Welding in the World (2019) 63:1195-1203
https://doi.org/10.1007/s40194-019-00744-x

RESEARCH PAPER

Heat development of the contact area during capacitor

discharge welding

Max-Martin Ketzel’

®

Check for
updates

- Martin Hertel " - J6rg Zschetzsche' - Uwe Fiissel

Received: 3 December 2018 / Accepted: 3 May 2019 /Published online: 23 May 2019

© International Institute of Welding 2019

Abstract

Capacitor discharge welding primarily applies to projection welding. Components with ring projections up to 200 mm diameter
can be welded with peak currents up to 1000 kA and welding times less than 10 ms. Weld nuggets are expected to occur, as the
CD-Welding belongs to resistance welding. Although the required strength is given, welding nuggets in cross-sections cannot
invariably be verified. According to recent researches, joining occurs without a welding nugget, but with metal vaporisation and
linked activation of the surfaces. This process is called short-time welding with high thermal current density. The type of the
welded joint depends on the heating properties in the weld zone. Different welding energies, electrode forces and welding times
result in different welded joints. The process-specific advantages can be taken, and new application areas for CD welding can be

developed by knowing the cause-and-effect relationships.
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1 Introduction

Capacitor discharge welding (CDW) is one of the oldest
welding processes. As early as 1766, the potential of energy
stored in a capacitor was recognised for joining [1]. According
to [2, 3], it is assigned to pressure welding with current as
source of energy. Therefore, CDW belongs to resistance
welding processes. It is usually used for projection welding
which also belongs to resistance welding processes.
Components with ring projections up to a diameter of 200
mm can be welded with peak currents up to 1000 kA and
welding times less than 10 ms. There are several advantages
of CDW. The energy input per welding is constant and does
not depend on the resistance of the joint. Compared with
welding with AC or DC sources, the workload of the electrical
grid is low due to slow charge of the capacitors within breaks
between the welds. Since the welding times are very short
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(< 10 ms), there is almost no heat conduction during the
welding process. Therefore, heat influence on the surrounding
material is very low. That is why CDW is qualified for hard-
ened and tempered gear wheels, material combinations with
high CEV values and parts with high surface requirements (for
example high-alloy steels without priming paints). [4—6]

As CDW is classified as a resistance welding process, the
formation of a weld nugget without expulsions can be expect-
ed, as usual with resistance projection welding [7]. Usually, at
CDW, there are little expulsions while cross sections do not
show weld nuggets but joints without dilutions between the
base materials of the joining partners, although the required
strength is given. Figure 1 shows a comparison of projection
welded nuts with DC welding and CD welding.

The new knowledge of the CDW process, which is called
“short time welding with high heat flux density”, can explain
this behaviour [10]. According to recent researches, joining
occurs without a weld nugget but with metal vaporisation and
linked activation of the surfaces.

2 Welding experiments and results
There are many possible projection geometries [11-13]. In

order to explore process fundamentals, a simple projection
geometry (Fig. 2) is used for welding experiments. The
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(25CrMo4) to sheet metal (42CrMo4) with CDW (4800 Ws) [9]

materials for the specimen are S235JR for the projection ge-
ometry and 22MnB5 + AS150 (hot-stamped) with
sandblasted surface (sandblasted in a blast cabinet with corun-
dum and handheld gun) for the sheet metal. The chemical
compositions of the tested materials are shown in Table 1.
The experiments are welded with a CD-welding-machine with
the properties:

— Max. loading energy 12,000 Ws

—  Max. electrode force 30 kN, servo-electrical actor

—  Follow-up mechanism (Nachsetzeinheit) with four belle-
ville springs, ¢ = 3.1 kN/mm

—  Transformer ratio @ = 20, time to peak current £, = 1.9
ms, welding time #, = 4.2ms

During the experiments, the welding force and the loading
energy are changed in order to create a weldability lobe. At first,
a high welding force (= 18 kN) is chosen. Then specimens are
welded with increasing loading energy (starting at 500 Ws in
steps of 250 Ws). If there are too much expulsions (subjective
assessment) the welding force is reduced (by 2.5 kN in settings,
machine does not work correctly, Figure 4 shows measured
values) and the loading energy starts again at 500 Ws.
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Fig. 1 Left: projection welded nut (19MnB4) to sheet metal (CP800) with DC (Ig = 20 kA, t5100 ms) [8]; right: weld specimen with projection

During the experiments, data recording of welding current
and electrode voltage with 200 kHz sampling rate are mea-
sured. The data of the electrode voltage is corrected computa-
tionally from the interference voltage which is induced as a
consequence of the great changes in amperage during the
welding process [16]. Furthermore, high-speed-recordings
with 20,000 fps are taken synchronously to the data recording.

The welds are destructively tested by the chisel test in com-
prehension to [17]. Therefore, the specimen is mostly stressed
with a mechanical strain in normal direction [17]. The result of
the chisel test is the type of failure and geometric data of the weld.

There are two possible results of the chisel test at this in-
vestigation, a ring weld and a plug failure. Ring welds are
characterised by a fracture area in the form of a ring at the
edge of the projection. Plug failures occur when the maximum
shear stress of the sheet metal material is reached. As the
failure plane is bigger at plug failures (approximately plug
circumference multiplied with sheet thickness), the loadability
is higher at this type of failure. During the welding process,
expulsions are subjectively assessed. In order to objectify this
assessment, video recordings of the welding experiments are
taken (freeze images from the videos are shown in Fig. 3). The
expulsions are categorised into four classes: from class 0
(without visible expulsions) to class 3 (high amount of

Fig. 2 Left: technical drawing of the single projection and sheet metal; right: turned single projection with laser cut sheet metal
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Table 1 Chemical composition ] . .
of the tested materials [14, 15] C Mn Si p S Al Ti Cr B Mo Cu Ni
S235JR Min. - - - - - - - - - - -
Max. 0.19 1.5 - 0,045 0,045 - - - - - 06
22MnB5  Min. 022 12 02 - - 0.02 0.02 0.11 0.002 - -
Max. 025 14 03 0.02 0.005 0.05 0.05 02 0.0035 0.1 0.1 0.1

expulsions which partly glow longer than 1 s). Comparing the
experiments to these recordings allow a classification for ev-
ery welding.

The weldability lobe (Fig. 4) shows obvious decreasing
loadability (type of fracture) and trend of expulsion with in-
creasing welding force plus increasing loadability and trend of
expulsion with increasing loading energy.

In order to understand the physical fundamentals, a simu-
lation model is needed because processes within the joint
plane cannot be resolved locally by measuring. The finite-
volume-method (FVM) is used for the simulation. The model
is created halved and two dimensional as it is usual for
rotationally symmetric components. Figure 5 shows the model
rotated out. Joule heating, charge conservation, i.e. the current
density distribution depending on bulk resistances, contact
resistances and temperature-dependent material properties

expulsion class description

0 no expulsions

a few sparks/

1 .
expulsions

5 more
expulsions
many and

3 big
expulsions

Fig. 3 Expulsion classes

are implemented. The contact resistance (ECR) is determined
by Eq. 1 with the contact pressure P (determined of the mea-
sured welding force and the theoretical contact area), the
thickness d of a thin, artificial contact layer (commonly set
as 0.05 mm), factor K for adjustment in the existence of Al
oxide layers (is set to 1.0) and the material- and temperature-
dependent parameters og (yield stress of the softer material)
plus the electrical resistivity (pr1(7) and pro(T)) of both ma-
terials in contact [18]. The distribution of the contact resis-
tance is assumed as constant. The simulation model is not able
to describe deformations but current densities and heat devel-
opment in the joint plane.

ECR(T, P) = 3d(0s(T))K(pm(T) + pRz(T))

P 2 ()

image

freeze
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Fig. 4 Weldability lobe of the single projection with the results of the chisel test and the classification of the expulsions

3 Discussion of the results

To analyse the welding results in further detail, cross sections
were produced. Figure 6 shows a cross section of a single
projection whose welding parameters caused ring welds (7 =

10 kN, E = 750 Ws). The right part of the figure was taken
after polishing but before etching, and the left part was taken
after etching. On the polished part, there is a continuous tran-
sition between the edge area of the projection and the sheet
metal, but in the middle of the projection, there is a lack of

fusion. On the etched part, no dilutions are visible. As a result,
there is no weld nugget after the CD welding process.
Simulation of the process can illustrate the temporal and local
formation of the current density j. The current density got an
inhomogeneous distribution (Fig. 7) even due to geometry, be-
cause the current is like a flow and the welding zone (in pro-
jection welding) like an orifice plate. The current/flow velocity
is always higher at the edge of the projection area/orifice plate.
The local heat flux density g, which occurs due to the current
pulse of the capacitor discharge and which causes the heating in

current density, homogeneously distributed

| } |

|

contact resistance
in joint plane

oV

Fig. 5 Finite-volume-method simulation model of the singe projection
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Fig. 6 Cross section of a welded single projection /' = 10 kN, E = 750 Ws, left: after etching; right: before etching

the joint plane, is proportional to the square of the current den- Due to very high currents and current gradients, the heating
sity (Eq. 2, with resistance R of the contact and the material as  rate is also very high. The local heat, which occurs due to high
constant of proportionality, current-carrying area A). local current density, can barely conduct to the surrounding
. areas, caused by short welding time. As a result, there is a high
g= Q — R ) difference in temperature between the edge area and the inner
A part of the joint plane. The simulation shows a temperature

J

dirt particles

' : _ =— adsorption layer

R oxide layer

Rcontact

base material

temperature [K] Im I

| | steel:
melting point: 8, = 1800K

PSS ST S boiling point: 9, = 2800K

Fig. 7 Current density distribution and heating in the single projection; layers of a technical surface [19, 20]
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higher than the boiling point of steel at the edge of the projec-
tion while the inner material of the joint plane is not molten
yet. The metal vaporisation starts at the outer edge of the joint
plane. During vaporisation, iron expands by about 33,000
times (estimated number, based on the volume of the vapour
at boiling temperature and the volume of the solid state at
room temperature). As a result, the metal vapour is massively
accelerated. Disturbing layers (outer boundary layer, compare
Fig. 7), which prevent formation of the joint, are removed,
because the metal vaporises right under the oxide layers.
The vapour takes along the oxide layers during the expansion.
New oxide layers cannot emerge because of the chemical
reductive behaviour of the hot metal vapour. Existing molten
metal is also taken away. The joint is formed by pressing the
activated surfaces together by the electrode force. The atoms
of'the joining partners get closer than the lattice constant of the
unit cell (a few 10~''m) and this results in a material joint [21].
There are always sudden micro-expulsions right before the
current peak (Fig. 8). This type of expulsion is only visible in
magnified high-speed-recordings. They occur even at expul-
sion class 0 without any macroscopically visible expulsions.
The speed of these microscopic expulsions can be estimated
up to 50 m/s (180 km/h) based on the distance the glowing
particles pass within two pictures and the frames per second.
This high speed can only be reached by metal vaporisation
together with a huge expansion of the vapour. The micro-
expulsions are regarded as evidence for metal vaporisation.
Furthermore, during CD welding high power is trans-
formed (Fig. 8). With the power and the area of the joint plane,
an average (related to the area of the welding zone A) power
density can be calculated. The following calculation applies to

the example in the moment of the power peak P:

P

\'Y
L . 6
9 =370 3)

The estimated average power density Z] causes the forma-
tion of a keyhole (caused by metal vaporisation) during laser

beam welding [7]. In this calculation, the described inhomo-
geneous distribution of current density (Fig. 7) is ignored. The
occurrence of metal vaporisation is proven by the simulation,
the high-speed recordings and the measurement of the peak
power.

The high current density in the edge area explains ring
welds (Figs. 6 and 7). Plug failures indicate complete welded
joint planes, but cross sections of chisel-tested welds (with
plug failures as the result) show material joints only in the
edge area of the projection, as well as ring welds (Fig. 10,
right). Therefore, the maximum shear stress of the sheet metal
was reached before the maximum normal tensile stress in the
weld was reached during the chisel test. Nevertheless, it is
possible to produce complete welded joint planes according
to previous investigations [10].

Two hypotheses for the growth of the joined zone are for-
mulated. The first hypothesis relates to the growth of the weld
to the middle of the joint plane. The heat conduction is min-
imally conducive to heat the non-activated areas, because of
the very short welding times. At the edge of the projection,
metal vapour leaks under atmospheric pressure whereby the
electrical conductive contact area decreases, as the metal va-
pour has very low electric conductivity [22]. The current flows
through the progressively reduced area. There is always a
higher current density at the edge of the contact area followed
by metal vaporisation and activation of the surface. Therefore,
the activation of the surface always starts at the edge and
moves to the centre of the projection. This stops when the
welding force decreases and the follow-up mechanism accel-
erates due to the ohmic heating of the joining partners linked
with softening and material loss caused by vaporisation. The
follow-up motion rebuilds the welding force. Then the acti-
vated areas are pressed together while molten material is
pushed out of the joint plane. A material joint occurs, the
contact resistance is eliminated, the current decreases steadily
and therefore the current density decreases, too. The assumed
process is illustrated in Fig. 9.

71071V
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— welding current

— electrode voltage
power

60 210

10 140

power P/kW

20 70

4 5 6 7 8 9

time ¢/ms

Fig. 8 Example of a welding with £ = 1000 Ws and F = 13.2 kN, left: high-speed-recording at the signed time with micro-expulsions; right: parameter

course
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Fig. 9 Left: heating due to very high current density leads to metal
vaporisation, starting shortly before the current peak is reached; middle:
Area with metal vapour cannot conduct the current, current flows more to
the middle of the joint plane, current decreases, depending on the heating

The bigger the difference between welding force (the pre-
load force in the springs of the follow-up mechanism) and
electrode force (the force which can be transmitted by the joint
area) the bigger the acceleration of the follow-up mechanism
is. The metal vaporisation achieves more progress at greater
current gradients, as the peak current is higher in the same or
shorter time. Without changes at the machine, the current gra-
dient is higher—connected with higher peak currents in the
same time by using more loading energy [23].

Accordingly, ring welds occur, when the metal
vaporisation does not move to the centre of the joint plane
and only the edge area is activated. Plug failures are formed,
as soon as the area of the joint is big enough and the strength
of the joint is higher than the maximum shear stress of the
sheet metal material. In order to provide evidence for this, the
average width of the annulus is assessed at the chisel-tested
welds which are welded with F=13,2kN and E =500Ws/
750Ws/1000Ws/1250Ws. The broken ring weld is used for

e —

Fig. 10 Measuring method of the ring width at ring welds and plug failures

v v v v v v v v v v

more metal vaporisation occurs, electrode force decreases; right: follow-
up mechanism accelerates and pushes joining partners together, current
and current density decreases, no more metal vaporisation occurs

measurement (the annulus is measured at two spots,
Fig. 10). The cross sections of the plug failures are used in
order to assess the annulus of the material joint (Fig. 10). The
results are shown in Fig. 11. The higher the loading energy, the
bigger the width of the annulus is, but measurement of the
diameter of the lack of fusion shows only a small reduction
in this investigation. Obviously, the ring-shaped weld grows
more outwards than to the middle of the joint plane.

The second hypothesis relates to the outward growth.
When the electrodes accelerate and push together the activated
surfaces, molten material is pushed out of the joining zone.
Material, which is soften, is displaced plastically to the outside
of the welding zone. Oxide layers are displaced out of the
joining zone, too, during this plastic displacement. This pro-
cess is comparable with friction welding. The greater the en-
ergy converted in the joining zone, the more material is soft-
ened and plastically deformed. Furthermore, the more material
is softened and plastically deformed, the closer the weld parts

@ Springer
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Fig. 11 Ring width and diameter of lack of fusion depending on loading energy at constant welding force ' = 13.2 kN.

are pushed together. The difference of the measured distance
between the upper and the lower electrode before and after
welding (travelled way of upper electrode) proves this process
(Fig. 11). The ring width also grows because of the projection
geometry, i.e. the angle of 90 degrees. The closer the weld
parts are pushed together, the bigger the welding zone gets.

4 Conclusion and outlook

This paper examines the formation of joints at capacitor dis-
charge welding. It provides evidence for metal vaporisation
due to high current density at the edge area of the geometry of
welding projections. Furthermore, the paper describes two
hypotheses for the process of the growth of the welding zone.
At first, the increased current density moves to the centre of
the projection as the electric conductivity of metal vapour is
very low. Therefore, the metal vaporisation can activate the
whole joint plane, starting at the edge of the projection. The
force of the electrodes presses the activated surfaces together.
Consequently, the joint occurs. Secondly, the softened mate-
rial is displaced plastically, and the weld grows comparable
with the process of friction welding (solid state welding).
These hypotheses need further investigations.

In cross sections, there are no weld nuggets, as the joints
are formed without dilution of molten material, which is taken
out of the joint plane due to accelerated metal vapour or is
extruded by the follow-up motion of the electrodes. As a re-
sult, weld nuggets cannot be an acceptance criterion for the
destructive-testing with cross sections. Destructive testing
with a quantifiable result, e.g. normal tensile test, is more
useful. Furthermore, micro-expulsions have to be accepted,

@ Springer

since they are linked to the metal vaporisation. Expulsions
can be tolerated with suitable constructive measures (e.g. a
barrier that protects critical parts from expulsions). An
expulsion-free (macroscopic) CD process can be done with
variations of the process [23]. In order to deepen the knowl-
edge of CDW, the simulation model will be extended by the
deformation of the joint plane during welding. Therewith,
findings of appropriate projection geometry and temperature
distributions are useful, in order to retain CDW’s status as an
efficient and reliable welding process while expanding its field
of application.
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