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ABSTRACT

The cross-wire projection welding of wires (Al 5182, = 4 mm) performed using the conventional (i.e. pneumatic)
electrode force system was subjected to thorough numerical analysis. Calculations were performed until one of adopt-
ed boundary conditions, i.e., maximum welding time, maximum penetration of wires, the occurrence of expulsion or the
exceeding of the temperature limit in the contact between the electrode and the welded material was obtained. It was
observed that the ring weld was formed within the entire range of welding parameters. The process of welding was sub-
jected to optimization through the application of a new electromechanical electrode force system and the use of a spe-
cial hybrid algorithm of electrode force and/or displacement control. Comparative numerical calculations were per-
formed (using SORPAS software) for both electrode force systems. Technological welding tests were performed using
inverter welding machines (1 kHz) provided with various electrode force systems. The research also involved the per-
formance of metallographic and strength (peeling) tests as well as measurements of welding process characteristic pa-
rameters (welding current and voltage).

The welding process optimization involving the use of the electromechanical force system and the application of
the hybrid algorithm of force control resulted in (1) more favorable space distribution of welding power, (2) energy
concentration in the central zone of the weld, (3) favorable (desired) melting of the material within the entire weld tran-
scrystallisation zone and (4) obtainment of a full weld nugget.
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the time of current flow. During cross wire projection welding (particu-
larly of aluminum alloys) in a conventional application i.e. using a
pneumatic force system, it is very difficult to make a weld with a full
weld nugget. The pneumatic force system is characterized by high iner-
tia and cannot be applied changes in force are or must be fast. For this
reason, the value of pre-set force is usually constant. If the force is ex-
cessively high, the high deformation of welded elements (wires) may
occur as a result. If the force is overly low, the formation imperfections
of a projection joint (high temperature in contacts, expulsion) may fol-
low!'!. In the pneumatic system, force applied during welding results
from specific force pre-set by a pneumatic cylinder. The displacement
of electrodes results from the action of this force and of the changeable
mechanical resistance of materials being welded.

An alternative solution requires another method enabling the ex-
erting of force on materials subjected to welding" . In publication",
the authors emphasize the growing popularity of the servomechanical
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(electromechanical) system and an advantage in-
volving an increase in an electrode displacement
rate during welding. Publication informs about the
possible extension of the window of technological
parameters, improving the weldability of materials.
Work!! refers to the possible modulation of force
and its fast changes, particularly at the end of the
process of welding. Gould* emphasized an in-
crease in electrode service life in spot resistance
welding and the use of servomotors in the riveting
technology. Work" stated that the electromechan-
ical (servomechanical) system eliminated the dy-
namic impact of electrodes against a material sub-
jected to welding (during initial force), which was
characteristic of pneumatic actuators. The electro-
mechanical systems enabled a gentle “touch” of an
electrode against a material being welded. Publica-
! enumerates other advantages of the electro-
mechanical system including (1) superior (faster)
operation of a welding gun (servo) in space, (2)
greater repeatability of force, (3) reduced noise, (4)
shorter welding time and (5) shorter movement
during the closing and opening of the electrodes,
extending the service life of mechanisms.

In the solution analysed in this paper, i.e. in-
volving the use of the electromechanical force sys-
tem, the displacement of electrodes is pre-set and
resultant force depends on the displacement of elec-
trodes and the resistance of the deformation of a
contact area being heated. Available reference pub-
lications do not contain information concerning

tion!®

such a method of electrode movement control as the

method presented in this study.

The authors of publications* describe a new
control system and the results of its operation, par-
ticularly visible in projection welding. Publica-
tion””) presents a new control system used during
the welding of sheets with an embossed projection.
Another application of the new solution, i.e. cross

wire welding is presented in publication''®.

710 present an entirely different

Publications!
solution, i.e. the slowing down of the displacement
of an electrode during the projection welding of
sheets with an embossed projection. This approach
is new and characterized by advantages which are
worth a mention. The above-named idea can be
used in another projection welding technology, i.e.
cross wire welding. It is possible to reduce the pen-
etration of wires and to generate more energy in the
most desirable place, i.e. in the contact area be-
tween wires. The new idea of electrode displace-
ment control significantly changes the previous ap-
proach to the course of the resistance welding
process (projection cross wire welding) and signifi-
cantly affects the development of the entire research
area (pressure welding).

The article constitutes a fragment of greater
research, where the process of welding is analysed
in respect of the application of variable electrode
force or electrode displacement control. The new
method of control is performed using the electro-
mechanical force system. Research-related tests
described in the article involved the use of the
SORPAS 3D computational model.

Table 1. Simulation parameters

Time step increment Squeeze Up-slope Weld Hold

Pneumatic force system 10 3 40 100 ms
Electromechanical force system 10 3 60 100 ms
Time step 0.1 0.1 0.1 1 ms
Convergence control

Convergence accuracy

Electrical model 1.00E-5

Thermal model 1.00E-5

Mechanical model 1,00E-5

Dynamic contact between objects Sliding

Heat loss to the environment

Air temperature 20 °C

Heat transfer rate 300 W/m**K
Electrode dimensions

Length x width 10.0 x 8.0 mm
Electrode height 5 mm
Welding current DC
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2. FEM calculations

The research-related FEM calculations were
conducted using the SORPAS 3D software mode!'").
The software programme enables the performance
of related analyses, including coupled elec-
tro-thermo-mechanical-metallurgical analyses. The
above-named software features a module including
the effect of a new force and a precise electrode
movement solution, i.e. based on the electrome-
chanical system.

Simulation parameters used in the study and
involving the use of the FEM computational soft-
ware are presented in Table 1.

A cross-wire projection welded joint made us-
ing the pneumatic electrode force system is charac-
terised by a thin layer a molten material (metal sub-
jected to welding). Usually, a weld is formed in the
solid state at a temperature below the melting point.
The foregoing results from the specific nature of the
process, i.e., the melting of the material and the
pushing of the plasticised material outside the weld
(joint) by constant and unfavourably excessive
force. The weld adopts the shape as presented in
Figure 4517 K25 HIH. a); such a weld is
referred to as a ring weld. As can be seen, the mate-
rial in the central part of the weld is not molten
(Figure #iR! K25 HIE. b)).

The research-related calculations and experi-
mental tests involved the use of aluminium wires

grade Al 5182 having a solidus temperature of 577 °C

Upper electrode
Upper wire

Ring weld nugget
temperature range
§77-638°C

Lower wire

Lower electrode

4

a)

Temperature
lower then 577°C

and a liquidus temperature of 638 °C.

3. Calculation model

The 3D model used when performing numeri-
cal calculations of the resistance projection cross
wire welding is presented in Figure 2. The mod-
el-related assumptions involved copper electrodes
(A2/2), welded material — aluminium wires grade
AA5182"" having a diameter of 4 mm and a length
of 6 mm (Figure 2a)). The 3D model was com-
posed of 11,083 mesh nodes and 9,404 elements. To
provide necessary computational accuracy, the
mesh was concentrated in the bar contact area
(Figure 2b)/c)).

The analysis involved both the pneumatic and
the electromechanical electrode force system. Crite-
ria adopted when performing calculations were the
following:

(1) obtainment of a nominal weld nugget di-
ameter of 1.6 mm,

(2) bar penetration depth-max. 20% of the
thickness of elements subjected to welding (Al = 1.6
mm),

(3) lack of expulsion,

(4) lack of visible bar deformation (bending),

(5) maximum main current flow time of 63 ms
(3 ms up-slope, 60 ms main time),

(6) maximum temperature in the contract ar-

ea between the electrode and the welded material of
500 °C.

Melted material
temperature range
577-638°C

Figure 1. Temperature distribution in the welding area (3D model).
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Lower electrode

a)

Figure 2. Geometry of the 3D model of cross wire welding (Al 5182).

The FEM calculations involved the adoption of SORPAS AA5182(0) material database: Al 95 Mn
material data form the software programme data- 0.25 Mg 4.5, solidus: 577 °C, liquidus: 638 °C (Ta-

base (SORPAS)!: ble 2).
(1) Aluminium wires Al 5182—designation of (2) Electrodes grade A2/2 CuCrZr (Table 3).
Table 2. Material parameters of wires Al 95 Mn0.25, Mg4.5, solidus 577 °C, liquidus 638 °C!'>
Tem- Ther- Tem- Heat  Tem- Resis-  Tem- Mas Tem- Ther- Tem- Youn
perature mal perature ca- perature tivity perature s perature mal perature g’s
conduc- paci- den- expan- mod-
tivity ty sity sion ulus
coeffi- of
cient elas-
ticity
°C Wm*K  °C Jkg* °C mQ*m  °C %(g/m °C 10%°C  °C kI\21/m
K m
25 123.0 23 794 25 0.056 25 2660 25 23.9 25 70.0
100 134.0 50 825 100 0.068 250 25.0
200 147.6 200 0.079
400 160.9 400 0.103
500 164.3 500 0.115
600 163.3 600 0.131

Table 3. Material parameters of electrodes ISO 5182 A2-2 Electrode CuCrZr

Tem- Ther- Tem- Heat  Tem- Resis- Tem- Mas Tem- Ther- Tem- Youn
perature mal perature ca- perature tivity perature s perature mal perature g’s
conduc- paci- den- expan- mod-
tivity ty sity sion ulus
coeffi- of
cient elas-
ticity
°C Wm*K  °C J/kg* °C mQ*m °C %(g/m °C 10%°C  °C kI\zl/m
K m
20 326.6 20 372 20 0.022 20 8890 25 16.5 25 117.0
100 342.1 127 402 100 0.027 1080 8320
300 338.0 327 422 200 0.038
500 340.3 527 438 300 0.042
700 332.0 727 456 400 0.049
900 321.8 927 485 500 0.057
600 0.065
700 0.073
800 0.082
900 0.091
1000 0.102
1100 0.220
4. Process parameters On the basis of related standards and instruc-

tions, the following welding parameters were as-
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sumed: (1) current intensity I = 8/9/10/11/12 kA,
up-slope 3 ms + main welding time (maximum) 60
ms!'*', (2) force F = 1.5/1.25/1.0/0.75/0.5 kN in
relation to the pneumatic force system and (3) dis-
placement control in relation to the electromechan-
ical system. The remaining welding technology pa-
rameters included an initial squeeze time of 10 ms,
a final squeeze time of 500 ms and the use of a DC
inverter welding machine (1 kHz).

Table 4 presents pre-set parameters and char-
acteristic parameters of selected variants used in the
numerical calculations. The variants related to the
pneumatic system are designated as P1-P9, where-
as those related to the electromechanical systems
are designated as E1-E3.

The analysis of the welding process involving
the use of the pneumatic force system aimed to test
and present the course of the variability of resultant
process parameters and to identify the most fa-
vourable welding conditions. The results obtained

in the analysis revealed the lack of welding process
monotonicity in relation to a force of 0.75 kN. For
this reason, it was necessary to perform additional
calculations in relation to a force of 0.7 kN and that
of 0.8 kN. In total, the welding process was ana-
lysed at 35 points (I =8, 9, 10, 11, 12 kA and F =
1.5,1.25, 1.0, 0.8, 0.75, 0.7 and 0.5 kN).

The numerical optimisation of the process was
performed in relation to the electromechanical force
system and lower values of welding current ana-
relation to

lysed in the pneumatic

(8/9/10kA). The numerical calculations were per-

system

formed until one of the (six) previously adopt-
ed boundary criteria was obtained.

The analysis of the PFS-related results in Ta-
ble 4 revealed that it was not possible to obtain a
proper weld nugget within the analysed range of
current (8.0-12.0 kA) and electrode force (1.5-0.5
kN).

Table 4. Pre-set parameters and characteristic parameters of selected variants in numerical calculations

Welding Penetration Weld Weld
No Variant Current time Force Al diameter volume Energy ~ Remarks
) kA ms kN mm mm’ kJ
1 2 3 4 5 6 7 8 9
Pneumatic system
1 P1 8.0 63 0.0 0.17
2 P2 10.0 46 1> 0.0 0.17
3 P3 12.0 29 0.0 0.15
4 P4 8.0 63 0.0 0.20
5 P5 10.0 59 1.0 0.9 0.23 most favourable welding
’ conditions
6 P6 12.0 46 0.0 0.30 in spite of significant pene-
tration of bars
7 P7 8.0 63 0.1 0.25
8 P8 10.0 8 0.5 0.7 0.07
9 P9 12.0 5 0.15 0.1 0.05
Electromechanical (servo) system
10 EIl 8.0 38 0.6 1.95 4.5 0.16 OK, full weld nugget, nug-
11 E2 9.0 25 Servo 1.2 2.00 53 0.10 get diameter > 1.6 mm,
12 E3 10.0 2 force 1.5 2.20 5.6 0.13 penetration of bars < 1.6

mm

Note: red color—unacceptable param., green color—acceptable param., orange color—the most-beneficial welding conditions.

5. FEM calculation results

5.1 Calculation results related to the pneu-
matic system

The results of numerical calculations in rela-

tion to the pneumatic force system are presented in
Figure 3 and in Table 5. The numerical calculation
results are presented in spatial charts developed us-
ing the Statistica software programme!"!. Figure 3
(in the form of a surface chart) presents the for-
mation of a weld nugget (Figure 3a)), welding time
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(Figure 3b)), bar penetration depth (electrode dis-
placement) (Figure 3¢)) and energy supplied during
welding (Figure 3d)). Dependences are presented
in relation to various values of welding current and
electrode force.

Numerical values related to the graphic
presentation of the results shown in Figure 3a)-3d)
are presented in Table 5a)-5d). Table Se)-5g)
contains the following additional information con-
cerning:

— obtained criterion (Table 5e)), i.e.:

— t—maximum heating time (current flow time,
63 ms),

— D—maximum electrode displacement (1.6
mm, 20% of the bar thickness),

— E—expulsion,

— weld (Table 5f)), i.e.:

— L—weld nugget diameter below 0.7 mm,

— R—ring-shaped weld nugget (0.7 mm < D
(weld nugget diameter) <= 1.5 mm,

— F—full weld nugget (1.90 mm < D (weld
nugget diameter)),

— weld nugget volume (Table 2).

The results presented in Table 5 supplement
the information concerning the course of the varia-
bility of characteristic parameters presented in Fig-
ure 3. The conclusions based on the analysis of the
results presented in Figure 3 and Table 5 are the
following:

— maximum obtainable weld nugget diameter
amounted to 1.5 mm (Table 5a)—parameter field
D,

— within the entire range of the variability of
welding current and electrode force parameters,
including the largest obtained weld nugget diame-
ters, i.e., from 1.0 mm to 1.5 mm, the obtained weld
was ring-shaped (ring weld) (Table 5f)—parameter
field 2),

— criterion of the exceeding of the maximum
time of welding current flow (63 ms) was observed
in relation to lower welding current values (Table
Sb)—parameter field 3a, Table Se)—parameter
field 3b),

Weld nugget
diameter [mm]
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Figure 3. Course of the variability of characteristic parameters in relation to the pneumatic force system (Al 5182, ¢ = 4.0 mm). a) weld
nugget diameter, b) current flow time, ¢) electrode displacement (penetration of wires), d) energy supplied to the weld.
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Table 5. FEM calculation results in relation to cross wire welding (AL 5182)

5a) Weld nugget diameter [mm] 5b) Current flow time [ms]
Current [ 5 5mm <d <1.5mm Current t weld < 63ms =
[kA] Force [kN] [kA] Force [kN] /
1.50 1.25 1.00 | 080 [ 075 1 70 | 050 | servo 150 | 1.25 100 | 080 | 075 0.70 050 | servo
8 1,95 8 38
9 0,6 2 Bl 2,00 ) 9 25
10 14l 15 | 220 10 46 56 59 8 20
1 0.5 1" 38 48 53 60 6
12 12 12 29 39 46 49 49 27 5
5¢) Final electrode displacemenent [mm] a] 5d) Energy [kJ]
Current D < 1.6mm Current E <0.,16
[kA] Force [kN] [kA] Force [kN]
1.50 1.25 100 [ 080 [ 075 | 070 | 050 [ servo 150 | 1.25 1.00 | 0.80 0.75 0.70 0.50 | servo
8 147 1,25 1,00 | 095 09 080 | 057 [ os0 8 0,16
9 150 [ 130 [ 110,] 1.00 | 028 | 120 | 9 i 0,10
10 140 | 019 | 150 10 0,07 | 013
1 0,16 1 0,06 |
12 0,80 | 070 | 015 12 0,15 0.0
(6b] 5e) Achieved criterion b 5f) Type of nugget 2
Current t-welding time (63ms) Current | F - full nugget | R -ring nugget
IKA] Force [kN] [kA] Force [kN]
1.50 1.25 100 | 080 [ 075 [ 0.70 ;050 | servo 150 | 1.25 1.00 | 0.80 0. 0.70 0.50 | servo
8 Lt RNt t t t t oK 8 F
9 t t t [o]§ 9 B
10 1 t 0K 10 [ [ P E
11 7 1 P
12 12 P P
5g) Weld nuuget volume [mm’]
Current [0.5mm < V (obj.) < 1.5mm3
[kA] Force [kN]
1.50 1.25 1.00 | 0.80 0.70 50 | servo
8 4,50
9 5
10 0.9 ; 5
1 0.5
12

— greatest volumes of molten (welded) metal
were observed in relation to the highest values of
welding current and the lowest values of electrode
force (Table 5g)—parameter field 4). In relation to
such welding parameters, the value of welding en-
ergy was relatively low (Table 5d)—parameter
field 5). The welding time was very short and
amounted to several milliseconds. A slight exceed-
ing of the welding time creates the risk of expulsion
(Figure 5e)—parameter field 7). The welding time
was identified as a result of the exceeding of the
criterion of the maximum temperature in the con-
tact between the electrode and the material subject-
ed to welding,

— above-standard penetration of wires, i.e.,
above the permissible value, was obtained in rela-
tion to lower values of welding current and higher

values of electrode force (Table Sc)—parameter
field 6a (final penetration) Table
Se)—parameter field 6b (penetration amounting to
Al = 1.6 mm, obtained during the flow of current),

— risk of expulsion was observed in relation to
the lowest value of electrode force and higher val-
ues of welding current (Table Se)—parameter
field 7).

However, the most important issue was the
failure to satisfy the primary criterion, i.e., the
nominal weld nugget diameter, set at 1.6 mm and
the obtainment of the full weld nugget.

In addition, Table 5 presents the results of the

and

numerical calculations obtained in relation to the
electromechanical electrode force system (green
colour). All of the assumed criteria-related condi-
tions were satisfied.
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Pneumatic (force system) I=8kA, F=1kN
Temp. 20-638°C

o

Temp. 577-638°C

Pnaumatic I=10kA, F=1kN
Temp. 577-638°C
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Sarwo, I=8kA
Temp. 20-6389C
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W Moien
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560

Tous=601 2C Tau=631 9C Toa=752 °C
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Eonia =0.2kJ Ennig=0. 165 E pyis=0.18k)

Figure 4. Temperature distribution in the welding area in relation to a)/b)/c) pneumatic force system (I = 8 kA and 10 kA, F = 1.0 kN)

and d) electromechanical force system (I = 8.0 kA, servo force)

5.2 Comparison of PFS and EFS system

The comparison of the FEM calculation results
and temperature distribution related to both, i.e.,
pneumatic and electromechanical, electrode force
systems are presented in Figure 4. The presented
test results are related to two selected welding cur-
rent values, i.e., 8 kA and 10 kKA.

In relation to the pneumatic force system and a
welding current of 8 kA the distribution of temper-

ature is presented within the entire range of temper-
ature subjected to analysis, i.e., from ambient tem-
perature to the melting point (liquidus) (Figure 4a)).
In the above-named temperature range the melting
of the metal was not observed and the weld nugget
diameter calculated by the SOPRPAS software pro-
gramme amounted to a mere of 0.2 mm. Figure 4b)
presents the distribution of temperature within the
range of solidus (577 °C) to liquidus (638 °C) tem-
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perature. In the above-presented case, the melting
of the material did not take place, which could im-
ply that the joint was formed in the solid state in the
entire contact (welding) area.

In relation to the higher current value, i.e., 10
kA, and the pneumatic force system, as a result of
the welding area plasticisation and the effect of
constant electrode force, molten metal was pushed
outside. As a result, the contact area between weld-
ed materials (wires) grew excessively large, which,
consequently, led to a significant decrease in current
density and the immediate cooling of the weld ma-
terial. The melting of the material was visible for a
mere one millisecond (Figure 4¢2)).

The temperature distribution results in relation
to the electromechanical force system and a weld-
ing current value of 8 kA are presented in Figure
4d). The entirely different manner of electrode
force control led to the clearly visible melting of the
material being welded and the formation of a full
weld nugget (Figure 4d)). In the above case, the
presentation of temperature distribution within the
entire range of temperature subjected to analysis,
i.e., from ambient temperature to the melting point
(liquidus) (Figure 4d)) was very clear. In the ana-
lysed case of the welding of aluminium wires (Al
5182), the disconnection of power supply (current)
resulted in the immediate (within 1 ms) reduction of
temperature below the melting point (Figure 47!
A4 35 HIE. d5)—4d6)). It should be mentioned
that in relation to a welding current value of 8 kA
and the pneumatic force system, the joint was ob-
tained in the solid state in the entire welding area.

6. Process optimisation

The welding process optimisation was per-
formed by comparing the courses of characteristic
parameters (electrode displacement, momentary
power, weld nugget diameter and electrode force) in
relation to two electrode force systems (pneumatic
and electromechanical) (Figure 5). The comparison
was performed involving the same value of welding
current, i.e., 8 kKA. When the pneumatic system was
used, the above-named value of welding current did
not enable the obtainment of a proper weld. The
melting of the material subjected to welding was
little (or nearly not) visible (Figure 4b)). In turn,

the use of the electromechanical system enabled the
obtainment of a weld nugget having the previously
assumed diameter, i.e., exceeding 1.6 mm (Figure
4¢)).

Curves numbered 1 and 2 in Figure S are con-
cerned with the pneumatic system, whereas curves
number 3 and 4 are related to the electromechanical
system, where curves 2 and 4 present the wave-
forms of welding current (in relation to the pneu-
matic and electromechanical system respectively).

The course of the process performed using the
pneumatic system can be described as follows. The
pre-set constant electrode force (Figure 5a), curve
1) as well as the specific value of welding current
and the time of its flow (Figure 5a), curve 2) gen-
erate specific welding power (Figure Sb), curve 1)
and the related displacement of electrodes (Figure
5d), curve 1). The above-named factors lead to the
obtainment of a weld nugget having a specific
shape and dimensions (Table 2, Figure Sc), curve
1), e.g., diameter of a mere 0.2 mm.

A welding current of 8 kA is overly low and is
only responsible for the plasticisation of the materi-
al and the formation of the excessive contact ar-
ea between elements subjected to welding. Current
density is overly low and the melting of the material
to be welded is not possible. The material in the
contact area is only heated and plasticised. The
maximum welding time amounting to 63 ms is ex-
ceeded and the related criterion is not satisfied.

The initial stage of the cross-wire welding op-
timisation involved an appropriate change in the
course of electrode displacement (wire penetration
depth) (Figure 5d)) (curve No. 3) resulting from the
use of the electromechanical force system and from
the application of an appropriate electrode dis-
placement control algorithm. The essence of the
change in the course of electrode displacement in-
volved the direct control of this parameter, particu-
larly during the flow of welding current. In general,
it is necessary to slow down the process of elec-
trode displacement in order to obtain more favoura-
ble power density distribution and to generate high-
er welding power (Figure S5b), curve 3) in
comparison with those obtained during welding
performed using the pneumatic system. Slower
electrode displacement accompanied by constant
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welding current increases resistance in the contact
area, leading to an increase in welding power. As a
result, the sequence of events is the following: (1)
contact area between elements being welded is
smaller, (2) resistance in the contact is higher and (3)
temperature distribution in the welding area is more
favourable. All of the above-named factors enable
the obtainment of a weld nugget having a diameter
exceeding 1.6 mm (Figure 5c¢), curve 3).

The final effect of the above-presented manner
of control is the appropriate course of electrode

force (Figure 5a), curve 3). Electrode force affects
the value of resistance, particularly in the contact
areas (especially in the welded wire-welded wire
configuration), which, in turn, is responsible for the
appropriate space distribution of power and welding
energy. Consequently, the foregoing translates into
the appropriate distribution of temperature in the
welding area, leading to the melting of a material
subjected to welding and enabling the formation of
a weld of appropriately greater diameter.
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Figure 5. FEM calculation results: a) electrode force; b) momentary power; ¢) electrode displacement (wire penetration depth); d)
weld nugget diameter; curves 1 and 2 PFS (I = 8.0 kA, F = 1.0 kN); curves 3 and 4 EFS (I = 8.0 kA, servo force).

When summarizing this part of analysis related
to the value of welding current amounting to 8.0 kA
(and recognised as overly low to obtain a proper
joint using the pneumatic force system)), it is nec-
essary to state that the use of the electromechanical
system and appropriate electrode force and/or dis-
placement control significantly improve the quality
of a welding process and enable the obtainment of a
full weld nugget having the previously assumed
diameter (>1.6 mm) (obviously after satisfying the

remaining requirements (quality criteria).

The results presented in Figure 5 were ob-
tained on the basis of calculations performed using
the SORPAS 3D model.

7. Experimental verification

Experimental tests were performed using test
rigs equipped with DC inverter welding machines
(DC 1 kHz) — Figure 6. The electric parameters of
the welding process were recorded using the Log-
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Weld 4 device (Figure 7).

Figure 6. Test station for technological welding tests performed using: a) pneumatic and b) electromechanical electrode force; (1)

pneumatic actuator, (2) servo-motor.

Figure 7. LogWeld measurement device 4 for measurements of characteristic parameters of the resistance welding process (welding
current and voltage, electrode force and displacement); (1) measurement interface, (2) toroid, (3) PC

The numerical calculation results were verified
experimentally. The experimental tests were per-
formed in relation to the nine variants presented in

Table 4 and concerning the pneumatic force system.

Destructive (peeling) tests confirmed the formation
of a ring weld in each of the variants (P1 through
P9). None of the variants related to the pneumatic
force system satisfied the previously assumed crite-
ria. Variant P5 was considered as the closest to the
most favourable welding conditions. Further tech-
nological welding tests (Table 6: variant PE1 and
PE2) were performed in relation to parameters sim-
ilar to variant P5 (Table 4). The results concerning
the pre-set parameters and the parameters charac-
teristic of technological welding tests in relation to
the pneumatic force system (variant PE1 and PE2)

are presented in Table 6, whereas the results in the
form of a joint structure are presented in Figure 8a).
The electric parameters of the welding process, i.e.
welding current and voltage were recorded using
the LogWeld 4 measurement device.

The technological parameters related to vari-
ants PE1 and PE2 were the following: (1) force F=
1.0 kN, (2) welding current | = 9.5-10 kA and (3)
welding time t = 40-70 ms. In relation to the
above-presented welding technology parameters,
the FEM calculation results indicated the obtain-
ment of a weld nugget having the greatest diameter
(1.5 mm), yet still being ring-shaped. Metallo-
graphic tests confirmed the results obtained in the
numerical calculations, i.e. the formation of a ring
weld.
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Table 6. Pre-set parameters and parameters characteristic of the pneumatic electrode force system

Present parameters

Recorded parameters

. Electrode  Up-slope Maln welding Total Wire pene- Weld di- Number of
Variant time current  Energy .
No. force " " tration ameter tests
no. Current Time Current Time (frms)
kN kA ms kA ms kA kJ mm mm pcs
A B1 B2 C1 C2 D E F G H
1 PE1 1.0 10.0 3 10.0 40-60 10.0 0.23 1.50 L5 20
2 PE2 1.0 9.5 3 9.5 50-70 9.5 0.21 1.38 1.3 20

Afterwards, the welding process was subjected
to optimisation by using lower welding current val-
ues restricted within the range of 8.0 to 8.5 kA and
an appropriate force profile involving the use of the
electromechanical system (Table 7: variant EE1
and EE2). The results concerning the pre-set pa-
rameters and the parameters characteristic of tech

nological welding tests in relation to the electro-
mechanical force system are presented in Table 7,
whereas the results in the form of a joint structure
are presented in Figure 8b. The electric parameters
of the process, i.e., welding current and voltage
were recorded using the LogWeld 4 measurement
device

Table 7. Pre-set parameters and parameters characteristic of the electromechanical electrode force system

N Var- _Present parameters Recorded parameters
o. iant  Force Up-slope  Main Total Electrode displacement  En- Bar Weld Num
no. welding cur- _ and time ergy  pene- di- ber
Ini- Mi Ma time rent T,/ Ty Ti/ Ty tration ame-  of
tial  n. X. Cu Ti Cu Ti Al AL, Al Al ter tests
r. me T. me
kN kA ms kA ms kA ms/mm kJ mm mm pcs
Al A2 A3 Bl B2 C1 C2 D EO E1 E2 E3 F G H 1
1 EEI 1.0 04 10 &80 3 80 45 8.0 10 30 10 30 0.16 0.70 1.87 20
00 02 00 02
8 5 5 5
EE2 10 04 10 &85 3 85 40 85 10 25 7 30 020 0.75 1.92 20

2

00 02 00 02
8 5 5 5

l.ms TOOt-mean-square current, EE electromechanical experiment

Figure 8b presents the melting of the welded
materials in the entire weld area. Importantly, the

melting of the material also took place in the central
part of the joint.

Figure 8. Metallographic test results: a PFS al variant PE1, a2 variant PE2, b EFS b1 variant EE1, b2 variant EE2

8. Conclusions

The adjustment of the most favourable param-
eters of the cross-wire projection welding technol-
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ogy involving the use of the pneumatic electrode
force system, particularly in relation to soft materi-
als, e.g., aluminium alloys, proves very difficult
(nearly impossible). In the case of the aforesaid
force system, the electrode force is excessively high
in relation to short welding time and high welding
current. The above-named conditions are in conflict
and constitute significant limitations to the adjust-
ment of welding parameters. The primary limitation
is the dynamics of the electrode force system, i.e.,
the lack of the possibility of fast electrode force
control within a short time of current flow.

A characteristic of the pneumatic force system
is the fact that (electrode) force is a pre-set parame-
ter, whereas the resultant parameter is the dis-
placement of electrodes, not controlled on any
manner.

The improvement of the welding process
course (extension of the parameter window) re-
quires the use of the electromechanical electrode
force system. During operation involving the dis-
placement of electrodes it is possible to adjust more
favourable electrode displacement trajectory ena-
bling the obtainment of more favourable current
density distribution, more favourable space distri-
bution of welding power, generation of higher en-
ergy in the central zone of a joint, generation of
significantly higher temperature in the aforesaid
area and, finally, the obtainment of a larger weld.

The use of the electromechanical force system
makes it possible to control the displacement of
electrodes during the flow of current as well as to
obtain the assumed final displacement of electrodes
resulting in the obtainment of specific (smaller)
projection height reduction.
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