is below 2.4% in the case of the COz-wavelength and below 1.5% in the case of the Nd:YAG-wavelength.
Figure 3.42 shows the linear absorption coefficient resulting from (3.15) and the exact quantum-mechanical Gaunt
factor.
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Figure 3.42: Absorption coefficient for inverse Bremsstrahlung for
different values of electron density and the wavelengths of the
Nd:YAG- and the CO&ser. An ionic charge 2 = 1 has been
used.
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3.5

Effects at the surface and within in the workpiece

3.5.1

Energy Transfer Mechanism from the Arc to the Workpiece

There are a large number of energy transfer processes which must be taken into account. The most important of
these are
1. Kinetic energy qk of the ions: The transfer of the kinetic energy of the ions is mainly important for the case
the workpiece being the cathode, since in front of the anode the electric current is nearly totally carried by
electrons:
qk = CYk jive

(3.20)

where U, is the cathode potential drop and ji is the current density of the ions. ok is the so-called
accommodation coefficient which is defined as
ok =

energy of incident particle - energy of the reflected particle
energy of incident particle

(3.21)

Little is known about the value of the accommodation coefficient. In most calculations which can be found
in literature it is set equal to one, although it is known that (Yk can deviate appreciably from this value.
2. Release of ionisation energy qi,,,,: As in the case of the kinetic energy this applies mainly for the cathode:
!&on =

Wdi(~i - 4)

(3.22)

where Vi is the ionisation voltage of the ion and t$ is the workfunction of the electrode material. oion accounts
for the part of energy that is lost by radiation or transformation into kinetic energy of the reflected particles.
There are only rather crude estimates of the value of oion which say that oion < 0.5.
3. Condensation energy qc: If the ion is absorbed on the surface a condensation energy qc is released. qe may
be even negative.
4. Energy qd supplied by neutral and excited atoms from the arc plasma: This applies in the same way both for
cathode and anode. The usual way to account for this part of the energy balance is to write down a heat
conduction term
dT
qd = %Xx

(3.23)

where the heat conductivity ,! can be calculated from the parameters of the plasma. or is the accommodation
coefficient of the neutral particles.
5. Joule heating Qjwls: In the bulk of the electrodes the energy
Qjoule = pi2

(3.24)

is dissipated. p accounts for the electric resistivity of the electrode material.
6. Heat conduction in the electrodes: The equation of heat conduction is
A8T
AT --_+
Pmcp at

(3.25)

plus appropriate boundary conditions.
7. Evaporation cooling qcu:
Qeu =

-rH

(3.26)

where r is the mass evaporation rate and H the enthalpy.
8. Radiation:
qr = -u,p + backradiation from plasma

(3.27)

where a, is the Stefan-Boltzmann constant. The computation of the radiation part of the energy balance
requires detailed knowledge of all other arc components. Usually the radiation is neglected.
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9. Chemical reactions: Typical chemical reactions at the surface of an electrode are
l
l

combustion of electrode material
dissociation of molecular gases at the surface of the hot electrode

Usually chemical reactions are neglected.
10. Droplet energy: Strong heating of the electrode surface leads to ejection of droplets which can carry away
energy in several ways:
l

l

latent melting heat of droplets

qclt = mdHmLlt

heat stored in droplets
heat =
Cmfidmd(%lt - Tamsrent > + Cliquid md(%il Ed

l

(3.28)

kinetic energy of droplets

1
Edkin= 2mdV:

Tmelt)

(3.29)

(3.30)

Estimates show that the contribution of qclt + Ejrat + Ejin is lower than 1% of the sum of the other energy
contributions.
11. Kinetic energy qk{n,d of the electrons: This mainly applies to the anode,
Qkh,sl

=U,*j,

(3.31)

where U, is the anode fall voltage and j, the electron current.
12. Potential energy qpot of the electrons: The anode gains the workfunction energy if electrons are hitting their
surface,
(3.32)
spot = 4 . j,.
This term corresponds to the Nottingham effect at the cathode side. But whereas the Nottingham effect is
mainly a cooling effect, qpot heats the anode. This term is the main difference in the energy balance between
anode and cathode. So the heat input into the anode will be usually larger than the heat input to the cathode.
This is the reason why usually the anode is chosen as the workpiece.
13. Release of positive ions: The anode can also release already ionized material. This gives a contribution
Qa = ii++

(3.33)

where r$+ is the ion release energy.

3.5.2

Thermoelectric effects in welding of dissimilar metals

In welding of dissimilar metals (e.g. different types of steels) the temperature gradients cause a large gradient of
the thermoelectric potential along the line of contact of the two metals. This gives rise to large thermoelectric eddy
currents in the workpiece and the generation of a magnetic field. A theoretical prediction of the magnetic fields
occuring in practice and of their possible influence on the welding process is given in [58].
The total electric current flowing in the workpiece depends on the P&let number Pe = rcv/2rc; and the thickness
d of the workpiece. Currents of more than 100 A may flow in workpieces of 20 mm or 30 mm thickness. The
generated magnetic field on the surface of the workpiece can reach values of low4 Tesla to 10D3 Tesla. This is very
high compared to the earth magnetic field which is @ 2 - 10 -’ Tesla. Nevertheless, the magnetic field generated
by the arc itself is much greater, so that the magnetic field generated by the thermoelectric eddy currents will
probably have no noticeable effect on the welding arc.
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3.5.3
Weld pool modelling
-_
_ _Glossary of Symbols
X

J,, Jz
Q

Em E,
WY 4
Q

h

hn(r, 2)
Ho(r)

Jo, JI
IO,Il

Ko, KI

1.

The position on the x axis (tve in the direction of travel).
Radial and axial components of the current density.
Total input current.
Radial and axial components of the electric field.
Electric potential.
Electrical conductivity.
Thickness of the plate.
Ohmic heating.
= J: do hn(r,t): Ohmic heating per unit surface area of the plate.
Bessel functions of orders 0 and 1.
Modified Bessel functions of the first kind.
Modified Bessel functions.

Introduction

We consider the case of an electric arc incident on a thin metal plate which constitutes the
anode. The effect of the electrical arc is represented by a prescribed steady state current influx
incident at the top of the plate, the earthing of the plate being chosen to be located at infinity.
The electrical conductivity B of the plate is assumed to be independent of temperature and
no keyhole is assumed to form in the metal plate. (The case with keyhole formation will be
discussed separately.) The current density J’is related to the electric field by the equation

which, together with the relation for the continuity of a steady current given by
div J = 0
requires that
\

div E = 0
since the electrical conductivity c of the metal is assumed to be independent of temperature.
Maxwell’s equations
curl I?= 0 and div E’= 0
toget her imply that the electric field E’ can be derived from a potential V and that
I?=VV
with the potential V satisfying Laplace’s equation
v2v = 0.
We choose the origin of the co-ordinate system to be Iocated on the lower surface of the metal
plate of thickness h with z = 0 corresponding to the bottom of the plate and z = h to the top.
The radial co-ordinate P is measured outwards tram the vertical axis. The following integral
representation is chosen for the potential V(r, z)

(1)
where Jo(qr) is a Bessel function of order zero. The function f(q) is chosen in such a way that
the normaJ component of the electric field takes.prescribed values at the top of the plate. In
order to have an analytical representation of f(q) we choose a simple form for the prescribed
current, so that

2?

E,(r,z = h) =-2

e( r-q

(2)
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where R is the radius of the arc at the top surface of the plate, Q is the total current and 0 is
the step function such that
&r--R)=

;’
i

7

;;f

-

The Fourier Bessel transform of the step function 6’(r - R) is

J =cfr r
0

Jo(qr) B(r - R) = Ry

(3)

where J1(qR) is a Bessel function of order 1.
In writing down the above equation use has been made of the formula given by Whittaker
and Watson [l] page 381 problem 18 in which /3 has been replaced by 0 and z by R .
Notice that the Fourier Bessel transform’of RJl(qR)/q again gives O(r - R), so that

J
0

_dlqJO(qr)JRJ1iqR)}=( y: rzt

(according to [2] page 667, eq. (3)). Far away from the arc, the z component of the current
mnishes and the conservation of the total c&rent requires that the radial component J, of the
current density decreases as r increases according to the relation
J, cc r
f

f o r r>>h

The potential V accordingly diverges logarithmically at infinity so that it is easier to calcuiate
the component of the electric field rather than the potential. For an infinitely thin metal plate,
the solutions of .Maxwell’s equations are trivial and one obtains for the electric field E’
E, - -?i- a n d E,-0 a s h - 0
2narh
where Q is the total current input. In the case of an anode plate of finite thickness a correction
of order (h/r) might have been expected. The analytical calculation of the exact electric field in
this case will, in fact, show that the difference between the exact solution and the leading term
of the asymptotic solution is only of order exp(-r/h).

2

Exact Solution of Maxwell’s Equations

_

According to equation (1) the radial and axial components of the electric field .&(r, z) respectively are given by

E&z) = - J m dq Q f(q) ?$:$ J1 (qr )

(4)

z> = la dq q f(q) shh(qz)

(5)

0

and

Eb9

Jocqr)

shh(qh)

where
f(q) = I= dr r

Jo(qr) E(r,h)

(6)

f(q) being determined by the vaIues of E, at the top of the plate where z = h .

Explicit lengthy analytical solutions can be found for Er and EZ

for r < R and n > R

after some complicated mathematical analysis.

3

The Heat Conduction Equation

The weldpicce is assumed to mvoe with velocity U along the x axes in the direction of
cx. The ohmic heating acts as a volume source term kn (r,z) in the heat conduction
equation and is given by
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kQ cf-,~) = 0 (E,” + Ef)
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Introducing dimensionless spatial co-ordinates
X1

=

x/R

and

n1 = r/l?

the heat conduction equation becomes
=

- -

hQ (rr 4

(10)

The heating of the top Of the plate by particle bombardment is allowed for by
mcludlng heat s o u r c e s at the top of the p l a t e .
The heat conduction equation was
solved using a finite difference computer program w h i c h g e n e r a t e s t h e temperature
in Ihe anode at d i f f e r e n t l o c a t i o n s f o r s u i t a b l e m o d e l p a r a m e t e r s such a s c u r r e n t
power, plate thickness, translation speed and material parameters.
Ohmic heatin;
was found to be very small the dominant heat transfer mechanism being due to
Particle fluxes incident on the’ anode.

4.

Results and Discussion

Figure 1 displays this temperature for an electric current of 100 Amps and a
translation speed of IO mm/s.
For these values of the proc ssmg parameters, the
ohmic heating term was found to be of the order of IO-’ WItis with an arc input
power of 300 Watts.
This result confirms that the ohmic heating is only a small
contribution.
Figures 2 and 3 are mathematically calculated plots of the weldpool length
against the power absorbed in the weldpiece for specimens of thickness h
I mm and
translation speed U = 15 mm/s and for h = 6.5 mm and translation speed U == 3.0 mm/set
respectively.
Corresponding Figures 4 and 5 display the relevant calculated weldpool
shapes with the dotted curves denoting these shapes at half the depth of the pool and
at the bottom of the pool respectively. It is to be emphasised that these calculations
neglect both flow terms as well as Lorentz force terms in the weldpool.
For this
reason these calculated results may differ significantly from measured experimental
results.
Further work is in progress to include these terms in the analysis in the
future.
In this manner it is possible to unify the main body of the electric arc with the
anode, a step which is necessary before a completely integrated electric arc model
involving both the electric arc and the electrodes can be presented.
_7_---
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3.6 Summary
Within the preceeding sections, a comprehensive summary of the physical processes occuring during the tungsten
arc welding process was given. In the following chapters this deep understanding of the physical processes will
be used to explain the effect of laser enhancement (chapter 4) and as a basis for the technological analysis of the
plasma (chapter 5) and the LASER-TIG (chapter 6) process.
During the project the following innovative results were developed:
1. Arc cathode processes:
l

The electron emission, erosion and spot formation processes of gas tungsten arc cathodes can now be
computed. Therefore, the cathode is no longer a black Lot delivering an arc: The basis for modelling
the arc column and the subsequent welding process was provided.
Conclusion: The often used Richardson formula is not valid for TIG welding arcs.

l

The experimental data for evaluating specific models have been produced and erosion rates for TIG arcs
were determined. This was the first experimental analysis of TIG cathodes known up to now.
Conclusion: Erosion mechanisms and spot formation is different from that of vacuum arcs, the only field
were data was avialable before.

2. Analysis of the arc column:
l

l

For the first time, the real arc temperature was determined taking into account the principal limitations
of spectroscopic measuring methods.
A high speed probe set-up was developed for comparing the electrical extension of different arcs.

3. Analysis of anode and workpiece effects:
Arc current densities for real welding samples were determined for the first time and a method for
measuring the real non-radial-symmetric current density distributions was developed.
Conclusion: The commonly used gaussian current/energy distribution is not valid for realistic welding
speeds.

The energy balance is better understood.
Integrated codes for modelling arc and weld-pool for seam welding are now possible.

Conclusion:
The complexity of tungsten arc welding processes is extremely high, nevertheless these processes can be understood
and modeled. Trial and error will not lead to more progress in process developement, experimental programmes
based on understanding and using process models will!

Chapter 4

Physics of the laser enhanced arc
(LASER-TIG) welding process
4.1 Introduction
In order to develop combined laser-arc welding processes for automated industrial application, first a deep understanding of the underlying physical mechanisms is needed. Within this chapter, the physical effect of laser
enhancement of a conventional TIG welding arc (figure 4.1) is described.
Using the knowledge and methods provided in chapter 3, this laser-enhancement effect is explained and the physical
behaviour of the LASER-TIG arc is compared with that of the conventional TIG welding arc.
Special emphasis was given to investigate real welding arcs instead of non-welding arcs burning on cooled copper
anodes. This caused some limitations in the experimental and theoretical techniques, but gave a better impact on
linking physical understanding and technological development.
Larof beam

TIG am with laser

support

Figure 4.1: Tungsten inert gas welding arc supported by a focused laser beam.
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4.2 Experimental observations
4.2.1

The basic effect of laser enhancement

The first two effects of laser enhancement can be seen, when looking at arc voltage and current and the welding
seam produced (especially for contaminated workpiece surfaces, figure 4.2):
l

The arc voltage is decreased, and both, current and voltage are stabilised, especially for contaminated steel
workpieces or aluminium.

l

The arc anode root is fixed to the position of the laser focal spot, even if it is not the natural arc root position
(see also figure 4.4).

Figure 4.2: Influence of the assisting laser beam on arc voltage, welding current and quality of the weld. In the
first and third part of the welding seam the 40A-9mm-arc has been supported by a 700W laser beam. The second
part of the weld has been produced solely by pure TIG-arc.
Secondly, one can see from a comparison of the arc pictures (figure 4.3) that the conventional TIG arc has an
extending wide arc column, while the LASER-TIQ arc is burning between its electrode and the laser focal spot.
Thus the maineffect of LASER - ENHANCEMENT is a NEW ARC OPEFUTINQ MODE:
l

The arc anode root is fixed by the laser focal spot. One gets an arc burning between two well defined points:
The tungsten electrode and the laser focal spot at the workpiece surface. Compared to the free burning TIG
arc, the LASER-TIG arc is therefore stabilised at both electrodes.
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Figure 4.3: Photographical picture of the pure TIG arc (left) and the laser (300W) supported TIG arc (right).
Parameters: 10 mm 90A DC Ar arc, welding speed 12Omm/min, 2.4mm WThPO electrode, 4mm St37 workpiece.

Figure 4.4: Diversion of the arc anode root by a focused laser-beam plotted against arc length.
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4.2.2

Ignition behaviour of the L ASER - TIG a r c

When the conventional TIG arc is ignited by high frequency (HF), the anode root point is not clearly defined or
predictable, the LASER-TN&arc ignites between two well defined loactions, the tungsten cathode tip and the laser
focal spot at the anode (figure 4.5).
This has an important impact on the overall ignition behaviour. As shown in figure 4.6, secure arc ignition becomes
possible for very long arc lengths.
SchweiOelektrode

Figure 4.5: Video pictures of the ignition behaviour of the LASER-TIO arc. Parameters: 4.5 mm 90A DC Ar arc,
welding speed 12Omm/min, 2.4mm WThZ% electrode, 4mm St37 workpiece.
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The Alternatig current (AC) L ASER - TIG arc
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Figure 4.7: Current Plot of an AC LASER-TIQ/TIO-am.
Older TIG power sources can not produce arc ignition during the electrode positive phase, especially for aluminium
workpieces. For the laser supported process this is no problem (figure 4.7), because the both electrode stabilised
operating mode allows reliable arc m-ignition (figure 4.8).
Additionally the laser enhancement effect remains the same for AC arc operation. Special technical benefits will
occur from the fact of increased arc stability and ignition without HF for AC and/or pulsed operation.
Nevertheless, electrode lifetime reduceing AC operation (e.g. for welding aluminium) can be replaced by laser
enhanced DCEN operation.

4.2. EXPERJMENTAL OBSERVATIONS

61

1
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7

Figure 4.8: Behaviour of an AC LASER-TIQ arc (3000 pictures/set) during half a current period.
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4.2.4

Behaviour of the LASER-TIG arc column

Using the high speed scanning needle detector measurement method described in section 3.3.2, the electrical radii
of the arc column were measured. As already visible from the arc photographs, the column of the laser enhanced
arcs is contracting and no longer a strong function of arc length. Thus the laser is not only fixing the arc root, it
_alsopr_~its_longarcs with-high-current-densities, a s - d e s c r i b e d inthe_next-section.
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Figure 4.9: Main current channel of different TIG arcs with and without laser support (10mm 50A DCEN arc at
90mm/min,_200W~laser power).
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Figure 4.10: Main current channel of a 8mm 50A DCEN Ar TIG arc at lOOmm/min with and without laser (200W)
support (2.4mm WThS% Electrode, 30mm St52 workpiece).
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The effect of laser enhancement on the arc current density

Using the split anode technique described in chapter 3, the current density of the arc with and without laser
support was measured (figure 4.11 and 4.12). It can be seen that the current density is increased by a factor of 3
to 8. Since current density is proportional energy density, laser-enhancement means an increase in TIG arc energy
density by a factor
--__~
___of -more
- ~-than 2.
1

I
A nsa tz:
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Figure 4.12: Radial current density distribution at the workpiece for the TIG and LASER -T IQ arc (10mm 1OOA
arc at 9Omm/min on mild steel, 200W Laser Power).
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4.3

Theoretical analysis of the laser enhancement effect

4.3.1

Physical mechanism of laser enhancement

In this section a physical mechanism for the enhancement effect in laser enhanced arc welding (LEAW) is proposed.
The minimum laser power for a COz and a Nd:YAG laser is calculated in the case of Fe-, Al- and Cu-based welding
materials. The results are compatible with the pertinent welding experiments.
Quigley et al [59] have stated that their spectroscopic measurements show that even in normal TIG welding of steels
iron atoms are present in the arc plasma close to the workpiece. In the present paper the maximum temperature
of the workpiece in TIG welding of steels is shown to be far below evaporation temperature of iron. This seems
to be in conflict with the presence of iron atoms in the arc plasma, but it has to be taken into account that other
constituents of steel boil at much lower temperatures around 2000 K. The evaporating particles will also hurl out
a small fraction of iron atoms, so that they are able to reach the plasma as a side-effect.
It is proposed that, due to its small focus radius and despite its low power, the laser is able to heat a small part of
the workpiece surface above a critical temperature, which is the evaporation temperature of the main constituent of
the workpiece material. The resulting strong evaporation of the workpiece will strongly increase the concentration
of metal ions in the arc plasma. Metal atoms have a much lower ionization energy than the argon atoms from
the commonly used shielding gas. Therefore the arc will be forced to burn predominantly in regions of high metal
vapour concentration. This will fix the arc root to the place where the laser strikes onto the workpiece, thereby
stabilizing and constricting the arc and lowering the arc voltage. In fact all these effects have been observed in
welding experiments [21, 111.
Here the minimum laser power required for the onset of laser enhancement is computed for some specific welding
parameters. Fe, Al- and Cu-based welding materials are considered for the case of a CO2 and a Nd:YAG laser

4.3.2

Energy balance at the workpiece

In TIGarc welding the anode is usually the workpiece. There are mainly the following contributions to the heat
input by the arc [59]:
gain of kinetic energy of the electrons in the anode fall
electron potential energy (workfunction of the anode material)
conductive and convective heat transport
Joule heating in the bulk of the workpiece
radiation
evaporation of workpiece material
Usually less than 0.5 % of the total arc voltage drops over the workpiece, so that the contribution of the Joule
heating can be safely neglected. The total influence of radiation effects is also small [59] and will be neglected
here as well . All other contributions can be taken into account by imposing boundary conditions for the normal
derivative of the temperature at the surface of the workpiece. The electric current density in the anode root of a
TIG-arc can be regarded as gaussian distributed with a typical radius of 2 mm [22]. In the present analysis it is
assumed that the total heat input by the arc can be described by a single gaussian distribution of radius r&c and
total power P&e.
Lasers for welding purposes typically have a focus radius of about 0.1 mm. If a high-power laser of several kW is
used, the workpiece is partially heated up to temperatures above evaporation temperature and a so-called keyhole
is formed in the workpiece. This is accompanied by a steep increase of the absorption coefficient. On the other
hand, due to the large radius of the TIGarc root the temperature remains far below boiling temperature and
no keyhole is formed in TIG-welding. Since we are only interested in the minimum laser power for the onset of
workpiece evaporation, the absorption coefficient which has to be used is the Fresnel absorption coefficient for
perpendicular incidence. An analysis of the absorption of laser light in the arc plasma by the process of inverse
Bremsstrahlung can be found in the appendix.
In the following both arc and laser will be regarded as gaussian heat sources of powers ~~~~ and ~~~~~~ with
radii rAre and r~~,*~, respectively. The mathematical problem is then to solve the stationary equation of heat
conduction
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for Q being the sum of the two concentric gaussian heat sources, established at the surface t = 0 of a metal sheet
with finite thickness d. At the lower edge t = - d of the metal sheet the boundary condition BT/& = 0 is applied.
The metal sheet is assumed to move with a travel speed u in x-direction, the temperature at infinity being ambient
temperature To. The stationary solution of (4.1) is then given by [27, 7, 91

T=

Here the notation IC = A/pcP has been used, where n is the thermal diffusivity, A the thermal conductivity, p the
mass density and c, the heat capacity at constant pressure. Table 4.1 gives the material parameters used. An
ambient temperature of 300 K has been used throughout.
1 Tm [ K ]
Fe I 1770
Al
932
cu
1356

Tb [ K ] A wm-lK’l] IC [m2s-l]
3008
50
1.28 f 1o-3
2720
220
9.13 * 1o-5
.-2855
350
1-10-4

Table 4.1: Material parameters which have been used in the heat conduction computations [32]. Tb denotes the
boiling temperature.

4.3.3

Minimal values for arc and laser power

The minimal arc power in TIG-welding is given by the constraint of maximum temperature at the lower side I = -d
of the workpiece being melting temperature Tm. For a given radius rAre of the arc root this uniquely defines the
required arc power PACT. Figure 4.13 shows their values together with the maximum surface temperature reached
at the upper side I = 0 of the workpiece. It can be seen that the maximum temperature is far below the evaporation
temperature of the respective workpiece material.
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Figure 4.13: Required absorbed arc powers and m&mum surface temperature of the workpiece for pure TIG
welding.
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In the LEAW-case, where both arc and laser act as heat sources, an additional constraint is needed to uniquely
determine arc and laser powers. This constraint is maximum temperature at z = 0 being evaporation temperature,
which is the threshold temperature for the onset of laser enhancement. The resulting values of arc and laser power
are depicted in Fig. 4.14. It is a noticeable phenomenon that the needed laser powers do not increase for increasing
welding speed, they even slightly decrease. This is based on the fact, that the supporting laser only has to bridge
the temperature difference between surface temperature at t = 0 and evaporation temperature; this difference
decreases for increasing welding speed (fig. 4.13).
200

2mmarcrcatradius
0.1 mm laser focus radius
workpiece:d=i mm

180
160
140
z 120
100
1
rr’ 60

2 mm arc root radius
0.1 mm laser focus radius
workpiece: d = 1 mm

60

I

40
20

0

Fe

1

-

loo

.

...1000

I

-.--.
2000
3000
v [mmlmin]

. .‘.
4000

...
5000

1M)

IWO

2000

3000

4000

5000

v [mrn/min]

Figure 4.14: Required minimum absorbed laser and TIG-arc power to give melting temperature Tm at the lower
side of the workpiece and evaporation temperature Tb at the upper side.
Note that the given powers are not total powers of the arc and the laser, but only their fractions that are actually
absorbed by the workpiece. A detailed energy balance shows that about 50% of the total arc power is transferred
to the workpiece 1591. If absorption of laser radiation in the plasma is neglected, the total laser power needed can
be computed with the absorptivities on the workpiece surface for perpendicular incidence. Table 4.2 compiles the
data for the wavelengths A = 10.6pm of the COs-laser and A = 1.06pm of the Nd:YAG-laser. The result is, that
for Fe-workpieces COr-lasers of only about 130 W output power or Nd:YAG-lasers of about 65 W are needed for
the onset of laser enhancement. For Al the laser powers are about a factor 6 higher, whereas for Cu they are above
3 kW and 2 kW, respectively.

Table 4.2: Absorptivities for perpendicular incidence at or near melting temperatures. Data taken from
measurements and extrapolated from electrical conductivities at melting temperature. [71, 64, 24, 651 .

4.3.4 Conclusions
The analysis presented above is not self-consistent, that is, the onset of laser enhancement changes both the
properties of the arc and the mechanism of laser power absorption. These effects are not included in the present
analysis. The calculated laser and arc powers are in fact only the values for the onset of laser enhancement.
Maintaining the LEAW-process will probably require much less powers. Not only will the radius of the arc root be
smaller than in pure TIG welding, also the coupling of the laser radiation into the workpiece is nearly complete if
a keyhole is formed. Therefore the output laser power needed to keep up the LEAW-process will be even smaller
than the powers in fig. 4.14.
The results also strongly depend on the chosen process parameters (as rhclrsr and ~~~~~ and the material properties,
which may be different in a real application.
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The neglection of laser radiation absorption in the arc plasma is certainly justified in the case of the Nd:YAGlaser, where88 a certain amount of CO&ser output may be absorbed in the arc plasma by the process of inverse
Bremsstrahlung (see Fig. 4.15). In a more detailed analysis of the LEAW-process this and other plasma effects
have to be taken into account self-consistently.

10000

20000
2swo
eledronteinperature [Kl

1sooo

30coo

Figure 4.15: Linear absorption coefficient for COz- and Nd:YAG-laser radiation in a low-temperature argon
plasma. The electron densities used 8re 1.5 + 102s mm3 and 2 - 1O23 mm3
It can be summruized that the LEAW-process seems to be most interesting for steel, where a laser output power
of only about 130 W (COz-laser) or 65 W (Nd:YAG-laser) is needed. The high thermal conductivity and optical
reflectivity of Cu requires technologically uninteresting high laser powers, whereas Aluminium may be interesting
because Al-surfaces are usually contaminated with oxide layers drastically reducing their reflectivity.

4.4 Summary
In the preceeding sections the physical effect of lsser enhancement of the TIG arc was described:
Enhancement of the TIG BTC by a laser means to focus the laser on that point of the workpiece, which has to be
the 8rc anode root. By doing this, due to its small focus radius and despite its low power, the laser is able to heat a
small part of the workpiece surface above a critical temperature, which is the evaporation temperature of the main
constituent of the workpiece material. The resulting strong evaporation of the workpiece will strongly increase the
concentration of metal ions in the arc plasma. Metal atoms have 8 much lower ionization energy than the argon
atoms from the commonly used shielding gas. Therefore the arc will be forced to burn predominantly in regions of
high metal vapour concentration. This will fix the arc root to the place where the laser strikes onto the workpiece,
thereby stabilizing and constricting the 8rc and lowering the arc voltage.
This new arc operating mode leads to a cRannel like 8rc compared to the conventional TIG arc which is more like
a jet. The effect of arc length dimishes and the energy density supplied to the workpiece is enhanced by a factor
of 2-8.
This results in important advantages over the conventional TIG arc. where, unlike the plasma process, the energy
density may be increased without significantly increasing the 8rc pressure.

Chapter 5

Plasma Welding
5.1 Introduction
Plasma welding was first developed in the 1950’s and introduced commercially in the 1960’s. At this time it was
regarded as a major development for fusion welding applications. In the last 20 years the use of process seems
to have been restricted to a few specialist operations and the predicted growth in the general welding market
has not occurred. This is thought to be due to a number of factors including the high capital cost of the basic
equipment (compared with TIG or GMAW), the complexity of equipment and difficulties associated with parameter
optimisation and process control. It is well known that Plasma process operation is intricately linked with the
design of the welding torch whose geometry dictates the boundary conditions at the source of the arc jet. As a
result, it is not practicable to transfer parameters developed on one make of equipment to a different make or model
and optimum conditions for a given task may vary considerably between welding torches of quite similar design.
High capital costs are inevitable due to the complexity of the equipment required for process control. In addition,
it is not feasible at present to relate the details of welding torch design to more than the gross characteristics of
the arcs produced. However, it the major reason for the lack of commercial exploitation of the Plasma process
to date concerns the difficulties encountered with process optimisation. The purpose of this study has been to
identify behavioural trends and to relate these to the operating conditions by studying the physical influences and
interrelationships of the various welding parameters. Due to the large number of control parameters (compared
with other conventional processes, see table 5.1), optimisation by trial and error has proved largely unsuccessful.
In general, plasma welding is best suited to automatic operations where consistent, repeatable conditions can be
maintained. The basic principles of the Plasma welding arc have been reviewed in chapter 3. The main advantages
of the process arise from the wide range of stable conditions which may be achieved. This is due in part to the
(semi) independent control of the gas flow in the arc column afforded by the presence of the constricting nozzle.
This chapter highlights a few of the most important results form the arc modelling tasks and experimental process
investigations undertaken during this study.

Table 5.1: Parameters of primary importance for process optimisation and process definition
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5.2 Modelling of constriction
Description of the model

The description and behaviour of the arc in welding has been a subject of research
for a substantial period of time, but even so it cannot be claimed that it is fully
understood. Plasma welding has some similarities to techniques such as laser welding, in
that keyholing is possible, and under different circumstances either cutting, welding or
drilling is possible. A hydromagnetic model of laser assisted plasma arc welding was
presented in an earlier paper [l]. The main assumptions am that the arc is axisymmetric,
and, for simplicity, the effects of the laser are averaged over the cross section of the arc.
Likewise, the principal physical quantities are averaged over the region of the arc,
although such quantities as the magnetic field and the radial component of velocity are
taken to depend in as simple a way as possible on the radial distance from the axis of the
arc. The model is based on the consideration of
(i)
the hydrodynamic flow of the matter of the plasma itself;
(ii) the degree of ionisation of the plasma as determined by Saha’s equation;
(iii) the exchange of energy between the laser beam and the plasma by inverse
Brehmsstrahlung;
(iv) Maxwell’s equations for the electromagnetic quantities;
(v) the energy equation;
(vi) standard theoretical expressions for the transport coefficients, approximated
somewhat in the interests of simplicity.
The symbols employed here are as in reference [l] as are the relevant equations in their
general form. The form they take when averaged over the arc cross section, on the
assumption that averages of products etc. can be approximated by the product of their
averages, is given in Table 3 of reference [2]. The manner of their derivation is explained
in reference [l], and is based on the following approximations and their consequences:
2i = 1.55,

ni = ne;

m, <m,=m,,
qj=-VP,

Vx(qVxB) =O

V*=V-

if IvxBI< ]E]

I =r@T

A solution of the form B, ( r, z ) = ‘/,B(z)r+D(z)~+O(rS) is sought. Apart from the
pressure distribution, p(r,z), voltage v(~,z) and radial velocity, other quantities are taken to
be equal to their average values. When no arguments are shown, it is the average values
which are intended. There are a number of minor differences from the forms presented in
the earlier paper. A slightly different formulation of the pressure conditions resulting
from the hydrodynamic equations is given, as a consequence of the form of solution used
to model flow in the arc; if the pressure is p(r,z) and the axial velocity is V, then
aP(r.z)
-=
8Z

dVZ

-pvI dt +pg

B”

aP(r,z)
and = sr
ar

u=- w h e r e S= --p3+ vzdfz - - and
1 -%Pv,) *
> %I
I
2p d z
Quantities such as <P>~ can then be calculated in terms of S, which has to be a constant.
In particular (p>,- $z2 = <p>, (s p). The effect of the nozzle geometry and of the
shielding gas is investigated further, as is the best way to make allowance for the
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shielding gas. Appropriate boundary conditions have to be imposed at the electrode and
the workpiece. The full set of equations in the approximation used in the model is given
in table 3 of 121. It consists of a set of ordinary differential equations and algebraic
equations which can in principle be solved by standard computational techniques.
Fluid dynamical aspects of the problem
If the density of the arc is approximated by a constant value (substantially different from
the surrounding gas) the fluid dynamical aspect of the problem can be decoupled entirely
from the energy flow/temperature aspect. The pressure equation integrates exactly
(Bernoulli’s Theorem) to give
where the subscript
combined with
to give

M=
Ss
M;
sq=
p+---4
2.7r2a4
4 =pi+ Mai’p
i indicates tRe value of the variable at

the input level. This can be

42hp( I+ aZ2)(p + PS - pJ + (1 - p/,g)Mr2 = 0
M?
Mz
41rWp(l+ a,“) pi - p. + +atS - - d +-$(d-a,.q)+M:=O
Znza’p + Mni’P

where it has been assumed that the density outside the am, pO, is large compared to the
density inside, p. We also have the equations
dM

az-2M
du
d z = +pu’+S)

if the Lorentt force is ignored, and the definition p = M/a2 is made. It is convenient to
scale the variables in terms of a suitable scale Ma for M as follows; u with M&h8 ; M
with MO; a and z with h; p with M,‘/?pd’; S with Mo2/?ph2d4; p with d2Mdh4, If we
also write 01 = al/h, define d by
M&r,” = 57 MJrcaf =

the mass flow rate per unit area at

z=

0,

and now employ the same symbols for the dimensionless quantities, the following
equations are obtained.
jl

da
-=
dz

where

Y=(p,-

-$w

g+3+s=o,
$+2u=o,

(1)
(2)

,afxW+,ZDa+,u2-y)]
I

.

P2-Y

pJ+p,+~p2S(a2-~)-~

and

(3)

prx=p,-pP!-_Sai2.

Here, p,(z) is the pressure outside the arc on its boundary, p, is p,(O), p, is the average
input pressure inside the arc and p is the value of the pressure inside the arc at its
boundary when z = 0. Since the scalgg employed requires ~(0) = I, equations (1) and (2)
can be solved to give
P(Z) = (1 - gz,’+ sz .
(4)
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Equation (3) must be solved, given p,, a and p,(z) - p, with suitable values of s and #?;
neither of these is determined by external conditions. The boundary condition is that
M(1) = 0. There are two possible ways in which this can be achieved
Either
or else

(Case 1)
(Case 2)

/4(z) =o
a(l) = 0.

(5a)
(5b)

In the first case it is immediately apparent that S + (1 -s>z = 0, from which it is appears
that there is a fi-ee parameter, most easily taken to be 8. Numerical solution of equation
(3) however shows that in general no solutions exist which are physically real except for
very restricted ranges of the free parameter. These solutions am all very similar, differing
mainly in the overall width of the arc. They correspond to a simplified model of a
standard transfered arc plasma weld. It is not clear from this model what determines the
exact value of the free parameter, but it seems very likely that conditions inside the
nozzle would influence it. Some examples of solutions are shown in figure 1 for Q = 0.25.
Solutions to the problem only exist for the given set of parameters p, and p, if S lies
between the values -4.85 and -4.22 in the case when p’, = p,, = 0 or between - 3.06 and
-0.64 when p, = 0 and p, = 1’11 -(I -#I. The second case proves to have somewhat
similar properties, but the form of the arc outlines are entirely different and clearly
correspond to the non-transferred arc case; they are much more flame-like. Numerical
investigation showed that for a given value of S there were at most two values of @ for
which condition (5b) was satisfied, and that for most values of S there were no solutions
so that .once again there was only a range of acceptable values; again, it would seem
likely that conditions inside the nozzle would affect the value of S. Some solutions are
shown in figure 2, which correspond to p, = p0 = O; for one class of solutions s has to
lie between ti.25. A second solution is shown in the case S = 0 which is much fatter; the
pressure difference between the arc and its surroundings is very much greater in this case.
This suggests that it only occurs in practice at very low mass flow rates, if at all.
If Q: is taken equal to 0 to remove the radius of the arc at the exit from the nozzle
and replace it by a point cathode, it is possible to investigate flow inside the nozzle as
well using essentially the same model. Equations (1) - (3) apply except that the term in a
is absent from equation (3). The principal difference now becomes the calculation of p,(z)
in the nozzle and outside it. This can be done using Bernoulli’s Theorem in the unionized
gas surrounding the plasma in the inner part of the nozzle and the total mass conservation
equation in the combined unionized and ionized regions. For simplicity the unionized gas
has been regarded as incompressible although this condition is easily relaxed in numerical
solutions. Figure 3 shows an example of profiles for a transfered arc for a point electrode
inside a nozzle of the same radius as for figures 1 and 2 with p, = p,, = 0; in this case S
has to lie between -8.0 and -12.96.
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Analysis of the Plasma welding process

5.3.1 Process Characteristics
The physical constriction of the Plasma arc is known to have a substantial influence on the energy distribution
and properties of the resultant arc. In gross terms, the arc energy losses may be related to the arc voltage. An
examination of the influence of operating parameters on arc voltage has therefore been undertaken in order to
highlight important process features.
5.3.1.1 Arc Voltage
The voltage-current characteristics of the constricted arc show similar trends to those of the free burning arc,
although the curves tend to be displaced toward higher voltages. The curves obey Nottingham’s relationship i.e,
they have a strong negative gradient at low currents and a weak positive gradient at high currents corresponding
to modified fall voltage behaviour and Ohmic dissipation respectively. At currents of a few tens of amps the curves
display weak minima which differ little in position from those of the free burning TIG arc.
The relationship between the free arc length and arc voltage is markedly linear over a wide range of arc lengths
(2 to 20mm). The slope of the curves (representing the average electric field strengths) depend on nozzle diameter
and plasma gas flow rate. Voltage also exhibits a linear dependence on the plasma gas mass flow rate, with the
gradients being some function of the nozzle diameter.
The size of the constricting nozzle has a marked influence on the arc voltage which generally follows an inverse
square relationship, although the exact form depends to a large extent on the geometry of the electrode and welding
torch. The electrode diameter, tip geometry and set back can significantly influence this relationship, as illustrated
by the following empirically derived equation:
v = 0.02611,0~49 + 81.51-“.6 + 0.5111 +

51.75Pf
z gs + 1.02
Od*

This expression is valid for the Thermal Arc PWH-‘IA torch over the following parametric ranges:
Current
I
10 - 200A
Free Arc Length
3 - 13mm
I/
Plasma Gas Flow Rate Pt 0.5 - 5.0l/min
od 3.2 - 6.Omm
Nozzle Diameter
Electrode Set Back
2.0 - 4.0mm
I,
with a 30* included angle electrode. The mean error of the prediction is 0.44V or &2.5% of the measured voltage.
Comparisons of different welding torches were carried out and, as anticipated, significant voltages discrepancies (of
the order of 20%) were obtained, although little difference in fusion behaviour was observed. To study the influence
of torch geometry further, a new modular experimental welding torch wss constructed with provision to replace
critical components controlling torch geometry. It was found that a significant change in arc voltage occurs for
identical operating parameters when the geometry of the plenum chamber is altered slightly (figure 5.1). These
changes may be attributed the changes in the gas velocity distribution upstream from the point of arc generation.
It was observed that the combined effect of all the geometrical factors became more important when the upstream
gas velocity exceeded the velocity of the cold gas flow in the throat of the nozzle.
Based on the voltage evaluation it may be concluded that the most consistent and transportable conditions occur
when the welding torch is designed according to the following criteria:
l

The constriction is significantly greater in the throat of the nozzle than elsewhere in the gas flow path

l

The electrode tip is flxed at the plenum / throat interface

l

Identical throat length and throat geometries are employed

Although it is not possible to derive general expressions for the Plasma arc voltage as a function of the control
variables due to the complex nature of the geometry dependence, the basic trends have been identified, and the
geometric influences can be minimised by correct welding torch design.
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5.3.1.2 Arc Radiation
One consequence of limiting the radial expansion of the plasma arc relates to a shift in the energy balance behaviour.
This may be understood qualitatively form the energy balance equation.
J’.8= -V . pHu’+ ii - V . (KVT)
Constriction reduces the radial velocity and axial temperature gradient components of the convective dissipation
term. Assuming only small changes occur at the arc boundary (i.e, the conductive term remains unchanged), an
increase in radiated power is inevitable.
The radiant energy from the arc may be measured experimentally using a broadband spectral response radiometer.
Results indicate that radiant energy losses increase linearly with increasing free arc length and rise according to
the square of the arc current. The effect of nozzle diameter and plasma gas flow rates are small by comparison
with marginal increases in measured column radiation for reduced nozzle diameters and increased plasma gas flow
rates. At moderate welding currents, the plasma process will radiate typically 30 to 40% of the power developed
in the arc column (up to 20% of the process power for ‘soft’ plasmas) compared with less than 10% for the free
burning TIG arc. This has important implications for operator safety both with regard to UV damage to human
tissue and the increased production of ozone in the weld environment [l].
5.3.1.3 Arc Pressure
The influence of a non-consumable arc on the workpiece may be fully characterised by its current density, power
density and pressure distributions at the anode surface. The former have been briefly discussed in section 3.4. Arc
pressure has been studied extensively during this programme in order to find optimised parameters for a range of
welding applications.
Typical pressure distributions are illustrated in figure 5.2, these have a gaussian form for mixed gas (argon/helium)
plasmas and have slightly greater axial pressures than predicted by the gaussian relationship for pure argon plasmas.
The relationship between the axial arc pressure (Part) and process operating variables is complex. However, for
the operating regime suitable for high speed welding, the following empirical relationship has been found:
Parc =

7.3 - 10_4PjI’ - 160
olJr7

bW

where Pl is the plasma gas flow rate in l/min, I the current, O,j the orifice diameter and 1, the free arc length.
This expression is valid for currents above 1OOA with an electrode set back of 2mm and an included tip angle of
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Figure 5.2: The influence of current on arc pressure distributions for an argon plasma arc (3.6 mm Oa, Gl/min
plasma gas, 4mm free arc length, PWH-7A welding torch).
45’. It must be emphasised that relationship is only quantitatively valid for the Thermal Arc PWH-7A plasma
torch, although the form remains unchanged for the other welding torch geometries examined.

5.3.2 Weld Characteristics
An extensive range of weld bead characteristics may be produced ranging from wide shallow weld pools to deep
narrow keyholes. Two applications have been examined in detail during this study, these are the high speed welding
of thin sheets, and keyhole welding of thick materials.
5.3.2.1

High Speed Welding of Thin Sheets

Plasma welding is traditionally associated with either the joining of small components (micro plasma) or keyhole
applications. However, the process also has the potential to produce melt-in mode welds in an analogous manner
to the TIG arc. For such applications, the advantages of Plasma over TIG occur due to enhanced control over the
current, pressure and power density distributions.
The Plasma welding process was assessed for high speed welding of thin sheet stainless steels. Initial investigations
proved that ‘soft’ plasmas were capable of producing good quality butt welds on lmm thick type 304 and 316
stainless steels at welding speeds typically associated with multi-cathode welding (2-3m/min). The study was
therefore augmented to determine the limiting speed of the process. Two problems were encountered at high
welding speeds, undercut on one or both sides of the surface bead, and hot cracking. The latter was partly
attributed to poor shielding efficiency at high traverse rates.
Undercut was identified with the excessive arc force generated by the high power arcs necessary to weld at high
speeds. This was minimised by the selection of weld parameters which reduce the arc force whilst maintaining a
high power density distribution. Mixed gas plasmas based on low mass gases (hydrogen and helium) were also
examined. It was found that excessive electrode erosion occurred when hydrogen was present in the plasma gas.
Similar behaviour also occurred with pure helium. An acceptable compromise was reached with a 75% helium +
25% argon plasma gas which gave a low arc pressure with minimal electrode erosion.
Operational envelopes were developed relating arc pressure to weld bead appearance, typical results are illustrated
in figure 5.3. These suggest an upper limit close to the welding speeds currently achieved with the multi-cathode
TIG process for industrial tube seam welding.
Based on the results of this study, high welding speeds may be achieved for melt-in mode welds using the following
criteria for parameter selection:

CHAPTER 5. PLASMA WELDING

76

Lwk

of PonrtrMbm

0

t
3.5

4.0

45
5.0
5.5
Welding Sprrd (m/mini

6.0

6.5

Figure 5.3: Process tolerance limits for full penetration (melt in mode) welding of thin sheet type stainless steel.
Helium rich plasma gases

-

Small nozzle diameters
High currents
Low plasma gas flow rate
Small constricted arc length
Short free arc length
Torch inclination

-

composition to maximise power generation with
minimal electrode erosion
dependent on maximum current requirement
select for material thickness and target speed
sufficient to prevent damage to the orifice
to minimise arc pressure (=:<2mm)
to maximise power density
>20° trailing to elongate the heat source

It is anticipated that improved weld integrity could be obtained using alternate nozzle geometries to further reduce
arc pressure for a given arc power and to distribute the power over a greater distance along the weld line.
5.3.2.2 Keyhole Welding
Keybole welds occur when the arc plasma exerts sufficient force on the workpiece to fully penetrate the molten pool.
In conjunction, surface tension forces act to prevent collapse of the keyhole or expulsion of the molten material.
Optimum keyhole conditions rely on the critical balance of forces, and tolerance to parameter variation is generally
small.
Initial weld trials were undertaken in the downhand (5G) position using steady state welding parameters. Good
quality welds were obtained on a range of mild and stainless steel materials, although it was generally observed that
the size of the operational envelope decreased for the high carbon steels, the process showing a marked sensitivity
to the composition of the various mild steels examined.
Attempts to weld with steady state parameters in positions other than the downhand rapidly led to weld pool
instabilities and ultimately to pool collapse. Investigations were therefore undertaken to examine the influence
of current pulsing on keyhole stability. During pulsed welding the keyhole is formed and expansion occurs whilst
the current is high. The pool subsequently contracts during the base period; a dynamic equilibrium is therefore
maintained which permits a greater degree of parameter flexibility.
Pulsing also tends to impart a more regular surface bead and underbead appearance to the weld pool, this is
illustrated in figure 5.4. The introduction of a pulsed current further increases the number of operating variables.
However, based on the results of this study, the following criteria may be employed for selection of suitable pulse
conditions.
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l

Base Current

Selected to maintain the arc during the base period, typically 20
to 40A. This should be as low as practicable.

l

Base Duration

Chosen to optimise pool size, typically 100 to 500ms for both
mild and stainless steels. Minimum base duration required to
maximise the welding speed (figure 5.5).

l

Peak Current

Dependent on material thickness. Typically 200 to 300A for mild
steels, >300A for stainless steel.

l

Peak Duration

Dependent on Ip and base duration. Figure 5.6 illustrates the
relationship between pulse duration and current for welds of
similar size and shape. Typical weld bead profiles are shown in
figure 5.7. Peak duration should be shorter than the base duration
to obtain maximum process advantage.

l

Welding Speed

For a given material and thickness, welding speed is proportional
to t;Y The constant of proportionality and the value of n
(typically “1) may be found by performing appropriate tests.
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The major influence of each of the primary process variables is shown in table 5.3.
Using the criteria described, pulse parameters were sought for circumferential keyhole welds in X60 pipeline steel.
Successful welds were obtained in the downhand, vertical down and overhead positions, demonstrating the feasibility
of the Plasma process for orbital pipe welding. Typical weld bead surface and underbead appearances are shown
in figure 5.8 (corresponding to the 2 o’clock position) and bead profiles at the 12 o’clock, 3 o’clock and 6 o’clock
positions are shown in figure 5.8. These welds were produced using a single set of operating conditions for all
positions (table ??).
Underbead penetration was found to differ with position, ranging from 1.6mm in the downhand position to 0.3mm
in the overhead, although the root profile remained convex for all the welds produced. More consistent root profiles
should be readily obtainable using orbital welding equipment with the capability to change the operating conditions
(pulse parameters and/or welding speed) as a function of operating position. An arc voltage control system for the
accurate maintenance of arc length would also be an advantage.
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Plasma Keyhole Parameter Dependence
PlasmaGasFlowRa&
Increases arc pressure
Increases penetration
Increases top bead width

Increases penetration
Reduces current requirement
Increases back bead width

No& Diameter
Function of operating current
* too large - large surface bead
- reduced parametric envelopes

Welding Sped
Proportional to mean welding currt
Approximately proportional to t,,-’

* too small - damage
- cutting action
n

Fm Am Length
* too long - lack of penetration

- undercut
- rough surface
* too short - undercut
- excessive underbead
Optimum range for given application
- typically 3 to 6mm
Shielding Gas Composihkn
Argon recommended
- greater pool fluidity
Helium
- smaller operating envelope
- higher production rates
Argon + Hydrogen
- for use with stainless steels

cimmi&dArcLimgth
* too great - undercut
- excessive underbead
- rough surface
* too small - low arc pressure
- lack of penetration

PIamur

Gas composition

Argon recommended, some increas
productivity with low percentage
(40%) helium additions

_--~ ___. ~,__ - - -_____ --_.?

’

Table 5.2: The influence of primary process variables on keyhole welding. behaviour.
i

Orbital Weld Data Sheet
Welding:
Position

1G & SG

Plasma Gas: Argon
2.lfUmin
Electrode:
TYpe
Orifice:
Diameter

Material:
TYpe
Shielding:
Gas

6mm

Pipe

Root:
Thickness

Argon
11.3 Umin

Backing:
Gas

Argon
Sf/min

API SL X60

2% Th-w

Electrode: 3Smm
Diameter

Electrode: 28” inc. angle
Geometry

2.5 lmm

Electrode: 2.8mrn
Set-back

Free Arc: 3Smm
Length

CURRENT: Pulsed - 120A mean
Ir, : 18OA I,

:

20A

t

:

340ms t, : 200ms Travel Speed: 1.48mm/s

Table 5.3: Typical parameters for orbital keyhole welding.
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Figure 5.4: Surface and underbead appearance of a pulsed plasma keyhole weld made in 6mm thick X60 pipeline
steel.
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Figure 5.5: The relationship between background time and travel speed for pulsed keyhole welding of 6mm thick
X60 pipeline steel.
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Figure 5.6: The dependance of peak pulse duration on peak current for pulsed plasma keyhole welding of 6mm
thick type 304 stainless steel at different welding speeds. Curves refer to welds of similar appearance and integrity.
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Figure 5.7: Comparison of weld bead profiles in 6mm thick type 304L stainless steel for different peak pulse
durations (shown as a percentage of the pulse time) and a comstant mean current of 200A.
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Figure 5.8: Fusion profiles for an orbital pulsed plasma weld in 6mm thick X60 pipeline steel. Sections taken from
the 12 o’clock (top), 3 o’clock (centre) and 6 o’clock (bottom) positions respectively.
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Chapter 6

LASER-TIG Welding
6.1 Introduction
Combined Laser-Arc welding experiments (figure ??) were carried out first by W.M.Steen’s group (U.K) in the
late seventies [8, 68, 2, 671, and extended for aluminium by US researchers [17, 151. The underlying idea of these
experiments carried out by these groups was to increase the speed of conventional laser beam welding at low
additional costs and/or to increase weldability for specific materials (arc-enhanced-laser- welding). Therefore, the
laser power used was comparatively high. In addition, a Japanese group is working on combined Laser-GMA
welding [38], were significant enhancement effects had not been found up to now, i.e. the laser power is simply
added to the Gas-Metal- Arc without any additional synergy effect.
Since these results did not provide a breakthrough towards a new widely applicable welding process, based on
some initial results [73], this BRITE/EUBAM focused fundamental research project aimed to increase the physical
understanding of combined LASER-TIG welding as a basis for process evaluation [69, 66,741 and future development
of the process to industrial application.
In addition, a Chinese group is working on Laser-Arc welding problems [ZO].
Within this chapter, a summary of
l

The experimental set-up’s used (section 6.2)

l

The welding experiments undertaken (section 6.3)

l

The concept and opportunities of combined welding heads (section 6.4)

will be given and finally,
l

the technological process data available up to the end of the technical work of the project (1.3.1993) will be
evaluated (section 6.5).
I

O+

Figure 6.1: Principal set-up for combined laser-arc experiments.
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6.2 Experimental set-up
The first experimental setup used to study the physical behaviour of the process (fig. reffig:ltsetl-6.4) was similar
to that used by the other groups performing the arc-enhanced laser-welding studies [68, 17, 15, 381 and based on
the set-up used for the initial feasability studies [73].
Since the technical objective was to do laser enhanced TIG welding, a major part of the work was related to the
decrease of the combination angle 4~1~ and the minimum arc length possible lbsc (figure 6.2). Such an optimisation
is very important, because the TIG-part of the combined process requires combination angles less than 20’ and
possible arc lengths less than 2mm, especially to carry out comparative TIG welding experiments.
Significant progress was made (table 6.1), nevertheless limited by the combined welding head concept (see section
6.4):
Compared to the setup’s without a specially developed combined head (la&b), the combined CO2 head developed
gives first access to realistic arc lengths and TIG-torch angles. This is especially important for comparing the
welding results of LASER -TIQ and TIG.
Set-up
No.la, ‘90-‘91
No.lb, ‘92
No.2 (Comb.Head), ‘93

h’IG,min

lbQO,min

4o”
3o”
20’

4mm
3mm
lmm

Table 6.1: Minimum angles between laser and arc electrode (4La,rr_Tlo,min) and arc lengths (lorc,min) possible
for the different combined laser-arc welding set-up’s.

Figure 6.2: Combination of TIG-torch and laser optics.
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Figure 6.3: Overview of the Laboratory set-up No.1:
1. Gas supply and control, 2. Laser optics and TIG-torch, 3. z/@able.

1
j
2

Figure 6.4: Combination of laser-beam and TIG-torch:
1. Laser focussing system, 2. laser nozzle, 3. TIG-torch, 4. workpiece.
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Figure 6.5: LASER-TIQ Set-up No. 2.
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6.3. LASER-TIG WELDING EXPERIMENTS

a7

6.3 LASER -T IG welding experiments
Using the experimental set-up’s described in the preceeding section, the major differences between conventional
TIG and LASER-TIG welding were investigated and welding experiments using different base materials were carried
out.

6.3.1

The effects of surface state and arc length

From conventional TIG welding it is known that surface conditions of the workpiece plays an important role. The
surface state of the workpiece influences the dynamics and extent of the anode spot, and thus the width and
depth of welding seam. Already small amounts of surface oxides detached by the arc migrate to the plasma. This
changes the transport of charged particles and displaces the energy balances of welding arc. As result the energy
consumption of the workpiece is reduced whereas the radiation of the arc column is increased.

Figure 6.6: Welding seams on contaminated workpiece surface (6mm 50A DCEN argon arc at 120mm/min, 300W
Laser power). Left: Laser beam supported arc, right: pure TIG welding arc.
Figure 6.6 shows the welding seam of a normal TIG welding arc and of TIG-arc due to a supporting Laser beam at
a steel sample with thick primary surface impurities. It is obvious that on impure workpiece surfaces the arc burns
very unstable and erratic producing a large welding seam. This behaviour changed remarkably using an additional
focussed Laser beam. The Laser beam breaks the oxide film and creates a cleaned area where the arc is directed.
Due to the welding process running with stabilized anode spot and due to the more concentrated energy input,
more than 90% of arc energy is transfered into the workpiece.

Figure 6.7: Welding seam quality for a Laser enhanced and a conventional TIG arc (10mm 70A DCEN argon arc
at 150mm/min, 700W Laser power, workpiece: mild steelSt52). Right: pure TIG welding arc, left: Laser beam
supported arc.
Figure 6.7 shows an example of welding seams of a Laser supported and a conventional TIG arc on a polished and
degreased workpiece. It can be seen that the Laser enhanced welding arc produced a homogenious and uniform
welding seam. On the contrary the TIG arc caused a seam negatively influenced by slag inclusions. Furthermore,
the TIG welding showed qualitatively disadvantages concerning to the dimensions of the welding seam. They are
smaller and shallower.
One of the main effects of laser enhancement is underlined by figure 6.3 where the depth of penetration is displayed in
dependence of Laser power and arc length. Obviously, small amounts of Laser power (100 W) provide a qualitative
improvement of welding. Comparing the applied Laser power of 100 - 700 W with the power of 2 kW consumed

r
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by the arc this is a relatively low part producing a considerable qualitative effect and overcoming the arc length
problem characteristic for conventional TIG application.

16

6

Figure 6.8: Dependence of depth of pentration on Laser power and arc length.

6.3.2

L ASER -TIG welding of mild steel

Mild steel was used for the initial penetration studies (see e.g. figure 6.9, which have shown the ability of the
process to double welding speed and/or penetration compared to conventional TIG welding. The following section
will concentrate on stainless steel and aluminium materials, because most TIG applications lie in this field.
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Figure 6.9: Welding seam width and depth for LASER -T IQ welding of mild steel.
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650mm/min): top: unoptimised gas shielding with (left) and without (right) laser support, bottom: optimised gas
shielding with 19OW laser support.
For a lot of TIG applications, high seam qualities at considerable high speeds are required. Using the know-how
coming from the physical analysis of the Laser-Tig process, it is possible to perform parameter optimisationa for a
specific application - if the experimental set-up is sufficient.
As shown in figure 6.11, the L ASER -T IQ process permits seam qualities and welding speeds which are in between
those of the conventional TIG and the pure laser beam welding process - especially for longer arc lengths or higher
speeds, were the pure TIG process fails (figure 6.11 top).
For lmm sheets, the actual weld (figure 6.12) is still far away from the optimum, but still showing the possibility
in speed enhancement.
For lower arc currents, parameter determination is more straightforward and the process ability to deliver real joints
at considerable high speed can be seen easily (figure 6.13).
Nevertheless, compared to the initial assumption, that higher TIG currents reduce the laser enhancement effect,
laser enhancement is even benefitial at high TIG currents. Taking into account that the pure TIG process becomes
instable at a relatively low speed and/or arc length, the L ASER -T IQ process does not: The Laser enhanced TIG arc
can weld at much higher speeds (figure 6.14), but parameter optimisation is more difficult, because of the stronger
arc-laser interaction. Another solution can be to use a Nd:YAG laser, which is computed not to interact with the
arc plasma (section 4.3).
Finaly, the welding parameters were found to lie in-between those of conventional TIG and laser beam welding
(table 6.2).

.

_-

TIG, v = 380mm/min

Material:
Sheet thickness:
Arc length:
GTA Current:
Welding Speed:
Laser power:
Focus diameter:

;;mCr Ni 18 10
4mm
130A
650 rsp. 380 mm/min
17OW. TEMoo
ca. 90pm

Figure 6.11: Cross sections of TIG and LASER-TN welding seams (4mm 130A argon TIG ibrc on 2mm X5 Cr Ni 18
10 material, laser support: 170W).

Figure 6.12: Cross sections of a LASER-TIQ joint of lmm X 5 CrNi 18 10 sheets (4mm argon TIG arc).
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Figure 6.13: Cross sections of a L ASER -T IG joint of 1.5mm X 5 CrNi 18 10 sheets (4mm argon TIG arc).
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Figure 6.14: Cross sections of a L ASER -T IG joint of 1.5mm X 5 CrNi 18 10 sheets (4mm argon TIG arc).
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6.3.4

L ASER - TIG welding of Aluminium

For the steel welding experiments, the approach was to minimise the laser power needed. Several difficulties
occurred, because the experimental set-up gave no access to the parameters needed to achieve this aim. Therefore,
for the aluminium welding trials, higher laser powers were used in order to get strong laser-arc interaction. Using
the experimental set-up shown in figure 6.15, welding experiments for different Al materials were carried out using
the following principal parameters:
laser beam diameter
laser mode
laser focus radius
TIG arc angle
TIG arc

30mm
TEMoo
1OOpm
30°
2mm DCEN He or Ar arc, 2.4mm WT20 cathode

Figure 6.15: Experimental set-up for combined LASER-TIO welding experiments of Al.
Using these parameters, laser-, LASER-TIO and pure TIG welding experiments were carried out for three different
Al materials.
6.3.4.1

L ASER - TIG welding of Al Mg 4.5 Mn

AlMg4.5Mn is commonly applied in railway and shipbuilding industry. The material is very good TIG weldable
(figure 6.16) but showing significant problems for laser welding: decreased yield strength and porosity (figure 6.17).
As can be seen from figure 6.18, using the LASER - TIG process, twice the TIG speed comes in reach without these
problems. Porosity is still found, but can be easily reduced by further parameter optimisation.
6.3.4.2

L ASER - TIG welding of Al Mg Si 1

Al Mg Si 1 is an important Al material for automotive industry. TIG Weldability is reasonable, but limited by
hot-cracking (figure 6.19). These problems can be minimised by laser beam welding (figure 6.19), but the LASERT IG process was found to be able to replace half the laser power without performance reduction (figure 6.20). In
addition and compared to TIG, higher qualities are possible by the use of filler (figure 6.21). As a remark, it has
to be stated that figure 6.21 shows the first LASER - TIG + FILLER weld ever done!
6.3.4.3

L ASER - TIG welding of Al 99.5

Pure Aluminium is used only for special applications and it’s laser-weldability is not very good (figure 6.22).
Replacing half of the laser power by a TIG arc, good quality joints without speed reduction are possible (figure
6.23). The combined process seems to solve the absorbtivity problem occuring in pure laser welding.

.
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Figure 6.16: AlMg4.5Mn TIG joint cross section (70A at 0.5m/min).

Figure 6.17: AlMg4.5Mn (W28) Laser blind seam (1.5 kW at Jm/min).

93

CHAPTER 6. LASER-TIG WELDING

94

0

.9

.

Figure 6.18: AlMg4.5Mn LASER-TIB joint (50A + 650W at lm/min).

Figure 6.19: AlMgSil (F28) Laser blind seam (1.5 kW at Jm/min).

._ : . . ._.
,..‘
.

_.

:

.

Figure 6.20: AlMg Sil LASER-TIG joint cross section (80A + 7OOW at &n/min).
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Figure 6.21: AlMg Si 1 LASER-TIQ joint cross section welded with filler (80A + 700W at lm/min, lmm filler at
2,5m/min).

Finure 6.22: A199.5 Laser blind seam (1.2 kW at 3mlmin).

Figure 6.23: A199.5 L ASER -T IG joint cross section (60A + 700W at Sm/min).
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6.4 Combined L ASER -T IG welding heads
6.4.1

The combined welding head concept

In the past, all laser-arc welding experiments were undertaken by a combination of a conventional TIG torch with
conventional laser optics, as also done for this study:
In order to evaluate the process options by the basic research needed for a basic understanding, first a vision
of realistic LASER-TM devices for research and development had to be developed. The most important criteria
for the development was flexibility and costs: The combined head should give access to a wide range of welding
parameters, especially combination opportunities.
This approach was quite successfull. By combining a wide range of TIG-torches with the laser and to control the
angle of incidence of the laser beam, the basic paramter ranges of the process can be determined. In addition, for
industrial application, the development of integrated welding heads is required, because the combination concept
does not allow sufficient gas shielding to the weld and the angle between arc and laser has to undergo further
reduction.

6.4.2

Specification of the combined head requirements

Since the combined heads to be developed will be used for laboratory parameter studies only (rather than for
specific applications), the following requirements have to be fullfilled:
1. Combined welding head for the use with a Nd:YAG Laser (for demonstration purposes):
l
l
l

max. 500W Laser power (A = 1,06pm) delivered by a fibre (d = 0,6mm, NA = 0,22).
minimum weight and dimensions.
suitable for the use of a small CO1 laser (5mm beam diameter) by changing the optical parts!?

2. Combined welding head for the use with a high power CO&ser:
Designed for a maximum of 5kW Laser power at a beam diameter of 50mm (A = 10,6pm).
Water cooled optical components.
Maximum and simple adjustability.
TIG-torch used for the combination:
Only commercially available torches should be used.
The optical axis of the laser beam and the TIGelectrode should include a minimum angle, which is in addition - freely adjustable (ca. 20-60’).
4. Some general requirements have to be fullfilled:
l
l
l

6.4.3

The design should be easy to understand and to manufacture.
The laser-optics should allow optimum focus diameter and focal length.
The interaction between laser- and TIG-gas-flow has to be taken into account.

Design of the torch-optics combination

The torch-optics combination problem can be visualised by the figure 6.24: Combining conventional machine
TIG torches with conventional laser focussing devices causes major problems when small arc lengths and small
electrodalaser angles are required. For getting a sufficient gas shielding of the electrode, the arc and the welding
seam without screening the laser beam from the arc anode root by the nozzlel, two different solutions are possible:
1. To use a narrow nozzle with a medium electrode separation.
2. To use a large nozzle diameter and a large gas lens allowing a large electrode separation.
For small angles (20-30°) between laser beam and electrode, the second solution has to be preferred, for less
shielding gas consumption and larger angles (30-600), solution No. 1 becomes possible.
Since practical experiences for different torches, nozzles and arc length utilized for laser enhanced arc welding were
not available, a simple and fully adjustable torch fitting was designed, which can be used for a number of TIG
torches.
‘which will destroy the nozzle
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Design of the optical components - the laser-part

Major design efforts have been undertaken for the construction of the laser focussing optics, especially for the COs
laser. The experiences with other laser welding heads led to a number of fields, where enhancements are required,
especially for the independant adjustment of the mirrors. These enhancements were realised in the design.
The basic principles of the optical components used for laser welding can be found in the open literature, therefore
now only the solutions for the different laser types are presented.

6.4.5 The Nd:YAG laser optics
The optical design of the Nd:YAG head is shown in figure 6.25. For computing the laser power available for welding
and for specifying the optical components one has to take into account the power losses due to the beam delivery
by fibre optics. 10m fibre lead to 2% losses in the fibre and 5% at the front surfaces of the fibre. In addition, the
minimum bending radius allowed is 125mm.
The geometrical design choosen, can be found in figure 6.26, were the adjustment opportunities are also shown.
The following optical parts should be used:
expansion lens : BK-7 plano-convex lens f = 30mm, V = 18mm, ARHS IR coating
focusing lens
: BK-7 plan+convex lens f = 80mm, V = 22,4mm, ARHS IR coating
shielding disk
: BK-7 piano-plate V = 22,4mm, d = 3mm, ARHS IR coating
mirror
: front plate plan0 mirror V = 22,2mm, d = 4mm, DLHS IR coating
The use of a mirror leads to lo-20% larger focus diameters, but is needed for the adjustment of the beam coupled
out of the fibre. Shielding gas is supplied through a concentric nozzle, which has an intergrated gas lens providing
a concentric gas flow out of the nozzle.
Use of the Nd:YAG head with a small beam diameter CO2 laser:
For the LASER-TIQ welding process only small laser powers are needed. Such laser powers (50-200W) are nowadays
also available by small (lm long, 5mm beam diamter) waveguide- or sealed off COz lasers. The head described
above can be used for such a laser by replacing its optical parts:
1. Replacement of the expansion lens and the fibre decoupling by a facility adjusting the beam in line with the
optical axis of the head.
2. Use of ZnSe lenses and a (water couled) copper mirror.
Problems may occur because of the heating of the optical parts, espcially the lenses.

6.4.6 The high-power CO2 laser optics
For fullfilling the requirements for the high-power-COz laser optics, a 900-ofiazis-design was selected, because it
is easy to build and uses only 2 water cooled mirrors. In addition, the focused beam can be rotated. The design is
modular and allows the use of water cooled copper mirrors for beam diameters up to 50mm and working distances
(a) between 150 and 300mm. The parameters of the focusing mirros can be found in figure 6.28.
Adjustment:

Principally, every mirror has 3 degrees of freedom (z, y,movement along the optical axis). Practise shows, that an
exact adjustment of the mirrors using all these degrees of freedom, is nearly impossible. When the head and the
mirrors are manufactured exactly, the following adjustment opportunities are optimum for practical purposes:
1. Rotation of the mirror around the optical axis.
2. Movement of the mirror along the optical axis.
In addition, the mirrors must be replaceable (e.g. for cleaning) without affecting the adjustement.

6.4.7

Torch specification - the TIG-part

In combination with the laser optics, four principal torch types are possible (figure 6.29). The first difficulty
was to get the exact dimensions of the torches from the different suppliers. These dimensions are needed for
selecting torches suitable for combination with the laser focussing device fullfilling the specifications of section
6.4.2. Because of the large number of different nozzles and gas lenses available, the WELDCRAFT torch WP-20
was selected for the use with the COz welding head. In order to demonstrate the suitability of the process for
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Set-up
No.la, ‘90-‘91
No.lb, ‘92
No.2 (Comb.Head). ‘93

4Lucr-TIC&n

lorc,min

4o”
3o”
200

4mm
3mm
<l mm

Table 6.3: Minimum angles between laser and arc electrode ($Lorsr_TlG,min) and arc lengths (larc,min) possible
for the different combined laser-arc welding set-up’s.

welding in complicated geometries, for combination with the Nd:YAG laser optics, the smallest water cooled TIG
torch available was selected (MT-125).
The effect of the gas lens is explained in figure 6.30 and the practical experiences have shown, that due to the large
extension of the electrode out of the nozzle needed for LASER-TIO, gas lenses are needed for getting sufficient gas
shielding.
Result 1: The head for the use with a COJaser - figure 6.31
Result 2: The head for the use with a Nd:YAG-laser - figure 6.25
Conclusion
The combined welding heads (figure 6.31 and 6.32) were developed by the following steps:
1. Conventional welding heads for high-power CO2 lasers were analysed and enhanced, leading to a new design.
2. Conventional welding heads for Nd:YAG lasers were analysed and enhanced, leading to a new design.
3. Commercially available TIG-torches were analysed and two torches were selected for the final combination.
4. The combined heads were designed and built.
5. The CO2 laser head was tested and is now sufficiently working.
6. Since no cw-Nd:YAG laser was available, the pulsed Nd:YAG was used for demonstrating the possiblities of
the combined process using low power lasers.
Special importance was laid on the adjustment possibilities and the suitability for different TIG-torches. As a
spin-& the COZ-head can also be used for pure laser welding, leading to significant improvements in adjustability
and allowing the use of different mirrors.
The project was planned to realise a set-up for LASER-TIC3 welding experiments by a combined head concept. Two
combined welding heads were successfully developed:
1. A combined welding head for the use of a high-power CO2 laser.
2. A combined welding head for a Nd:YAG or small CO2 laser.
Head No.1 was integrated into the experimental set-up and was used for welding experiments.
The enhancement of the possible L ASER -T IQ welding parameters can be seen from table 6.3: Compared to the
set-up’s without a specially developed combined head (la&b), the combined CO2 head developed gives now access
to realistic arc lengths and TIG-torch angles. This is especially important for comparing the welding results of
LASER-TM and TIG.
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welding direction
Figure 6.24: TIG torch / laser optics combination for a machine
TIG torch and a Nd:YAG focusing optic
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Figure 6.25: Principal optical design of the Nd:YAG head
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Figure 6.26: Geometrical design and optical degrees of freedom of the Nd:YAG head
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Figure 6.27: Optical design of the CO2 head (900-&z&)
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Figure 6.28: Parameters of the focusing mirror and its interface.
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Figure 6.29: Different types of water cooled TIG-torches under investigation:
(a) Micro 125A TIG MT-125, (b) flexible 200 A TIG WP-25
(c) 250 A manual TIG torch WP-20, (d) 250 A machine torch WP-22
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Figure 6.31: Combined welding head for a high power COz-laser.
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Figure 6.32: Combined welding head for a Nd:YAG laser.
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Summary of LASER-TIG welding experiments

Up to now, only very few successful welding experiments using a combined laser-arc welding process were carried
out and the process is not developed to a level where direct industrial application is in reach.
During this study, special emphasis was given on low laser powers and physical process understanding, because
l

Using low laser powers on can obtain a synergetic effect by using the laser for changing the arc operating
mode instead of replacing laser energy by arc energy.

l

Combined laser-arc welding processes have many parameters with non-linear dependencies and small ranges
of sufficient operation. Therefore, with trial and error, the chance of success is negligible, and even systematic
parameter studies will be too costly without a deep process understanding.

Compared to conventional TIG or laser welding, the LASER-TIG welding process can be developed to a

A novel combined laser-arc welding process for automated application
which will have the following benefits:
l

Replacement of (expensive) laser power by (cheap) arc power.

l

Process enhancement by a factor of 2 by integrating a low-power laser (50-200W) into existing TIG applications.

l

HF-free arc ignition, i.e. easy automation, no EMC problems.

The major advantage will be the fact, that the process is scaleable between enhanced conventional TIG (low power
laser, RF free ignition) and enhanced laser welding (higher speeds or thicker sections) using the existing high power
lasers.

I

Chapter 7

Application of the achieved basic
research results
7.1

Application of the modelling results

7.2

Application of laser enhanced arc

(LASER -T IG ) welding

7.2.1 The underlying industrial problem
In manufacturing industry, high quality joining of metal components is of major importance. New technologies
to improve the quality or reduce the cost of joining techniques are vital to the future viability and prosperity of
the European sector. Current arc welding suffers from problems of poor weld quality and process control (Gas
Metal Arc, plasma) or is of low productivity and has problems with the use of robots due to Electra Magnetic
Compatibility (Tungsten Inert Gas). High power beam (laser or electron) welding overcomes these difficulties
but at the expense of enormous capital investment and often incurring difficulties due to accurate tolerancing of
the components being required. Consequently a process that provides improved quality and productivity over
arc welding techniques but not requiring the large capital investment of high power beam technology is urgently
needed. The use of a low power (50-200W) laser combined with a TIG arc welding system (L ASER - TIG) has the
potential to solve these problems which will lead to the possibility of highly automated high quality arc welding at
moderate cost.

7.2.2

Objectives for an industrial application of L ASER -T IG

The industrial objectives for the application of the process can be as follows:
To improve the productivity and quality of currently available arc welding methods.
To realise a new welding system capable of a high degree of automation.
To determine the economic and practical viability of the LASER-TIG process.
To demonstrate the use of LASER-TIG welding using fully automated laboratory systems on current industrial
applications. The expected achievements for the project are:
More than 60% increase in productivity compared to conventional welding systems.
More than 100% increase in quality (heat input per length, seam depth to width ratio, defect levels, etc.) for
the selected stainless steel key-applications (GMA and TIG) using less than 200W laser power.
More than 60% increase in productivity and quality for the selected aluminium and titanium key-applications
with less than 500W laser power.
Automated LASER-TIG welding systems avoiding the use of problematic HF- ignition.
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General Application of L ASER -T IG compared to other processes

For modern stainless steels, the number of applications is increasing as soon as appropriate welding technologies
are available. This sector is dominated by GMA and TIG welding [6]. Particularly for thinner sections, root runs,
and dissimilar steel joints, TIG is applied or the material is stated to be unweldable. The joints are the critical
parts due to the mechanical properties and corrosion resistance. The TIG process has seen a number of new
developments like pulsing and a feeding of hot filler wire, but pre- and post- processing are still important and
industry urgently needs an advanced automated technique. LASER -TIQ enhances these latest TIG developments.
The GMA process is mainly used for material thicknesses above 3 mm and the recent developments are narrow
gap welding and the Transfer of Ionized Molten Energy process. LASER-TIO may replace GMA for higher quality,
and the total replacement of automated TIG is foreseen. Orbital TIG welding is also affected by the developments.
Welding of aluminium is summarised in a number of recent papers. In the application area of LASER -TIG (<4mm)
mainly AC-TIG is applied up to now and recent power source developments allow sound welding. The crucial
limitation is the electrode erosion. Welding of high-tech Aluminium components like rocket tanks (Ariane) and
high speed train components means TIG welding, but HF-ignition makes automation nearly impossible. Pilot arcs
instead of HF can be used for a small number of applications, however robotic use is mainly an unsolved problem.
For advanced materials like titanium or magnesium, TIG and laser beam welding are actually used. Also these
materials are good candidates for the LASER -TIG method.

7.3

Application of optimized Plasma welding

The current applications of plasma welding are quite diverse, ranging from the welding of thin foils and meshes
(micro-plasma), car bodywork, silencers, pipe production, aerospace materials, machine component repairs, and
rocket motor casings [lo, 51, 761. However, the rate of commercial exploitation is extremely poor, possible reasons
for this include the lack of transportability of welding conditions and the difficulties inherent in process optimisation
where large numbers of control parameters must be evaluated; these have been discussed in section 5.1. Plasma
welding is traditionally regarded as a costly alternative to TIG rather than a cheap form of power beam technology.
In reality, the process offers some of the advantages of beam technology due to the high energy densities which may
be realised, although the weld properties and structures are generally closer to those of the traditional arc welding
processes.
It has been shown during this study that it is possible to weld both thin and thick section materials to a high
standard, although the plasma process does not always compete favourably with other welding processes in terms
of production rates. Based on the observations made during this study, it is anticipated that the greatest potential
market share growth of the plasma welding process lies in the area of pulsed keyhole welding applied to medium
thickness materials (typically 2 to 10mm). Suitable materials include low carbon structural steels, a wide range of
stainless steels, titanium, and nickel based alloys.
Keyhole welding offers the advantage of guaranteed root penetration and may be used for both single pass or
multi-pass welds. In the latter case, filler passes can be made either with plasma, operating in the melt-in mode,
or with an alternative welding process. This is particularly advantageous when welding in situations where access
to the inner face of the weld is not viable (the welding of tanks, fire extinguishers, small pressure vessels, pipeline
closures etc.). In addition, the process offers a facility for interpass heat treatment in order to optimise metallurgical
structures.
Plasma may also be considered for specialist applications, particularly where fully remote welding is necessary, for
example in regions of high radiation in the nuclear industry, or for deep water hyperbaric repairs (the latter is
under active evaluation by a number of oil and diving companies).
It is unlikely that plasma welding will occupy more than a small fraction of the market share for manual operations,
however, with the growth of automated and robotic applications for general component production, significant
advantages exist for such a flexible and controllable welding process. This study has shown that the behaviour of
the process can be explained using general physical principles, the potential for process optimisation with minimal,
focused, experimental evaluation therefore exists. Successful exploitation of this technological resource depends
primarily on demonstrating the commercial viability of plasma welding for a range of industrial applications. This
may best be achieved by dissemination of basic information together with continued, industrially led, research and
development.

Chapter 8

Summary and Conclusions
8.1 General
The objective of this study have been to develop an improved understanding of non-consumable arc welding
processes based on sound physical principles. Results fall broadly into two categories, the enhanced understanding
of fundamental physical mechanisms (with the related theoretical and mathematical modelling, see chapter 3) and
the improved understanding of the relationships between control parameters and process behaviour for both the
Laser enhanced TIG and Plasma welding processes, with considerable overlap between these categories.

8.2 Scientific Conclusions
8.2.1 Arc Spectroscopy and Diagnostics
The study of arc temperatures has provided a valuable insight into the structure of the arc column and the energy
exchange mechanisms which take place in this region. An analysis of techniques and results published by a large
number of authors has been carried out and, based on the insights developed during this study, it has been possible
to explain the majority of anomalous results which appear in the literature. It has been conclusively shown that
departures from local thermal equilibrium (LTE) exist throughout the column to varying degrees, although these
are small for the bulk of the column. Non-LTE behaviour has been shown to be significant close to the electrodes,
and extending up to lmm into the arc column. This has important implications for the future development of a
unified model of the non-consumable welding arc.
The other diagnostic methods used and developed during the study (advanced split-anode and high speed probe)
have led to significant enhancement of physical process understanding and have some potential for integration into
process control systems.

8.2.2 Mathematical Modelling
The minimum absorbed laser power for laser enhanced arc welding (LEAW) has been predicted theoretically. If
the laser power is totally transferred to the workpiece, which mainly depends on the laser radiation wavelength,
the given powers directly correspond to the absolute output power of the laser.
The thermoelectric eddy current occurring in welding of dissimilar metals and the resultant magnetic fields have
been computed. Although they are about two orders of magnitude higher than the earth-magnetic field, their
effect on the arc welding process will be minimal.
The complex physical processes at the cathode of the welding arc have been modeled. The results give a new
understanding of the operation modes of welding cathodes, which is a basis for further improvement in operation
times and reliability for automatic welding applications.
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Welding parameter / process

max. realistic arc length [mm]
typical speed [m/mm]
seam depth to width ratio
typical heat input per unit length FJ/m]
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TIN LA S E R- TI G L A S E R
4
10
0.5
1
2
0.5
1
2
320
160
80

Table 8.1: Typical parameters for different welding processes (2mm stainless steel but joint application).

8.3 Technological Conclusions
8.3.1

Combined laser-arc (L ASER -T IG ) Welding

Although the idea of combined laser-arc welding was first published 1976, there was no attempt to make an
industrial implementation of arc supported laser welding (i.e. enhancing laser beam welding by an arc). Increasing
speed by arc supported laser welding leads mostly to reduced quality and the high equipment costs remain. However
some US and Japanese groups are investigating the use of arc supported laser welding (for aluminium applications
where pure laser beam welding causes problems) or of laser assisted GMA welding.
In greater detail, the laser-arc interaction for less expensive low laser power was analysed by this project. The
change in TIG arc behaviour was investigated, modelled, and basic welding experiments were executed (see table
8.1) showing remarkable benefits for the process. LASER -TIG has shown it’s potential to enhance and/or replace
the actual market leaders in arc welding (TIG, GMA) and to reduce capital investments needed for production of
beam-technology like joints, by replacing 50% of the laser power by an arc. The LASER -TIG fusion welding process
is now ready for going into the precompetitive stage of industrial research for future industrial implementation of
this new welding method.
Compared to the State-of-the-Art at the project start, LASER -T IG welding is now understood and ready for the
technological development.

8.3.2 Plasma Welding
The behaviour of the plasma welding arc has been studied in considerable detail. Whilst it is not possible
to quantitatively predict all important arc properties due to the disproportionate influence of welding torch
geometry on arc structure, behavioural trends have been identified which are common to all the welding torch
geometries examined. Parametric influences have been characterised by their effects on arc behaviour and welding
characteristics, and a coherent physical description of the constricted arc process has been established, covering a
wide range of operating conditions.
The feasibility of the Plasma welding process has been established for a number of applications, including the
joining of dissimilar materials (low carbon steels to stainless steels), high speed welding of thin sheet stainless
steels, and pulsed plasma keyhole welding. It has been successfully shown that the degree of control over the weld
pool size and shape afforded by the current pulsing technique is sufficient for the production of orbital pipe welds,
including welding in the overhead position. Furthermore, these may be achieved in low carbon pipeline steels which
generally have smaller parametric envelopes than stainless steels which are traditionally associated with plasma
keyhole welding.
Further research is required in a number of areas in order to exploit the results of this study. It is anticipated that the
majority of this will be industrially led and directed toward specific welding applications (such as orbital pipeline
welding). However, basic research is still required to develop suitable keyhole opening and closure techniques.
Interest in plasma keyhole welding of aluminium alloys is also of growing industrial importance, and a focused
research effort will be required to fully characterise the AC square wave pulsed plasma arc.

8.4

Overall conclusion of the project

The approach adopted for the present study involved the integration of theoretical and experimental expertise
from different partners in order to develop a better insight into the structure and behaviour of the non-consumable
welding arc. The combined approach resulted in an evolutionary development of the Plasma and Laser Enhanced
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welding processes, although complete integration was difficult due to the complex nature of the mathematics
required to model these important physical structures.
Results from the present study are relevant to many welding operations and should provide a core understanding
for future studies of the more complicated consumable processes.
Directly speaking, the L ASER -T IQ process is now ready to be developed as a novel welding process fullfilling the
growing needs for higher quality and productivity in fusion welding. Due to the detailed analyses now available,
the P LASMA process can find a wider range of application than in the past. Last but not least, this study provides
valuable physical knowledge which is know available for the development of welding process models and simulations
directly applicable to industry, e.g. for parameter determination, optimisation and during design.
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