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ABSTRACT 

Resistance spot welding still is one of the most important techniques for joining sheet material. Ongoing 

developments such as new material grades, coating technologies and process controls generate new 

challenges for the process. In order to overcome those challenges, numerical process simulation is an 

important tool in order to develop new welding strategies. Conventional simulation approaches only 

evaluate basic parameters like nugget diameter, temperature profiles and basic electrical parameters. 

Although evaluation of these parameters is very important to compare the model to experimental data, it 

does not do the true evaluation possibilities of numerical models justice. 

For the first time, new mathematical methods are presented in this work, which allow the computation of 

comprehensive parameters like electric potentials, effective temperatures, true electrical resistances and 

heat contributions as well as mechanical parameters from finite element simulation. Exemplary results of 

the approach on the example of a spot weld on martensitic 22MnB5 steel are discussed. Among these, for 

the first time, the quantitative curve of dynamic efficiency of the spot welding process is presented. 

 

Keywords: spot welding, finite element analysis, contact, energy balance 

INTRODUCTION 

Resistance spot welding (RSW) is perhaps the most important technique for economically 

joining sheet metal under industrial conditions. Although the process is well-researched, 

new materials, coatings and methods of process control still create challenges. Two 

peculiarities characterize RSW: First, the joining heat is generated in the parts to be joined 

itself, resulting in a strong dependency of the weld heat on material properties of sheets and 

electrodes. Second, the welding process is covered by the electrodes and the sheets, leaving 

only external quantities like electrode voltage and –travel accessible to measurements. The 

difficult relation between welding heat and process conditions in combination with the little 

measureable data available often makes it hard to further elaborate on the release of the 

welding heat in terms of location and magnitude. This also holds true even if multiphysical 

finite-element analyses (FEA) on the process are performed and validated with 

experiments. The reason is, that conventional FEA computes a spatial distribution of 

displacement, temperature and electric potential for a number of timesteps, but does not 

provide preprocessed information on how the temperature distribution evolved. This task 
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is left to the engineer analysing the data computed. Therefore, unexpected observations on 

nugget formation in certain welding configurations are often hard to understand and verify. 

It is the goal of this work, to provide mathematical methods for further pre-processing 

of FEA results on RSW. For the first time, this allows enhanced process assessment by 

means of FEA. The focus lies on deduction of information relevant for the spot welding 

process from an engineering point-of-view out of the comprehensive amount of spatial data 

computed with FEA. 

DATA ACQUISITION FOR PROCESS ANALYSIS 

PRELIMINARIES AND DEFINITIONS 

Fig. 1 defines the entirety of mechanical and electrical process quantities accessible to 

measurement in RSW, along with their location. 

 

Fig. 1 Process quantities in resistance spot welding. 

Usually, the welding current Iw is the main process quantity being adjusted by the 

machine control. The electrode voltage U1m is the result of the electrical resistance of the 

weld. It is often recorded for monitoring purposes [1], [2]. While the sheets are clamped 

together by the electrode forces F1 and F2, thermal expansion and softening of the sheets 

cause a dynamic displacement s1 and s2 of the electrodes. The displacement can be used to 

monitor the process as well, especially to detect splash. In an industrial environment the 

displacement is difficult to measure, therefore the electrode voltage is preferred in most 

cases. Each of the quantities needs to be understood as a strong function of time. 

The mechanical contact make between sheets and electrodes as well as between the 

sheets is the most important aspect of a resistance weld, as it defines most of the other 

quantities. An overview of the situation is given in Fig. 2. 
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Fig. 2 Mechanical contacts at the weld with an example of the uneven contact pressure 

distribution according to Hertz‘ [3] theory. 

Therein, the contact radii 𝑎𝑖 of the inner contact and 𝑎𝑜 of the outer contact as introduced 

by [4] are defined at the weld. That means, the contact area is assumed to be a perfect circle. 

This will hold true as long as the electrodes are axisymmetric and positioned roughly 

perpendicular to the sheet surface, i.e. in most practical cases. 

In Fig. 2, a representation to scale of the contact pressure distribution at the contact is 

shown as well. It is important to note, that just like the contact pressure depicted, other 

quantities at the contact like temperature or electric potential are a more or less strong 

function of the contact radius as well. In circumferential direction of the contact, the 

quantities are constant, due to axisymmetry. 

The electrical situation during formation of the weld is rather involved, as the electric 

resistance at the weld needs to be divided into several parts [5]: The bulk resistance of the 

material and the transition resistance at the contacts. Fig. 3 defines detailed denotations for 

the resistances and corresponding electric potentials, as well as their localisation. 

 

Fig. 3 Definition and location of electrical quantities at the weld, left: true potentials and partial 

resistances, right: measureable voltages and resistances; illustration by Kaars et al. [6] current 

flowlines and potential isolines based on Gengenbach [7]. 

In Fig. 3 on the right, the three partial voltages and their corresponding resistances being 

measureable during welding are shown. On the left side, the true partial potentials of the 
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weld and their corresponding resistances are outlined. The dashed lines in between both 

represent the connection true and measurable resistances and especially their physical 

location at the weld. The respective true resistance is a  

 

transition resistance for 𝑅𝑖    𝑖 ∈ {2, 4, 6} (1) 

and 

bulk resistance for 𝑅𝑖    𝑖 ∈ {1, 3, 5, 7} (2) 

The measureable resistances are composed out of the true resistances by 

 

 𝑅𝑖′ = 𝑅𝑖 + 𝜒 ∙ (𝑅𝑖−1(𝑇) + 𝑅𝑖+1(𝑇))    𝑖 ∈ {2, 4, 6} (3) 

 

with 𝜒 being an unknown number fulfilling 0 < 𝜒 < 1. Each of the true resistances will 

significantly change its magnitude during the welding process, especially the transition 

resistance. Most of the dynamic resistance change is driven by temperature [8–11], with the 

underlying effects being rather complicated. With respect to the scope of this work, the 

reader shall be pointed to [5], [12], [13] for more details. However, it is important to note, 

that the resistances are a strong function of time during welding. 

Fig. 3 and equation (3) also prove, that it is not possible to determine the true resistance 

portions, and therefore their respective heat contributions to the weld, by measurements 

alone. In the following, the enumeration used in Fig. 3, left portion, will also be used to 

denote other quantities conjoined to the respective locations at the weld. 

 

According to the German Standard DVS 2902-1 [14], a significant part of the total weld 

heat input is distributed into electrodes and surrounding sheet material, while heat 

dissipation to the surroundings by radiation and convection can be neglected. The standard 

states, that in many cases only 10 % of the total heat contributes to the formation of the 

melt. 

A more comprehensive description of the heat flows at the weld is defined in Fig. 4. 

Therein, the composition of the total welding heat out of its portions, distinguished by heat 

sources and heat sinks is visualized. 

 

Fig. 4 Definition of the energy flow in a spot weld by heat sources and sinks. 

The denomination of the heat sources in Fig. 4 is in accordance with the true resistances 

𝑅𝑖 in Fig. 3. Moreover, the heat sinks at the weld are divided by their locations, namely 

electrodes and sheets. The electrode heat 𝑄𝑒𝑙𝑒𝑐𝑡𝑟 is composed out of heat from its bulk 

resistance 𝑄1, half of the transition resistance heat 𝑄2 and heat conducted into the electrode 
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from the hot sheet 𝑄𝑐𝑜𝑛. Depending on the algebraic sign of 𝑄𝑐𝑜𝑛, the formulation 

theoretically also allows heating of the sheets by bulk heat from the electrodes. This 

approach is sometimes used to weld low resistance materials such as copper by using high 

resistance tungsten or molybdenum electrodes [15]. The heat in the sheets is divided into 

two portions, one being the melt heat 𝑄𝑚 being stored in the molten zone of the joint, the 

other being the heat 𝑄𝑠 increasing the temperature of the surrounding sheets. As the melt 

heat eventually is a portion of the total heat, the description in Fig. 3 is of great relevance 

for process analysis. By evaluating the different heat portions, one can gather information 

on where the heat dominantly forming the joint comes from, or why the heat produced does 

not create a sufficient nugget. 

The RSW process features a peculiarity: As soon as the nugget is formed, the melt is 

exposed to significant hydrostatic pressure caused by the electrode force. Also, this same 

electrode force causes the unmolten portion of the sheets at the inner contact to be pressed 

to each other strongly enough in order to ensure secure enclosure of the high-pressure melt. 

Sometimes this mechanism of melt enclosure fails, resulting in the melt being expulsed out 

of the weld. This event is known as weld splash or expulsion and is the most important 

process limit in RSW [16]. In literature, the mechanism of melt enclosure is disputed. Some 

authors assume that expulsions occur as soon as the molten zone grows larger than the inner 

contact [17], [18], Broda [19] presumed that excessive melt pressure due to melt 

evaporation is responsible for the expulsion. Senkara et al. [20] proposed the only 

mathematical model for splashes available to date. The model assumes splash, as soon as 

the effective force of the expanding nugget has grown larger than the electrode force. In 

Fig. 5, a graphical summary of the mechanism of nugget enclosure by contact pressure of 

the outer contact 𝑝𝑜, with 𝑝𝑒,𝑓𝑙 being the hydraulic nugget pressure, is shown. 

 

Fig. 5: Enclosure of melt in the spot welding process. 

MATHEMATICS OF DATA ACQUISITION 

The contact pressure distribution outlined in Fig. 2 is processed to determine the actual 

contact radii in the FEA: A routine implemented in the postprocessing code evaluates the 

location of the contact node at which the pressure switches to about zero, starting from the 
symmetry axis. The contact radii of electrodes and sheets are the most important input 

quantities for further data processing, as will be shown in the following paragraphs. Of 

course during the welding process, the contact radii will significantly change their 
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magnitude, as the sheets will thermally expand and subsequently soften because of the 

welding heat. This effect is correctly included by the routine, as always the actual contact 

pressure distribution for the respective timestep is considered for contact radius detection. 

Given a quantity 𝑔(𝑟) in 0 ≤ 𝑟 ≤ 𝑎, also cf. Fig. 2, the space spanned by the curve in 

the axisymmetric domain can be understood as a volume with the boundaries 

 

 0 ≤ 𝑟 ≤ 𝑎   ⋀   0 ≤ 𝑔 ≤ 𝑔(𝑟)  (4) 

 

According to Guldins second rule [21], the volume of this body of revolution is 

 

 𝐺 = ∬  𝑔(𝑟) 𝑑𝐴
 

(𝐴)
= 2𝜋 ∫ 𝑔(𝑟) ∙ 𝑟 𝑑𝑟

𝑎

0
  (5) 

 

Assumed 𝑔(𝑟) for example would represent the contact pressure, then 𝐺 would be the 

contact force. As the effective magnitude 𝑔𝑒 of 𝑔(𝑟) has to have the same physical effect 

as the unevenly distributed quantity, 𝑔𝑒 must fulfil the expression 

 

 2𝜋 ∫ 𝑔𝑒 ∙ 𝑟 𝑑𝑟
𝑎

0
= 2𝜋 ∫ 𝑔(𝑟) ∙ 𝑟 𝑑𝑟

𝑎

0
 (6) 

 

which after some transformation yields 

 

 𝑔𝑒 =
2

𝑎2  ∫ 𝑔(𝑟) ∙ 𝑟 𝑑𝑟
𝑎

0
 (7) 

 

However, in FEA the quantity 𝑔(𝑟) will never be given as a mathematical function, but 

as discrete numbers on the respective nodes. For this reason, the integration must be carried 

out numerically. The approach can also be pictured as a summation of the volumes of a 

number of hollow cylinders. Equation (5) then can be approximated by 

 

 𝐺 = ∑ 𝐺𝑖
𝑛
𝑖=1  (8) 

 

 𝐺𝑖 = 2𝜋 ∙
𝑟𝑖+𝑟𝑖−1

2
∙

𝑔(𝑟𝑖)+𝑔(𝑟𝑖−1)

2
∙ (𝑟𝑖 − 𝑟𝑖−1) (9) 

 

wherein 𝑟𝑛 = 𝑎. Accordingly, the required effective magnitude is written as 

 

 𝑔𝑒 =
2

𝑎2 ∙ ∑ (
𝑟𝑖+𝑟𝑖−1

2
∙

𝑔(𝑟𝑖)+𝑔(𝑟𝑖−1)

2
∙ (𝑟𝑖 − 𝑟𝑖−1))𝑛

𝑖=1   (10) 

 

Expression (10) was implemented into the FEA code to compute the effective magnitude 

of various quantities in the contact areas, for example effective electric potential, effective 

pressure and effective temperature. In order to compute the heat content of the molten zone 

of the sheets, another integration is necessary: At first, all elements whose coldest node of 

the temperature 𝑇𝑛 fulfils the condition 𝑇𝑛 ≥ 𝑇𝑚 are selected. 𝑇𝑚 is set by the user fulfilling 

 

 𝑇𝑠𝑜𝑙 ≤ 𝑇𝑚 ≤ 𝑇𝑙𝑖𝑞 (11) 
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where 𝑇𝑠𝑜𝑙 is the onset and 𝑇𝑙𝑖𝑞 the end of the sheet materials melting interval. Based on 

the average temperature �̅�𝑖 of the respective element, the heat of the molten zone is written 

as 

 

 𝑄𝑚 = ∑ (𝑉𝑖 ∙ ℎ(�̅�𝑖))𝑘
𝑖=1   (12) 

 

wherein 𝑉𝑖 represents the element volume and ℎ(�̅�𝑖) the specific enthalpy density. 

Because of the selection approach excluding partially molten elements, the procedure yields 

the lower limit of the melt heat, but can be slightly adjusted by selection of the melting 

temperature 𝑇𝑚 according to (11). 

The criterion (11) was also used in order to detect the nugget diameter in each timestep 

of the solution. Provided that the inner contact is closed and at least one node in the model 

supersedes 𝑇𝑚, a postprocessing routine was used to evaluate the nugget diameter. The 

routine detects the location where the nodal temperature in the inner contact is smaller than 

𝑇𝑚 for the first time, starting from the symmetry axis. 

COMPUTATION OF ENGINEERING DATA 

Based on the effective magnitude as described in the preceding section, the effective electric 

potential 𝜑𝑖 is computed out of the electric potential distribution in each contact surface. 

This effective potential is the most important prerequisite for caloric considerations at the 

weld, as it is necessary in order to compute the true resistance contributions at the weld by 

using the expressions 

 

 𝑅𝑖 = (𝜑𝑖 − 𝜑𝑖+1)/𝐼𝑤       1 ≤ 𝑖 ≤ 6 (13) 

 𝑅7 = 𝜑7/𝐼𝑤 (14) 

 𝑅0 = 𝜑1/𝐼𝑤 (15) 

 

Based on those 𝑅𝑖, the heat contributions to the weld result from 

 

 𝑄𝑖 = ∫ 𝑅𝑖(𝑡) ∙ 𝐼𝑤(𝑡)2𝑡1

𝑡0
𝑑𝑡     0 ≤ 𝑖 ≤ 7 (16) 

 

for a welding time from 𝑡0 to 𝑡1. Furthermore, the heat transported across the electrode-

sheet contact 𝑄𝑐𝑜𝑛 is computed using expression (9). The local contact heat flow across 

each contact element therein is considered as 𝑔(𝑟) accordingly. Based on these caloric data, 

the process efficiency can be determined as well. In literature, the terms effective efficiency 

[22], melt efficiency [23], [24] and process efficiency [24] are defined. Only the effective 

𝜂𝑒𝑓𝑓 and melt efficiency 𝜂𝑚 shall be discussed here. They are defined as follows: 

 

 𝜂𝑒𝑓𝑓 = 𝑄𝑠𝑡/𝑄0 (17) 

 𝜂𝑚 = 𝑄𝑚/(𝜂𝑒𝑓𝑓 𝑄0) (18) 

 

Of course, other quantities like local and total electric power, specific transition 

resistance, effective contact pressure and temperature and many more can be derived using 
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the data and methods explained above. The latter, along with the electrode heat as defined 

in Fig. 4, are particularly useful for the evaluation of electrode wear. For the sake of length 

of this work, these continuative topics shall not be further discussed. 

FEA MODEL AND VERIFICATION 

With respect to the scope of this work only a brief overview af the model and the 

experimental conditions used to verify it will be given. The reader shall be pointed to [6], 

[25–27] for more details. Also, results on the true resistances 𝑅𝑖 can be examined in [6]. 

 

The FEA model employed for the analysis presented in this work was set up in ANSYS 

v19, using an axisymmetric model geometry. The elements use a second-order ansatz and 

have structural, thermal and electrical degrees of freedom. A brief overview over the 

boundary conditions applied and mesh used is given in Fig. 6. At the inner and outer 

contacts the model uses the transition resistance model introduced by Kaars et al. [25]. All 

material properties of the sheets are implemented as functions of temperature up to the 

melting point. 

 

Fig. 6: FEA model, major boundary conditions and mesh. 

The FEA was set up to represent welding of two sheets of 1.5 mm martensitic 22MnB5 

steel with aluminium-silicon coating AS150. In both, experiments and FEA, a welding 

force of 6 kN and a welding current up to 6.6 kA were applied. 

In welding experiments with an instrumented RSW gun, a data basis was obtained to 

validate the FEA. Furthermore, the dynamic curve of the resistance 𝑅1𝑚 was recorded and 

the result afterwards compared to the computed curve from the FEA. Overall, a very good 

agreement between both was observed. The reader shall be pointed to [6] for details, more 

verifying results are presented in the following section. Additionally, the dynamic contact 

radii and nugget diameter of FEA and experiment were recorded and compared. In order to 

obtain the data from the experiment, the welding process was prematurely interrupted at 

certain points. Afterwards, the radius of the electrode indentation 𝑎𝑜 was measured using a 
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microscope Zeiss Axiovert 200. The weld was then mechanically broken open to reveal the 

nugget and inner contact area, whose radii 𝑟𝑝 and 𝑎𝑖 were then measured as well. 

RESULTS REVIEW AND DISCUSSION 

In Fig. 7, the computed and measured results of contact radii and nugget radius are 

presented. In the contact radii curves, the onset of welding current flow is indicated by a 

steep decline of both contact radii, especially at the inner contact. The reason for this is the 

thermal expansion of the sheets in the vicinity of the contacts. As the welding time 

progresses, the heated sheets begin to soften, which causes the electrodes to sink into the 

sheets, along with increasing contact radii. It can be readily seen, that the measured values 

for the contact radii are in good conformity with the computed ones. 

 

Fig. 7: Comparison of computed and measured dynamic contact radii 𝑎𝑥 and nugget radius 𝑟𝑝. 

The nugget radius depicted in the right half of the diagram is divided into two curves. At 

the welded joint, one cannot distinguish for sure at which temperature 𝑇𝑚 in the mushy 

zone with 𝑇𝑠𝑜𝑙 ≤ 𝑇𝑚 ≤ 𝑇𝑙𝑖𝑞 the sheets actually formed a sound joint. But in the FEA, a 

definition needs to made, at which minimum temperature the joint is considered welded. 

For this reason, the nugget growth curves are depicted for both limits of the mushy zone. 

As it can be seen, the deviation between both is small, the measured curve lies well in 

between. As the dynamic resistance curve of the model conformed very well with the 

experiments as well, cf. preceding section, the FEA model is considered to be accurate. 

In Fig. 8, the distribution of the total welding energy on the individual contributors of 

the heat sources as well as the heat sinks according to Fig. 4 is shown. It can be seen that 

the major part of heat generation of about 60 % takes place in the bulk material of the sheets. 
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The electrode material only contributes roughly 5 %. This is interesting because it also 

means that about 35 % of the welding heat is released by transition resistances, of which 

the major part of 30 % is attributed to the outer contacts. About 70 % of the welding heat 

remains in the electrodes when the weld is finished, with the heat transported into the 

electrodes by conduction being by far the largest contributor to that amount. About 15 % 

of the total welding heat in the electrodes is appropriated to the electrical contacts. 

Obviously, the contact heat distributes itself in equal portions among both contact partners. 

Only 5 % of the total welding heat are used to form the nugget, while 25 % are used to heat 

up the sheets around the weld. 

 

Fig. 8: Relative energy balance at the end of the welding cycle, separated by heat sources and 

sinks. 

The utilization of welding heat for the joint formation can be better observed by 

evaluating the process efficiencies. Those are depicted in Fig. 9, along with the welding 

current. It can be seen, that the effective efficiency has its maximum of about 55 % at the 

very beginning of current flow and from then on decreases to about 30 % at the end of the 

welding cycle.  
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Fig. 9: Dynamic process and melt efficiency of the weld. 

The melt efficiency on the contrary has its maximum of about 25 % after about 300 ms 

after the onset of current flow and decreases to about 18 % towards the end of the welding 

cycle. These observations have very important consequences: They prove the common 

assumption, that spot welding is more efficient in terms of relative heat being input into the 

sheets when the duration of current flow is short [14]. But moreover, they show that a 

certain duration of current flow exists, at which the energy is utilized best for joint 

formation. In this case, this happens after about 300 ms of current flow. This instant also 

coincides with the moment, where nugget formation is practically completed, cf. Fig. 7. 

Arbitrarily prolonging the welding process over this “optimal welding time” will only 

decrease efficiency, but not form any more melt volume. Of course, prolonged welding can 

be advisable for metallurgical reasons in several cases nonetheless. 

In Fig. 10, detailed information on the mechanical situation at the inner contact is 

presented. While therein 𝑇𝑒,𝑟𝑖𝑚 is the effective temperature of the solid rim around the 

nugget, 𝑏𝑟𝑖𝑚 is the width of the latter, also cf. Fig. 5. Additionally, the hydraulic force 

exerted by the nugget 𝐹𝑓𝑙 is displayed as relative portion of the total contact force at the 

inner contact. Accordingly, 𝑝𝑒,𝑟𝑖𝑚, 𝑝𝑒,𝑓𝑙 and 𝑝𝑒,𝑖 are the effective contact pressures of rim, 

nugget and inner contact in total. Per definition, data on rim and nugget does not exist 

before the first melt is formed. It can be readily seen, that during the process the rim 

temperature has a nearly constant temperature of about 200 K below the 𝐴4 point of the 

sheets. The width of the rim has two maxima of about 2 mm at the end and beginning of 

the process, while a minimum of about 1 mm exists in the middle of the process. In the 

same instant where the rim is most narrow, the hydraulic force has its maximum of about 

50 % of the inner contact force. The effective pressures all have a maximum at the 

beginning and from then on decrease hyperbolically. At all times, the fluid pressure in the 

nugget is the largest pressure, the pressure in the rim the smallest. The effective total 

pressure lies well in between. 
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Fig. 10: Dynamic quantities characterizing the enclosure of melt in resistance spot welding. 

In Fig. 11, the contact pressure distribution at both contacts of the weld during various 

stages of the process is displayed. It can be seen, that at both contacts, the contact pressure 

initially is distributed according to Hertz’ theory, cf. Fig. 2. With progress of welding time, 

the pressure distributions become more and more flattened, especially at the inner contact. 

At the outer contact, a local maximum of contact pressure forms towards the end of the 

welding cycle.  

 

Fig. 11: Contact pressure distribution at the outer (left) and inner (right) contact of the weld 

during various stages of the welding process. 

These information are very important in order to understand the effects responsible for 

the data in Fig. 10: As the weld advances and the nugget is formed, the sheets soften and 
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subsequently melt, causing the contact pressure distributions to flatten. This effect is equal 

to a mechanical representation the effective pressure computation in the contact zone. As a 

result, the hydraulic pressure in the nugget must be greater than that of the rim at any times, 

because the hydraulic pressure represents the integration of the high-pressure zone in the 

middle of the contact. The effective pressure of the contact in total must lie in between that 

of the melt and that of the rim. This is exactly what is visible in Fig. 10. Fig. 10 also proves, 

that the width of the rim is not constant at all. Moreover, the conjunction of nugget diameter, 

rim width and hydraulic melt pressure results in the magnitude of the hydraulic melt force. 

These observations have some very important consequences: At first, they prove that a 

melt pressure greater than that of the rim does not result in a splash, as the rim pressure is 

the smallest, the melt pressure the greatest pressure at the inner contact at any times anyway. 

At the very beginning of melting, a melt pressure equal to the maximum contact pressure 

is present, from that point on the melt pressure can only decrease. Secondly, the hydraulic 

force of the melt can never exceed the inner contact force, as long as a rim exists. In case 

of total melting of the rim, the relative hydraulic force would be one. Of course melting of 

the rim would result in a splash anyway. That means, that splashes can’t be a result of the 

hydraulic force getting larger than the electrode force. 

CONCLUSIONS 

The FEA model presented has been proven capable of accurately computing the nugget 

diameter as well as the contact radii of an exemplary weld of martensitic steel. Methods 

have been introduced, to extend the assessment of the computed data by important process 

parameters such as resistances, energies, efficiencies as well as mechanical pressures and 

forces. The method is extendable to other potential quantities of interest.  

 

For the first time, a comprehensive quantitative energy balance of the spot welding 

process for heat sources as well as heat sinks has been computed using the methods 

outlined. Additionally, the dynamic curve of effective and melt efficiency have been 

computed for the first time. 

 

The data suggests, that an optimal duration of current flow in resistance spot welding 

may exist. Furthermore, the computed parameters proved, that the hydraulic pressure in the 

nugget is larger than that of the surrounding rim at any time. That means, that increased 

nugget pressure as assumed in literature can’t be a reason for welding splashes. This 

indirectly also means, that the force exerted by the molten nugget will never exceed the 

electrode force. 
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