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Investigations

Zygmunt Mikno

Cross Wire Projection Welding of Aluminium Alloy Bars

(FEM 2.5D Calculations)

Abstract: The research described in the article involved the analysis of the cross
wire projection welding of bars in relation to a conventional, i.e. pneumatic and
a servomechanical electrode force system. The analysis was performed using
Sorpras (2.5D model) software. Numerical calculations involved bars made of
aluminium alloy 5182 (¢ 4.0 mm) as well as to various values of electrode force
(pneumatic system) and electrode travel (servomechanical system). The analy-
sis involved the projection height reduction before and during the flow of cur-
rent, the waveforms of static slope resistance, momentary power, weld diameter
and the volume of molten material. The research aimed to optimise the process

in relation to electrode force and/or electrode travel control in order to obtain
such control of welding power space distribution so that energy could be con-
centrated in the central zone of the weld, where the use of the pneumatic system

resulted in the obtainment of incomplete fusion instead of penetration. The ar-
ticle provides general recommendations concerned with the optimisation of a

welding process involving the use of a servomechanical electrode force system.
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Introduction

Because of characteristic, naturally formed or
intentionally made projections, the welding of
bolts nuts or sheets/plates with embossed pro-
jections as well as the short-circuit butt weld-
ing of bars or the cross wire welding of bars is
treated as projection welding. Projections trig-
ger an appropriate flow of current and ensure
the proper course of the welding process. The

article is concerned with the cross wire projec-
tion welding of bars.

In addition to the value of welding current
and the time of welding current flow, electrode
force is a parameter related to the resistance
welding process, particularly important in pro-
jection welding. When applying the process
of cross wire projection welding (particularly
in relation to aluminium alloys), particularly
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when combined with the use of the conven-
tional, i.e. pneumatic electrode force system, it
is very difficult to obtain the complete (molten)
weld nugget.

The pneumatic electrode force system is char-
acterised by significant inertia entailing various
problems particularly unfavourable when fast
changes in electrode force are needed. For this
reason, the value of electrode pressure during
welding is usually constant. As a result, exces-
sive electrode force results ultimately in the ex-
cessive deformation of welded elements (bars).
In turn, insufficient electrode force may result
in the formation of welded joint imperfections
(high temperature in the electrode-welded ma-
terial contact area or liquid metal expulsion). In
addition, in terms of pneumatic force systems,
the value of force results from pressure set in
a pneumatic cylinder, where the travel of elec-
trodes results from this force and the changing
mechanical resistance of welded materials af-
fected by the metallurgical process.

An alternative solution could involve the
use of another method enabling the exertion of
force on elements being welded [1-6]. The arti-
cle presents the comparison of the conventional,
i.e. pneumatic electrode force system with the
new, i.e. servomechanical force system. Availa-
ble scientific publications do not contain infor-
mation about such a manner of electrode force
and electrode travel control as that presented
in this article [7-9]. Publications [10] and [11]
contain certain results concern-
ing the issue presented in the
article and connected with the
cross wire welding of bars.

This article constitutes part of
extensive research on the weld-
ing process analysed in relation
to the application of changea-
ble electrode force during the
flow of current or in relation to
the control of electrode travel.
The new welding process con-
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a servomechanical system. The tests performed
and described in this publication involve the
SorpAs 2.5D computational model.

Numerical Calculations

The numerical calculations were made using
the SOrRPAS software programme (model 2.5D
and 3D) [12] enabling the performance of com-
bined thermal (electric and mechanical) analy-
ses. The 2.5D software programme model used
in the calculations features a module enabling
the complex analysis of a new solution, i.e. the
control of welding machine electrode force us-
ing a servomechanical system. The obtained
calculation results were used to identify the
direction of welding process optimisation in
relation to cross wire welding and force exert-
ed by the servomechanical system. The calcu-
lations also involved the use of the 30 model,
characterised by better process representation
and higher computational accuracy. Howev-
er, because of the lack of essential functions in
the 30 model including the detection of expul-
sion or the course of electrode force as regards
the control of electrode movement, the process
optimisation was clarified using the 2.5p0 mod-
el and the results obtained using the 30 model
were treated in the analysis as supplementary.
The cross wire projection welded joint is
characterised by a very thin layer of molten
(welded) material. In the above-named pro-
cess, the weld is frequently formed in the solid

»

Upper bar
Upper electrode
Weld

’ Upper bar (temp. 577-638°C)

-~

Lower bar

b)

trol method involves the use of

8

BIULETYN INSTYTUTU SPAWALNICTWA

Fig. 1. Temperature distribution in the welding area (3D model)
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state at a temperature below the melting point.
The foregoing results from the specific course of
the process, i.e. the melting of the material and
the pushing the plasticised material outside the
weld in the direction resulting from the elec-
trode force. In such situations the weld takes a
shape as presented in Figure 1a (ring weld, the
lack of fusion in the central part).

The calculations involved bars made of al-
uminium alloy 5182 having a solidus temper-
ature of 577°c and a liquidus temperature of
638°c [12]. The chemical composition of bars
grade Al 5182 is presented in Table 1.

Table 1. Chemical composition of welded materials, i.e.

bars grade Al 5182
Al (max.) Mn (max.) Mg (max.)
95.2 0.35 4.5

The results of numerical calculations indicat-
ed the formation of the ring weld, which im-
peded the performance of comparative analysis
in relation to various welding parameters. For
the purpose of better demonstration and de-
tailed process analysis, in the FEM calculations
the weld area was marked using an isother-
mal line representing a temperature of 530°C
(Fig. 1b), the temperature below the melting
point of the aluminium alloy subjected to the
tests. It was assumed, following the statement
by the author of publication [13], that the above-
named temperature enabled the obtainment of
a proper welded joint, further referred to as the
weld and including the material above a tem-
perature of 530°C.

Computational Model

The FEM computational model (2.5D) related
to the cross wire projection resistant welding
of bars is presented in Figure 2. The model in-
cluded the following assumptions: copper elec-
trodes (A2/2), welded material in the form of
aluminium bars AA5182 (designation in ac-
cordance with the SOrrAs software database
[12]) having a diameter of 4 mm and a 2.5D
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numerical model (1600 elements). The analy-

sis included the pneumatic and servomechani-

cal electrode force systems. The criteria adopted
for calculations were the following:

1. maximum temperature at the point between
the electrode and the welded bar: 500°c
(mesh node no. 494 Fig. 2),

2. depth of bar penetration: max. 20%

(Al=1.6 mm),

3. lack of expulsion,

4. lack of deformation (bending) of bars,

5. maximum time of primary current flow: 60 ms.
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Fig. 2. FEM computational model related to the
(cross wire) welding of aluminium bars (5182)

Process Parameters

Numerical calculations related to the pneumat-
ic force system were performed within a wide
range of welding current values, i.e. 8-12 kA
(every 2 kA), force 1.5 - 0.5 kN (every 0.5 kN)
and the primary welding time amounting 60 ms
and, additionally, “up-slope” (current increase
time) amounting to 3 ms, for each combination
of parameters [14], [15]. The remaining weld-
ing technology parameters included an ini-
tial force time of 20 ms and a final force time
of 100 ms. The numerical calculations took
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into consideration a Dc inverter welding ma- performed in relation to the servomechani-
chine (1 kHz). The process optimisation was cal force system for the lowest analysed val-
ue of current in relation to the
pneumatic system, i.e. 8 kA and,
additionally, in relation to a low-
er value of 6 kA. The numerical
calculations were continued un-
til the occurrence or the exceed-
ing of one of the assumed criteria.

Pneumatic force system, bars ¢=4 mm, Al. 5182
= 0ms, F=1500N e |

s — e - - —

Results of Numerical
Calculations

The results of the numerical cal-
culations (in relation to alumin-
ium bars 5182) are presented in
Figures 3-5 and in Table 2. Fig-
ure 3 presents the distribution of
temperature in the welding area,
@) | inrelation to the pneumatic force

Fig. 3. Temperature distribution in the welding area, in relation to aluminium system, at the end of the Welding
bars (5182) and the pneumatic force system, at the end of the welding process process (entire model) as well as

Table 2. Welding parameters, characteristic process-related quantities- FEM calculations (model 2.5D)

0 —~ b3 )
L é I g‘% L § g .—% b>5 § %8)
S| £ |2y 5 |E5| £ B 5 <7
S 39 = v 8| & 9 . g . Remarks

No.| ¥ S © k= § g % G} = : F

= = E & - = = N
o kA ms kN mm | mm’ | kJ °C

1 2 3 4 5 6 7 8 9 10
Pneumatic electrode force system

1 | Olal | 8.0 | 3+60 2.1 234
2 | 01a3 | 10.0 | 3+60 1.5 23.0 | 322
3 | 0la5 | 12.0 | 3+60 48.9 | 328
4 | 1blb | 8.0 | 3+37 240 | 188
5 [ 1b2b | 10.0 | 3+17 1.0 12.1 143
6 | 1b3b | 12.0 | 3+12 14.2 | 145
7 | 1clb | 8.0 [ 3+27 13.2 | 167
8 | 1c2b | 10.0 | 349 0.5 6.0 94
9 | 1c3b | 12.0 | 3+4 6.1 66
10 | 01b0 [ 6.0 | 3+60 1.0 3.7 183

L Servomechanical electrode force system

11 [ 1lal 3+32 | servol 16.6 | 184 | 435

12 | 21a2 3+57 | servo4 12.7 | 193 395
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in relation to various values of welding current
and electrode force. Lines 1-10 of Table 2 pres-
ent the results concerning the pneumatic force
system, whereas lines 11 and 12 those related to
the servomechanical force system. The red col-
our both in Fig 3 and Table 2 indicates exceed-
ed and unacceptable parameters, whereas the
green colour indicates results recognised as ac-
ceptable in relation to the servomechanical sys-
tem and sufficiently favourable in relation to
the pneumatic system.

Analysis of Numerical Calculation
Results

The analysis of the obtained numerical calcu-
lation results is presented below.

The electrode force of 1.5 kN proved exces-
sively high and led to the excessive penetration
of bars (Table 2, line 1, 2 and 3, column 5 - Al=
= 3.0 mm, 4.1 mm and 3.6 mm respectively) as
well as to their excessive bending (deformation)
(Fig. 3al/a2/a3). The results led to the conclu-
sion that the use of aluminium bars (5182) and
of the pneumatic electrode force system should
be accompanied by the application of lower
electrode force.

The assumed weld diameter of 3 mm could
be obtained using an electrode force of 1,0 kN
only using higher welding current values, i.e.
restricted within the range of 10.0 kA to 12.0kA
(Table 2, line 5 and 6, column 6, Fig. 3b2/b3).
The penetration of bars was restricted with-
in the assumed range, below 20% of the to-
tal bar diameter thickness (Table 2, line 5 and
6 column 5). The bending of the bars was not
observed (Fig. 3b2/b3). However, the value of
current amounting to 8.0 kA was overly low to
ensure the proper (intense) heating of the weld-
ing area. As a result, the weld diameter amount-
ed to 4.0 mm, yet the penetration of the bars
was excessive (Table 2, line 4, column 5, Al =
=1.65 mm) and the bending of the bars could
be observed (Fig. 3b1).

The use of electrode force amounting to
0.5 kN failed to satisfy the criterion concerning
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the obtainment of a required weld diameter
(Table 2, line 7,8 and 9, column 6, ¢,,;; = 2.8mm,
1.9 mm and 1.8 mm respectively and Fig. 3c1/
c2/c3). When the force was lower, the critical
parameter was the exceeding of temperature
in the contact area between the electrode and
the welded material above the assumed val-
ue of 500°c and the resultant phenomenon of
expulsion. For this reason, it was necessary to
reduce the time of welding, which, however,
resulted in the obtainment of an overly short
weld diameter.

Process Optimisation

To better present the issue, the optimisation
of the welding process was performed for the
lower value of welding current (6.0 kA), which
when combined with the use of the pneumat-
ic electrode force system did not enable the
obtainment of a welded joint. For compari-
son, calculations were performed in relation to
the pneumatic force system exerting a force of
1.0 kN (regarded as the most favourable) and

Fig. 4. Temperature distribution in the welding area in
relation to welding current 6.0 kA: a) pneumatic system,
b) servomechanical system
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the entire process was subjected to optimisa-
tion applying the same lower value of welding
current (6,0 kA) but using an appropriate force
profile (course) related to the use of the servo-
mechanical electrode force system. The results
of the comparison in the form of temperature
distribution images are presented in Figure 4.
In turn, Table 2 contains results in the numer-
ical form (line 11 and 12). The use of the servo-
mechanical force system combined with the
control of electrode travel during the flow of
current enabled the obtainment of an assumed
weld diameter of 3.0 mm.

The manner in which the process was opti-
mised is presented in Figure 5. The initial point
was the travel of electrodes (depth of bar pen-
etration). The use of the pneumatic system led
to the obtainment of an insufficient weld di-
ameter amounting to 1.5 mm (Table 2, line 10,
column 5). The overly low current only plasti-
cised the material, leading to the obtainment

of a significant contact area. The low welding
current of 6.0 kA was characterised by overly
low density. As a result, the material subject-
ed to welding couldn’t become molten but only
heated and plasticised.

As regards the pneumatic system, the final
value of bar penetration amounted to 1.3 mm
(Fig. 5d, curve 1). In terms of the weld forma-
tion process, the above-named value as well
as the curve characteristic were not favoura-
ble. The use of the servomechanical force sys-
tem was dictated by the need for obtaining
a lower final bar penetration value than that
obtained using the pneumatic system, e.g. 0.8
mm (Fig. 5d, curve 3) and more favourable
electrode movement trajectory. The obtained
value of (momentary) power was higher with-
in the entire range (Fig. 5¢, curve 3) than that
obtained using the pneumatic system (Fig. 5c,
curve 1). Such a waveform of power enabled
the obtainment of the nominal weld diameter

Electrode force [ Power
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Fig. 5. FEM calculation results: a) electrode force, b) weld diameter, c) momentary power, d) depth of bar penetration.
Curves: 1, 2) pneumatic electrode force (I=6.0 kA, P=1.0 kN), 3, 4) servomechanical electrode force (I=6.0 kA, servo4)
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(3.0 mm) up to 63 ms (Fig. 5b, curve 3 and Ta-
ble 2, line 12, column 6). The final result relat-
ed to the servomechanical system control was
the appropriate course of electrode force, af-
fecting the value of resistance, particularly in
the areas of contact (in the welded bar-welded
bar configuration), providing the proper space
distribution of welding power as well as prop-
er temperature distribution in the welding area
and, finally, leading to the melting of the ma-
terial and the formation of a weld having a de-
sired (greater) size.

The analysis concerning the welding current
value amounting to 6.0 kA (proved overly low
to obtain a proper joint using the pneumatic
electrode force system) led to the conclusion
that the use of the servomechanical system
combined with the proper control (of electrode
force and/or electrode travel) could improve
the welding process and enable the obtainment
of a greater weld diameter than that obtained
using the pneumatic electrode force system.

Summary

The assumed objective of the research was ac-
complished in full. It was demonstrated that
the control of welding machine electrode trav-
el provides significantly better results than that
of electrode force. The control of electrode
travel was performed using the servomechan-
ical system and the results obtained were com-
pared with those obtained using the pneumatic
electrode force system. As regards the entire
melting of the weld nugget, particularly in re-
lation to the pneumatic electrode force system
and materials characterised by high thermal
and electric conductivity (e.g. aluminium al-
loys), the obtainment of cross wire welding
parameters is very difficult or nearly impossi-
ble. These limitations result from the impossi-
bility of quick force control during the process
of welding. Importantly, the preset parameter
is force (i.e. electrode force), whereas the re-
sultant parameter is travel (i.e. electrode trav-
el), not controlled in any manner whatsoever.
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The course of the welding process (the exten-
sion of the window of parameters) could be
improved by using the servomechanical elec-
trode force system. The operation mode involv-
ing the travel of electrodes enables the setting
of more favourable electrode movement tra-
jectory leading to the more favourable distri-
bution of current density as well as to the more
favourable space distribution of welding pow-
er, which, consequently, translates into the ex-
tension of the window (i.e. range) of welding
parameters and the obtainment of a weld char-
acterised by greater dimensions. The compu-
tational model used in the tests (SORPAS 2.5D)
is not a perfect tool. However, because the 3D
model lacks important programme functions
in terms of process analysis, the 2.5p model is
the only tool enabling the performance of com-
plete analysis.

The article contains results obtained
within project TANGO1/267374/
NCBR/2015 implemented in 2015-2017
and financed by the National Science
Centre (NCN) and National Centre for
Research and Development (NCBR).
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