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Abstract: The implementation of new materials such as dual phase (pp) steels,
TRIP steels (Transformation Induced Plasticity Steel) and aluminium alloys or
joining more complex dissimilar materials (three sheets/plates) having various

thicknesses and various chemical compositions pose serious challenges in terms

of resistance welding technologies. The article presents the possibilities of the

professional SORPAS® software programme used for simulating and optimising
resistance welding processes. This software programme assesses the weldabili-
ty of materials by simulating welding processes and forecasting the final result,
including the size of the weld nugget. In addition, the software enables the opti-
misation of welding processes, the simulation of post-weld joint properties, the

assessment of weld quality in terms of microstructural transformations, hardness

distribution and strength in specific load conditions as well as makes it possible

to determine the field of welding parameters. Available versions of the software

are designated as 2D and 3D. The latter version enables the modelling of com-
plex phenomena, e.g. shunting or multi-projection welding.

Keywords: resistance welding, FEM calculations, SOrRPAs software, 2D and 3D

modelling

DOI: 10.17729/ebis.2016.4/2

Introduction

For over 140 years, resistance welding has been
used in the metal industry, particularly in the
automotive industry and in the widely defined
household appliances industry [1]. Although
the technology has been known for many years,
it continues to face new challenges, e.g. con-
nected with new materials (advanced high
strength steels {aHss} and aluminium alloys),
new solutions in terms of welding machine
components (servomechanical actuators) or

the (spot) welding of greater numbers of sheets
(particularly complicated if sheets have differ-
ent thicknesses and are made of various mate-
rial grades, e.g. low-carbon steels, AHSS etc.).
The joining of thin-walled metal elements,
commonly performed using resistance welding
technologies, often faces problems connected
with joint quality, process stability (e.g. liquid
metal expulsion) or the longer life of electrodes.
Simulations of welding processes ofter not only
the possibility of better understanding issues
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concerning various materials and their weld-
ability but also make it possible to optimise
welding process parameters. In experimental
conditions, obtaining such knowledge requires
numerous welding and destructive tests, which
are often time-consuming and expensive.

As regards welding processes, the advantag-
es of numerical simulations (FEM calculations)
include reduced costs and time of design, tech-
nological tests and process optimisation. In
addition, FEM calculations make it possible to
more adequately use optimisation procedures
by determining the allowed field of technologi-
cal parameters guaranteeing the obtainment of
good quality joints.

Since the 1980s, FEM calculations have been
used to model and forecast the results of weld-
ing processes in relation to specific materials
and parameters [2-7]. The usability of FEM cal-
culations has been positively verified by many
theoretical and experimental tests. The posi-
tive results of the verification have resulted in
the growing use of FEM calculations in practi-
cal applications, which, in turn, has entailed the
growing demand for the optimisation of resist-
ance welding processes in industry, in particu-
lar as regards the determination of the most
favourable initial welding conditions.

The article presents the possibilities of per-
forming calculations in various configurations
of joints. The SWANTEC company; i.e. the devel-
oper of the SOrRPAS® software programme dedi-
cated to resistance welding processes, also runs
training courses concerning the operation of the
programme. SORPAS"® is continuously developed
and improved by including new possibilities
and options enabling 2D and 3D calculations
[8-10]. Licensed users are provided with ready
and proven computational models [10].

SORPAS"® Software Programme

The Finite Element Method (FEM) in the SoRr-
PAS® software programme is used for building
numerical models enabling simulations of, in
particular, resistance welding processes. More
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than ten years of tests and industrial use as well
as the continuous development of the software
programme have resulted in the obtainment
of the satisfactory accuracy and reliability of
numerical models, data concerning materials
as well as the interface and dynamics of weld-
ing equipment. The system has also been im-
proved by activities aimed at the automation of
preparatory procedures and faster simulation
through a more comfortable user graphic in-
terface and a display for the presentation of re-
sults. The coincidence of calculation results with
those obtained in tests has also been confirmed
in publications by welding specialists from In-
stytut Spawalnictwa [11-13]. The highly accurate
representation of actual processes offered by
Sorpas® is possible because of combined elec-
tric, thermal and mechanical calculations [10].

In the SOrPAS® system, the Finite Element
Method is used for creating numerical mod-
els enabling simulations of resistance welding
processes. Simulations of welding processes
are performed in order to determine (test) the
weldability of new materials by predicting re-
sults arising from the use of specific base ma-
terials, electrode materials and welding process
parameters. Simulations constitute the basis for
more advanced tasks involving the optimisa-
tion and design of welding processes.

A user-friendly graphic interface presents
automatic procedures making it possible to pre-
pare input data, quicken the construction of a
model, perform numerical calculations (simu-
lations) as well as to present the results of weld-
ing processes. After performing a simulation,
the software programme enables presenting
the curves of dynamic process parameters in
the function of time (e.g. waveforms of voltage,
current, power and resistance, courses of elec-
trode force and travel, increase in the weld nug-
get diameter etc.). During welding processes,
the system enables the visualisation of temper-
ature distribution, current, voltage, hardness
as well as of strains and stresses in all materi-
als (elements of a given model).
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Four databases built in the SOrRPAS® software
programme facilitate its use. The databases con-
tain sets of information related to commonly
used materials and their properties, new mate-
rials, data related to electrodes and their shapes
normalised in the 150 system, data concerning
workpieces (enabling preliminary design) as
well as characteristics and properties of weld-
ing equipment.

Model 2D

Because of the arrangement (geometry) of
two-sided spot welding, in most cases it is pos-
sible to perform simulations using the axisym-
metric (2D) model. In comparison with the 3D
model, the use of the simplified 2D model sig-
nificantly reduces the time of calculations (cal-
culations last on average 30 minutes instead of
between ten and twenty hours) as well as sig-
nificantly reduces memory-related demand for
archived data.

Two-Sided Overlap Spot Welding of Two
Sheets

Figure 1 presents the exemplary simulation of
the two-sided overlap spot welding of two sheets.
Part 1a of the figure presents the user graphic
interface used for preparing input data, such as
materials to be welded, electrodes and welding
process parameters. Figure 1b presents a simu-
lation report containing initial conditions and
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simulation results, including selected curves
of process parameters and the final size of the
weld nugget [10].

Two-Sided Overlap Spot Welding of Three
Sheets

The Sorpas® system is used both by produc-
tion companies and research centres for nu-
merical calculations (simulations) of complex
joints involving more materials than in cases
of standard joints (two sheets). Figure 2 pre-
sents several examples of the welding of three
sheets having various thicknesses and made of
dissimilar materials in various combinations
of joints and compares the results of simula-
tion with the macrostructure of actual joints.
The tests involved the use of four various steel
sheets, i.e. DCo6 (0.6 mm), HSLA340 (0.8 mm),
DP600 (1.5 mm) and TRIP700 (1.2 mm). In all
of the tests, the upper sheet was thin and made
of low-carbon steel, whereas the other two
sheets had various thicknesses and were made
of various materials [14-15]. The FEM simula-
tion performed using the SOrRPAS® software
programme was used to determine the most
favourable welding conditions before perform-
ing the principal technological welding tests.
The actual welding conditions presented in
Figure 2 (left) were compared with the results
of simulation. The results of calculation (the
right side of the photographs - Fig. 2) revealed
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Fig. 1. Simulation of the two-sided overlap spot welding of two sheets, performed using the SORPAS® system: (a)
graphic interface for preparing input data concerning materials to be welded, electrodes and welding process parame-
ters; (b) simulation report containing pre-set (input) parameters and anticipated welding process results [10].
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significant compatibility of the actual welding
test results (the right side of the photographs -
Fig. 2 — macrostructures).

Liquid Metal Expulsion

Expulsion during welding processes is simulat-
ed by forecasting the initial time of its occur-
rence and its intensity, i.e. low, medium and
high. Figure 3a presents the curve of dynam-
ic resistance with the initial time of expulsion
occurrence and its intensity. Figure 3b presents
the weld nugget and the area of expulsion oc-
currence (between the sheets).

Series | - (DC-HSLA-DP) =2 2

——
I

Fig. 2. Comparison of the microstructures obtained
during experimental tests and in calculations (SORPAS®)
related to the welding of three sheets in three combina-
tions [14].

Examples of Resistance Welding Models

Resistance welding is performed in various
configurations, e.g. as spot welding performed
using electrodes having specific shapes, as pro-
jection welding, where the area of weld forma-
tion is determined by projections and as the
short-circuit butt welding of rods or sections.
SoRrPAs® enables creating models in relation to
the above named methods (Fig. 4a-4c). Spot
welding can be performed in the configuration
of two-sided welding (Fig. 3b) or single-sided
spot welding (Fig. 4a).

Process Optimisation

The results of process simulations were used
to develop automated procedures enabling the
optimisation of resistance welding process pa-
rameters. International standard EN 1s0 14327
contains analyses of weldability and informa-
tion concerning the optimisation of resistance
welding along with two diagrams presenting

b)

Fig. 4. Examples of resistance welding models: a) spot
single-sided welding; b) projection welding of nuts; c)
shirt-circuit butt welding of rods.
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Fig. 3. Simulation of the expulsion of liquid metal from the weld nugget with the anticipated time of expulsion oc-
currence and intensity; (a) waveform of the selected parameter (static slope resistance) of the process with the time of
expulsion initiation and formation intensity; (b) final weld nugget size with the area of expulsion formation.
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the curve of weld nugget diameter increase and
the determination of weldability (range of prop-
er welding parameters). The SOrRPAS® system
enabled the automatic determination of ranges
including the limits of expected expulsion and
the window of process parameters.

The curve of weld nugget diameter increase
can be created by performing a series of weld-
ing tests and increasing welding current while
doing so and by measuring the sizes of weld
nuggets. In industrial practice, the above-pre-
sented tests are time-consuming and expen-
sive. Because of automated procedures, SORPAS®
makes it possible to perform simulations of all
welds along the curve of weld formation and
enables obtaining information about possible
expulsion.

In a similar manner it is possible to simulate
the range of parameters determining weldabil-
ity, i.e. by simulating welds within the specific
range of welding current and electrode force,
making it possible to determine the window of
welding process parameters. As regards the first
range of parameter changes (window of param-
eters no. 1), current and welding time change,
whereas electrode force stays the same. In the
case of the second range of parameter chang-
es (window of parameters no. 2), current and
electrode force change, whereas welding time
remains unchanged.
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Figure 5 presents the optimisation of the
spot welding of 1 mm thick sheets made of
low-carbon steel. Figure 5a presents the simu-
lated curve of the increase in the weld nugget
diameter in the function of welding current.
The weld nugget begins to form once a certain
value of welding current has been exceeded and
grows along increasing current. Black (square)
points depict the lack of the weld or its insuf-
ficient size. Red (triangular) points represent
expulsion. Green (round) points inside rep-
resent properly made welds and indicate the
window of welding process parameters with
the operating range of welding current. Figure
5b presents the range of weldability with cur-
rent and electrode force as variable parameters
and welding time as a constant parameter. Black
(square) points represent the lack of the weld
or its inadequate size. Red (triangular) points
indicate expulsion. Green (round) points rep-
resent proper welds and, at the same time, indi-
cate the window of proper welding parameters.

Model 3D

More complex phenomena, beyond the ax-
isymmetric model (2D) such as the axial mis-
alignment or the non-parallelism of electrodes,
current shunting or multi-projection welding
require the use of the three-dimensional (3D)
model.
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Fig. 5. Process optimisation involving the use of the SORPAS® software programme: (a) curve of the increase in the
weld nugget diameter in relation to welding current; (b) range of (proper) weldability along with the window of weld-
ing process parameters.
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Post-Weld Properties of Welds

The SOrPAS® software programme makes it pos-
sible to calculate weld properties in relation
to microstructural phase transformations or
hardness distribution for typical grades of steel
used, e.g. in the automotive industry. In addi-
tion, SORPAS® 3D enables simulating strength
values on the basis of the weld nugget size and
the anticipated hardness distribution, which in
turn makes it possible to forecast the strength
of welded joints (weld).

During heating, austenitisation-related cal-
culations are based on temperature Acl and
Ac3, regardless of the heating rate. It is assumed
that entire austenitisation takes place when the
maximum temperature of the process is higher
than temperature Ac3. It turn it is assumed that
austenitisation does not occur when the maxi-
mum temperature of the process is lower than
temperature Acl. The linear interpolation is
used between temperatures Acl and Ac3. The
austenitic transformation triggered by cooling
following heating is based on critical cooling
rates presented in cTT diagrams. In accordance
with the formulas presented by R. Blondeau et
al. [16], critical cooling rates leading to the for-
mation of martensite, bainite and ferrite/pearl-
ite are determined on the basis of the chemical
composition. P. Maynier et al. [17] present for-
mulas concerning the hardness of each phase in
relation to the chemical composition. The val-
ue of total hardness is established on the basis
of hardness values of individu-

hardness of the base material around the weld
nugget, the hardness following the process of
austenitisation as well as the formation of sub-
sequent phases in the weld nugget and in the
heat affected zone (HAZ) during cooling. The
HAZ revealed the difference between the sheets.
Steel DP600 contained the significant amount of
martensite, which resulted in increased hardness,
whereas the HAZ of steel Dco6 contained hardly
any martensite, leaving the level of hardness un-
changed. The weld nugget, containing phases of
mixed chemical composition, contained a cer-
tain amount of martensite and was characterised
by increased hardness in comparison with the
hardness characterising both base materials [15].

Figure 6b presents the exemplary transverse
tensile test [18]. The simulation presents the fail-
ure outside the weld nugget, which is consist-
ent with observations during the experimental
test resulting in a plug failure. Reference pub-
lications provide information concerning load
curves, i.e. elongation related to tensile-shear
strength tests, transverse tensile strength tests
and peel strength tests. Further detailed infor-
mation concerning changes in metallurgical na-
ture as well as the forecasting of hardness and
failures is presented in other publications [19].

Figure 7 presents other post-weld strength
tests of joints possible to perform using the
SORPAS® software programme, i.e. peeling test
(Fig. 7B), static tensile strength test (Fig. 7A3)
and the above named transverse tensile test

al phases, threated in such case
as output hardness values.
Figure 6a presents the exam-
ple of expected hardness distri-
bution in the spot welded joint
made of two sheets, each having
a thickness of imm. The upper

2 51 0 @ 2 4> WS ob g
. K

1mm DCO&
l l * 1mm DP600
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sheet was made of deep-drawing
low-carbon steel pco6, where-
as the lower sheet was made of
dual-phase high strength steel
ppr6oo. The figure presents the
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Fig. 6. Simulation (a) of hardness distribution according to the Vickers
hardness test in the dissimilar spot welded joint DC06-DP600 and (b)
transverse tensile strength tests of two sheets made of steel DP600 [14]. The
simulation indicates the area of failure consistent with the experimentally

observed plug failure [15].
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leading to the plug failure of the joint
(Fig. 7c1) and to the interface failure
of the joint (Fig. 7c2.)

Shunting of Welding Current

' C

The shunting of welding current is
an undesired phenomenon during
welding processes. The experimen-
tal tests enabled the determination of
a distance between successive welds
in order to minimise the undesired
phenomenon [20-22]. However, the
modelling and the analysis of the

Q-
’

c1
)

problem in the 3D model make it

Fig. 7. Welding in the SORPAS® software programme (A1, A2).

POSSible to deepb’ analyse the above- Computational strength test: A3) static tensile test, B) peeling test, C)

named phenomenon [23].

Figure 8 presents a welded joint
containing three welds (Fig. 8A) made in the
following sequence: weld no. 1 (Fig. 881), no. 2
(Fig. 883) and no. 3 (Fig. 882). The software
programme enables calculating the principal
welding current and shunting current flowing
through previously made “points” (welds) as
well as makes it possible to analyse the size of
the weld nugget taking into account the shunt-
ing effect. This enables the adjustment of appro-
priately higher welding current for successively
made welds in order to maintain the constant
value of the weld nugget diameter.

Electrode Force

The software programme featured two built-in
programme options enabling the selection of an
electrode force system. Electrode force can be
performed in two manners, i.e. using a stand-
ard, i.e. pneumatic or a servomechanical force
system. The first manner, i.e. using pneumatic
force, does not require extensive description;
the setting of parameters is identical to that us-
ing a welding machine. It is necessary to take
into consideration appropriate times of initial
force, principal force and the separation of elec-
trodes. The software programme automatically
takes into consideration the time of delay re-
sulting from the effect of the use of pneumatic

No. 4/2016

transverse tensile test (C1 - plug failure, C2 - interface failure.

Fig. 8. Shunting of welding current for three welds (weld-
ing sequence B1, B3 and B2).
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elements, i.e. primarily the size of cylinder, on
the force of electrode.

The second manner involves the use of the
servomechanical system of electrode force,
consisting in setting the rate of electrode trav-
el. Such a solution enables the controlled move-
ment of electrodes. However, in such a case, the
force of electrodes is the coincidence of the in-
teraction of the electrode travel rate and the
welding area heating rate resulting from the
flow of current. The advantages of the system
are particularly useful in projection welding, re-
quiring the controlled movement of electrodes
depending on the projection plasticisation rate.
Pneumatic systems can also be used when pro-
jection welding, yet the window of parameters
is very narrow if compared with that of servo-
mechanical systems.

The exemplary course of the pre-set force in
relation to the pneumatic system is presented in
Figure ga. Figure gc presents the electrode trav-
el rate (as regards the servomechanical system)
varying depending on individual technologies.
The use of force exerted by pneumatic systems

results in the, ultimately uncontrolled, move-
ment of electrodes (Fig. 9b). In turn, the pre-
set electrode travel rate enabling the controlled
movement of electrodes (Fig. 9d) results in the
force of electrodes (Fig. ge).

Summary

Numerical calculations are very useful when
assessing the weldability of new materials and
optimising the parameters of welding process-
es. The SORPAS® software programme for the
modelling of resistance welding processes en-
ables performing various calculations, rang-
ing from simple axisymmetric models (2D),
e.g. spot overlap welding to advanced models,
e.g. multi-projection welding or current shunt-
ing, requiring the use of the three-dimension-
al (3D) model.

Complex graphic options of the software
programme enable the visualisation of data
in the form of graphic presentations (courses/
waveforms of related quantities during weld-
ing) and in the form of animated quantities
subjected to analysis. The software programme
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makes an excellent tool for determining the in-
itial welding parameters as well as enabling the
in-depth analysis of phenomena taking place
during resistance welding.

Workers of Instytut Spawalnictwa possess
extensive experience in performing numeri-
cal calculations of welding processes using the
SORPAS® software programme. Instytut collab-
orates with the SWANTEC company within the
confines of joint national and international
projects [24-27]. Instytut offers collaboration
in the numerical modelling of resistance weld-
ing processes.

Some of the results of numerical
calculations (and SORPAS® software
programme) have been obtained within
research projects PBS3/B4/12/2015 and
TANGO1/267374/NCBR/2015 financed
by the National Science Centre and
the National Centre for Research and
Development.
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