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Preface 

This volume contains the papers presented at a seminar held in honour of 
Prof. J.F. Lancaster on 1 September 1993 in order to mark the occasion of his 
retirement as Chairman of Study Group 212 (Physics of Welding) of the International 
Institute of Welding. 

Prof. Lancaster was Chairman of Study Group 212 from 1965 to 1992. 

During the long period of his chairmanship he was the driving force behind the many 

activities of the Study Group. He organised numerous meetings, stimulated many 
discussions on a variety of topics within the area of physics of welding and succeeded 
in bringing and keeping together a group of experts in the field from many different 
countries. He made Study Group 212 what it is today: a unique scientific forum for 

the physics of welding. 

The theme of the seminar was 'Physical aspects of arc welding' and the papers 
presented cover the following topics: gas tungsten arc diagnostics, cathode phenomena 
in gas tungsten arc welding, the influence of ambient pressure on the arc welding 

process, arc ignition behaviour in gas metal arc welding, electrode melting in arc 

welding and weId pool behaviour. 

The members of Study Group 212 offer this volume to Prof. Lancaster in recognition 
of his stimulating activities in the field of physics of welding over a period of many 
years. 

G. den Ouden 

Chairman Study Group 212 

Delft, January 1994 
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The History of Study Group 212 

J.F. Lancaster 

The start 
In 1962, as part of its annual Autumn Meeting, the Institute of Welding organised a 

Symposium entitled Physics ofthe Welding Arc. This meeting, held at the Institute's 

headquarters in London, was very successful and attracted a number of delegates from 

other countries. One of those attending from Russia was Professor N.N. Rykalin of 

the Baikov Institute in Moscow. Rykalin suggested that it would be profitable for the 

International Institute of Welding to provide means for continuing the work of this 

conference, and with commendable speed the secretariat of IIW set up Study Group 

212, which had its first meeting in November 1962. The arrangements for this group 

differed from th at of a commission; member societies were only entitled to appoint 

delegates if their country was actively engaged in the study of arc physics. Also, it 

reported to the Executive Council rather than to the Governing Council. The curious 
number 212 derived from the notion that we would provide a service to Commissions 

11 and XII. In practice relations with Commission XII have been very close, but with 

Commission 11 almost non-existent. This is not surprising, since apart from some very 

useful observations by Dr. Beeker, the Study Group has not done much work on 

welding with coated electrodes. 

Initially the Group was well-staffed. We had an honorary Chairman, Professor 

Rykalin, a Chairman, L.F. Defize, Vice Chairman J.F. Lancaster, General Secretary 

J.e. Needham and Technical Secretary F. Dennery. Time, and the needs of 

employers, eroded this organisation quite rapidly. Mr. Defize resigned in 1965, the 

Secretaries found other work and for most of its life the Group has survived with 

(until his death in 1985) Professor Rykalin as Honorary Chairman and (from 1965 to 

1992) the present writer as Chairman. Professor G. den Ouden became Chairman in 

1992. 

For the first few years of its existence the Group organised an intermediate meeting in 

the spring and a second meeting during the week preceding the Annual Assembly. We 

were not permitted to meet during the Assembly lest the work of the Commissions be 

disrupted. Thus it happened that at the Delft Assembly in 1966 the Chinese delegation 

attended our pre-assembly meeting. DUI'ing the following weekend one member of the 
Chinese group died under curious circumstances, there was a diplomatie incident and 
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the remainder of the Chinese delegation failed to attend the Assembly. Thus we were 
the only IIW working group to weIcome a Chinese delegation for some years to come. 
Subsequently we have had good contributions from China and in 1980 a course on 
physics of welding was organised by Tianjin University. 

At a later date the Study Group was permitted to meet during the Assembly itself. No 

untoward incidents have occurred as a result of this change. 

The Lausanne colloquium 
The first project undertaken by the Study Group was to prepare for a Colloquium on 

Physics ofthe Arc which was held during the 1970 Annual Assembly in Lausanne. To 

this end we started work on the preparation of a film of metal transfer in arc welding. 
This was eventually compiled by the Welding Institute at Abington, using high speed 
sequences contributed by several member societies, ineluding a historie shot of 
workers at the Institut de Sou dure making a film of stick electrode transfer before 

W orld War I using a hand-cranked camera. 

The IIW film was well-received on its first presentation at Lausanne, and subsequently 
nu mb ers of copies were sold, particularly in France. Marketing a film was an inno
vation for UW, and its production was a considerable success for the Study Group. 

The other material presented at Lausanne consisted of four interpretive reports on 

different aspects of wel ding physics. These, with the exception of the presentation on 

the electric arc, were not so successful. The initial intention had been to put these 
contributions together and to arrange for their publication. Reviewing the material after 
the Colloquium, it became cIear that understanding of some of the basic phenomena 
was very inadequate. For example, although welding experts talked knowingly about 

the 'pinch effect' as a cause of metal transfer, a proper analysis of this effect was not 

available. At the time there appeared to be no advance on the caIculations of E.F. 

Northrup, which were first presented in 1907. The case of plasma flow in the arc 

column was similar. Maecker had predicted the existence of such flows over twenty 
years earlier, but the fluid dynamics of the plasma jet had not yet been explored. Not 
surprisingly, in view of the Jack of basic knowIedge, the mechanism of metal transfer 
remained a mystery . So it was feIt inadvisable to prepare any of the Laususanne 

material for publication, and the immediate endeavours were directed towards 

understanding the basic physics of fluid flow in welding. 

Plasma flow 
In fact we had already started work on plasma LOW before the Lausanne meeting. This 
was cIearly a magnetohydrodynamic phenomenon , so help was sought from 
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J.A. Shercliffe, who was the au thor of a textbook on the subject. 

Professor Shercliffe attended some of our meetings and discussed the welding 

problem. As a result he published a paper in which the mechanics of flow due to a 

point source of CUlTent at the surface of a semi-infinite fluid was examined for the case 

where the viscosity was zero. Although this condition is unrealistic, it was a start, and 
the problem was th en picked up by C. Sozou and his colleagues. As a consequence, 
during the period 1971 to 1975, the character of electromagnetically-induced flow was 

determined for a point source of cUlTent, for a distributed SOUl·ce, and for the case 

where the flow occurred inside a hemispheroidal container. These resuIts make it 

possible to obtain a sound basic understanding of the nature of electromagnetically

induced flows. They also show that where the surface flow is directed inwardly 

towards the origin (i.e. the axis of the jet) it may become unstable, whereas if it is 

directed outwards across the surface it is stabIe for all values of the driving force. This 

conclusion is important in relation to the problem of variabIe penetration in stainless 

steel TIG weIds. 

The pinch effect 
During the same period (the early 1970s) Professor Herlofson of the Technical 

University, Stockholm joined the group, and introduced us to the work of his 

colleagues on lnstabilities in liquid cylinders carrying an electric current. This work 

had been initiated by H. Alven, an astrophysicist, with the object of modelling certain 

celestial processes - the condensation of matter to form stars in the spi ral arcs of 

galaxies being a possible example. Experiments were made with falling columns of 

mercury, whilst at the same time the theory of instabilities in liquid cylinders carrying 

an electric current was developed by Murty, an Indian physicist who worked for a 

period in Stockholm. Murty ended Rayleigh 's analysis of capiIlary instabilities to the 
case where there are electromagnetic forces. For such conditions there is a hierarchy of 

unstable modes, designated by m = 0, I, 2 etc. The simplest mode (m = 0) is the 

cylindrical pinch, where constrictions form at intervals along the cylinder, which 

eventually disperses into drops. Higher modes are promoted by a higher current 

density and by the presence of a longitudinal magnetic field. The theory provides a 

good qualitative description of the various transfer modes in GMA welding. The pinch 

instability dominates in the spray arc transfer mode, where drops are detached 

individually and projected across the arc; also in pulse-arc welding. The kink 

instability (m = 1) in which the cylinder collapses into a rotating spiral, occurs in 
'rotating' welding and in the plasma-MIG process. The f1ute instability Cm = 2) occurs 

when a longitudinal magnetic field is applied to high-current MIG; the rotating spi ral 

disappears and instead the liquid drop at the electrode tip spl its longitudinally and two 

drops detach simultaneously. A quantitative result is not to be expected, firstly because 

the Rayleigh-type analysis is an approximation that only applies to small displace-
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ments, and secondly because there are many complicating factors; for example, the arc 

root tends to spread over the whole surface of the drop in the spray transfer mode. 

Nevertheless, Murty's work was feit at the time to provide a firm basis for under

standing the various metal transfer modes in MIG welding, and subsequent experience 

has reinforced th at view. 

Physics of welding 
The notion of producing a book on welding physics was a natural result of all this 

theoretical activity. Work started in 1972, but progressed rather slowly until 1979 

when increased confidence in the analytical work together with an accumulation of 

research data made it practicabie to finalise the text. We were fortunate in having 

A.E. Guile to write the chapter on the Electric Arc. Alan Guile is an electrical engineer 
who has made important contributions to knowledge about the mechanism of non
thermionic arc cathodes, as weil as being a recognised expert on problems associated 

with switchgear arcs. Another contribution was the compilation of data on physical 

properties of fluids which was due to Dennery and his colleagues at Air Liquide in 

Paris. The first edition of the book was published in 1984 and sold weil, such th at the 

publisher asked for a second edition, which appeared in 1986. Then the Japanese 
members of the Study Group undertook the onerous task of translating the text, and 
eventually produced a Japanese edition. This was particularly appropriate because 

Japanese workers had made a major contribution to basic knowledge about the electric 

arc in welding and the behaviour of weid pools. 

Change of name 
As noted earlier, the Group was originally given the name 'Physics of the welding 

arc'. However, we very soon extended our field of study to other aspects of welding; 

metal transfer and weId pool behaviour for example. In 1978 therefore it was decided 

that the name should be changed to 'Physics of Welding' and the terms of reference 

were modified accordingly. There was some concern at first that the work of the 

Group might overlap that of some Commissions but this did not prove to be a 

problem. For example, the subject of variabie penetration in GT A weids was of 

interest to Study Group 212 and also Commissions IX an XII. These Commissions 

were kept fully informed 01 the progress of our work and accepted the final report 

without comment. 

Variabie penetration in GTA weids 
This project was undertaken with the object of producing recommendations for the 

avoidance of variabie penetration. It was caITÎed out in co-operation with V AMAS and 

with the National Physical Laboratory (UK). ~he final report was approved by the 

Group and recommended for publication, and this is now scheduled for late 1993. 
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It is interesting to recall that Professor Ishizaki predicted that surface tension gradients 
would cause circulation in the weId pool, and demonstrated this effect by melting a 

pool of paraffin wax with a soldering iron. The circulation was made visible by 

particles of aluminium. A film of this experiment was shown at the 1966 meeting in 

Delft, and caused a great deal of interest at the time. However, later work by 

Andersson appeared to show th at in the case of hot liquid mercury such flow would 
only occur in vacuum and was inhibited by the presence of an oxide layer on the metal 
surface. Therefore we failed to pursue the subject until Heiple and Roper raised the 

possibility of surface-active agents reversing the direction of flow. In more recent 

years the tide has tumed again, and it is generally thought that the effect of surface
active agents is to nullify surface tension induced flow and produce a weId pool in 
which any flow is irregular and confused. Thus, the shape of the weId pool is little 
affected by flow and is more or less semi-circular in section. 

Other recent work 
Three other subjects have been of interest in recent years: spatter, undercut and 

precipitation in the weId pool. The spatter problem exists becimse caIculations predict 
"- .. that the interface temperature when a drop strikes the metal surface should be below 

the melting point, therefore it should not stick. A proportion of spatter does stick, 
ho wever, and Professor Rehfeldt has shown that such spatter is indeed fused to the 
metal surface. This condition can only be accounted for if there is flow in the spatter 

drop, such that its effective conductivity is high. It is pos si bie that such flow could be 
induced by surface tension gradients associated with temperature gradients in the drop. 

Interest in undercut arose because tests on the surface melting of cast iron disclosed 
that the effect of surface active elements in reducing surface energy was much greater 

in solid iron than in liquid iron; thus the liquid weid pool might under some circum
stances tend to draw away from the sol id. No progress has been made here. 

It w.as suggested some time ago th at the micron-sized oxide precipitates seen in steel 

weid metal may form in the weid pool and that they could be removed by increased 
circulation. However, the size of the oxide particles is such that they are more likely to 

be precipitated either in the more stagnant part of the boundary layer of the pool, or in 

the solidified metal. 

Documents and discussions 
It is inevitable that most of the time at meetings of the Group is spent in the 
presentation and discussion of research papers . The average number of documents per 
year (obtained for example by dividing the current document number, 830, by 31) is 
about 27, and allowing 7 for minutes and the like leaves a mean figure of 20. This 
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number has not changed very much over the years, which is rather surprising in view 

of the general increase in research activity. It has varied greatly from year to year as 

has the attendance at Annual Assembly meetings: for example at the Kyoto Assembly 

we had over fifty participants (admittedly students for the most part), whereas in Tel 

Aviv there were just three, including the chairman. The average number of attendances 

has been half-way between these two extremes, about twenty-five. Again there has not 

been much change but my general impression is that there has been a slight increase in 

recent years. Intermediate meetings, on the other hand, which were weIl supported at 

one time, have in the last few years either been poorly attended or have not been held. 

Conclusions 
There is no doubt that it was correct to widen the terms of reference of the Study 
Group and it may weil be possible to continue this trend in the future. The Group has 
always benefited from the interest that senior figures in UW have shown in its work, 

and from support of the Secretariat in publishing ventures such as Physics of 

Welding. On the negative side the CUlTent lack of interest in the intermediate meeting 

poses aproblem. Lack of funds is an obvious cause and this situation is likely to 

continue at least in the immediate future. However, the main activity of the Group has 

always centred around the Annual Assembly meeting, and provided that .there is no 

undue competition (such as that provided by aIl-day meetings of Commis sion XII) 

there is good reason to expect continued and possibly increased support. 



Gas Tungsten Arc Diagnostics - a review 

S. Albrecht, G. Forster, A. Koch, K. Landes, G. Seeger, 
and W. Tiller 

University of the German Army, 
Munich, Germany 

Abstract 

15 

In this paper a review is given of the various methods which can be used to measure 

the physical parameters of the wel ding arc. 

Af ter a brief introduction, attention is given to emission spectroscopy, laser scattering, 

thermography and particle velocity measurements. 

1. Introduction 
Nearly two hundred years ago the physicists Davy and Ritter struck the first electric 

arc and gave it its name because the light phenomenon they observed between the two 

horizontally located carbon electrodes was curved upwards due to the thermal ascend

ing force. It was a long way from that time to the modem welding technology of 
today. 

InitiallY' the arc was applied for lighting purposes and for melting materiaIs. Succesful 
applications in welding started about hundred years later. Today the welding arc is 

used extensively in the metal industry. 

Diagnostics of the welding arc started in the sixties and was stimulated by the use of 

the laser as diagnostic tooI. 

2. Emission spectroscopy 
One of the first developments in the area of arc diagnostics was the investigation of the 

temperature distribution of a TIG arc by means of emission spectroscopy. A scheme 

of the experimental set-up for this measurement is given in Figure 1. 

A necessary assumption in using this technique is the rotational symmetry of the arc. 

An image of the arc is generated on an observation layer by a lens. In the optical path 

there are a pin diaphragm (telecentric projection) and an interference filter (selection of 

the spectralline wavelength). A system of crossed slits in the observation layer forms 

a very small quadratic measuring window. The arc image can be scanned by moving 
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-+ 
~-I----e---

spectra I 
diaphragm filter 

welding pool 

arc boundary c=constant 

crossed 
slits 

Figure 1. Spectros.copic temperature diagnostics in a TIG arc by integral measure
ments. 

the lens in z-direction (definition of a cross-sectional area) and in y-direction 
(measuremertt of the integrated spectral intensity profile). The plasma in a volume 

element of the arc emits radiation depending on the local temperature. The relation 

between the localline emission coefficient êline and the temperature T is known via the 

particle density n: 

with h the Planck constant, A llm the Einstein coefficient and vlnn the frequency of the 

transition mn. 

The complete theoretical procedure which is necessary to obtain the temperature from 
the emission coefficient is described in [1]. In a first step, however, one has to 

ca1culate the local emission coefficient êline from the measured integral intensity I(y). 

This procedure is called Abel inversion. The integral 



Gas Tungsten Arc Oiagnostics - a review 17 

x=...J R2_y2 

!(y) = 2· f c(x,y)·dx 
x=o 

is inverted to 

R d!(y) 
1 f dy c(r) =--. . dy 
1t r ';y2 - r2 

The coordinate system is shown in Figure 1. !(y) is measured, the derivative d/(y)/dy 

can be calculated, thus the integral yields the temperature distribution for every arc 
cross-sectional area via Cline (T). The calibration is done by means of a tungsten strip 
lamp. Figure 2 shows the result for an argon TIG arc with 100 amps current and 
5 mm arc length. 

calhode 

- 5 

- 4 

-3 

-2 

Figure 2. Temperature distribution in a TIG arc. 

The specification of the standard TIG arc as defined by Study Group 212 is given in 

Figure 3. 

If there is no rotational symmetry in the arc, a modified Abel-procedure must be 
applied. It is of interest to note th at this modified procedure developed in 1968 [2] has 
led to the well known computer tomography. 

3. laser scattering 
A serious problem in spectroscopic measurements is the integral character of this 

method. This problem has been overcome by application of lasers. Laser light 
scattering offers a powerful tooi for the investigation of plasma parameters with an 
active technique providing a good spatial resolution. Furthermore, this technique can 
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Figure 3. Standard T/G arc. 
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be considered a non perturbative probe in most cases. Laser light is coherent (i.e. 

strictly monochromatic) and very intensive. It can be focused on a minimum 

measuring volume. The laser light is scattered by electrons, ions, atoms and molecules 

passing this volume. (The scattering process is not an effect of reflection!) An 

explanation of this phenomenon is given in Figure 4. 

scattering centre 

y 

x 

Figure 4. The Laser scattering effect. 

A laser wave with the electric field vector E propagating in the direction of the wave 

vector k excites the free electrons in the scattering volume. The electrons oscillate in 

the wave field of the laser and emit dipole ra~iation with the laser frequency. This 

effect is called Thomson scattering. A far radiation field depending on the laser 

intensity, the fluctuation of electron density and the solid angle Q. is measured in the 
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direction of observation at the distance r. This signal is transformed by a photo

multiplier into a photocurrent i s proportional to the power of the detected scattering 

radiation i.e. the electron density in the measuring volume. 

A second scattering phenomenon is Rayleigh scattering. It is caused by the oscillation 
of bounded electrons in the atoms or ions respectively. In this case the laser frequency 
must be very close to aspectral line, but not too close, in order to avoid a transition 
effect. The atoms act like dipoles emitting scattered light with the laser frequency. 

The theory of Thomson and Rayleigh scattering is briefly explained in [3]. Via the 

scattering cross section the densities of the free electrons and the neutral atoms and 

therefore their temperature can be evaluated. The calibration is provided by a cold gas 

measurement based on the known cold gas Rayleigh scattering cross section. The 

advantage of the scattering method is an optimum spatial resolution. 
The experimental arrangement of an application to a TIG-arc is shown in Figure 5. 

Although this array looks quite simple it is nevertheless very complex. Using a pulsed 

laser, it is also possible to measure the time resolved behaviour of a pulsed TIG arc! 

Prism4--- ------1L_d_Ye_-_lo_.e_r ...J~--1'.~ 
i ~~ 
i puls-Io.er ~--Yl 
I 
I 

'7 

aperture setm light trap 

W ; 0 • I 

."-l ___________ ~~~_~~".._ : '::=~~O 
mlrrer ~ ," I 

.... ',.... : 

m'''t----/-
I 
I 
I 
I 
I 
I 
I 
I 

Ie ns <::::::;:=::> 
I 

slit--i:~ 
I 
I 

lt' 

__ I 

.,.,/ ...... ' . 

data acquisition 
and 

lens <::p> ~ ___ ~ 

+ 
mirro~ monochromotor - L....._"":"'-...J 

Figure 5. Experimental set up for laser scattering measurements. 



20 Physica/ Aspects of Arc We/ding 

Figure 6 gives the results for the spatial and time resolved distributions of the 
terhperature for pulsed arc currents of 60/120 amps and an arc pulse frequency of 
150 Hz, as reported in [4]. 

Figure 6. Temperaturè distribution in a pu/sed TIG arc, measured by laser 
scattering. 

4. TherlTlography 
Thermography represents a new and very successful development within the field of 

spectroscopic methods. The image of the whole arc is recorded by means of a high 

resolving and high sensitive CCD-array. The spectra I resolution is provided by 
different interference filters. This method is al ready applied to low temperatures, but 
there are still problems at the much higher plasma temperatures . 
In the meantime the first results 'were obtained with this technique. Figure 7 gives the 

intensity distribution of the arc measured in less ten milliseconds. A new time saving 

analysis method aIIows for the compution of the temperature distribution in about 100 
miIIiseconds, i.e. this investigation gives a quasi real-time response of the arc 
behaviour. 

5. Measurement of partiele velocity 
Another interesting plasma parameter is the velocity of the different plasma 

components. First investigations were done in the middle of the seventies [5]. Small 

particles « 1 0 !lm) of aluminium oxide (Ah03) were added to the shielding gas and 
aftel' entering the arc, their velocity was measured by laser anemometry. 
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Figure 7. Intensity distributian in a TIG arc at the wavelength of 4300 A 

The experimental arrangement is shown in Figure 8. The beam of a dye laser is 

divided into two beams of equal intensity which are focused on the measuring volume 

in the arc. Thus, an interference pattern is generated in the measuring volume 

consisting of light and dark stripes, the separation of which can be calculated from the 

geometry and the laser wavelength. A test partiele, which flies through this pattern, 

causes a set of scattered light pulses, the frequency of which is proportional to the 

velocity component in the axial direction. By means of a photomultiplier the signal is 

converted into a photocurrent which can be observed by an oscilloscope. A typical 

oscillogram is shown in Figure 8. This experimental method (anemometry) has 
hitherto in particular been used with Iiquid fluids and cüld gases. 

As an example of the results obtained the distribution of the axial particIe velocity 

component as a function of radius, r, and axial coordinate, z, are shown in Figure 9. 

It must be mentioned, that because of the slippage of the partieles this results have 

only the character of an approximation. 
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By the application of high power pulse lasers an improved method for the velocity 
measurement of ions, electrons and atoms in a plasma was developed. First investi

gations were done with a plasma jet used in plasma spraying techniques. At the 
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moment this method is adapted to the TIG arc. The principle of the method is a 
combination of laser scattering and laser anemometry. Figure la shows the experi

mental set up, as extensively described in [6] . 

PULSED 

DYE 
LASER 

OPTICAL DELAY"'SOns 

~==~~=~M3 
1.14 

Figure 10. Experimental set up far the velacity measurement af plasma 
campanents. 

A laser pulse is sent through the plasma producing scattered light. In the case of 

electrons this leads to Thomson scattering and in the case of ions and atoms to 

Rayleigh scattering, respectively. The movement of the scattering plasma components 

results in a DoppIer shift of the scattered light, depending on the direction and the 

magnitude of the velocity. The frequency shift of the DoppIer effect can be doubIed by 

reflecting the laser pulse in the measurement direction backwards . There are two 

problems connected with this technique: 
I. The spectral resolution of the Fabry-Perot intelferometer used for the measurement 

must be very high. 
2. The data acquisition must be fast enough to store the two pulses with a time 

di stance of 50 nanoseconds. Figure II shows a time-frequency-diagram of the 
two scattered light pulses. 

Up to now, only measurements have been carried out with a plasma jet. However, as 

mentioned above it is the aim to apply the technique also to a TIG arc. 
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Figure 77. Velocity measurement by Doppier shifted scattered laser light pulses. 

6. Conclusions 
This brief survey describes the development in TIG-arc diagnostics of the last twenty 

years. By starting laser diagnostics the investigation of welding arcs has become more 

interesting because this new tooI enables spatial- time- and spectral-resolved 

informations of the arc interior. The lack of a robust measuring set up applicable under 
manufactuting conditions, ho wever, willlead to a preference of the spectral measUiing 
method with CCD-arrays in the next future. 
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The performance of tungsten electrodes used in GT A welding are discussed through a 
comparative study on arc properties, oxide behavior in the electrode, electrode 
temperature and erosion phenomena, consumption of electrode material due to 

evaporation, for several types of electrodes. 

The work was carried out with one standard electrode (W -Th02) and other electrodes 

developed by the addition of rare earth metal oxides, La203, Ce02 or Y 203. It is 

shown that the newly developed electrodes have superior properties compared with 

thoriated tungsten. The experiments make it clear that the behavior of rare earth metal 

oxides contained in the tungsten electrode have decisive effects on arc properties and 

durability of the electrode tip, and that this is govemed by the temperature distribution 

of the electrode tip. 

Consumption of electrode material due to evaporation, effect of oxygen on the 

evaporation and rim formation phenomena are also discussed. 

1. Introduction 
In GTA welding, the arc bums between a tungsten electrode and the workpiece within 

a shield of inert gas, argon or helium, which excludes the atmosphere and prevents 

contamination of electrode and molten metal. Unlike the electrode in the gas metal arc 

wel ding process, the tungsten is not transferred to the work and evaporates extremely 

slowly. The gas tungsten arc provides a stabie heat source of wel ding and a filler metal 

wire is generally fed into the molten pool to fill the weId groove. A very wide range of 

wire feed rates is applicable under fixed arc conditions, which is the most important 

advantage of GT Awelding. 

Because of the greater heat Iiberated at the anode, a tungsten electrode is used as the 

cathode. If the tungsten electrode is used as the positive pole of the arc, the electrode 

will easily be molten and the arc will be unstable. For this reason tungsten arc wel ding 

with electrode positive is practically only used for the welding of AI, Mg and their 

alloys. The cathode phenomena in electrode-positive GTA will be treated in a separate 

paper. 

Guile made an extensive study of the arc electrode phenomena and published an 
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important review paper [1]. In the review, he explained the mechanism of thermionic 

emission and classified many elements into the material which could work as hot 

cathode (thermionic cathode). After that, Ecker also presented an eloquent theoretical 

model of the arc cathode mechanism. However, this model is mainly focused on the 

non-thermionic cathode [2] 

The cathode phenomena of oxide-activated or rare-earth-metal-activated tungsten have 

not been treated precisely, so far. The interest of this paper is the phenomena 

occurring in this activated-tungsten cathode of inelt gas shielded welding. 

Usual!y tungsten electrodes are used af ter grinding to a point to obtain astrong 

stiffness of the arc, and consequently to fix and stabilize the heat transfer to the work. 

However, it is very difficult to keep a sharp cone during long periods of arc burning. 
The thoriated tungsten electrodes have improved electron emission, thus, give easier 

starting, a more stabIe arc and less weId contamination with tungsten particles due to 

electrode tip melting. In addition they have a greater current-capacity for a given 

diameter than pure tungsten [3-6]. 

However, modern technology, particularly the automatic or robotic welding industry, 

demands more stabIe and reliable performance of the electrode for a longer time of 

operation. Also the radio-activity contained in the thoriated tungsten electrode is 

considered to be undesirable from the view point of health. 

In view .of these circumstances, various types of new electrodes have been developed, 

which contain a smal! amount of rare earth metal oxide, La203, Ce02 or Y 203, in 
place of Th02 (see Table I). They resuIt in satisfactory properties, namely, high 

stability of the arc and durability of the electrode tip. Many phenomena of the tungsten 

cathode have been made clear through the study of the behavior of oxide inside the 

electrode. It is shown that the behavior of rare earth metal oxide contained in the 

tungsten electrode, i.e . the formation of compounds of low melting temperature, 

melting and migration of the compound, and the balance between migration and 

evaporation of the rare earth metal and its oxide, has decisive effects on the arc 

properties and durability of the tip of the electrode. This may lead to a better insight 

into the possibility to control the arc root. 

In this paper, based on research work [7-10] caITied out in our labOl'atory some recent 

results related to the cathode of gas tungsten arc are reviewed. 
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Table IEleetrodes used 

Electrode Oxide Content (%) 

Pure-tungsten (P-W) 0 

Thoriated tungsten (Th-W) Th02 1 to 3 

Yttriated tungsten (Y-W) Y20 3 1 to 3 

Ceriated tungsten (Ce-W) Ce02 0.5 to 2 

Lanthaniated tungsten (La-W) La203 0.5 to 2 

2. Arc properties with oxide-activated tungsten electrodes 

a Arc starting performance 
The criterion for evaluating starting performance was the minimum open circuit vol
tage required for reliable starting with a superimposed high frequency spark. As the 

best electrode was considered that electrode which required the smallest starting 

voltage. 

An example of comparison of successful starts as a function of open circuit voltage for 

these electrodes is shown in Figure IA. Conventional high frequency current is 

applied in 10 sec between the tungsten electrode with a 45 degree cone and a water 
cooled copper under the pre-set open-circuit voltage. The successful arc starting per

centages are shown in the figure. The follow-up arc cun'ent was adjusted to 20-30 A 

in each case. 

The La-W electrode was found to start and maintain an arc at the lowest voltage 
values, followed by Y-W, Ce-W, and Th-W electrodes in th at order. The minimum 
starting voltages for both La-Wand Y-W are fairly definite, while those for pure W 

are much more random. 

It may be significant to note that the order of the increasing starting voltage of the 

electrodes corresponds to the order of the effects on electrode work functions caused 

by rare earth metal oxide additives, as will be discussed later. 

b Arc voltage-current characteristics 

The voltage-current characteristics for GTA with pure tungsten and oxide containing 

electrodes have been investigated and are shown in Figure 2. The differences between 

the voltage-current characteristics of the various tungsten electrodes containing oxides 
are essentially negligible, except with that of the Zr-W electrode which shows a 
comparatively large deformation due to melting. 

The observed changes in total arc voltage are believed to be due to the changes in the 
cathode potential drop, which depends on the changes in work function and tip 
geometry when all other factors are fixed. Consequently, this is related to the role of 

the contained oxide and its effect on the tip geometry, see Figure 6. 
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Figure 1. Arc starting characteristics evaluated by open circuit voltage (O.C. V.J 
tests. 
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Figure 2. Comparison of vo/tage-current characteristics. 

c Arc force 
The arc force distribution at the water cooled copper anodes are ~easured by a semi

conductor transducer, as shown in Figure 3. The arc force as a function of arc CUlTent 

is illustrated in Figure 4. Figure 5 shows the maximum arc force at various radii of 

electrode-truncation related with arc current for a La-W electrode as an example. 
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Figure 3. Arc pressure distribution measured at the anode. The irregular oscillation 
in case af pure W shows the unstable behaviar of the arc during the measurement. 

The arc force originates mainly by the induced flow of plasma gas due to the expan

sion of the current path from the electrode to the gaseous arc space. Therefore, the 

truncation or the deformation due to melting must change the current distribution near 
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the cathode and also the impedance for induced flow, consequently leading to the 

change in arc force acting on the anode. 

d. Durability of electrode tip 
A comparison of the metallurgical micro-structures after 1 hour burning is shown in 

Figure 6. The pure tungsten tends to recrystallize and form large grains, while some 

activated electrodes, such as Th-Wand Zr-W, tend to lose the oxides and start fOl'ming 

large tungsten crystals at the tip, as in the case of Th-W, or experience severe melting 

as in the case of Zr-W. However, the La-W, Ce-Wand Y-W electrodes showed more 

stabie structures. 

Electrode diameter 1.6mm 
Arc current 180 A 
Arcing time 3600 sec 

O.5mm 

Figure 6. Microstructure of cross sectian of electrode af ter heavy loading. 

These metallurgical changes affect electrode erosion, consequently changing operating 
characteristics and temperature distribution. In other words, the loss of oxides leads to 

a decrease in the electron emission and an incrcase in the temperature, because the tip 

operates as pure tungsten at th at time. 
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The arc characteristics and the metallurgical structure, show that the La-W, Ce-Wand 

Y -W electrodes have at least the same performance as the norrnal thoriated tungst~n 
electrodes. 

3. Behavior of rare-earth metal oxides 
During arc buming, the oxide contained in the electrode changes its morphology due 
to melting and moves to the higher temperature zone near the arc root area, as shown 
in Figures 7-9 [7, 10, 12]. Figure 7 shows the oxide redistributions on the tip surface 
af ter 30 rninutes and 60 minutes of arc buming. The concentration of oxide just 

outside the arc root area is observed clearly. For the Y-W, it is difficult to discrirninate 

the Y-line from the W-line in the EDX line analysis. Ce has a nearly uniform 

·distribution throughout the electrode tip without the localized concentration peaks, 
suggesting that the migration and vaporization rates of Ce or Ce-oxide are much higher 
than those of other oxides. 

In Figure 8, the results of X-ray diffraction analyses of oxide particles inside and near 

the electrode surface are shown. The rare earth metal oxides react with tungsten and 

form tungstates or oxy-tungstates in general. The melting points of those tungstates 
and oxy-tungstates ,are lower than those of oxides and tungsten. 

dla.=3·2 rnrn Arc gap=3 mrn Tip anglE'::45° 
Gas flow rate=15 lIrnin Arc current::: 200 A 

Figure 7. Appearance of electrode surface and fOX line analysis of La, Th and Ce, 
respectively. 
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In the case of Th-W electrodes, no tungstate and oxy-tungstate is detected. Thus the 

Th02 is supposed to react with tungsten, fOl'ming only Th during arc buming. The 

collected data of thermodynamic properties and estimated behavior of the oxides are 
listed in Table 11 and Figure 9. Note that only Ce02 was reduced to Ce203 in the 
sin tering process in hydrogen atmosphere. 

A schematic illustration of the suggested migration and the different behavior of the 

oxides accompanied by the temperature field are shown in Figure 9. In the case of rare 
earth metal oxides their tungstates and oxy-tungstates melt and migrate from the lower 
temperature zone to the higher temperature zone along the grain boundaries (tungsten 
grains have usually a longitudinal shape) probably due to capillary action. The 
migration rate increases considerably with increasing temperature gradient. This is 

supported by the lower melting points of tungstate and oxy-tungstate. Also, as the 

migrating particles travel up the temperature gradient, they are accelerated and increase 

in size [7]. 
The highest migration rate among the different oxides is shown by Ce02, whose 
tungstate has the lowest melting point. Thi c tungstate easily migrates and it is 
continuously fed to the electrode tip. Thus, the oxide consumption of Ce-W is much 

higher than that of the other oxides. 
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Table 11 Summary ofoxide behavior 

Type of oxide Th02 

Melting point K 3323 

(Th: 2028) 

Heat of 1227.6 
decomposition, 
(kj) 

Type of oxide Th02 

af ter sintering 

Reaction with reduction of 
tungsten Th02 by W 

occurs 
forming pure 

Th 

Oxide behavior 1. diffusion of 
Th atoms to 
the 
electrode 
surface 

2. vaporization 
of Th from 
the 
electrode 
surface 

Stability of low 
oxide 

La203 

2490 

(La: 1193) 

1244.7 

La203 

forms 
tungstate 

(m.p.: 2073 K) 
and 

oxytungstate 
(m.p. > 1773 K) 

1. migration of 
La 20 3 occu rs 
from the 
center to the 
electrode tip 

2. vaporization 
of La203 
from the 
electrode 
surface 

high 

Ce02 

2873 

(Ce: 1071) 

(523.4) 

Ce203 

(m.p.: 1883 K) 

forms 
tungstate 

(m.p.: 1363 K) 

1. migration 
rate 
throughout 
the electrode 
edgeis 
higher than 
trom the 
center to the 
electrode tip 

2. vaporization 
of Ce02 from 
the electrode 
surface 

reasonable 

2708 

(Y: 1799) 

1271.1 

forms 
tungstate 

(m.p.: 1743 K) 
and 

oxytungstate 
(m.p. > 2473 K) 

1. very low 
migration 
and 
vaporization 

high 

The rather stabie behavior of La-W can be related to the slightly higher melting point 

of La203 as weIl as its oxy-tungstate compounds. Also, migration provides a 

reasonabie compensation for evaporation loss. Due to the higher melting point of 

y 203 and its tungstate or oxy-tungstate and the shape of the tungsten grain boundaries 

(which exhibit granular shape), the migration rate along the grain boundaries will be 

decreased and it takes much more time to reach the electrode tip. 

Because of the high melting point of Th02 and the temperature range at which Th02 
may be reduced by tungsten, the feeding and diffusion rate are much lower than the 

vaporization rate. Thus, the electrode tip wilIlose the Th02 and act as pure tungsten. 

From above observations, it was deduced that the balance between the evaporation of 

the rare-earth metal at the surface and its feed from inside through migration of 

compounds is essential to achieve stabIe and long life operation and that this balance is 
govemed by the temperature field of the electrode. 
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Figure 9. Schematic iIIustration of oxide distribution and temperature distribution 
along electrode axis. Oashed area represents oxide remaining af ter arc burning 
and arrows show the vaporization. 

Sometimes excess migration was observed, see Figure 10. This occurs in the case th at 

the tip co ne angle is very sharp or high current is applied. The electrode tip is 
overheated locally and lack of rare earth metal oxide or the fOImation of gaseous holes 

occur. The latter may be due to gasification of the oxide. If the temperature field has 

no such a steep gradient, these phenomena were not observed. This may suggest that a 

low content of rare earth metal oxide in combination with a high current by which a 

sufficiently large porti on of the electrode is heated to the high temperature, could give 

the appropiate conditions for keeping the electrode shape unchanged. 

4. Electrode temperature and apparent work function 
It is difficult to measure the electrode tip temperature, because of its high value, 

obviously above 2000 oe. As shown in the preceding section, the spectral radiation 

emissivity of the surface is not constant due to the redistribution of rare earth metal or 
its oxide and also due to the change in surface morphology. 
In this experiment, electrode temperatUl'es during arc burning were determined by 
measuring the radiation from the graphite powder th at was inserted in a groove in the 

electrode, An electrode of 2.4 mm in diameter was machined to contain a V shape 



Cathode Phenomena in GTA Welding 35 

La203-W Electrode dia.: 3.2mm Shielding gas: Ar 
Operating lime : 3600 s Arc gap: 3 mm Tip angle : 45

0 
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o 

Figure 10. EPMA analyses of cross-section of La-W electrode af ter arc burning. 

groove, which was then filled with graphite powder under extreme pressure to avoid 

its 10ss during arc burning. The graphite powder has a known emissivity. 

The temperature distribution along the electrode axis was measured using an infrared 

thermometer. It collects the infrared radiation ranging from 1.8 to 5.0 microns in wave 

length from a target area 0.65 mm in diameter. Figure 11 is an example of the 

measured temperature distribution. 
Wh en the electrode is used with a current above the recommended standard value, the 

temperalure distribution curve changes from a smooth and monotonical curve to one 

that has a peak at some point along the electrode extension. Figure 12 shows the 

change in temperature distribution with changes in arc current. The temperature 

gradient near the tip changes sign, and also the tip temperature decreases with increase 

in current mainly due to electron emission cooling and geometrical effects. 
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Figure 11. Temperature distribution along the electrode axis. 
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Figure 12. Electrode temperature near the tip for various arc currents. 

As shown in Figure 13, the electrode tip surface ~xhibits three characteristic zones: the 

pointed end zone (A), a smóoth surface zone (B) corresponding to the arc boundary, 

and a rather rough surface zone (C) who se edge shows a higher oxide concentration. 
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Figure 13. Microstructure of electrode tip surface af ter arc burning. 
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Assuming that the electron emission occurs in zone A, the current density at this zone 

and the apparent work function could be estimated using the measured values of 

temperature and the Richardson-Dushman equation, 

Js = APexp(-eCP/kn, 

where Js = current density, A = a constant, k = Boltzmann constant, T = temperature, 

cp = work function. 

The results are plotted in Figure 14, which shows that in the case of La-W the change 

in work function is rather small and can be considered to have a constant value (about 

2.1 e V). This may explain the good balance between the migration and feeding of rare 

earth metals or their oxides during arc buming. On the other hand, the apparent work 

function of thoriated tungsten increases with arc burning time, which can be 

considered as an indication of the lower migration rate of Th-oxide to the electrode tip. 

5. Electrode consumption and rim formation 
A simple measurement of electrode consumption in steady state of arc buming shows 

a severe weight loss by introducing a small amount of oxygen in the gas atmosphere, 

while nitrogen and hydrogen have little effect as shown in Figure 15. 
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Figure 14. Change in work function and current density. 

Figure 16 shows the weight loss as a function of arc current in steady state. Figure 17 

shows the weight loss rate under rather high CUlTent conditions in pure argon 

shielding. 
Theoretical treatment shows that the erosion rate is related to the physical condition of 
the arc cathode region. The temperature field of the cathode is the most influential 
factor of the evaporation and the temperature B.:ld of the electrode is estimated by the 
heat balance of the cathode-arc boundary. However the cathode region is not 
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Figure 15. Effect of oxygen and nitrogen introduced into the argon gas on the 
weight loss of the electrode. 
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Figure 17. Electrode weight loss as a 
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homogeneous and the behavior of the oxide provides a complicated effect on the 

temperature distribution . 

The introduction of oxygen into the inert shielding gas promotes strongly the growth 
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of tungsten dendrites in the zone C and resuls in the formation of a rim, like the brim 
of a hat as shown in Figure 18. It causes unstable arc behavior and consequently large 

fluctuations in arc voltage and arc pressure as shown in the same figure. The size and 

shape ofthe firn depend on the arc burning time at a given current. The rim is formed a 

small di stance away from the tip end. According to the X-ray difffaction analysis the 

firn is formed by the deposition of pure tungsten on the electrode surface where the 

situation is suitable for crystal growth . 
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Figure 18. Unstab/e arc behaviar due ta farmatian af a rim. The appearance af the 
rim is a/so shown. 

Figure 19 gives a schematic illustration of the vaporization and the motion of volatile 

tungsten oxides along the electrode surface. There is a change in vaporization rate 

along the electrode surface, as shown in the calculation. Under the effect of a gas 
stream, oxides from the regions of high vaporization rate move along the electrode. 
Decomposition of tungsten oxide and condensation of tungsten occur on the electrode 

sUfface at the point where the conditions are favorable for crystal growth. This 

consideration makes clear the distinctive features of the three characteristic zones: zone 

A is defined as emitting zone due to its high temperature, zone B is defined as the 

higher vaporization rate zone of rare earth metal and has a smooth surface, but electron 
emission is lower than that in A, zone C is the only zone which has a suitable 

temperature for crystal growth. 

6. Conclusions 
The performance of tungsten thermionic cathodes are discussed through a comparative 
study of arc properties, oxide behavior in the electrode, cathode temperature and 

erosion phenomena, consumption of electrode material due to evaporation, for several 

types of electrodes. 
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The work was carried out with one reference electrode (W-Th02) and other electrodes 

activated by rare earth metal oxides, La203, Ce02 and Y 203. It was shown that these 
newly developed electrodes have superior properties compared with those of thoriated 

tungsten. On the basis of the results of this study the following conclusions can be 

drawn. 
1. Th02 may react with tungsten, forming pure Th. The Th is considered to diffuse 

away from the bulk to the tip surface and then to evaporate. 
2. Rare earth metal oxides react with tungsten, forming tungstate and oxytungstates. 

These tungstates or oxy-tungstates melt and migrate from the lower temperature 
zone to the higher temperature zone. The difference in their migration rates may be 
attributed to their melting points and to the tungsten grain morphology. 

3. The behavior of rare earth metal oxides during arc burning is the most important 
factor in determining the operating properties of th~ electrode, that is, electrode 
temperature, work function, electron emission, and stability of the tip shape. 

4. The balance between the migration rate and the evaporation rate of the oxide has a 
decisive effect on the operational stability and durability. 

5. At high current, the temperature of the tip of a sharp cone increases and severe 
concentration of oxide sometimes occur. This is due to the excess migration in a 
high temperature gradient. These oxides may decomp9se and gasify. 

6. The behavior of oxides is govemed by the temperature and its distribution, which 
are different for various tip shapes. When the evaporation of the oxide material 
from the surface and its feed from inside is weIl balanced, the electrode gives the 
most superior durability. This consideration suggests that an optimum amount of 
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oxide can be deterrnined by estimating the temperature field of the electrode. 
7. The formation of the rim at the periphery of the emitting area of the cathode is a 

serious problem for the arc stability during long time operation. The rim was 
shown to consist of tungsten dendrites and is considered to originate from the 
oxidation of tungsten. 
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Ambient pressure has a profound influence on arc stability, process characteristics and 

energy transport properties. Many features are common to all wel ding processes, 

although detailed behaviour has been found to depend critically on loc al environmental 

conditions and is therefore process dependent. 

This paper presents a review of some of the pressure dependent effects on basic arc 

structure, principally for the TIG welding arc for which significant quantities of data 

are available. Attention has also been paid to recent research conceming the MIG, 

Flux-cored and Plasma welding processes at elevated pressures. Several groups have 

shown that these processes exhibit levels of overall stability essential for wel ding in 

very deep waters (below 500 m sea depth). For many aspects of reported process 

behaviour, little or no understanding of the physical relationships and goveming 
principles exist at the present time. Several such instances have been discussed 

together with recommendations for further research. 

1. Introduction 
High pressure arcs are used in a variety of industrial applications including fumaces, 

high power shock tubes, rail guns, power interrupt systems (fuses and circuit 

breakers) and as standard spectral sources, in addition to applications in areas such as 

chemical production and materials processing (welding, cutting, sUlfacing etc.) [1,2]. 

In genera I the term high pressure refers to arcs which are colli sion dominated such that 
conditions in the plasma column tend (very approximately) toward local therm al 

equilibrium, in contrast to the low pressure and vacuum arcs for which significantly 

greater electron temperatures are observed [3] . The behaviour of a high pressure 

discharge depends to a large extent on the arc configuration and power supply 

characteristics. High pressure conditions mayalso be created in low or medium 

pressure environments by the action of the discharge. Large pressure differentials 

occur in high CUlTent (kA) arcs (e.g. heaters and furnaces) due to the interaction 

-- ----------------------------~--~ - --
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between the current flow and the self generated magnetic field [4]. These may be 
associated with pressure increases of the order of a few bar to a few tens of bar for 

both confined [5,6] and free buming [7-9] arcs. 

Arcs associated with welding operations must provide continuous, controllabie 
sources of heat. This generally imposes stability requirements on the discharges which 
become critical at high operating pressures. 

This paper is concerned with the operation of welding arcs in high pressure 

environments with currents of the order of a few tens of amps and small induced 

pressure changes (compared with ambient pressures). A full review of the physical 
concepts associated with hyperbaric welding arc behaviour is considered to be outside 
the scope of the present work; indeed, such a work would require a substantial book 
despite (or because of) the fact that so little of the physical detail is understood, even in 

a qualitative manner. The purpose of this review is to highlight some of the most 

important aspects of hyperbaric welding arc behaviour and to indicate areas where 

further research effOlts are required. 

2. General 
A large body of literature exists on the exploitation of arc welding techniques in 

connection with the .offshore construction and repair industry [4, 10-22]. The majority 

of publications consider the influence of environmental conditions on the behaviour of 

the welding processes and the resultant influence on weid metal properties [14-17]. 

During the 1970's and 1980's considerable research effort was expended to improve 
operating performance and develop suitable con trol strategies for the various welding 

processes. 

The influence of pressure on process performance and requirements is governed to a 

large extent by changes in arc properties. The structure of the arc column is controlled 

by the material properties of the plasma, environmental conditions and the required 
current flow. Equilibrium operating conditions occur when the rate of electrical energy 
supplied to the discharge is balanced by the energy losses to the electrode, workpiece 

and surrounding media. As (he ambient pressure is raised above one atmosphere the 

physical properties of the plasma are altered and particIe densities inerease (approxi

mately) in proportion to the absolute pressure [23]. Convective and radiative heat 

losses increase with pressure and are associated with a rise in arc voltage. 

A self consistent explanation of many of the observed phenomena may be made by 
appeal to the minimum energy loss principle. E:.hanced energy transport constrains the 

arc to contract and adopt a new minimum energy loss configuration, resulting in a 
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smaller cross-sectional area of the conducting core. Electrical conductivity rises with 
pressured [24] (> 12,000 K) such that the reduced arc column is capable of sustaining 

the required CUITent flow at similar core temperatUI·es. Increased radiative energy loss 

occurs as a result of a re-distribution of the arc energy (which may be inferred from 

the form of the enthalpy telm in the energy balance equation [4 D. 

This general behaviour is common to all types of welding arcs presently used 

offshore. Each welding process ho wever, creates unique environmental conditions, a 

detailed description of arc behaviour is therefore process dependent. 

3. Arc voltage 
The potential drop across an arc may be subdivided into a number of components 

related to physical regions in the welding arc. In its simplest form, this subdivision 

inc1udes components for the anode and cathode faU regions and the plasma column. At 

one atmosphere, the majority of the power generated in the welding arc occurs in the 

faB regions, the column contributing only 20 to 30% of the total power. 

3.7 The column component 
As pressure increases the arc voltage rises resulting from an increased power 

dissipation, with voltage changes being almost entirely associated with an increased 

column component. For welding arcs whose behaviour is dominated by the physical 

properties of the shielding gas, this ri se is approximately proportional to the square 

root of pressure. The mean voltage (V) is of ten expressed in the form [4, 25-27] 

V = Vo + Elt(JO)1l (1) 

where Vo is the sum of the fall voltages, El is the one bar electric field strength, tthe 

arc length, P the operating pressure and P atmospheric pressure (Po is often implicitly 

assumed in the literature when the pressure is measured in bar). 

The value of the exponent nis generally reported to be about 0.5. Allum [2] notes th at 

values as low as 0 and as high as 1 have been quoted under extreme conditions. The 

value of the exponent may be regarded as an indication of the energy exchange 

processes taking place in the arc, greater values being associated with increased energy 

losses [28]. Thus, the value of the exponent depends on the operating conditions, 

including shielding gas flow rate, current and plasma composition. Values of n in the 

range 0.1 to 0.25 have been found for low current (few amperes) arcs [29], whereas 

for conditions normally encountered in welding arcs n is often reported [4, 30, 31] in 

the range 0.3 to 0.6 (Figure I) . 
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Figure 1. lIIustration of the influence of pressure on arc co lumn electric field 
strength for a range of operating conditions [311 (t -ref. [25J). 

More detailed forms for the electric field strength term have been published which 

provide greater accuracy over a limited range of operating conditions [21, 27]. Por 

example, Sugar reports that n is dependent on arc length and takes the form 

n = 0.53 t-0.31 (2) 

valid for both helium and argon arcs over the range of pressure 1 to 50 bar and arc 

lengths 1.5 to 6 mmo 

Equation (1) and its variants are generally applicable to TIG type arcs . More 

complicated expressions for the constricted plasma arc have been derived for a given 

welding torch geometry and Iimited parametrie ranges, although the final pressure 
dependenee differs little from the pO.5 relationship given above [32]. A summary of 

the influence of wel ding parameters on TIG arc voltages is given in reference [32]. 

There are no reported results concerning the measurement of voltage as a function of 

arc length and pressure for the MIG or Plux ·cored welding processes. However, 
empirical models produced for process stability control suggest that the column is 

dominated by the properties of the shielding gas [33]. It is therefore reasonable to 
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suppose that the column properties will be similar to those of the non-consumable 

processes with electric field strength approximately propOItional to pO.5. 

Unlike the wel ding processes mentioned above, the arc column during MMA welding 

is dorninated by properties of the materials evolved from the flux coating surrounding 

the metallic electrode core. These consist primarily of CO2, iron, sodium, potassium, 

calcium etc. which are easily ionisable. It has been reported on a number of occasions 

that pressure has only a small influence on arc voltage (Figure 2), with the dependence 

related to the composition of the flux coating [34-36]. There are few publications 

providing quantitative data on arc length/voltage/pressure relationships; however, 

recent work by Ogawa [37] concerning the effect of iron vapour on electron densities 

at elevated pressures provides an initial step toward understanding the behaviour of 
hyperbaric arcs dominated by metal vapours. 

1 s 1 s 
40V-

30V-

~ 
\~'I Ii'~ ~ ~~I 20V- V 

r 
10V-

0) 
OV -

b) 

Figure 2. Arc valtages far MMA weids at (a) ane atmasphere and (b) 150 m water 
depth far naminally identical aperating canditians [161. 

3.2 The fall voltage 
The majority of published results concern the TIG arc, for which the sum of the anode 

and cathode fall voltages Va is thought to be substantially unaffected by pressure. 

Some reports of a pressure dependent fall voltage have been published [25, 29, 28] in 

which Va, for an argon arc burning on a water cooled copper anode, increased by 

between 1.5 and 5 V over the pressure range I to 14 bar. Matsunawa and Nishiguchi 

[25] suggested th at the increase in Va occurred due to contraction of the arc root on the 

cathode surface with a subsequent rise in electrode surface temperatures. However, no 

experimental evidence was offered to SUppOit this view. An alternative explanation has 

been offered by Allum who attributed such results to errors arising from the problems 

associated with extrapolating the voltage - arc length curves to zero arc length, due to 
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non-linear behaviour at short « 1 mm) electrode separations [2] (sirnilar to behaviour 

at one atmosphere [39]). A different technique for the determination of Va has been 

applied by Su ga [26] and Dijk et al [30] whereby the arc gap was reduced until short 

circuiting took place. Va was equated with the voltage immediately prior to collapse. 

In both cases Va was observed to fall slightly with pressure. Suga reported no change 
above 6 bar and up to 60 bar (consistent with the observations of Dijk et al), with the 

combined fall voltage for an argon TIG arc operating on a cooled copper or mild steel 

anode [40, 41] being of the order 9±1 V. 

Similar pressure dependence is observed for the consumable welding processes, 

although fall voltages are significantly greater [16,33], typically 14 to 16 V due to the 
different electron ernission mechanism (field domination cf. thelmionic domination for 
the non-consumable processes). 

The lirnited influence of pressure on the combined fall voltage is not surprising wh en 

the structure and purpose of the fall zones are considered. The potential drop in these 

regions occurs as a result of the imbalance of charged particles close to the electrode 

surfaces. This in turn is related to the energy requirements for electron liberation and 

capture, which are primarily dependent on the physical properties and conditions 
occurring at the electrode surfaces. 

4. Stability 
The stability of all arc welding processes is found to deteriorate with increasing 

ambient pressure. This may be explained in terms of the gas flow behaviour in the arc 

column, together with changes in conditions occurring at the arc roots. 

An arc may be regarded to first order as behaving like an electromagnetically driven 

plasma jet whose origin lies in the interaction between the current flow and the self 

generated magnetic field [42]. This behaviour is modified by consideration of the 

plasma viscosity and compressibility [43, 44]. Plasma flow velocities for a wider 

range of gas shielded processes and operating conditions have been shown to result in 
a laminar gas flow at atmospheric pressure [4, 32]. 

Allum et al [21] have shown that the transition from laminar to turbulent flows in the 

. cooler outer regions of the arc occurs at pressures of only a few bar (typically < 5 bar) 

in argon TIG arcs. The exact point of transition depends somewhat on the shielding 

gas flow rate, occurring at lower pressure for greater gas flow rates. At low flows, 

this criterion is superseded by the flow rate generated as a result of mass entrainment. 

Turbulent behaviour in the outer regions of ~he arc generates instabilities which 

propagate inward toward the arc core, resulting in a decrease in arc stability with rising 

pressure. It has been reported that the CUlTent carrying inner region of the arc contracts 
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at a faster rate with increasing pressure than the hot, essentially non-current carrying 

luminous boundary region [4]. Buoyancy forces will therefore dominate in the outer 

region (in the absence of the Lorentz force) resulting in the development of turbulence 

which opposes the flow of the plasma jet in downhand welding (Figure 3) [40]. 
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Figure 3. TIG arc structure iIIustrating strong mass entrainment close to the rod 
electrode with a strong plasma flow within CC'. Current is carried through 88' and 
arc heating extends to AA' [40]. 

Quantitative data on stability has been derived from the oscillation amplitude and 

frequency of an arc operating close to the split plane of adjacent isolated water-cooled 

copper anodes. Both the frequency and maximum amplitude are found to increase with 

increasing shielding gas (volumetrie) flow rate and ambient pressure. Stability is 

reported to be directly linked to the mass flow rate of the shielding gas [4]. Over the 

pressure range 1 to 14 bar, mass flow rates of 0.5 gis or less result in Reynolds 

numbers < 2,000 and minimal arc oscillation independent of ambient pressure (Figure 

4). Maintenance of a constant mass flow rate requires th at the volumetrie flow rate 

must vary with pressure according to p-I, unfortunately this leads to an unacceptable 

reduction in shielding efficiency. Allum et al have shown that for an arbitrary 5% 

stability criterion (the ratio of maximum oscillation to arc radius) gas flow is always 

turbulent at high operating pressures. With a constant volume flow ra te of lOl/min 

laminar flow limits are exceeded at pressures below 2 bar and the 5% limit at less than 

4 bar. Altematively, if the shielding gas mass flow rate is increased in proportion to 

the mass flow through the space occupied by the arc (proportional to pü.66) [21] then 

the laminar limit occurs near 4 bar and the 5% limit at 37 bar. This behaviour indicates 

that for any given stability level an upper pressure limit will be reached for which arc 

oscillation exceeds the given criteria. The upper limit is likely to be reduced by 

additional requirements for efficient shielding [45]. 



50 Physica/ Aspects of Arc We/ding 

80 

. ~ 70 
u 
o 

" [; 60 

Ö .. .. 
'" ë 
~ 50 1 
~ 

" o .. 
'5 JO 

ë. 
E 

~ 20 

" E . ;; 

~ 10 

" '" 

ARC COLUMN OSCILLATIONS OBSERVEO AT THE ANODE OF A 

TIG ARC 1100 A, ARGON, 3·2 mm's IN LENGTH) AT DIFFERENT 

PRESSURES ANO SHIELOING GAS FLOWS . 

Meon Maximum 
Amplilude Amplilude 

0 • 2 BARS 

6 
, 6 

0 • 10 ~/ 
0 .14 

I 

/ 
/ 

I 
10 

.. 
ë 
D 
E 
>. 

VI 

c .. 
a. 

0 

Turbvlenl 
Tronsifion . 

Fully Oeveloped 
1 Turbul.nl Flow. 

5 
Moss flow rol. of shielding gos · lg/5 I 

1-6 

H 

t·2 E 
E 

.. 
U 

1·0 ~ 
ë. 
E 
0 

0·8 c 
0 

0 

0·6 " ". 
0 

C 
0 .. 

0 " ::I: 

0 ·2 

Figure 4. The influence of shielding gas mass flow rate on the amplitude of 
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The stability of the gas flow may be assessed in terms of the Reynolds number (Re) 

which is related to the velocity of the flow UZ' the plasma density pand the viscosity TI 
by 

(3) 

where L is a characteristic length related to the geometry of the system (arc diameter). 

For temperatures below 10,000 K, viscosity rises linearly with temperature and is 

virtually independent of pressure [46]. Density increases approximately linearly with 

pressure [47] and Uz falls with pressure according to p-O.36 for the TIG arc [45] and 

between p-0.46 and p-O.75 for weakly and strongly constricted plasma arcs respective

ly [2]. From experimental measurements, the radius of the arc column is observed to 

fall with increasing pressure according to p-0.17 for the TIG [47] arc and p-O.16 for 

the constricted arc, although the exponent for highly constricted arcs [32] fal!s to 

-0.23. Hence the Reynolds number of the gas flow increases approximately 

according to pO.5 for the free buming arc and pO.39 for the weakly constricted plasma 

arc, whereas only a smal! pressure dependence (pO 02) is predicted for the highly 

constricted arc [32] , suggesting that stable arcs may be maintained at very high 
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ambient pressures. 

The behaviour in the inner core of the arc is somewhat more complicated due to the 

temperature and pressure dependence of viscosity at temperatures above 10,000 K 

[46]. Nevertheless, the reduction in density at elevated temperatures ensures that flow 
in the hot current carrying core remains laminar to pressures of at least several tens of 

bar [32]. 

Turbulence in the arc results in increasing random fluctuations in arc voltage 

(mirroring the random influence on energy losses). Such behaviour has been observed 

for all hyperbaric arc wel ding processes, including MMA [4, 11 , 32, 33, 48] (see 
Figure 2). 

Electrode erosion is reported to increase with increasing pressure [12,19,25]. This is 

of ten associated with an observed decrease in the cathode root area and an increase in 

cathode surface temperature due to electron emission requirements. Allum reports that 

the radius of the cathode root Ra for a 3.2 mm long, 100 A argon arc follows the 

relationship 

Ra = 0.46 p-O.ll [mm] (4) 

over the pressure range 1 to 14 bar. The associated mean cun'ent density then follows 
a p+O.22 relationship. Greater electrode smface temperatures lead to increased erosion 

rates and a deterioration in arc stability. Edmonds et al [29] noted that erosion rates 
increased with pressure and depended on electrode size and vertex angle. Erosion was 

found to be reduced with large diameter electrodes at a vertex angle of 30°. 

Hoffmeister [19] also reports reduced eros ion with larger diameter electrodes. 

Replacement of the conventional thoriated tungsten by a lanthanum oxide doped 

electrode and the use of efficient water cooling also helped to reduce erosion. 

The deterioration in arc stability with increased electrode eros ion has been attributed to 

cathode root instabilities. Huismann et al [49] report three stages of erosion at high 

pressure: 

I - tip detachment, where the sharp point of the electrode is melted and vaporised or 
transferred as a tungsten droplet 

11 - electrode melting covers the end of the truncated cone, erosion related to 
vaporisation only (by implication the arc root covers the entire tlUncated surface) 

111 - the truncated surface is larger than the melt zone, the cathode root precesses due 
to the action of the induced 1. x !l. force . 
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Significant instabilities are observed in the third stage. The influence of erosion on arc 

stability is difficult to assess on the basis of electrode mass loss. Huismann et al 

therefore measured the diameter of the truncated cone surface (de) and found that this 

gave more consistent indications of arc behaviour. These authors found that de was a 
minimum at an electrode vertex angle of 30° for thoriated electrodes and 35° for 
ceriated electrodes (Figure 5). Tip diameter was found to increase with increasing 
additions of thorium oxide and with increasing material resistivity. Resistivity varied 

depending on electrode manufacturer and appeared to be associated with electrode 

homogeneity, a lower value corresponding to a more uniform distribution. Erosion 

rates are reported to increase rapidly with increasing arc current and are more severe in 

helium environments [26, 40]. 
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Figure 5. Effect of electrode tip angles on tip diameters of thoriated (left) and 
ceriated (right) tungsten electrodes after 10 min. arcing time at 37 bar [49J. 

5. Energy transport 
Allum has considered the energy balance of the free buming arc in some detail [4, 31 , 

50]. Based on measurements of electromagnetic radiation, the radiation leaving the arc 

has been found to be (approximately) linearly dependent on arc length and CUlTent 

(I> 75 A) . The radiated power QR in agreement with the one atmosphere 

observations of Goldmann [51], is shown to be dependent on arc column power and 

is proportional to pO,s. Similar results have been reported for the constricted (Plasma) 

arc operating over a wide range of conditions [32] (see section 6.1). Recent work at 
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Cranfield has shown that the ultra-violet subset of the electromagnetic spectrum also 
obeys a pO.s relationship, where integrated intensities in the wavelength region 170 to 

260 nm have been measured (Figure 6). This has important implications for the safety 

of weIder/divers. 
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Figure 6. The relationship between pressure and integrated UV radiation intensity 
(770 to 260 nm) for a 3 mm long, 700 A argon TIG arc on a water Gooled Gopper 
anode (data normalised to 7 bar). 

Conductive power losses Q" from the arc column (neglecting end effects) have been 

estimated [52] using the expression 

Q" = 21TX·I1T- l (5) 

where IC is the thermal conductivity, 11 T the temperature difference across the arc 
boundary and l the arc length. Thermal conductivity is reported to decrease with 

pressure at moderate temperatures and increases at high temperatures. For the pressure 

range typically associated with hyperbaric welding (up to 100 bar), the change over 

occurs in the temperature range 13,000 K to 16,000 K [46]. Conductive losses are 

thought to be only weakly influenced by pressure [4]. The importance of this term is 

therefore reduced as pressure increases due to the overall increase in arc column 
power. 
Convective power dissipation Qcv is dependent on the mass flow through the arc in 

given by 

In = f PUz 2n::r dr 
o 

(6) 
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and the enthalpy H (dependent on the arc temperature field) 

Qcv = in H"" p·A·u (7) 

where the mean velocity u (for à magnetically driven arc jet) is found from the 

momentum flux expression [44] to be 

u = (110(2 In (R/Ro»)o .s 
4npA 

(8) 

R is the mean arc radius and Ro the radius at the cathode, I the current, A the arc cross 

sectional area and p the density. Equation (7) may then be written as 

Qcv = ~ H IR (floP In :0)°·5 (9) 

and exhibits a pressure dependence slightly weaker than po.s. Alternatively for 

buoyancy dominated arcs ïi is given by 

and 

U"" (poogz! )o.s 
p 

(10) 

(11) 

where poo is the density of the cool gas in the surrounding atmosphere and gz the 

acceleration due to gravity. In this case Qcv is approximately proportional to pO.66. For 

buoyancy forces to be significant (greater than 10%) Allum [53] has shown that arc 

current must be less than some critical value Ic given by 

(12) 

where Ri represents the radius of an isothermal boundary such that peRi) ~poo. 

Examination of the expressions given in equations (8) and (10) indicate that mean arc 
velocity for a magnetically driven arc falls according to p-0.33 and is independent of 

pressure for the buoyancy dominated arc. Similar results have been predicted from gas 

flow behaviour models [44,50]. 

A number of authors have observed that heat transfer (process) efficiency decreases 

with increasing ambient pressure [2, 4, 31, 54] , the larger percentage change occur
ring over the first few bars of pressure. At high pressures littIe change in process 
efficiency is observed [21]. Overthe first 40 bar of pressure Allum indicates a 

decrease in efficiency from 80% to 60% on water cooled copper anodes and 75% to 
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40% on moIten steel anodes [40]. The difference bet ween the two materials may be 

explained in terms of the shielding effect of the molten weId pool and depends on the 

mechanisms involved in heat transportation in the molten anode. Slightly lower values 

of process efficiency have been reported for constricted plasma arcs falling from 70% 

to 60% over the first 16 bar of pressure and remaining virtually constant thereafter 

[32]. 

MeIting efficiency is observed to increase over the first few bars of pressure [4, 54] 

followed by a slow decrease at high pressures (> IS to 20 bar) [4]. Efficiency 

increases with current and decreasing arc length and has been shown to be of the order 

10% at 100A, rising to 30% at 210A for an argon arc in the pressure range 8 to 20 

bar. The decreasing meIting efficiency reported by Allum [4] was not observed with 

the 100A TIG weIds or with weIds made using the plasma process [32]. It seems 

probable that this behaviour (seen at 75A and 150A) may be due to arc induced weId 

pool turbulence. Plasma arc melting efficiencies are generally lower than those for the 

equivalent TIG arc and decrease with increasing arc constriction, due to greater 

column energy losses. Values are reported to be typically between 6 and 8% and 

virtually independent of pressure for pressUl'es above about 8 bar. 

6. Process dependent behaviour 
The majority of the information on which the preceding sections are based is 

concemed primarily with the TIG welding process which has received significant 

attention in the literature; primarily due to its present employment both for manual root 

welding and for fully automated applications. Recently, interest has been expressed in 

the consumable wire processes and the Plasma welding process because these appear 

to offer stabIe operating conditions at high pressures (in excess of 50 bar) together 

with the potential for full automation. 

6. 1 The plasma process 
Plasma welding is of ten considered to be a modified form of the TIG process in which 

a physical constriction is placed co-axial to the arc around the cathode. Physically, this 

introduces additional boundary conditions to the set of equations describing the 

structure of the arc column. The basic arrangement and nomenclature is illustrated in 

Figure 7. The major difference between the free buming TIG arc and the constricted 

plasma arc may be attributed to the influence of the plasma forming gas. The plasma 

gas acts to protect the constricting nozzle from the hot arc plasma by providing a thin 

layer of cool gas close to the nozzle walt. The plasma gas also supplies additional 

mass to the arc, plasma gas flow rates being typically one to two orders of magnitude 

greater than the mass flow due to se lf entrainment. The forces exerted by the cooler 

outer gas flow are found to dominate buoyancy induced behaviour, resu lting in arc 
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stabilisation [32, 55, 56]. As pressure is increased the Reynolds number of the outer 
gas flow is expected to rise resulting in turbulent flow. However, over the range of 

pressures 1 to 64 bar these effects are found to be small compared with buoyancy 

generated forces of the free burning arc . Results indicate that a significant 

improvement in stability may be achieved with relatively large constrictions and low 

plasma gas mass flow rates leading to voltage increases of less than 10% above those 

of equivalent TIG arcs. 
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Figure 7. Scheme of the main features of the plasma we/ding process [32J. 

The constriction of the arc acts to limit radial expansion close to the point of arc 

generation, resulting in a more columnar arc (compared to a similar TIG arc). Arc 

veloeities depend on a large number of factors; ho wever, for moderate operating 

conditions, the plasma arc velocities are of the order 2 to 3 times greater than those of 

the equivalent free burning arc. 

One consequence of the limited radial expansion of the plasma arc is the rise in radiat

ive output. The pressure dependence of radiation may be understood in terms of the 

energy balance of the arc. As pressure is increased the arc takes on an even more 

column ar appearance, contracting to minirnise energy losses. Expanding the convect

ive term of the energy balance equation (see for example reference [23]), leads to 

(13) 

where H is the enthalpy, p the density, Cp the specific heat capacity at constant 

pressure, u the velocity and T the temperature. 

For columnar arcs both aT/az and Ur are smalI, the significance of the enthalpy telm 

therefore decreases as the arc column contrflcts due to constriction or increased 

pressure. Conduction is limited by the surface area of the arc which is reduced; 

therefore radiative transfer must increase to account for the observed rise in energy 
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loss implied by the increased arc voltage. 

The dependence of arc radiation on cun·ent and arc length was found to be similar for 

free and constricted arcs although absolute levels are greater for the plasma arc. Both 

arc forms exhibit a linear relationship between radiated power and arc length, although 

this breaks down at long arc lengths with the TIG process. 

The percentage of column power radiated is also found to be greater for the plasma arc 

than for the TIG arc. Allum [4] quotes values of 18 to 25% for pressures of 1 to 41.6 

bar (I> 75A), compared with -30 to 40% for similar constricted arcs (1 to 32 bar). 

Radiative output from a 100 A argon plasma arc column at 32 bar ranges from 250 W 

for a 2.1 mm long arc to > 1kW for an 8.1 mm long arc [32], equivalent to between 6 

and 18% of the total process power (Figure 8). For plasma arcs it was found that the 

percentage column contribution increased significantly with CUITent at low pressures 

and became virtually independent of cun·ent, orifice diameter and plasma gas flow rate 

at pressures in excess of 16 bar. For higher current arcs, the percentage column power 

radiated reached saturation at lower pressures. This indicates that for high pressure or 

high CUlTent arcs, other energy loss mechanisms are required to account for the 

increased process power (i.e., increased arc voltage). It is thought that these additional 

energy losses may be accounted for by turbulent transfer from the arc column. 
20 
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Figure 8. The effect of pressure on the fraction of total process power radiated 
((om the free column of a plasma welding arc (4.75 mm orifice; 2 mm tungsten set 
back, argon plasma at a flow rate of 0 178pJ·5 gis) [32]. 

The contribution to anode heating from arc column radi ation is expected to be 

comparatively smal!. It is difficult to calculate with any accuracy because the 

distribution of energy within the arc column is unknown . Fifty percent of the power 
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radiated travels away from the anode. A significant percentage of the remainder strikes 

the anode outside the pool boundary. Of the radiation incident on the pool surface at 

least 50% is reflected from the surface. It is therefore unlikely that more than -10% of 

the radiated column power is absorbed by the molten pool (and probably a much 

smaller fraction). This accounts for < 2% of the power appearing in the anode at high 

pressUl'es and a smaller percentage as pressure approaches one atmosphere. 

Although in many instances, the TIG and plasma arcs show similar characteristics and 

behaviour, the plasma arc differs in several important respects [4, 32]. Notabie among 

these is the influence of arc constriction on the pressure exerted at the anode by the 

arc. It is weIl known that the plasma process offers the capability of keyhole welding 

at one atmosphere; ho wever, little relevant research has been reported in the literature 
until comparatively recently [32]. 

The total excess pressure on the arc axis Pa may be written as the sum of a gas 

dynamic term P g and an electromagnetic term P em where [42] 

P _!pu 2 g-2 z (14) 

and 

P _ f.loIJ (15) em -
4n 

J is the mean current density and Uz the axial component of plasma velocity away from 

the anode surface. 

The excess arc pressure for constricted argon plasma arcs is found to fall with 

increasing ambient pressure. This is in direct contrast to the behaviour of the free 

burning TIG arc for which Pa has a p+O.28 dependence [40]. Intermediate behaviour 

has been found for weaklyconstricted arcs. This may be explained in terms of the 

differing pressure dependence of the arc radius (see section 4) and hence the relative 

contributions of Pem and Pg. The electromagnetic term has a pressure dependence of 

p+031 and the relative contribution to the TIG arc is typically of the order 35±5% of 

the total measured pressure, independent of ambient pressure. 

During plasma welding at one atmosphere, the gasdynamic term dominates and Pel1l is 

found to contribute typically around 5% to the measured pressure. However, as Uz 

falls rapidly with pressure (see section 4) for the constricted arc, the relative 

importance of P em increases, and the term dominates at high pressures [32]. 

It has also been reported that Pa increases with increasing plasma gas mass flow rate; 

however, beyond a critical flow rate Pa remains constant [32, 57] (Figure 9). The 
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mass flow at which the arc pressure attains its maximum value is viltual!y independent 

of ambient pressure though strongly dependent on orifice diameter, being greater for 

the smaller nozzles. The reason for this is obscure. 
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Figure 9. The influence of plasma gas mass flow rate on excess arc pressure for a 
range of ambient pressures (100 A, 4 mm orifice, 8 mm arc length, 2 mm tungsten 
set back) [321. 

Measured values for the cold gas flow suggest that the pressure in the absence of the 

arc is smalJ compared with Pa. The cold flow must therefore act to accelerate the 

plasma within the constriction nozzle, effectively changing the boundary conditions. 

Increasing plasma flow wil! eventual!y lead to nozzle clogging which results in a 

reduced effective nozzle area. Close to the arc axis temperatures are high and densities 

significantly lower than exist near the arc boundary or outside the arc. The majority of 

mass therefore passes around the arc which acts as a barrier restricting the cold flow 

[9, 58]. In terms of the arc energy balance, arc structure wilJ adjust to minimise 

convective losses due to excess mass transport. The net effect wi 1I be to divert excess 

mass away from the arc core whilst minimising structural changes. This explains 

qualitatively the observation that ax ial arc velocity tends toward a constant value at 

high flow rates. The mechanism is supported by the observations of Edels on high 

current constricted arcs [9] who noted increasing flow ra te caused a reduction in the 

arc thelmal radius with minimal influence on axial plasma temperatures. 

The net result indicates that high arc pressures cannot be achieved at hi gh ambient 

pressures for an argon plasma arc and this has been confirmed experimentally [32]. 

Recent research concemed with the use of mixed gas plasma have shown that high arc 

pressUI'es can be achieved with the addition of helium lo the pl asma fOl'ming gas and 

keyhole weids over a range of pressures up lo 32 bar have been dcmonstrated [59]. 
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The mechanism responsible for the increase in arc pressure with the addition of helium 

at high ambient pressUI'es is obscure. 

6.2 The MIG and Flux-cored processes 
By their nature, the MIG and Flux-cored processes exhibit a time dependent behaviour 

related to the melting of the wire, and the transfer of metal from the wire to the weid 

pool. At one atmosphere, this may be achieved either by an open arc process or dip 

process. In open arc operation, the molten metal drop let is formed, detached and 

transported through the arc due to the jet like flow of the plasma. Conversely, in dip 

transfer, the molten droplet periodically bridges the gap between the wire and the weid 

pool resulting in a short circuit. Despite considerable differences in the methodology 
of metal transfer, both process variants are governed by similar operational 
considerations at high pressures. 

Investigations involving the open arc (pulsed current) mode of metal transfer [33, 60, 

61] indicate that the MIG arc is significantly influenced by pressure. The arc is 

observed to contract as pressure increases over the first few bars in a similar manner to 

the free buming TIG arc. It has also been found from photographic evidence th at the 
droplet transfer velocity decreases with increasing pressure, suggesting a decrease in 
the plasma velocity [33]; this is also in accord with the behaviour of the TIG arc. 

At one atmosphere, the MIG arc generally operates with a wire positive polarity. At 

pressures of a few (4 to 5) bars, contraction of the arc and of the cathode root on the 

weid pool surface leads to the formation of one or more cathode spots, with associated 

plasma jets. The spots are highly mobile on the weid pool surface and individual spots 
may exist for long periods (> Is). The plasma jet forms as a result of electromagnetic 
pumping (identical to the primary arc jet mechanism), creating a plasma force acting 

norm al to the weid pool surface and outward into the arc column. 

The formation of these spots is highly dependent on the chosen welding conditions, 

and the onset of spot formation may be postponed by selection of large amplitude, 

short duration current pulses; ho wever, increasing pressure inevitably leads to their 
generation. Further increasing pressure tends to result in the formation of a single 

cathode spot and associated plasma jet which acts to oppose the anode jet and disrupt 

the transfer of the metal from the wire to the weId pool [33,60,61] this is illustrated 

schematically in Figure 10. Spot formation is associated with an increase in arc voltage 
of the order 2V, and is significantly influenced by the chemistry of the consumable 
and the shielding gas. 
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c) 

Figure 10. Influence of arc root constriction on plasma column and metal transfer 
behaviour; a. and b. dominant anode jet, b. with multiple (smal/) cathode spots and 
jets, c. equal anode and cathode jets, single cathode spot {32J. 

The force exerted by the cathode jet has been found to increase with pressure until it 
approximately balances the force of the anode jet. This behaviour disrupts the metal 

transfer, of ten retarding transfer by suspending the droplet in the region where the 

electromagnetically driven jets collide (Figure 11) and expelling the droplets sideways 

from the arc column. 

Figure 11. Anode and cathode jet formation during pulsed MIG welding in an argon 
atmosphere at 4 bar. Photo sequence with 0.1 ms between exposures. 
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At high pressures, the influence of the opposing jet structure in the arc column may be 

minirnised by welding with a relatively shOlt arc (typically < 1 mm) and small diameter 

consumable ($ 1 mm). Under such conditions, some short circuiting is inevitable, 

although the majority of the metal is transferred around the arc column. Positional 

welding is feasible provided close control of the arc length is maintained. This 

suggests that the metal droplets are initially accelerated af ter detachment by the plasma 
jet acting from the wire, and subsequently expelled from the arc column. However, 
detailed behaviour for such short arcs is difficult to observe at high pressures due to 

diffraction effects. 

Behaviour in the dip transfer mode shows similar arc structures, although disruption 

of the metal transfer does not occur [62, 63]. This has significant advantages at 
moderate pressures (10 to 15 bar) where, due to the balance of forces, pulsed 
operation does not provide adequate stability for positional welding [33, 61]. 

The key to maintaining process stability for the MIG and Flux-cored processes lies in 

the control of the welding power source. Due to the disrupting influence of the metal 

motion, operating with a constant current power source characteristic rapidly leads to 

voltage spikes in excess of the supply capability of the power source, with subsequent 
loss of control of the operating current and arc extinction. It has also been observed 
that the arc rooting mechanism is influenced by the power source output characteristic, 

resulting in a st(QJlg cathodic jet at moderate pressures (4 to 5 bar) when operating in a 

constant current mode. 

Voltage con trol may be achieved using a sloping power source output characteristic, 

such that the arc operates in a self adjusting mode [17] (Figures 12 and 13). In the 
control model developed at Cranfield, it was found that the degree of self adjustment 

(i .e ., the slope of the power source) was pressure dependent. Optimum control 

requirements (deterrnined empirically) indicate that for a given consumable, the current 

change per unit change in arc length should be constant, independent of pressure. 

Hence, the pressure dependence of the power source slope (k measured in V/A) is 

determined by the arc length/voltage/pressure relationship. This follows the same 
behaviour as the TIG arc (see equation 1) for solid wires for which the column 
component is deterrnined by the properties of the shielding gas. Thus, 

k = const.E 1 po.s (16) 

Any power source output characteristic may be defined by the slope and a set point. 
The set point is usually hardware dependent; ho wever, in general 

Vset = m [set (17) 



The /nfluence of Ambient Pressure on Arc We/ding Processes - a review 63 

Cl) 
Ol 
~ 
(5 
> 

Unstable dip 
transfer 

Open arc I Unstable globular 
transfer I transfer 

l.- Mean Current I Ib > I,pray 
Bounds --+I 

I 
I 
I 

m.Peak,.t ---------------r -----------t-----
I 

~.~~s_e~.~ _________ ! ___ _ 
I 
I 
I 
I 
I 

I 
I 
I I 

I Base,.t 

current 

I 

: Peak,.t 

Figure 12. Relationship between power souree set points and output characteristic 
for a pulsed current self adjusting arc [33). 

sa 

~ 
Cl) 

~ 4a 

(5 
> 

3a 

2a 

la 

direction ol increasing wire leed ra te 
or decreasing electrical stickout 

6a e8 188 128 

.=-----
1 peok 

base 

148 168 le8 28a 228 
current (Al 

Figure 13. Power source output characteristics for a pulsed, self adjusting arc. 
Points represent values for a stabIe argon shielded arc at 30 bar [33]. 

where m is a constant. The voltage anywhere on the characteristic is then related to the 

mean CutTent by 

v = k(lser - 7) + mlçer (18) 

It is notabIe that the mean process power is now dependent on a negative /2 term; the 

current at which the maximum power occurs / CPmax is therefore given by 
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( k + m) 
I<pmax = Iset 2k (19) 

At one bar I<pmax is typically around 1,000 A. However, at high pressures (above 20 

bar) the power maximum occurs at mean currents typically employed for pulsed 

welding. Operating with a mean current close to the power maximum ensures that total 

power generation is little influenced by inherent process instabilities (Figure 14). 
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Figure 14. lIIustration of process power as a function of mean current, parameters 
are based on stabie operating conditions for helium arcs at 36 bar [33}. 

It has been reported that for solid wires and most flux cored consumables, acceptable 

process stability can only be achieved by control of power source dynamics. Details 
differ between the dip and pulsed current process variants; however, current rise and 
fall rates must be controlled during all parts of the operating cycle. During pulsed 
wel ding, if the rise rate is too slow, droplet detachment often fails to occur, resulting 

in the build up of molt~n material on the wire tip. Conversely, if the rise rate is too 
fast, large quantities of very fine spatter are produced. This is thought to be associated 
with the dispersion of the molten droplet due to a physical shock imparted by the 
rapidly expanding plasma. Similar observations have been made for the dip transfer 
mode where spatter levels and dip frequencies have been shown to be highly 

dependent on the dynamics ofthe current during the dip cycle [48]. 

In general, parametric envelopes decrease in size with increasing pressure and are 
larger for the flux-cored wires than the solid wires, due to the influence of the 
chemical arc stabilisers which have a significant influence on the arc rooting 

behaviour, reducing the strength of the anor.e and cathode jets (i.e., the current 
densities at the arc roots). 
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7. Summary 
This paper provides a review of some aspects of hyperbaric welding arcs. The 

majority of the information available is concerned with the free burning TIG arc, 

although it is evident that most welding arcs with plasma columns dominated by the 

properties of the shielding gas behave in a similar manner. 

The plasma welding process appears to offer the potentiaI for welding at pressures 

weil in excess of those of the free burning arc due to its inherent stabi!ity. Initial 

research has proved promising; however, further work is required to develop a 

complete understanding of the influence of arc constriction and enforced gas flow on 

arc structure and behaviour. 

The MIG and Flux-cored processes have aIso been reported to produce stabie weIds at 
very high pressures. These processes work essentially by Iimiting the degree of arc 

instability to !ie within acceptable bounds, usually by operating with very short arc 

lengths. High quality weIds can therefore be made even though the arc itself is highly 

mobile and unstable at quite moderate pressures. Arc forces are controlled either 

chemically (as in the case of flux-cored wires) and/or electrically. Virtually nothing is 

known about the interaction between power souree dynamics and arc behaviour at the 
present time; further research would therefore be of significant interest. 
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The ignition cycle with touch starting in metal inert gas welding of aluminium alloys 
and the reignition behaviour in short-arc welding of steel are studied on a micro

processor controlled, mechanized welding set-up. High-speed photographs of the 

ignition process as weIl as current-time signals and voltage-time signals are evaluated. 

1. Introduction 
The fuIly mechanized or automatic gas metal arc wel ding requires spontaneous ignition 

of the arc when using touch starting and reignition after short-circuits, together with 

high reproducibility of the ignition process. Disturbed ignition causes lack of fusion, 

spatter, flying wire end pieces and a non-uniform welded joint, which makes weId 

finishing necessary and thus limits the economic effectiveness of capital-intensive, 

fully mechanized welding equipment. To optimize this critical phase in gas metal arc 

welding it is necessary to know the physical sequence of events during the arc 

ignition. 

The ignition with touch starting was investigated in metal inert gas welding of 

aluminum aIloys where the ignition is difficult due to the material properties. 

The reignition of the arc in short-arc wel ding with dip transfer was investigated in 

welding of steel. 

The tests help to clarify the physical phenomena taking place during ignition and 

reignition in gas metal arc welding. 

2. Measurement and test set-up 
Figure 1 shows the basic measurement and test set-up. A microprocessor controIled, 

fully mechanized welding set-up was used for the tests. The welding voltage-time 

signals and welding current-time signals were recorded by various digital storage 

oscilloscopes (sampling rates: 20 MS/s , 400 MS/s, 800 MS/s and 1.6 GS/s). For the 

oscilloscopes the welding voltage signal was sensed directly between the contact tube 

and the workpiece by a weil adjusted probe (division factor 10 : 1). The sensing of the 
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welding 
power 

Figure 1. Measurement and test set-up. 

IJC-control 

measurement signal proportional to the wel ding current took pi ace on a high frequency 

coaxial shunt. 

The arc formation was recorded by the backlighting method with an ultra-high-speed 

image-converter camera at a recording speed of 1 MHz (max. recording speed: 50 
MHz). The back light source was a xenon flash bulb. The welding voltage was used 
for triggering the camera and the digital storage oscilloscope. 

In addition, the ignition process and the stationary welding process were observed 

with a high-speed-film camera. The camera was started shortly before the beginning of 

ignition by the microprocessor control of the welding set-up. The welding current and 

voltage were recorded with a digital storage oscilloscope synchronously with the 

camera recording. On the film and the oscillograms time marks at a frequency of 1 
kHz and event marks at a frcquency of 10 kHz were imposed, which made it possible 

to allocate the pictures to the electrical signals. 

For high-contrast representation of the wire electrode here again the backlighting 
technique was used. The source of light was a helium-neon laser with an output power 
of 15 mW and a wavelength of 632.8 nm. 

To avoid disturbances in the wire feeding a four-roller drive was mounted directly 

above the water cooled torch. The wire feed length was thus only 0.5 m. 
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For the ignition and welding tests typical combinations of AIMgSiO.5 were used as the 

base metal and S-AIMg5 (DIN 1732, Part 2) as the wire electrode (diameter: 1.2 mm). 

The dimensions of the plate were 300 mm x 30 mm x IS mmo The shielding gas was 

commercially available Argon 4.6. The gas flow ra te was 20 .f/min and the welding 

speed 58 cm/min. Before each welding operation the electrode end was cut off 

perpendicularly to the axis and the plate surface was cleaned with a wire brush made 

of stainless steel. 

To examine the reignition in short-arc welding steel St 37 with ground surface was 

used as the base metal and SG 2 (DIN 8559) for the wire electrode (diameter: 1.2 mm, 

wire speed: 5,4 m/min). A mixed shielding gas (82% Ar , 18% CO2) was used (gas 

flow rate: 15 R/min). The welding speed was 35 cm/min. The mean welding voltage 

was 16 V and the mean CUlTent 160 A. 

Two different power sources we re used (a silicon-bridge rectifier and a secondary 

chopped transistor power source). 

3. Experimental results 

3. 7 /gnition tests with touch starting in meta/ inert gas we/ding of 
a/uminum alloys 
In the tests , two different ignition processes occurred from the short-circuit. 

Figure 2 represents a typical ignition in which, after creating the short-circuit, the 

short-circuit voltage rises, first of all linearly and th en super-proportionally up to about 

8 V approximately 3 /is before the voltage peak. 

The resistance of the short-circuit increases during the heating up of the metal and the 

constriction of the softening wire electrode at the contact point due to the pinch forces. 

This is followed by a steeper voltage rise. The resistance heating leads to lengthening 

and bending of the wire electrode, blocked in the axial direction. The point of contact 

with the workpiece melts, overheats and evaporates spontaneously from the inside [I]. 

It burns through in an explosive manner like a fuse in fractions of microseconds [2]. 

As a result a shock wave is generated, which sprays the molten metal droplets away 

[3]. By breaking off the short-circuit a voltage is induced from the stored magnetic 

energy in the whole current circuit which superposes the open-circuit voltage up to a 

peak of approximately 83 V, Figure 2. In some tests maximum values above 160 V 
were measured at a short-circuit CUlTent of approximately 900 A. 

From the highly heated metal droplet cloud and the metal vapor a non-stationary, high

voltage / high-current gas di scharge is ignited between the workpiece and the wire 

electrode. This generates a second shock wave. These shock waves can be detected 
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Figure 2_ Ignition after a short circuit. 

acoustically as the 'ignition bang' _ The non-stationary gas discharge then changes over 

into a stationary wel ding arc_ 

With an ultra-high-speed image-converter camera pictures of a touch ignition with an 
image frequency of 1 MHz were produced_ The high recording frequency and the 
short recording duration of 8 /l.s caused difficulties in triggering the camera by the 

ignition process. Figure 3 shows that the gas discharge ignites in less than I /l.s 

between pictures 1 and 2. 

In other ignition sequences, af ter the first ignition voltage peak a second induction 
peak follows from a level of between 35 and 40 V and currents around 780 A, Figure 

4 . 
First of all~ the ignition process as described above begins and a non-stationary arc 
bums for approximately 600 /l.s . The not so high voltage peak values recorded in 
Figure 4 can be explained by the fact that the sampling frequency of the digital storage 
oscilloscope was much lower during this test. 

Figure 5a shows such an ignition process in a high-speed film taken at about 9.000 
pictures per second. The resistance heating leads to lengthening and bending of the 
wire electrode; blocked in the axial direction, Figure 5a, pictures 1 to 3. The point of 

contact with the workpiece melts, overheats, evaporates spontaneously and an arc 
ignites. Electromagnetic forces act on the conducting loop consisting of the softened 

wire electrode and the arc and cause the elect ode end to rotate around the original 
electrode axis (spiral in stability)_ Reaction forces on the anode due to the emission of 
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Figure 3. U/tra-high-speed recarding af an arc farmation 2 4 6 8. 
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Figure 4. /gnitian after a short circuit with jumping af the arc. 

metal vapor (repulsion) and the starting plasma jet increase the bending and rotation, 

Figure Sa, pictures 3 to 15. The arc between the rotating wire electrode and the 

workpiece becomes longer. The softened wire end bends at the contact tube and is 

ejected out of the electrode axis by electromagnetic forces and centrifugal forces. At 

about 5 mm under the gas nozzle, the electrode cross-section contracts due to bending 

and the pinch forces, Figure Sa, pictures 13 to 15. The constricted electrode melts and 
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Figure 5a. High-speed film records (about 9000 pictures per secand) of an ignitian 
with twa serial arcs. 
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Figure 5b. Oscillogram of we/ding voltage and current corresponding to the high
speed film (Figure 5a) of an ignition with two seria/ ares. 

a second arc ignites, Figure Sa, picture 16, and then the arc jumps from the workpiece 

directly to the electrode projecting from the contact tube, Figure Sa, pictures 17. The 

detached wire is ejected from the arc region, Figure Sa, pictures 17 to 24. 

The oscillogram of the welding voltage and CUlTent recorded synchronously is 

reproduced in Figure Sb. 

The first arc ignition corresponds to the induction peak at point A Ct = 1.05 ms). 

Nearly I ms later, af ter t = 2.01 ms the voltage increases exponentially causing the 

constriction of the electrode until at point B Ct = 2.29 ms), with ignition of the second 

arc a small voltage peak occurs. The two serial arcs , Figure Sa, picture 16, bum for 

about 80 !ls, Figure Sb, between point Band C. The jumping of the arc from the 

workpiece directly to the electrode projecting from the contact tube induces a voltage 

that leads to the third voltage peak at point C Ct = 2.37 ms). 

3.2 Reignition behavior in short-arc we/ding 
The explosion of the molten metal bridge at the end of metal transfer in short arc 

welding generates a very fast and high voltage peak. The reignition was studied with 

fast digital storage oscilloscopes, sampling rates up to 1.6 GS/s. All measuring cables 

were as short as possible. 

Different waveforms of the voltage signal occur dUJ"ing the fast short-circuit resolution 

when the molten bridge breaks in an explosive manner and the arc reignites. 
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Figure 6 shows a voltage peak of about 155 V af ter opening the short-circuit at the end 

of metal transfer. The trigger level of the digital storage oscilloscope was about 100 V. 

The voltage increases exponentially from about 50 V, 200 ns before the maximum 

peak, up to 80 V, 30 ns before the maximum of about 155 V. The molten short

circuiting bridge between electrode and workpiece is highly heated and pinched with 

increasing short-circuit time till explosion of the very thin metal bridge wi11 occur. 

Figure 7 shows ten pictures of arc reignition of a short-arc process picked up by the 
ultra-high-speed camera with an image frequency of 1 MHz. On the first picture, 5 Ils 

before arc reignition, a thin metal bridge can be seen with a decreasing diameter up to 

picture 5. The arc reignition occurs at picture 6 and the arc column grows up to the 

stable arcing phase. 

o 125 250 375 500 625 

time [ns) 

Figure 6. Reignitian after a short circuit in MAG we/ding. 

Another voltage waveform at the end of the short-circuit is shown in Figure 8. Af ter 

the voltage has increased up to 180 V, there is an inflexion in the slope as it continues 

to rise. An extension of the time base (Figure 9) shows that the voltage persists for 

approximately 12 ns on 180 V and then rises up to its maximum of nearly 193 V. 

Figure 10 shows a voltage peak and the light signal recorded with a photo diode. The 

light intensity rises with the first inflexion on the voltage curve. It can be assumed that 

the inflexion on the voltage curve is caused by the ignition of the first gas discharge. 

Conclusions 
Under the given test conditions, in metal inert gas welding of aluminum a high

currentJhigh-voltage gas discharge ignites in le<s than 1 Ils at the electrode-workpiece 
contact point as a result of the touch. A non-stationary arc then burns for a short time 

in this discharge area with high CUlTent and high voltage. 
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Figure 7. U/tra-high-speed recording of a reignition in MAG we/ding 9 753 1. 
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Figure 8. Reignition with an inflexion in slope before the voltage maximum. 

After some hundred microseconds the softened and partially molten wire electrode 

of ten bends at the contact tube. It was observed that frequently the free wire end still 

existing is melted through by a second arc near the CUlTent contact tip. For a shOlt time 

two serial arcs burn. The arc then jumps from the workpiece directly to the electrode 

projecting from the contact tube. The detached wire end is ejected from the arc region. 
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Figure 9. Reignition with an inflexion in s/ope before the voltage maximum (Figure 
8) with an extended time base. 
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Figure 10. We/ding voltage and arc light signa/ from a reignition after a short 
circuit in MAG we/ding. 

In short-arc welding of steel an explosion of the molten metal bridge, at the end of the 
short-circuit, leads to a very fast and high voltage peak, sometimes up to 200 V. 

During the brief voltage peaks, there are different kinds of slope-up curves. In 

addition to voltage continuously rising, th ere are also cases with inflexions in the 

upward slope. From recordings of the arc light intensity it can be assumed that an 

inflexion in the slope is caused by a reignited gas discharge. 
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A quantitative model for the melting rate in gas metal arc welding is reviewed and 

compared with data for submerged arc and shielded metal arc welding. For positive 

electrode polarity the same simple model is, for practical purposes, applicable to all 

these methods. For negative polarity the similarity is we aker. The physical 

explanations for this simplicity are discussed and found partly lacking and partly 

contradictory. 

1. Introduction 
The melting of electrodes in arc welding is a fascinating physical process which is also 

of great technical importance. Physically it is poorly understood. Technically, 

however, it seems to be very simp Ie and predictabie. Indeed, despite the great differ

ences in electrode type and dimension, shielding gas and/or flux, current and voltage, 

type of drop let transfer etc. the meIting rate is surprisingly easy to model 

mathematically and predict quantitatively. It depends in a simple way on just a coup Ie 

of parameters and is independent of the others. 

The purpose of this paper is to demonstrate this simplicity and also to point out our 

lack of physical understanding of why it is so simpie. First an overview is given of the 

most important factors affecting the melting rate for gas metal arc welding with carbon 

steel electrodes, which has been most thoroughly studied. These results are then 

compared with other arc welding methods to demonstrate the similarities. Aluminum 

will also be discussed briefly. It should be noted th at this paper does not pretend to be 

a comprehensive review of all phenomena or all major contributions conceming the 

melting of welding electrodes. 

The first known quantitative study of the melting rate was published as early as 1930 

by Leif Lefring of the Norwegian Institute of Technology [I]. This work established 

the simple fact th at the mass melting rate M [kg/hour] was propoltional to the CUlTent I 
[A] , and the melting speed v [mm/s] was proportional to the CUlTent density j [Almm2 ] 
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The voltage appeared to have no effect. Naturally this study was limited to covered 

electrodes or SMA W, which was the only arc welding method used at that time. 

Because the current densitles are generally low in SMA W, ohmic heating of the 

electrode was insignificant, hence the first power relationship. The only heating took 
place at the tip of the electrode. Such a simple relationship was, of course, what 

engineers would wish for, i.e.: 

M=col (1) 

where Co is a constant. 

Submerged arc welding (SAW) became available later in the thirties. Again the ohmic 
heating is usually insignificant, and 'Lefring's Law' remained useful. 

2. The melting rate for gas metal arc welding (GMAW) 
The next major development happened in the 1950s with the advent of gas metal arc 

welding. The pioneering study was published by Lesnewich in 1958 [2]. Because of 

thin wire electrodes and consequently higher current den si ties ohmic heating now 

became important. For one type of positive steel electrode Lesnewich established a 
relationship of the form 

3,69.10-8 
M = (0.017 + 0.37A ) 1 + A 1.26 LP [lb/hr] (2) 

where L [in] is the electrode extention or stick-out and A [in2] is the cross-sectional 

area of the wire. In practice 0.37A « 0.017. The first term is therefore practically 

proportional to the current I . 

The most obvious physical interpretation of equation (2) would appear to be that the 
first term represents the arc heating at the end while the second term is the ohmic 
heating along the electrode. This is nearly the form to be expected if the end heatin~ 

were similar to that of the covered electrodes, equation (I), and the stick-out behaved 

like a wire of length L with a constant resisitivity p. For such a simple system the 
meIting rate would have been given by: 

(3) 

It was in fact surprising that the resistive term in equation (2) was proporti0!1aI to P, 
since the resistivity of steel increases by an order of magnitude from room temperature 
to the melting point. The average resistivity should then increase as more current is 
passed through the wire. The apparent A -IX dependenee in equation (3) may be 
related to this varying resistance. 
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The first term has approximately the form of equation (I) but the constant Cl < Co. It 
was found by doing welding trials at finiteextension and extrapolating the results 

to L = O. As will be shown below, this leads to too low an estimate of the anode 

heating. 

Lesnewich also measured the melting rate for negative electrodes. For clean wires the 
cathode heating was also nearly proportional to the current, but approximately twice as 
high as the anode heating. When activated with cesium to lower the work function of 

the electrode, the anode melting rate was unchanged. The cathode melting rate, 

ho wever, was strongly reduced at high currents. These results are shown in Figure I 

(from ref. [2]). 

The anode heating was found to be independent of shielding gas composition. For 

cathode heating a small influence « 10%) was observed. Both rates were independent 

of the arc voltage. 
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Figure 1. Anade and cathade melting rates far GMAW. Ref. [2]. 

A more detailed model of the GMA W electrode melting rate was developed 20 years 
later [3]. The temperature dependent resistivity was accurately measured as a function 

of the heat content (i.e. the temperature) of the wire by means of a simple experiment. 

It was found that the heat content HL [J/mm3] caused by the resistance was a non

linear function of LP/v where v is the wire feed rate (or melting rate). For sufficiently 

high values of HL this function could be linearized to the form: 

C 2 
HL=PL~-b v (4) 
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Here PL is the nearly constant resistivity of steel at temperatures above ca. 800°C and b 
is a constant depending on the room temperature resistivity. Welding experiments 

verified the following equation where l/J [V] and Ho [I/mm3] are constants: 

HL+l/Ji = Ho v 
(5) 

Substituting the linearized expression (4) into equation (5) yields a usefullinearized 

equation for the wire melting speed: 

(6) 

The mass melting rate is then, wh en m is the mass density: 

m L 2 
M = Ho + b (l/J! + Pep,.! ) (7) 

For a standard carbon steel solid wire electrode the numeri cal values were found by 

experiments to be: 

Ho = 11.1 I/mm3, b = 4,0 I/mm3, l/J = 3.5 V and PL = 1.2· 10-3 ohm mm 

It is important to remember that these linearized equations are valid only wh en the 
ohmic heating is not too smal!. Numerically this requires that HL> 4 J/mm3 which 

con·esponds to Lj > 3.3.103 (Nmm) or to j/v < 2.0 (As/mm3). This criterion is 

satisfied for most practical GMA W with free fIight drop transfer. In this regime 

equation (6) has been verified for several electrode diameters and different carbon steel 

electrode materiaIs . The latter affects mainly the parameter b. For the common solid 

electrodes b does not vary much. Equation (7) has the same dependence on I, Land A 

as equation (3) which assumes constant resistivity . The nonlinearity of the real 

resistivity is taken care ofby the parameter b. 

For decreasing values of current density equation (7) becomes increasingly inaccurate. 

For this non-linear regime, i.e. for HL < 4, the following equation fits the experimental 
data and equation (5) quite accurately [4]: 

(8) 

Unlike equation (6) this equation (8) does not have a physically intuitive form , nor 

does it fit very well for electrodes with very different values of b. It should, ho wever, 

be valid even as L approaches zero. For L = 0 the contribution to the wire melting 

speed due to the anode heating alone is equal to: 

v = 0.32 j [mm/s] (9) 
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For steel the mass density is m = 7.8·10-6 kg/mm3 and the mass melting rate is: 

M = 8.9 .10-3 I [kg/hr] (10) 

Note that the same values for v and M at L = 0 are also, of course, obtained from 

equations (6) and (7) by taking both b = 0 and L = O. A simple substitution of only 

L = 0 into equation (6) will yield v = 0.23} mm/s which is significantly lower than 
equation (9). 

Curve fitting may be a tricky and deceptive affair. The numerical values for Ho and ifJ 

above were fitted to the normal operating regime of GMA W. By extrapolation to 

HL = Oother numerical values in equation [9] may fit better, i.e. v/i = 0.33-0.34. 
Lesnewich's value measured from Figure 1 is v/i = 0.29. 

Equation (5) and experimental points are shown in Figure 2. The dashed straight lines 

represent the linearized equation (6). 

10 10 JO 

L (mm) 

Figure 2. GMAW melting rate. Electrode positive. Ref. [3J. 

The GMA W model has also been verified for flux-cored arc welding (FCA W), first by 

Ushio et al. in 1984 [5]. For low melting speeds a small deviation due to heat loss to 

the flux was observed. The current is conducted through the steel tube, the annular 
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section of which corresponds to A. However, for fluxes containing a large proportion 

of iron powder a sm all fraction of the current mayalso pass through the core. Flux

cored wires usually have a lower room temperature resistivity than the standard solid 

wires. The parameter b will then be greater. 

Pulsed GMA Wis also weil described by the same model as for smooth De. This has 

been extensively studied especially by the group at Cranfield Institute of Technology 

(summarized in ref. [6]). When using equations (6) and (7) arithmetic mean values, 

i.e. im or Im, should be used in the first term and the mean of the square, i.e. (P)m 
and (p)m for the second tenno 

Pulsed GMA W is frequently used at fairly low current densities in order to maintain 

spray transfer with low average CUlTent. This means th at the ohmic heating may be in 
the non-linear regime. An equation such as equation (8) may then be better than 

equation (6) for the wire melting speed. 

3. Comparison with other arc welding methods 

3.1. Covered electrodes (SMAW) 
A comprehensive study of the thennal processes in covered e\ectrodes of several types 

with both positive and negative polarity was published by Waszink and Piena in 1985 

[7]. Although the ohmic heating generally was found to be smalI, it was measured and 

subtracted to estimate the melting rate due to anodelcathode heating alone. This work 

confirmed the linear relationship of equation (1) . Being primarily concerned with the 

thermal processes at the anodelcathode ref. [7] does not present the actual data for the 

melting rates, except for one case (a basic 3.25 mm 0 electrode at 133 A). In tenns of 

equation (9) the result is v = 0.33 j. 

For a large number of other electrodes, rutile and basic ones of various diameters, 

Waszink and Piena present calculated values of the power input to the molten drop 

which is the sum of the power used in melting the electrode and an estimated power 

loss by conduction into the flux covering. The latter is a rather complicated thennal 

estimate, which is difficulc to verify. For high current densities , however, the 

correction is less than 10% anyway. It is possible to calculate backwards from the 

listed data to the measured, uncorrected melting rates. Figure 3 shows the calculated 

power input to the drop for rutile electrodes of diameters from 1.75 to 6.0 mm with 

both positive and negative polarities. These points will also correspond to an 

uncorrected value of v/i = 0.33. A weak increase in corrected power input per ampere 
with increasing diameter is also found, in quaE:ative agreement with equation (2) for 

GMA W. The effect may appear to be within the unceltainty of the data points. Note in 
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Figure 3 that the power input and hence the melting rates are practically equal for 

positive and negative electrodes. If anything, it is slightly lower for the negative. This 

is contrary to Lesnewich's results for GMA W. 
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Figure 3. Power input through the electrode tip. Rutile SMA electrodes. x positive, 
o negative. Ref. [7]. 

Ohrnic heating will never be of great practical importance in SMA W. The flux cover 

will be destroyed if the care temperature exceeds 500-600°c. This means a difference 

in melting rate between the start and the end of, at most, about 20%, or less than 10% 

for the average rate. Due to the slow rate of ohmic heating much of the heat generated 

in the care is lost to the surroundings in SMA W, unlike the case of GMA W. 

3.2. Submerged arc we/ding (SAW) 
The most recent and very detailed measurements of the melting rates for SAW were 

published by Tusek and Kralj in 1992 [8]. Their paper contains data for single, double 

and triple electrodes. Here we shallcompare only the relevant results for single 

electrode SAW. Figure 4 from ref. [8] shows the mass melting rates for 1= 350 A 

positive polarity and L = 25 mm for four different diameters. At 3 mm 0 and thicker 

the melting rate levels off, indicating that the ohmic heating becomes negligible. On 

this graph are plotted data points (marked with +) calculated from the GMA W model 
as represented by equations.(6) and (8). The agreement is quite good especially for the 

larger diameters. This shows that the melting rates, for all practical purposes, are 

identical for SAW and GMA W. The discrepancy at the smallest diameter may be due 

to inaccuracies or the fact that wire resistivities may be different. The curves wiII rise 

very steeply as the diameter is further reduced. For double and triple electrodes the 

melting rates are obviously not simply multiples of the single electrode rate, but 

significantly higher. 
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Figure 4. SA W melting rates far multiple pasitive electra des vs. diameter. I = 350 
A, L = 25 mmo Ref. [8J. The crosses (+) are calculated values abtained tram 
equatians (6) and (8). 

Tusek and Kralj [8] also compare the melting rates for positive and negative electrodes 

as functions of the stick-out for triple wire SAW with 2 mm and 3 mm diameters. At L 

= 0 the melting rate for electrode negative is about 33% higher than for electrode 

positive. This difference is in qualitative agreement with, but significantly smaller 

than, the factor 2 reported by Lesnewich [2] for GMA W. 

In an earlier report Tusek [9] also reports measuring an effect of the polarity up on the 
heating in the electrode extension. It is proposed th at this is due to the Thomson effect. 

A simulated experiment on a piece of wire with a temperature drop of several hundred 

degrees and a current density j = 19 Nmm2 gives a voltage difference between the two 

polarities of about 15% of the total voltage. Relatively speaking this is not negligible. 
However, at such a low current density the stick-out heating is rather unimportant 

anyway. Waszink [10] has estimated the Thomson effect for GMAW and found it 
negligible. In ref. [9] the voitage drop along the electrode extension was measured 
directly for both polarities. It was found that "in welding with electrode positive 

polarity the heating of the electrode extension is faster than th at at electrode negative 

polarity, with all other welding conditions being kept the same". The latter condition 
seems impossible to fulfill for the following reason. 

Consider an equation such as equation (6) relating the three variables L,j and V. If 
values for any two of the three are selected, the third is also fixed. Refs. [2] and [8] 
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show that the quantity Ij>/ Ho is greater for negative than for positive polarity. If the first 

term in equation (6) is increased, the second term, which represents the heating in the 

electrode extension, will have to decrease in order for the melting speed v to remain 

constant. A closer study of the explicit equations for the stick-out voltage [11], which 

are derived from equations (6) and (8), show th at if any pair of the variables}, v and L 
is kept constant while Ij>/Ho is increased, the voltage VL must decrease. The voltage 
equations are: 

or 

v 
VL=Ho-,--1j> 

] 

V Ho L' b n. 
L = Ho + b PL '.l - Ho + b 'I' 

(11) 

(12) 

It therefore seems unnecessary to invoke the Thomson effect to explain the 

observations reported in ref. [9]. 

3.3. GMAW of aluminum 
In the case of GMA W of aluminum the resistivity is so small that the ohmic heating in 

the electrode extension is negligible. As long as the arc length is not too short the wire 

melting rate is proportional to the current as in the case of steel. For low arc voltages, 

which means short arc lengths, however, the CUlTent will decrease when the wire 

speed is kept constant, i.e. the melting efficiency is greater. This effect was reported 

by Lesnewich [2] and studied more carefully by Kiyohara et al. [12] as illustrated in 

Figure 5. At low arc voltage the anode is actually bel ow the surface of the work piece. 

This is equivalent to sticking the wire into a hot furnace, which seems to be a rather 

simple and plausible explanation. For steel electrodes this effect is too small to be 

noticed. 
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Figure 5. GMAW of aluminum. From ref. [1 O). 
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Since the ohmic heat input HL is negligible in aluminum GMA W, it cannot be used to 

calibrate and estimate the total heat input to the electrode, unlike in the case of steel 

electrodes. 

3.4. Hyperbaric we /ding 
The increased pressure in dry, hyperbaric habitats for the welding of sub-sea pipelines 

has a strong effect on the voltage drop in the arc column, but only a weak effect on the 

melting rate. An example from a study of fIux-cored arc welding at pressures up to 30 

bars by Hoffmeister et al. [13] is shown in Figure 6. Given the scattering of the data 

points one might be forgiven for suggesting that the melting rate is hardly affected by 

the ambient pressure. 
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Figure 6, Hvperbaric FCA W. Fram ref. [71]. 

4. Discussion 
It seems rather weil established that the melting rate for all the common arc wel ding 

methods with CUITent carrying consumable electrodes obey the same 'law' . It is the 

sum of two terms: 
1 . An electrode term (anode or cathode) which is proportional to the current and 

practically independent of anything else. For the anode the numerical values are 
practically equal for GMA W, SMA W and SAW, 

2. Ohmic heating in the electrode extension which, either negligible or dominant, 
linear or non-linear, can be caIculated using Ohm's law. 

The second term presents no mystery. The first, however, is poorly understood 

physically. The simple relationship covers nearly an order of magnitude range in 

electrode diameter and current, about two orders of magnitude in droplet volume, 

different metal compositions (for steel) and arc atmospheres (shielding gases and 

fluxes). Of course, there are variations. All the references quoted here and most others 

report deviations or 'wiggles' on the curves. Wh at is lacking, though, is a simple 

explanation for the simple overall relationship. Once the simplicity is weIl understood, 

the details and deviations may be easier to explain. 
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A formal but simple explanation is, of course, that the power is produced in a constant 

potential drop cp at or close to the drop Iet. When the drop let then reaches a constant 

heat content Ho it drops off the electrode. The melting speed would then be 

v = (cp/Ho)} which leads to equation (5) if ohm ic heating is included. We then need to 

understand why cp and Ho are constants and know what their real values are, not just 

the ratio between the two. 

The heat content Ho is most likely to remain constant if it corresponds to either the 

melting or the boiling temperature. The value of Ho = 11.1 J/mm3 in equation (6) is 

only slightly higher than the value of Ho = 10.2 J/mm3 needed to heat and melt the 

steel. The latter value was also used in ref. [7] to calculate the power produced. Actual 

measurements of the temperature af ter the droplets have passed through the arc, on the 

other hand, indicate constant temperatures at the boiling point [14] or at 2400°C [IS]. 

Which is it? 

The constancy of cfJ for anode heating is also understandable. A widely used model for 

the heat produced at the anode [16] may be written as: 

vHo = [cfJe + ~ k[ + Va] . j (13) 

For the cathode the corresponding equation is 

(14) 

where cfJe is the electron ic work function, Va and Vc the anode and cathode potentials 

and 3kT/2e the therm al energy of the plasma electrons in standard notation. The latter 

term is small compared to the other two, both of which are generally assumed to be 

independent of the CUlTent. On the anode, at least, the work function must give a 

definite contribution to the heating, because the potential drop is actually inside the 

metal. For pure iron CPe = 4.4 V and for the common alloying element manganese CPe 

= 3.8 V at room temperature and maybe 0.3 V lower at the boiling point. The value of 

CPe = 3.5 V found above is less than these values, which indicates that an anode 

potentialof the order of Va = 2 V does not contribute to the melting. Higher values of 

cfJ give better agreement with the measurements of droplet temperatures in refs . [14] 

and [15] , but disagree with the model given by equation (6). 

If cfJe is the dominant contribution, one would expect it to decrease when cesium is 

added. Lesnewich [2] found that it did not for the anode healing, but rather for the 

cathode heating, where the role of the work function may be less obvious. According 

to equation (14) a reduction in cfJe will increase the meIting rate, which appears 

contradicted by Lesnewich's measurements . 
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Since it is generally assumed that Vc > Va , this may explain why the cathode melts 
faster than the anode for GMA W [2] and for SAW [8]. Then, why is the same not true 

for SAW [7]? 

The melting potential <p must be located at the surface, while Ho, is the heat content in 

the bulk of the electrode tip or droplet, large or smal!. If both are indeed constants it 

would probably imply that losses, such as that due to evaporation, are either negligible 
or also constant. Furthermore, the heat transfer through the molten metal must be 

nearly a therm al short circuit regardless of size, shape and current distribution of the 

droplet. The heat and fluid flow in the electrode tip has been studied theoretically by 

Waszink, e.g. [7]. A continuation of this work should perhaps focus on why the heat 
transfer is so efficient over such a wide range of conditions. 

Clearly, there are important gaps in our knowledge of the basic physical processes 

taking place at the tip of the electrode. This is unlikely to worry the practical world of 

the welding industry. Indeed, our present knowledge has provided a very simple 

practical model of the melting process, which undoubtedly has been of considerable 

value in the development of improved methods, equipment and procedures. Members 
of the Study Group Physics of Welding are unlikely to remain satisfied with the 
present state of our knowiedge. When we know more, perhaps we shall further 
improve the state of the art of welding. 
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Abstract 
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During welding, the composition, structure and properties of the welded structure are 
affected by the interaction of the heat source with the metal. The interaction affects the 

fluid flow, heat transfer and mass transfer in the weId pool, and the solidification 
behavior of the weId metal. In recent years, there has been a growing recognition of 

the importance of the weId pool transport processes and the solid state transformation 

reactions in determining the composition, structure and properties of the welded 

structure. The relation between the weId pool transport processes and the composition 

and structure is reviewed. Recent applications of various solidification theories to 

welding are exarnined to understand the special problems of weId metal solidification. 

The discussion is focused on the important problems and issues related to weId pool 

transport phenomena and solidification. Resolution of these problems would be an 

important step towards a science based control of composition, structure and 

properties of the weId metal. 

1. Introduction 
During wel ding, as the heat source interacts with the metal, melting, solidification, and 

various solid state transformation reactions influence the structure and properties of the 

welded product. In the weid pool, metal undergoes vigorous circulation driven by 

surface tension, buoyancy and, when electric current is used, electromagnetic forces . 

In non-autogenous welding, where filler metals are used, additional physical 

processes add to the complexity of the weId pool phenomena. The fluid flow and heat 

transfer affect the size and shape of the weId pool, the cooling rate, the kinetics and the 

extent of various solid state transformation reactions [1-7]. The weId pool geometry 
influences dendrite and grain growth selection processes [7-11]. The distribution of 
nitrogen, oxygen and hydrogen between the weId pool and its surroundings 

significantly affects the weId metal composition and properties. In addition, vaporiz

ation of alloying elements, and transport of elements into and from the weId pool 

greatly influence the microstructure, composition and properties of weId metal. 
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In recent years, significant progress has been made in understanding how the various 
physical processes in the weId pool influence the development of the weId pool and 
the macro and microstructures of the welded region. Much of the recent research on 
the weId pool phenomena has attempted to gain an understanding of fluid flow and 

heat transfer in the weId pool. Significant progress has also been made in 

understanding both weId pool solidification behavior and solid state transformations in 

the weId metal and the heat affected zone. It should be noted that a fundamental 
understanding of some of these topics is still evolving and significant challenges lie 
ahead for those studying weId pool phenomena and its relationship to microstructure 

and properties. However, solution of the important problems and issues related to 

weId pool physical phenomena is necessary, if not essentiaI, for eventual science 

based control of the structure and properties of the weId metal. In this paper, a 
selection of recent research results from the authors' laboratories is diScussed to 
highlight how the various weId pool phenomena are related to the composition and 
structure of the weId metal and the heat affected zone . 

. 2. Weid pool dynamics 

8. WeId pool geometry 
Since the early efforts of heat transfer calculations, significant advances have been 
made in the calculation of weId pool heat transfer and geometry. WeId pool fluid flow 

and heat transfer are now recognized to be critical in the development of the weId pool 

shape and size, and its macro and microstructures. Therefore, it is critical to 

understand the dynamics of the weId pool. Mathematical modeling is now commonly 

used to simulate the development of weId pool geometry and cooling rate. Most of 

these models now address coupled conduction and convection heat transfer problems 
to predict weId pool geometry and cooling rate. Of the various modes of heat transfer, 
convection plays a critiCal role in determining the weId penetration, shape and size. 
Convection in the weId pool is driven by surface tension, buoyancy, and, when 

electric current is used, electromagnetic forces. The presence of a significant 

temperature gradient on the weId pool surface leads to a spatial gradient of interfacial 
tension. The spatial gradient, known as the Marangoni stress, contributes to convec
tion in the weId pool. Buoyancy effects are a result of the spatial variation of density 
of the liquid as a function of temperature and composition. Since large variations in 
temperature are present in the weId pool, the corresponding density gradients produce 

convective flow. Electromagnetic effects are a consequence of the interaction between 
the divergent current path in the weId pool and the magnetic field it generates. 

Previous work has concentrated on the convec:ive heat transfer and, in particular, the 
effect of the spatial gradient of surface tension on the weId penetration. A critical 
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variabIe that controls the weId penetration is the nature and amount of surface active 

element in the aIloy. Recent work has shown that consideration of a temperature 

coefficient of surface tension dependent on temperature and composition is important 

for the calculation offluid flow in the weid pool and its shape. The calculated surface 

tension for the iron-oxygen aIloys as a function of temperature and oxygen content is 

shown in Figure 1 [12-14]. However, depending on the interplay between various 

driving forces, the convective flow can be simpIe, or more complex with a number of 
convective ceIls, as shown in Figure 2 [12- 14]. For simplicity , most of the earlier 

models have addressed stationary arc weids with a flat weid pool surface. In recent 

years, the models have been refined to incorporate realistic weid pool conditions such 

as free deformabIe weid pool surface and moving heat source [15- 18]. 

Figure 7. Surface tensian af iran-axygen allay as a functian af temperature and 
axygen cancentratian. 

Recently, a multidimensional computational model was developed to analyze heat and 

fluid flow in a thin plate fuIl penetration linear weid [19]. The model considers the 

solid plus liquid mushy zone as a porous media in the calculation of convective heat 

transfer. Figure 3 shows the top and central view of the weId pool flow field for the 

specimen moving with a constant speed [19]. Figure 4 shows a transverse section of a 

gas tungsten arc (GTA) spot-weId overlaid with the calculated weId profile for a 
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Figure 2. Velocity and temperature fields for two different cases: a. for pure iron 
and b. iron with 0.03 wt % oxygen. 

welding current of 150 A. Although the correlation is reasonable, further work is 
underway to improve these models. Mathematical modeling is a powerful tooI to 
understand the heat transfer, fluid flow and development of weId pool geometry. 
However, in view of the complexities of the welding process, attempts to understand 
them through numerical simulation must involve concomitant, weIl designed 
experimental work to validate the models. 
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Figure 3. a. Top view of the flow field on the surface of the specimen maving with 
a constant speed of 4.23 mm/s (10 ipm) in the negative x-directian. b. Central plane 
view (horizontal sectian) of the weId pool flow field far the specimen maving with 
a constant speed of 4.23 mm/s (10 ipm) in the negative x-directian. 

Figure 4. Transverse sect/On of the GTA weId averlay with the calculated weId 
pool profiles far awelding current of 150 A. 

b. Vaporization of elements from weId pool surface 
During the interaction of the heat source with the metal , the weId pool surface 

temperatUi'es are much higher than the liquidus temperature of the weId metal. When 

very high power density heat sources such as lasers and electron beams are used, the 

temperature can even exceed the boiling point [20-22]. Consequently, pronounced 

vaporization of alloying elements take pI ace. Such loss of elements from the weid pool 

often results in a change in the composition of the weId metal and is a serious problem 

in the welding of many important engineering alloys [23-30]. Figure 5 shows the 

change in the manganese concentration during laser welding of various grades of high 

manganese steels [25]. Similar composition changes have been observed for the 

welding of AI-Mg alloys. 
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DebRoy et al. [24,27,28] have developed a comprehensive model to understand the 
vaporization of elements and the composition change of the weId metal. They have 
calculated vaporization rates using computed weId pool surface temperatures. The 
weId pool fluid flow and heat transfer were coupled with the velocity distribution 

functions of the vapor molecules at various locations above the weId pool surface to 

calculate the rates of vaporization of various alloying elements. The procedure allowed 
for the calculation of both the evaporation and the condensation fluxes based on the 
application of conservation of mass, momentum and energy equations to both the 

liquid and the vapor phases. The mass transfer rates due to both concentration and 
pressure gradients just above the pool surface were considered. When using very high 
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power density for welding, the pressure gradient driven mass transfer can be an 

important factor. The calculated vaporization rates [28] for iron and manganese are 

compared with the experimental data and the values obtained from the Langmuir 

equation [31] in Figure 6. The experimental data and the model predictions are 

consistent with one another. Straightforward calculations using the Langmuir equation 

do not account for the condensation of vapors. As aresuit, the rates caIculated from 

the Langmuir equation are much higher than the experimentally observed values. 

Although the computed vaporization rates using the model proposed by DebRoy et al. 

[24,27,28] predicts acceptable results, the accuracy is achieved by including more 

realistic and detailed description of the physical processes, and consequently, by doing 

more complex caIculations. 
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Figure 6. Comparison of the vaporization rates ca lculated from the Langmuir 
equation and from the model with experimentally determined values for AISI 201 
stainless steel. Laser power: 3000 W, scanning speed: 15.24 x 10-3 mis, argon flow 
rate: 5.5 x 10-4 m3ls. 

c. Oxygen, nitrogen and hydrogen in the weId pool 
During welding, hydrogen, nitrogen and oxygen may dissolve in the weid metal, 

whereupon they escape to fOlm pinholes or bubbles, or they combine with elements in 

the aHoy to form inclusions. In steels, hydrogen induces cracking, nitrogen increases 

the yield strength and the tensile strength, but reduces the ductility, and oxygen 

promotes inclusion formation [32]. In arc welding, the consumabIes can contribute to 
the weId metal impurity concentrations , and sIag-metaI reactions have astrong 
influence in determining the concentrations of impurities [33-35]. However, in laser 

welding, the concentrations of hydrogen, nitrogen and oxygen in the weid metal are 

affected by the interaction between the weid pool and the surrounding shielding gas 

environment. Oxygen and nitrogen contents as high as 0.7 and 0.2 wt% respectively 

have been obtained in the weid metal dUl·ing arc wel ding [36]. These concentration 

levels were far greater than those in the base and filler metals. 
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In a diatomic gas environment, the equilibrium concentration in a metal of a species 
such as hydrogen is given by Sieverts' law, which states that the concentration is 

proportional to the square root of the partial pressure at any given temperature [31]. 

However, in most wel ding processes, the weId metal is exposed to a plasma 
environment. The gas phase contains neutral atoms and ions,excited molecules and 
atoms, and electrons. Under these conditions, the concentrations of these species in 
the metal are significantly higher than those calculated [32,37,38] from Sieverts' law 

[31]. The transformation of ordinary molecular species to excited neutral atoms and 

ions in the gas phase leads to enhanced solution of the species in the metal. 

Gedeon and Eagar [37], in their study of hydrogen dissolution, clearly indicated the 
prominent effect of atomie hydrogen gas in determining the hydrogen concentration in 
the weId metal. They proposed that a model for hydrogen dissolution in the weid metal 
must take into account the mechanism of hydrogen absorption in the weid pool, 
hydrogen rejection from the solidifying front, and hydrogen diffusion away from the 

weId pool. Since the diffusivity of hydrogen is much higher than that of nitrogen or 

oxygen, the problem of nitrogen or oxygen diffusion away from the weid pool is not 

likely to be significant [32]. 

The properties of the plasma such as the electron density and the energy affect the 
formation of various atomie, ionic and excited neutral species from the diatomic 

molecules. The gas atoms in the plasma are formed by a series of reactions involving 

inelastic collisions of the diatomic molecules with electrons [39] . The enhanced 

solubility is consistent with the formation of the atomie species from the molecules. 

Determination of the nature and the concentration of the various species within the 
plasma is the key to quantitative understanding of the enhanced solution of nitrogen, 
oxygen and hydrogen in the weid metal. 

Efforts to develop a fundamental understanding of the partitiori of species such as 

hydrogen, nitrogen and oxygen between the weId pool and its environment are just 
beginning. Bandopadhyay et al. [39] studied the plasma - enhanced nitrogen solubility 
in pure tantalum and niobium at 2243 K. Samples of these metals were equilibrated 
under helium - nitrogen mixtures. The results of their study with tantalum are 
presented in Figure 7. The plot shows a much greater nitrogen solubility in the 

presence of a plasma than without for the same level of diatomic nitrogen in the source 
gas. From the optical emission spectra of the plasma, they determined that the plasma 
contained nitrogen molecules and atoms in both neutral and ionized states. The 
enhanced solubility was attributed to the presence of atomie nitrogen in the plasma. 
Work is now underway to relate the propertie:- of the plasma with the concentrations 
of species in the plasma. 
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Figure 7. Weight percent nitrogen versus time for dissolution of nitrogen in 
tantalum at 2243 K. Partial pressure of nitrogen in the plasma source gas: 1.12 Pa. 

3. Weid pool solidification 
Development of microstructure in the fusion zone (FZ), also known as weId metal, 
depends on the solidification behavior of the weId pool. Considering the FZ as a mini 
casting, parameters important in determining cast microstructures in castings such as 

growth rate (R), temperature gradient (G), undercooling (t.T) and aHoy composition 

play significant roles in determining the development of microstructure in weIds. In 

welding, where the molten puddie is translated through the material, the cooling rate 
and thermal gradient vary considerably across the FZ. Consequently, the 
microstructure that develops varies considerably within the weid metal. Geometrical 
analyses have been developed th at relate welding speed to the actual growth rates of 

the solid as a function of location in the weid pool [40,41 ,7-11]. Figures 8 and 9 
show schematically the influence of G and R on the microstructural variations within 

the weId metal. Most of our current knowledge of the weid pool solidification is 

derived from an extrapolation of the knowledge of freezing of castings, ingots and 
single crystals at lower thelwal gradients and growth rates [7]. The development of FZ 
microstructures can be understood by considering classica) concepts of nucleation and 
growth theories. 
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a. Nucleation 
In weIds, solidification proceeds from the pre-c<Îsting solid substrate and hence there 
is little or no nucleation barrier. In the case of autogenous welding, solidification 
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occurs spontaneously by epitaxial growth. In cases where filler metal is used, epitaxial 
growth may still occur. However, the more classical case of heterogeneous nucleation 

mayalso apply. In addition to heterogeneous nucleation on the solid base material, 

innoculants have been successfully used to promote nucleation. Finally, dynamic 

methods such as stirring and oscillations have been used to dislodge dendrite 
fragments from the solidification front and these fragments act as nuclei for growth of 
additional grains of different orientations. 

b. Growth 
As in castings or single crystal growth, the stability of the solid/liquid interface is 

critical in determining the microstructural characteristics of the weId metal. The 
microscopic shape of the interface is determined by the conditions in the immediate 
vicinity of the interface. These conditions determine whether the growth occurs by 
planar, ceUular, or dendritic growth. Theories for interface stability under conditions 
of equilibrium at the interface for normal solidification or under extreme 

nonequilibrium conditions prevalent during rapid solidification have been developed 

[42,43]. These theories can be extended to weId pool solidification. 

There are three cases of solidification commonly referred to in literature [42.-44]. 
These three cases can be considered for weId pool solidification. Case I is equilibrium 
solidification with complete solid and liquid diffusion. This case does not generally 

apply to welding situations. Case IIassumes little or no diffusion in the solid while 

complete mixing in the liquid by convection and·diffusion is presumed. This case is 
applied to lateral growth of dendrites and describes microsegregation effects in weId 
microstructures. Case lIlassumes no diffusion in the solid and limited diffusion in the 
liquid, with no convection. This case applies for planar growth and allows for the 

buildup of a solute boundary layer ahead of the solid/liquid interface. Case III is used 

as the basis for descending morphological stability and microstructural development in 

weIds. 

In Case lIl, the effect of solute redistribution and buildup at the solid/liquid interface 
on the morphological stability of the solidification front has been described elsewhere 

[42,43], by considering the concept of constitutional supercooling. The criterion for 

constitutional supercooling for plane front instability can be mathematically stated as 

(1) 

or, equivalently, 

(2) 
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where 

GL is the thermal gradient in the Iiquid at the solidification intelface, 

R is the solidification front growth rate, 

ML is the slope of the equilibrium liquidus line, 

Co is the overall alloy composition, 

K is the equilibrium partition coefficient, 

DL is the solute diffusion coefficient in liquid, and 

Ll To is the equilibrium solidification temperature range at composition Co. 

If this criterion is met, the plane front is unstable and dendritic growth is promoted. If 

the plane front will be stabie. 

The plane front stability criterion is shown graphically in Figure 10. For steady state 

plane front growth, the solute composition profile is shown in Figure lOa. The 
corresponding temperature profile for the equilibrium liquidus temperature is shown in 
Figure lOb and lOc. Depending on the actual therm al gradient in the liquid, the plane 
front will remain stab\e (Figure lOb) or it will become unstable (Figure lOc). As the 

growth conditions depart from planar stability (defined by Equation 1), the interface 

morphology will change from planar to cellular to dendritic. If the conditions are 

favorable, the dendrites will exhibit secondary and tertiary arms in crystallographically 

predeterrnined preferred growth directions. The concept of constitutional supercooling 

is very useful for broadly understanding the development of microstructure and the 

influence of process parameters on these microstructures in weIds, but it is not 

sufficient to describe precisely or in detail the morphoiogical stability at the 

solidification front. More rigorous analyses by Mullins and Sekerka [45] and others 

[46-50] have been developed to evaluate additional conditions for plane front 

solidification. 

c. Solute redistribution 
During alloy solidification, it is well established that extensive solute redistribution 

occurs. Solute redistribution during weId pool solidification is an important 

phenomenon resulting in segregation that can significantIy affect weldability, 

microstructure and properties. A limited amount of theoretical and experimental work 

has been done to describe the solute redistribution during weId pool solidification. 

These studies are extensions of different mûdels proposed to describe the solute 

redistribution that occurs during solidification of castings and single crystals. 
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Figure 10. Development of eonstitutional supereooling during plane front al/oy 
solidifieation: a. eomposition profile and solute enriehment layer ahead of steady 
state planar solidifieation, b. eonditions for plane front stability, and e. eondition 
for unstable plane front and eompositional supereooling. 

In describing solute redistribution under dendritic growth conditions, consideration 

should be given to redistribution both at the dendrite tip and in the interdendritic 

regions. The solute redistribution at the dendrite tip is determined, to a large extent, by 

the dendrite tip undercooling, which is made up of four components: thermal 
undercooling, kinetic undercooling, constitutional undercooling, and undercooling due 

to tip curvature. In welding, the first two contributions can be ignored. However, 

since the microstructures are much finer in scale in weIds than in castings, the 

contribution to the total tip undercooling due to the curvature effect is very significant 

[7]. The effect of increased undercooling at the dendrite tips would be to solidify at a 

composition closer to the overall alloy composition and thus reduce the extent of 

microsegregation. Dendrite tip undercoolings in weIds have been estimated by 

measuring core compositions in two different alloy systems, AI-Cu and Fe-Nb af ter 

GTA welding [SI]. The estimated dendrite tip undercoolings have been found to be 

significant. Considering the solute redistribution in the interdendritic regions, it may 
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be sufficient to extend the solidification model for microsegregation in castings to 
weIds. The model based on Case 11 solidification described earlier is more appropriate 

than a Case mmodel for descending microsegregation in weids. The composition of 

the solid is given by the Scheil equation [52]. This equation was further modified to 

account for diffusion in the solid during solidification [53,54]. This particular model 
was used by Brooks and Baskes to describe microsegregation in Al-Cu and Fe-Nb 
weIds. 

d. Grain structure 
As mentioned earl ier, growth of ten occurs by epi taxi al growth from the partially 

melted grains in the base metal. Therefore the FZ grain structure is predominately 
determined by the base metal grain structure and the wel ding conditions. In addition, 
crystallographic effects can have astrong influence on the development of the grain 
structure. Crystallographic effects will influence grain growth by favoring the growth 
along particular crystallographic direction, namely the easy growth direction [42,55]. 

For cubic metals, the easy growth directions are <100>. Conditions for growth are 

optimum when one of the easy growth directions coincides with the heat flow 

direction. Welding conditions and heat flow significantly influence the FZ grain 

structure, in that they determine the weid pool shape and the heat flow directions .. 

Since the solidlliquid interface is essentially perpendicular to the heat flow direction, 

the pool shape influences the optimum growth direction. Recent work [9-11] has 

examined the effect of growth crystaHography and dendrite selection process on the 

development of FZ mÎCrostructures using Fe-I5Ni -I5Cr aHoy single crystals. A 

geometrical analysis has been developed that provides a three-dimensional relationship 
between travel speed, solidification velocity and dendrite growth velocity. The results 
of these calculations for two weIds of two different orientations are shown in Figure 
11. The two angles, () and cp, are used to describe the solidification front orientation, 

and hence the weid pool shape. The range, in terms of () and cp, over which different 

dendrite growth directions are stabie are shown. Also shown are the dendrite growth 
velocities, normalized in the welding speed. These relationships have been used to 
analyze and explain the microstructural features of Fe-15Ni -I5Cr alloy single crystal 
weids. Also from the observed dendritic arrangements, a three-dimensional 

reconstruction of the weid pool is possible, as shown in Figure 12. This analysis has 

been extended to evaluate the competitive dendritic growth behavior in bicrystal weids 
[56]. 
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Figure 11. a. Velocity isopleth map of the minimum dendrite tip velocity IVhkll, 
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I/J of the salidificatian front normal n far a weid in the [100J direction. Only half of 
the weid pool is represented. 0 ~ I/J ~ 9(1'. 
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Figure 12. Reconstructed three dimensional diagram of a weId pool showing the 
development of weId microstructural features. 

e. Rapid solidification effects 
Depending on the process, weid metal cooling rate may vary from 10 to 103 °C/sec for 
conventional welding processes such as submerged arc (SA), gas tungsten arc (GTA) 
and electroslag welding from 103 to 106 °C/sec for high energy density processes such 

as laser and electron beam welding. In all of the previous discussions describing the 

solidification behavior of weid pool, an underlying assumption is that equilibrium is 

maintained at the solid/liquid interface. However, in situations involving rapid 

solidification, significant departures from local equilibrium at the solidlliquid interface 
may occur. As aresult, nonequilibrium structures are obtained. The magnitude of 
these departures is not fully understood and characterized. Another consequence of 

rapid solidification effects is that plane front solidification may become stabie at rapid 
growth rates. Significant progress is being made toward interrelating heat extraction 
rate to nucleation rate, undercooling, and solute trapping effects in the formation of 
unique microstructures [57-59]. WeId pool solidification under rapid cooling 
conditions needs to be examined in the light of all of these developments. 

Recent work by several investigators [58-63] has shown that, under rapid 

solidification conditions such as those present during laser welding or even EB 
welding, metastable microstructures can be produced. Such observations have been 
made on rapidly solidified stainless steel weids. A wide variety of steel compositions 
has been examined, and the effect of laser wel ding on the resultant microstructures 

clearly demonstrates many of the structural modifications possible under rapid cooling 
conditions. The effects are related to both rapid solidification and suppression of solid 
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state transfonnation during post solidification cooling. 

Summary 
This paper describes our current understanding of the weId pool phenomena. The 

interaction of the heat souree with the metal during welding affects the fluid flow, heat 

transfer and mass transfer in the weId pool and the solidification behavior of the weId 

metal. It is clear th at much progress has been made in our fundamental understanding 
of the weId pool phenomena. However, considerable work still needs to be perfonned 

in our fundamental understanding of the weId pool phenomena, modeling and 

experimental verification of these modeIs. 
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