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Abstract: We present a new model for the generation of thermoelectric currents during 

laser welding, taking into account sheath effects at both contact points as well as the 

potential drop within the quasi-neutral plasma generated by the laser. We show that the 

model is in good agreement with experimentally measured electric potential difference 

between the hot and the cold part of the welded workpiece. In particular, all three 

elements of the model are needed to correctly reproduce the sign of the measured voltage 

difference.  The mechanism proposed relies on the temperature dependence of the 

electron flux from the plasma to the workpiece and hence does not need thermoemission 

from the workpiece surface to explain the experimentally observed sign and magnitude of 

the potential drop.  

 



1. Introduction 

 

Plasma production during laser welding is a commonly observed phenomenon due to the high 

local power deposited by the laser [1]. The plasma above the weld pool can scatter, diffract or 

absorb laser light and hence, the understanding of the formation of this plasma has received 

attention [2]. Another process induced by the plasma is the generation of electrical voltages 

and currents since the plasma contains free electrical charges. Such currents have been 

observed between workpiece and gas nozzle [3] and it has been shown that applying a 

magnetic field can control the plasma. An explanation of the observed current between 

workpiece and nozzle has also been put forward on the basis of sheath theory [3], neglecting 

however the effect that sheaths will form at both the hot and the cold side. Experiments using 

applied magnetic fields when no current was flowing between workpiece and nozzle have 

clearly shown that the welding seam quality can be influenced, pointing towards the 

generation of closed current loops within the workpiece and weld pool [4]. Recently, the 

existence of such currents has been demonstrated experimentally and a first attempt to explain 

the observation has been made on the basis of a potential drop within the plasma [5], [6]. In 

this paper, we combine the theoretical considerations mentioned above to set up a model of 

the current generation taking into account the effect of the plasma as well as that of the sheath. 

We then analyse the prediction of this model with respect to the experimental observations 

and find good agreement. In particular, the sign of the current seems to be determined by the 

combination of both effects mentioned above, proving that it is important to take both of them 

into account. 

 



2. Model for current generation during laser welding 

 

We consider an experiment where laser welding produces a plasma above the welding spot. 

There will be a temperature gradient in the plasma from the hot centre above the weld pool to 

the colder position where the plasma is in contact with the workpiece. This temperature 

gradient leads to a potential difference between these parts of the material, which will drive a 

current through the material. This potential difference has been measured using a shunt 

connecting two otherwise insulated parts of the workpiece during welding [5]. A voltage drop 

of more than 1 Volt could be detected, giving rise to a current directed from the colder part to 

the centre of the plasma. Fig. 1 shows the geometry. 

 

In order to model the potential drop, we first use the Saha equation to determine the ionization 

ratio I as function of the electron temperature Te. We note here that the application of this 

relation does not necessarily require the species involved to have the same temperature (see 

e.g. [7] for an in-depth discussion) and use 
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where QZ is the partition function of the ionization state Z, ne, nZ and nZ+1 are the number 

densities of electrons, ions of charge state Z and ions of charge state Z+1, respectively, and 

W denotes the ionization energy from Z to Z+1. Furthermore, me is the electron mass and h 

Planck’s constant. To obtain absolute values of ne, we will use the pressure balance 

 

neTe + n0TM + neTM = p0      (2) 

 



where p0 is the ambient pressure at the (idealized sharp) interface between metal vapour 

(temperature TM) and plasma on the one side and air on the other side. Assuming singly 

ionized metal ions and quasineutrality (ni = ne), Eqns (1) and (2) can be combined to yield 
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Next, we estimate the potential difference between two (electrically insulated) parts in contact 

with the metal plasma at electron temperatures Te1 and Te2. For this situation, Ohm's law 

including the temperature effects reads ([8], for a physical interpretation of the ‘Thermo-

force’ 0.71 ne ∇Te see [9]) 

 

eeeeeeee nTTnpTnen ∇+∇=∇+∇=Φ∇ 71.171.0    (4) 

 

where Φ is the electrostatic potential. Since the gradient appears everywhere, the whole 

integration can be expressed independently of the path as 
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which can be integrated to yield 
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where ne(Te) in the integral has to be inserted from Eqn. (3). Eqn. (6) can be integrated 

numerically to determine the contribution of the plasma to the potential difference. However, 

the total potential difference also has to take into account the sheath effect from the plasma 

wall contact. According to [10], this contribution is determined by 
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where mi is the ion mass and e the (positively defined) elementary charge. Using (6) and (7), 

the total potential difference  
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can be evaluated numerically to compare with the experimental result from [5]. This will be 

done in the next section. 

 

4. Discussion 

 

We now model the experimental situation described in [5], where a workpiece made of 

Aluminum was used. We assume that the ambient pressure is given by atmospheric pressure, 

p0 = 105 Pa, and the metal vapour temperature is given by the evaporation temperature of Al 

(2740 K) so that TM = 0.236 eV. In addition, we use W = 5.98 eV, where all Al properties are 

taken from [11]. The partition functions are taken from [12] and we use QZ+1 = 1, practically 

independent of Te for singly charged Al and QZ = 8.46 at Te = 1 eV. This value will decrease 

to 5.77 for the evaporation temperature of 0.23 eV, but as we will see below, the contribution 

of the degree of ionisation is important at the higher temperatures. Inserting the numbers, we 



can evaluate the function ne(Te) according to Eqn. (3) for our conditions. Fig. 2 shows the 

degree of ionization ne/(ne+n0) and the electron density for these conditions.  

 

We note that although the degree of ionization continuously increases with Te, there is a 

maximum of the total electron density with Te due to the condition of fixed total pressure. 

This means that dne/dTe in Eqn. (6) becomes negative above a certain Te (about 0.9 eV for the 

numbers given above) and the contribution of Φplasma to Φtot becomes smaller with higher Te. 

It should be noted that due to our idealized boundary condition that there the plasma region 

consists of Al vapour and plasma only, we tend to overestimate the electron density and in 

fact, typical measurements show somewhat lower values (see e.g. the table in [1]), but since it 

is mainly the temperature gradient that enters in the absolute value of (6), the value of the 

voltage is not much affected even if a lower value of ne is assumed taking into account a 

mixing with the surrounding air or gas. 

 

We now evaluate the sheath effect from Eqn. (7). Using the numbers above, the Te/Ti 

contribution is small and the term is roughly linear (approximately - 4.5 Te for Ti=0 and - 4.2 

Te for Te=Ti). We can now evaluate the whole potential difference according to Eqn. (8). This 

is shown in Fig. 3, where the potential difference is plotted as function of the temperature 

difference Te2-Te1.  

 

Since the sheath contribution is negative and the plasma contribution positive, the function 

exhibits a sign change, for our parameters around Te2-Te1 = 1.2 eV, corresponding to an 

absolute value of Te2 of about 1.4 eV. The numerical value of the potential drop is in the range 

of 1-2 Volts, which corresponds well with the above mentioned similar value of the 

experimental voltage drop across the shunt.  

 



It remains to clarify which sign belongs to which experimental situation. For the plasma effect, 

the gradients of pressure and electric field point in the same direction. Hence, the hotter 

contact point (Te2 in our notation) will be on higher potential. Short circuiting this by an 

external current path (as e.g. the shunt in the welding experiment) will lead to a (technical) 

current from the hotter to the colder point (note that inside the plasma, this current flows 

against the gradient of the electric potential, consistent with the fact that it is a generator). For 

the sheath effect, more electrons arrive at the hotter plate, so short circuiting would lead to an 

electron flow from hot to cold, which means a technical current from cold to hot. In the 

welding experiment, the current was measured to flow from the welding point through the Al 

material into the periphery. If one assumes that the plasma at the welding point is hotter than 

in the periphery, the conclusion is that the plasma effect dominates, and the difference 

between the contact points is less than 1.2 eV (11600 K). This seems very reasonable since on 

the one hand, central Te values of up to 1.5 eV above the Al evaporation temperature have 

been measured [13], depending on the laser power and on the other hand, the plasma is at 

least partly heated by absorption of the laser power above the weld point, so the contact 

temperature at the weld point may be somewhat below the central Te value. In addition, the 

mixing of the Al vapour with the surrounding air will lead to a lower effective mass to be 

used in Eqn. (7), decreasing the sheath effect and opening an even larger temperature window 

for positive Φtot.  

 

5. Conclusions 

 

We have developed a model description of the voltage drop occurring in laser weld 

experiments between the hot weld pool and the colder workpiece. This model takes into 

account both the potential drop along the plasma because of the finite temperature gradient as 

well as the difference in sheath potentials at the contact positions of different temperature. It 



can explain both magnitude and sign of the experimentally observed potential difference 

during laser welding. The sheath effect has been proposed as mechanism for the potential 

difference observed between the workpiece and the nozzle in [3], but neglecting the fact that 

two sheaths form, one at the hot end and one at the cold end. However, since the sheath effect 

alone cannot explain the sign of the current observed in [5], we conclude that both effects are 

important and should be taken into account when calculating currents induced by a plasma 

cloud forming above a locally heated metal surface. We also note that the mechanism 

described here does not rely on thermoemission of electrons from the surface of the 

workpiece since the potential drop is generated by electrons from the plasma charging up the 

surface.  Thermoemission may well play a role in determining the magnitude of the current 

flowing in the workpiece, but is obviously not necessary to explain the experimentally 

observed potential difference. Finally, we note that this mechanism of current generation can 

be of importance also for other applications, such as the melting of metal layers in high power 

targets used in Nuclear Fusion research. 
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Fig. 1: Geometry of laser welding and experimentally determined direction of current flow. 



           

 

Fig. 2: Degree of ionization (left) and electron density (right) for Al laser welding using 

pressure equilibrium and the Saha equation. 



 

 

Fig. 3: Potential difference ∆Φ as function of temperature difference ∆Te = Te2-Te1. 

 

 


