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Abstract

Capacitor discharge welding (CDW) is characterized by a pulsed electrical current profile. It is primarily utilized for resistance
projection welding tasks, offering high power densities and short welding times. According to the latest findings, the welding
process can be divided into different phases: contacting, activating, material connection, and holding pressure. During the
activation phase, high-speed video-imaging reveals the generation of metal vapor which effectively eliminates impurities
and oxide layers from the contact zone. The result of this is an activated surface. The purpose of this paper is to describe
the physical effects of the bonding mechanism during short-time resistance welding. The Chair of Joining Technology and
Assembly at the Technische Universitit Dresden has a laboratory facility that can interrupt the welding current at any desired
time during capacitor discharge welding. This allows different welding current profiles with always the same current rise time
to be scientifically investigated. The experimental findings were supplemented with simulative analyses to clarify the bonding
mechanism in resistance projection welding. Three different surface conditions are considered to generalize the findings on
the bonding mechanism. Temperature and current density distributions were assessed to provide a physical description of the
activation phase. The power density in the joining zone at different interruption times is determined, which gives an indication
of activation by metal vaporization. The material connection is determined experimentally for the same interruption times. The
numerical simulation model can be used to describe the bonding mechanism in short-time resistance welding. In resistance
welding, the bond is formed due to the molten phase (solidification structure). In short-time resistance welding, the bond is
formed due to surface activation by metal vaporization.

Keywords Bonding mechanism - Resistance welding - Short-time welding - Numerical simulation - Capacitor discharge
welding

1 Introduction

A welded joint is a connection of the same type and material.
It is based on the interaction of atomic forces in the joint.
The requirement is that the surfaces are free of contamina-
tion and oxides (activated) and have a small atomic distance
(order of magnitude 10~'%m = 0.1nm) [1-6]. The power den-
sity is essential for the characteristics of the welding process
when the joint is thermally established. If the power density is
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too low, most of the thermal energy is transferred by thermal
conduction into the base material, the apparatus and the elec-
trodes without a joint being formed. If the power density is
high enough, the material is locally melted. If the power den-
sity is further increased, the material is locally vaporized (see
Fig.1).

The material connection is established in the liquid state
by mixing of molten materials and following solidification
or in the plastic state by removing the foreign layers from the
surface (activation) and bringing the surfaces closer together
by local plastic deformation of the component. The welded
jointis mostly formed via the liquid state. In this case, a solid-
ified structure is formed after welding, which differs from the
base material produced by rolling and which is clearly visible
in the microstructure. This mechanism is basically required
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for resistance pressure welding as well and provides the basis
for evaluating the quality of the welded joint. The weld lens
in the cross-section of resistance pressure welded joints is
measured and evaluated. This does not absolutely apply to
projection welded joints produced by capacitor discharge
[7].

There are numerous welded joints that are produced with-
out melting in a plastic state. The most extreme case is
cold pressure welded joints, which are produced without
additional heat input during very strong plastic deformation
[1-6]. The deformation creates the conditions for material
bonding by enlarging (activating) the surfaces to at least three
times their original size under oxygen exclusion and approx-
imating them to atomic spacing.

Resistance pressure welding requires low deformation
degrees. The surface activation in the joining zone can there-
fore not be achieved by increasing the surface area in the
cold state. Surface activation could be observed in high-speed
images of past investigations, which can be explained by
metal vaporization [7, 8]. The aim of this publication is to use
experimental and simulative investigations to describe the
bonding mechanism in projection welding by capacitor dis-
charge. This allows a recommendation as to how short-time
processes in resistance welding differ from more conven-
tional processes to be made.

2 Process fundamentals
2.1 Projection welding using capacitor discharge

Capacitor discharge welding (CDW or CD-Welding) is a
stable, efficient, cost-effective, and easy-to-use joining pro-
cess. It is mostly used for projection welding. For example,
high-strength steels, mixed compounds, coated surfaces, or
components with projection diameters up to 200mm can be
welded in a few milliseconds [7, 9-13]. Before starting the
welding process, one or more capacitor banks are charged.
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This causes an electrical energy E,; to be stored in the capac-
itor as a function of the charging voltage U¢ and the capacity
C (see Eq. 1).

1
Ey = §C -Uc (D

Discharging the electrical energy E,; starts the welding
process. The current flow is transferred to the joining point.
This results in the transformed and unregulated welding cur-
rent as shown in Fig.2. The peak current [, is reached in
a few milliseconds. This time is called the current rise time
tp. The welding time #, is reached when the peak current /,
drops by 50%. The current flow time #; is reached when the
current drops to 95%.

The characteristic process values of CD welding (see
Fig.2) illustrate the differences to spot welding with medium
frequency (MFDC): very high current intensities are obtained
in very short current rise times. The projection geometry
in the joining zone focuses the current flow and; therefore,
increases the electric current density j. The amount of heat
Q is generated in an electrical wire as a function of the square
of the current and the ohmic resistance R, based on Joule’s
heat law (see Eq.2). In Eq. 3, is the differential observation
for the local description of the heating by the heat flux den-
sity ¢. This depends on the specific electric resistance p of
the material and the current density j. That shows that a high
current density in the joining zone results in a high heat flux
density. The high power density in the joining area is the
critical parameter for the heating of the short-time projection
welding process. The heat flux O caused by the resistance
heating in the projection and component is much smaller than
the heat flux O caused by the contact resistance heating in
the joining zone at the beginning of the process (see Eq.4).
As aresult, no nugget diameter is obtained in CD projection
welding (see Fig. 3).

Q:Iz-R-l (2)
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2.2 Short-time welding with high heat flux

Short-time welding processes in resistance pressure weld-
ing are characterized by the fact that the connection is not
formed via the molten phase, but by activating the surfaces
through metal vaporization and subsequently pressing them
together [7, 8, 14]. High power densities are required to
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achieve metal vaporization in the joining zone. Laser key-
hole welding involves the formation of a keyhole within a
metal by vaporization when high power densities are attained.
Recent research indicates that these power density require-
ments range from 1 MW/cm? to 5 MW/cm? [15-17]. To
achieve a high power density (> 1 MW/cm? for the activa-
tion of the surface, very high current gradients are required,
which leads to very short welding times. Therefore, there
is no solidification structure and no nugget in the joint (see
Fig.3). Measuring a solidification structure (weld or nugget
diameter) as a quality assessment is therefore not permitted
for short-time welding processes. The process occurs in four
characteristic phases that smoothly flow into each other (see
Fig.2) [8, 18]:

1. Contacting, characterized by the movement and con-
tacting of the electrodes, the increase of the electrode
force up to the welding force (force buildup) and the
formation of the contact area. Locally different surface
pressures and relative movements of different magni-
tudes lead to locally characterized contact resistances.

2. Activation, characterized by the current flow with a
very high current gradient and very high power density in

Fig.3 Joining zone during CD
projection welding without
nugget and a solidification
structure

the contact area. Metal vaporization occurs in the contact
zone. Foreign and oxide layers are carried away with
the expanding metal vapor and the surface is activated
as a result. The current density is not constant in the
entire contact area. The power density is greater at the
edge due to the geometric constriction of the current path.
Metal vaporization occurs there first. The contact area
where metal vapor is present is no longer electrically
conductive. The current flows over the remaining contact
area, which is then also successively activated by metal
vaporization. The electrodes are not followed up during
this phase.

3. Material connection, characterized by the beginning
of the settling of the electrodes, pressing the activated
surfaces onto each other, establishing the material con-
nection and removing the contact resistance, decreasing
current intensity and current density, decreasing metal
vaporization and the beginning of plastic deformation of
the joining area.

4. Holding pressure, characterized by the follow-up of
the electrodes, further decrease of the current flow, plastic
deformation of the joining zone and establishment of the
material connection in non-activated areas (should melt
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be formed, it is pressed out of the joining zone), increase
of the bonding area, end of the follow-up of the electrode,
thermal conduction, and cooling of the joining zone.
The process procedure is typical for projection welding
with capacitor discharge. However, the required cur-
rent strengths with very low current rise times can also
be achieved with other current sources, e.g., medium-
frequency systems.

2.3 Numerical simulation of projection welding

The welded joint is established in resistance welding by
capacitor discharge:

by mechanical, thermal, and electrical stress,
directly (5 to 15 ms),

covered and

without formation of a nugget.

Only numerical process simulation can be used to investigate
the covered short-time welding process, because the FEM
allows a:

e mechanical, thermal and electrical evaluation,
e time resolution of the loads,
e local resolution of the loads,
e sensitivity analyses of different boundary conditions.

The following complexities can be identified for CD projec-
tion welding from the process characteristics for modeling
purposes:

high-temperature gradients,

temperature-dependent deformation of the projection,
effect of the contact resistance,

activation by removing the outer boundary layer and
formation of different phases / temperature-dependent
material models.

In [19, 20] the modeling of a static numerical simulation
for CD projection welding is described. Balance equations
are obtained and implemented by finite element methods. The
temperature distribution is evaluated depending on different
projection geometries and the mechanical stress at different
times. The implementation of the contact resistance is not
included. Casalino et al. investigate in [21, 22] the tempera-
ture evolution during simultaneous CD welding of multiple
projections. An iteratively coupled multiphysics model is
developed for this purpose, which is validated by experi-
ments. The purpose of the study is to investigate the effect
of projection geometry and to determine welding parame-
ters. The implementation of the contact theory, the plastic
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temperature-dependent deformation, and the surface activa-
tion are not part of the investigations. These investigations are
continued by Cavaliere et al. [23] using a three-dimensional
simulation model. The implementation of electrical and ther-
mal conductivity in the contact and the consideration of
temperature-dependent flow stress curves is done. Zhu et.
al [24] and Sun [25] describe two similar simulation models.
The current sources used are medium-frequency direct cur-
rent sources rather than capacitor discharges. This results in
different complexities, since the joining connection is made
via the molten phase [25-28]. The contact resistance is [29]
implemented and the mechanical and thermal-electrical sim-
ulation environments are iteratively coupled. Thereby, Sun
states: “It should be mentioned that, because of the large
deformation involved in the analyses, it is more difficult to
get converged solutions for projection welding than for spot
welding [...].” [25, p. 250]. A remeshing is absolutely nec-
essary in projection welding for this reason. Furthermore,
the implementation of a contact resistance theory is essen-
tial. This is done by Wehle and Long [12, 30]. Hamedi and
Atashparva provide in [31] a review paper about different
contact theories. Song has investigated a contact resistance
theory for projection welding in [32]. This theory is validated
for medium-frequency welding, but not for CD welding. The
purpose of the simulation model is to take all complexities
into consideration. A simulation model was developed at
the Technische Universitit Dresden that takes into account
temperature-dependent material data, a validated contact the-
ory and adaptive remeshing for large projection deformations
[14, 18, 33]. This allows to calculate the power density in the
joining zone and therefore to evaluate a possible surface acti-
vation by metal vaporization.

3 Experimental and numerical procedure
3.1 Experimental investigation

The resistance welding task consists of a sheet and a ring pro-
jection with a projection diameter d = 15 mm, radial contact
area r = 1 mm and a projection angle o = 45° (see Fig.4).
The sheet thickness of the component is £ = 3 mm. The ring
projection and the sheet are made of S355MC. The resistance
welding electrodes are made of CuCr1Zr. Three different sur-
face conditions of the sheet are investigated in order to obtain
a high degree of generality in the experiments:

1. As delivered
2. Grinded
3. Galvanized

The different surface conditions are shown in Fig.5. A
regular rolling skin can be seen in the surface condition: as
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Electrode (CuCri1zr)

Ring projection (42CrMo4)
Sheet (S355MC)
Projection centering

Electrode (CuCriZzr)

Fig. 4 Schematic resistance welding task with ring projection, sheet,
projection centering, welding electrodes, and the follow-up system

delivered. The sheets were grinded in order to evaluate in
general the influence of a layer. The zinc layer allows to
evaluate the influence of a low-melting layer.

The experimental investigations are performed on a portal
system KKP 18-MCS/gKE of the company KAPKON GmbH.
Four capacitor banks are available for capacitor discharge.
A peak current up to 210 kA can be realized in 2.1 ms. A
unique feature is the process-integrated transition resistance
measurement during CD welding. During the transition resis-
tance measurement, the CD circuit is disconnected so that the
measurement current flows solely through the welding task.
Additionally, the current flow in the welding process can be
interrupted. This results in different current profiles, which
have different current maxima /,, and current rise times ¢,
but always the same current rise rate (current curve to current
maximum /). The time ¢ at which the current flow is inter-
rupted is defined as the interruption time #;. This behavior is
shown in Fig. 6 for the surface condition As delivered.

The outer current curve shows the typical current curve
during the complete discharge of the capacitor bank. The
inner curves show the current curve with lower peak current
I, and lower currentrise time 7, when the capacitor discharge
is interrupted early. This is how an interrupted welding pro-

Fig.5 Image of the sheet
surface by optical microscope
and scanning electron
microscope (SEM)

As delivered

Optical microscope

cess is experimentally done. The capacitor bank was charged
with a voltage Uc = 1000 V. This capacitor bank has a capac-
ity C of 21 320 puF. According to equation Eq. 1 this results
in a charging energy of 10.66 kW s. This electrical charging
energy E,; allows the activation to be investigated since no
welding connection is established at an interruption time #;
= 0.4 ms and the upper limit of the welding range has been
established at an interruption time #; = 30 ms.

The upper limit is defined by the appearance of weld spat-
ter classes 2 to 3, according to [7, 14] and by imperfections
in the cross section. A total of 11 interruption times ¢; were
investigated per surface condition. Each interruption time
was repeated 7 times. A static press-out test was performed
for each experiment. A total of 230 experiments were evalu-
ated, as one false measurement was removed.

3.2 Numerical investigation

The finite element method (FEM) allows a local and tem-
poral assessment of the mechanical, thermal, and electrical
loads. Figure7 shows a schematic 2D axisymmetric repre-
sentation of the simulation model with the joining parts,
resistance electrodes, contact areas, and boundary condi-
tions. The temperature-dependent material properties and the
temperature-dependent flow stress curves are described in
[14, 34, 35]. An adaptive remeshing has to be considered to
avoid convergence problems because of the strong projection
deformations. Because of that, an iteratively coupled simu-
lation model for CD projection welding was developed at
the Technische Universitidt Dresden with ANSYS MECHAN-
ICAL APDL [14, 18]. The adaptive remeshing is described
in detail in [12, 30, 33]. Figure 8 shows the procedure of the
iterative simulation.

The input data are the electric current and the force as a
function of time based on experimental measurement data.
The initial force application is solved for #;,, =1 s at the
beginning. The result is the displacement and the contact
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;s . s o0 35 e Yy

100Hm

100ﬁm 100Hm
N & W A I
] S Y ]
s qadle -.%. ",‘”‘ ’ {
7Hm 7Hm

@ Springer



1762

Welding in the World (2024) 68:1757-1768

Fig.6 Current curves of the 120
interruption tests with different
interruption times #;, 7 tests n 100
per interruption test, 1 outlier,
surface condition: as delivered
80
<
£
€ 60
g
—
35
O
40
20
0

— t,=30.0ms
— t=22ms
— t,=2.0ms
— =1.8ms
— t=1.6ms
— t=14ms
— t=12ms
— =1.0ms

t;=0.8ms

t,=0.6ms

t;=04ms
n=76

pressure oc in the joining zone, so that for room tempera-
ture Tg the contact resistance R¢ according to equation Eq. 5
can be calculated for all contact areas according to Song in
[32]. The mechanical-thermal simulation is transferred to an
electrical-thermal simulation. The advantage of this is that
the mesh geometry and displacement are kept and this does
not have to be recalculated. The electrical-thermal simulation
is solved for a small time step At = 0.001 ms. The solu-
tion is a temperature distribution of the deformed geometry.
This temperature distribution is transferred to the existing
thermal-mechanical simulation. This simulation is then con-
tinued. In this way, a temperature-dependent deformation is
considered. This procedure is repeated until the end of the
simulation time is reached (here #;;,, =1.0024 s). In this
investigation, this is equal to 7,,.

(T T T
Rc(T,o¢) = 3¢ (GU(K )> . ('01( )+ p2(T) +,0film)

c 2
(&)

This temperature and contact pressure o¢ dependent con-
tact theory, according to Song, is validated for projection
welding of steel alloys [32]. The yield strength o, of the
soft material, the specific electrical resistances pj 2 of the
joining materials, and a film resistivity o f;;,, are considered.
Two numerical parameters are also considered. According
to Song, the numerical parameters £ and « describe the sur-
face properties. The contact theory has been validated in this
or a similar form in numerous numerical investigations for
resistance spot or projection welding [28, 31, 32, 34, 35]. Val-
idation is usually done by comparing the area over melting
temperature in the simulation and the area of the solidifica-
tion microstructure in the experiment (spot weld geometry).
As mentioned above, the joint in CD projection welding is
not necessarily formed via the molten phase. Therefore the
simulation is adapted to the experiment via the transition

@ Springer
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voltage of all single contact areas [14, 18]. In the experi-
ment, the transition voltages between Electrode-Projection
(EP) Ugp, Projection-Sheet (PS) Ups and Sheet-Electrode
(SE) Usg are measured. The transition voltages are cor-
rected by subtracting the induced voltage of the CD welding
machine [36]. The principle measurement setup is described
in [14]. In order to adapt the simulation to the experiment,
the numerical parameters £ and « from equation Eq.5 are
varied in a time-dependent manner in the numerical process
simulation, so that the voltage curve matches the experiment
[14]. In Table 1, are listed values of numerical parameters
& and k. k is constant 0.5, according to Song’s recommen-
dations [32]. In Fig.9, is the adjustment of the transition
voltage up to the current maximum /, shown. High simu-
lation times are required because of the permanent adaptive
remeshing. Therefore, the simulation is terminated when the
current maximum is reached at approx. 2.4 ms.

Electrode (CuCri1Zzr)

Contact Area 1 (EP)

Ring Projection (42CrMo4)

sy Contact Area 2 (PS)
Contact Area 3 (SE)

Sheet (§355MC)

Electrode (CuCri1Zzr)

Uy=0, ¢ = 0V

Fig. 7 Schematic 2D axisymmetric representation of the simulation
model with the joining parts, electrodes, contact areas, and boundary
conditions
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Fig.8 Procedure of the iterative process simulation for projection welding

4 Results
4.1 Experimental results
4.1.1 Transition resistance

The transition resistance measurement is carried out by a
laboratory current source. This is integrated into the weld-
ing process so that measurements can be performed before
and after welding. For this purpose, the welding circuit of
the capacitor discharge is mechanically disconnected auto-
matically during the measurement. The measurement is
performed in reference to [37]. The measuring current is 60A
and the measuring duration is 15s. An averaged electrical

Table 1 Variation of the numerical parameters depending on the contact
areas

tins K Egp Eps ése

0.0002 0.5 220 0.0100 55.0
0.0004 0.5 140 0.1000 55.0
0.0006 0.5 130 2.5000 55.0
0.0008 0.5 120 3.5000 55.0
0.0010 0.5 110 1.0000 57.0
0.0012 0.5 110 0.0030 57.0
0.0014 0.5 105 0.0010 57.0
0.0016 0.5 105 0.0009 65.0
0.0018 0.5 100 0.0006 65.0
0.0020 0.5 95 0.0005 65.0
0.0022 0.5 96 0.0004 69.0
0.0024 0.5 98 0.0004 69.5

> Electrical-thermal simulation

voltage of the last 5 s is formed and then the transition resis-
tance is calculated. The results of the transition resistance
measurement R7 after welding for the surface condition As
delivered are shown in Fig. 10. An instantaneous drop of all
transition resistances Ry can be observed at an interruption
time of #; = 0.4 ms. The behavior is similar for the other sur-
face conditions. The transition resistance Rg before welding
for the Electrode-Projection (EP) contact areais Rg p =48.44
pV £ 0.13 uV. The transition resistance Rx before welding
for the Projection-Sheet (PS) contact area is Rps = 35.13
puV £ 0.16 uV. The transition resistance Rx before welding
for the Sheet-Electrode (SE) contact area is Rgg =79.69 uV
=+ 0.25 uV. Based on the values before welding, it becomes
obvious that a significant drop in the transition resistance
already occurs from an interruption time of 0.4 ms. These
become smaller with increasing interruption time #;. Small
transition resistances Ry indicate bonded material connec-
tions, but at 0.4 ms no material connection was produced for
any surface condition. This already indicates the beginning
of surface activation, since the interfaces of the joining parts
are getting closer and the transition resistance R7 is therefore
decreasing.

4.1.2 Destructive testing

The ring projection is pressed out of the sheet during the
press-out tests and the maximum force Fz is measured. In
Fig. 11 the press-out forces Fz are shown with standard devi-
ation for all interruption times #; and for the different surface
conditions. A maximum force Fz of approx. 30 kN is deter-
mined for all surface conditions. An unacceptable spatter
class is determined for the surface condition As delivered
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starting at 2.2 ms according to [7, 14]. This is determined for
the surface condition Grinded from an interruption time of
1.8 ms and for Galvanized from 1.4 ms. Under consideration
of the spatter class, the surface condition As delivered reaches
the highest press-out force Fz. The galvanized surfaces reach
the lowest maximum press-out force Fz of approx. 20 kN.
A material connection can only be determined from 0.8 ms,
irrespective of the surface condition. At this point, the ques-
tion is if the material connection was created by a surface
activation with metal vaporization. If the material con-
nection is created without metal vaporization, then the
activation according to [7, 8] is not necessary for the pro-
duction of the material connection for short-time welding
processes. To figure this out, the material connections are
analyzed by SEM and the power density j, in the joining
zone is determined in the process simulation.

4.1.3 Microstructure

The sheet material is a thermomechanically rolled struc-
tural steel S355MC with a fine-grained microstructure.
The 42CrMo4 projection component has a ferritic-pearlitic
microstructure. The elemental content of manganese, molyb-
denum and chromium in the projection component (42CrMo4)
is higher than in the sheet component (S355MC) in SEM-

EDX images, e.g., by the line scan L1 from Fig.12: a
normalized mass concentration of 1.11 % manganese in the
projection component to 0.22 % in the sheet component was
determined. This is an interruption time #; of 0.8 ms, where
the first time a material connection is created. A transition
range of the normalized mass concentration of manganese,
chromium , or molybdenum can be detected by the line scan
L1 within the joining zone (see Fig. 12). The thickness of the
transition area (diffusion zone) is 2 um to 4 pm and is indepen-
dent of the surface condition. This confirms the hypotheses
that the material connection is established via the atomic
proximity of the activated surfaces and not via the molten
phase. A solidification structure cannot be detected.

Figure 13 shows an SEM-EDX image of the edge area of
the joining zone at an interruption time #; of 0.8 ms. The gal-
vanized sheet surface outside the joining zone can be clearly
seen. No zinc can be detected in the center of the joining
zone. In the outer area of the joining zone, the zinc surface is
melted but not pushed out of the joining zone. A normalized
mass concentration of zinc of 1.01 % is detectable at mea-
suring point M 1. No more zinc is detectable in the outer area
starting at #; of 1.0 ms. This confirms also the hypotheses
that the material connection is established via the atomic
proximity of the activated surfaces and not via the molten
phase.

Fig. 10 Transition resistance Tg 16
of the individual contact areas
per interruption time for the

surface condition: as delivered

Transition resistance in uQ
o]

0.4 0.6 0.8

@ Springer

Il EP - Electrode-Projection

[ BB - Projection-Sheet

[ SE - Sheet-Electrode
n=76

1.0 1.2 14 1.6 1.8 2.0 2.2 30.0
Interruption time in ms



Welding in the World (2024) 68:1757-1768

1765

Fig. 11 Static press-out forces 40
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4.2 Numerical results

The development of the maximum temperature 7 in the pro-
jection cross-section is shown in Fig. 14. The temperature T’
increases by approx. 50 K within 0.4 ms at the beginning.
Almost no deformations of the projection can be observed.
The temperature increases more strongly from a simulation
time fi,, of 0.4 ms. For #g;,,, = 0.8 ms, maximum temperatures
T of 750 K are observed in the projection cross-section. From
tsim = 0.8 ms, the temperature 7 does not increase until 1.0
ms. This is due to the phase transformation, which is consid-
ered by the temperature-dependent material data (see specific
enthalpy /vy in [14, 18]). After f;,, = 1.0 ms, the temperature
T continues to increase and reaches a maximum of 2020 K at
tsim = 2.25 ms. The evolution of the temperature distribution

0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 300
Interruption time in ms

in Fig. 14 shows that the temperature 7 always increases in
the outer region of the projection since the current density j
is also the highest here. That’s why the projection geometry
must be selected in such a way that surface activation in the
center of the projection is enabled by a small contact area.
The analysis of the temperature distribution indicates that
surface activation starts in the outer area of the contact zone.
The power density j, in the joining zone indicates if metal
vapor formation is possible. A differentiation is made in laser
beam welding between keyhole and penetration mode weld-
ing. An outgoing metal vapor can be seen at the metal surface.
The laser beam is reflected several times within the vapor
capillary [16]. Power densities j, between 1 MW/cm? to 5
MW/cm? are necessary to form the metal vapor during laser
keyhole welding [15-17]. The maximum current density j

Fig. 12 SEM/EDX of the projection welded joint with surface condition As delivered at an interruption time #; of 0.8 ms. Result from the line scan
L1: a normalized mass concentration of 1.11% manganese in the projection component to 0.22 % in the sheet component
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Fig. 13 SEM/EDX of the projection welded joint with the galvanized surface at an interruption time #; of 0.8 ms. Result from the measuring point
M 1: normalized mass concentration of zinc of 1.01 %

Fig. 14 Development of the
maximum temperature and
distribution of the numerical
process simulation. The
temperature distribution in the
cross-section is shown at certain

points in time
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was multiplied by the voltage drop across the contact area
Projection-Sheet (PS) Upg to estimate the maximum power
density j, acting in the joining zone during CD projection
welding (see Eq. 6).

Jp=1J Ups (6)

The distribution of the power density j, in the joining zone
as a function of the simulation time f;,, = 0.8 ms and 1.0 ms
is shown in Fig. 15. The power density j, is only displayed
in color from 1.0 MW/cm? and indicates metal vaporization.

The vaporization starts at the outer edge of the contact
area and continues inwards. The power density j, in the
entire contact area reaches values above 1 MW/cm?, the limit
value for metal vapor formation, from a time of one millisec-
ond [15-17]. The material connection is created by the
formation of metal vapor during CD projection welding.
In the future, the effect of projection geometry, material, and
machine characteristics (force generation, resetting, rate of
current rise) can be evaluated simulatively.

5 Bonding mechanism in short-time welding

Resistance short-time welding processes are characterized
by such high power densities j, that the material connec-
tion is created by the atomic proximity of activated surfaces.
The surfaces are activated by metal vapor formation in resis-
tance short-time welding. Power densities j, higher than 1
MW/cm? are required in the joining zone to form a metal
vapor. To achieve a high power density (> 1 MW/cm?)
for the activation of the surface, very high time gradients
are required, which leads to very short welding times. For
this reason, these types of resistance welding processes are
referred by the term short-time welding. Since short-time
welding is defined in terms of time randomly, the description
via the physical phenomena is more convenient, e.g., metal
vapor welding or sublimation welding. The material con-
nection can be made by metal vapor formation only. With
increasing interruption time 7, this effect is extended by the
suppression of the molten phase in the joining zone. This
explains why the press-out force Fz increases and if the
power density j, is too high, heavy weld spatter occurs.

6 Conclusion

The term resistance short-time welding was physically
described within the scope of the investigations. Experi-
mental and simulative investigations were performed. Three
different surface conditions were considered so that the find-
ings are generally valid (As delivered, Grinded, Galvanized).
Resistance short-time welding is defined as a process in

which the power density j, is so high that surfaces are acti-
vated by metal vaporization. The material connection is then
formed by plastic deformation of areas close to the surface
when the parts are pressed together. The material connection
is not formed via the molten phase. No solidification structure
and therefore no nugget can be detected in the cross-section.
Quality requirements should be considered according to the
bonding mechanism since no nugget can be measured.
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