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Abstract

Resistance spot welding (RSW) is a process in which contacting metal surfaces are joined by the pressure and heat obtained from re-
sistance to electric current flow. It is widely accepted in the industry due to its advantages in high speed and suitability for automation.
The RSW process is extremely important to quality in automotive industry because approximately 6000 spot welds were used in automo-
tive body. In addition, the RSW process is a complicated process that includes electrical, thermal and mechanical phenomena. For this
reason, it is necessary that researchers should perform electric field, heat transfer and thermo-elastic-plastic analysis, and consider phase
change, contact conditions and temperature dependence of material properties in order to simulate a realistic RSW process. There were
lots of previous studies for RSW simulation by using Finite element method (FEM), but most of studies have performed qualitative
analysis which predicts the shape of weld nugget fatigue life and residual stress. Therefore, this study defines the contents which men-
tioned above based on the theoretical background and reproduces a 3D DC RSW process through using ABAQUS, commercial FEM
program. It also obtains the reliability in terms of simulation results through quantitative approach by comparing between the nugget
shape and the actual experimental results. The error percentage of nugget width between simulation and experiment shows outstanding
results that from 0.44 % to 3.80 %. Based on the simulation results through these theoretical backgrounds, it is possible to effectively
trace the weld nugget shape of all steels, provided the temperature dependent material properties are available. An illustration of such a

simulation to predict the nugget shape and size of resistance spot welded SPRC 340 steel is presented in the paper.
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1. Introduction

The RSW process is commonly used for welding thin plate,
vehicle molar band, electronics and it is particularly signifi-
cant in automotive industry because approximately 6000 spot
welds were used in automotive body. During the RSW proc-
ess, it fails to join if the heat input is not sufficient, on the
contrary it leads to welding quality deterioration due to spat-
ters caused by excessive heat. For these reasons, to find an
optimal welding condition is significant according to the char-
acteristic and quality of the weld materials. The quality
evaluation after RSW process is primarily determined by the
size of the weld nugget. There are lots of previous studies
about RSW simulation by using the Finite element method
(FEM) to predict the residual stress, fatigue life [1-5] and
simulate the process of weld nugget formation. Kobayashi et
al. simulate the 3D RSW process but which does not have the
quantitative indicator and the simplified contact resistance,
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one of the significant variables, as a one value [6]. The RSW
process simulation by using simplified value of contact resis-
tance is also found in Refs. [7-11]. But simulating a process of
weld nugget formation and predicting a weld nugget size are
inappropriate if variables of contacting surfaces are not de-
fined in detail. In addition, as most of these studies simulate
by using 2D modeling [12-16], the application of 3D model-
ing is necessary considering the realistic RSW process, the
multi-spot welding simulation and the scalability in many
other shape of weld metals.

The main purpose of the simulation is to determine weld
nugget size by comparing simulation to experiment. Govern-
ing equations are Maxwell’s equation of conservation of
charge and thermal energy balance equation.

2. Governing equations and background theory

In RSW, the generation of thermal energy which is required
to melt the weld metal could be considered by joule heating.
The joule heating arises when the energy dissipated by an
electric current flowing through a process that a conductor is
converted into thermal energy. Thermal-electrical coupling
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arises from two sources. The conductivity in the electrical
problem is temperature dependent, and the internal heat gener-
ated in the thermal problem is a function of electric current.

As aforementioned, it requires two governing equations to
realize the virtual RSW process. The first one to introduce is
Maxwell’s equation of conservation of charge. Assuming
steady-state direct current, the equation is expressed as

—j(vago).JdV = I§¢JdS+.[§¢7rch (1)
N 14

where J=-J-n means the current density entering arbi-
trary control volume across the surface S.

The flow of electric current is described by Ohm’s law and
introducing this, the governing conservation of charge equa-
tion is expressed as

[(V(dp)o*)-V(p)av = [spr.av + [spJds . @)

v

Heat transfer process determined weld nugget shape in
RSW. As the welding is performed in a short time due to the
focused heat energy at the center of weld metal, heat con-
densed at the center and transferred to the periphery. The el-
lipsoid shape of the nugget is mainly due to the uneven ness in
the heat loss from the nugget. The side adjacent to electrode
would cool quickly then the other side as the heat absorption
rate through electrode side is high due to the flow of coolant
through electrode (an effective cooling system used to keep
the temperature of electrode in check). The heat loss through
radiation would be negligible compared to the heat absorbed
by the electrode.

Physical situation has obviously suit the unsteady state, the
boundary condition and etc. should be adjusted properly be-
cause the heat transfer analysis of RSW which used FEM
occurs with transient heat transfer which varies the internal
energy over the time. Through this transient heat transfer
analysis, we can choose temperature distribution inside of the
base metal, quantity of heat transfer and thermal stresses. In
this study, heat conduction behavior is expressed as follows
by Green and Naghdi’s basic energy balance relation

[pUsoav + [(V(50)k)-v(6)av

= [s6ray + [504ds . ©)
v N

Egs. (2) and (3) describe the electrical and thermal prob-
lems, respectively. As aforementioned, thermal-electrical cou-
pling arises from two sources

Electrical problem
ot =c"(0). 4)

au
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Fig. 1. The definition of latent heat.

Thermal problem

r=r.(J) )

where r is the heat generated within the base metal which is
a function of electric current.

Joule’s law describes the rate of electrical energy, P_,
dissipated by current flowing through a conductor as

P =E-J. (6)

ec

In a transient analysis, an averaged value of P_ is obtained

over the increment. Thus the equation of P, can be
expressed as
1
PL’( = PL’( dt
At s,
1
=(Ec”)-E—(Ec")-AE +—-A(Ec")-AE . 7
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The amount of this energy released as internal heat can be
expressed as

r=n.P.. @®

Constitutive equation for heat transfer problem is written
about specific heat which commonly neglects the coupling
between mechanical and thermal problem.

dUu
0(9) =g )
But the effect of latent heat in phase change is not satisfied
above equation. Solidus temperature, liquidus temperature and
the total internal energy which associated with the phase
change are used in the phase change interval, respectively.
When the latent heat is given, it is assumed to be in addition to
the specific heat effect. Fig. 1 shows temperature dependant
latent heat. The towering part in the middle of the figure plays
arole to calculate energy dissipation in melting process.
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In addition, in case of carbon steel, specific heat value
changes depending on carbon content, but specific heat value
is commonly increasing sharply nearby 1003 K in most of
carbon steel. Because the chemical change that converting the
ferrite-pearlite to austenite has occurred. This phenomena
generally causes the divergence problem of the simulation.
Therefore, the application of the smooth curve is needed
before and after 1003 K.

Generally, the stress analysis refers to the term which
occurred by the power and gravity from the outside of the
structure, but when it comes to the welding process analysis,
it represents mainly the thermal stress which is generated by
the sharp temperature change and non-uniformtemperature
distribution. As coupled thermal-electrical analysis is
progressed, it is possible to know the temperature distribution
by the time change and then it makes to know the thermal
strain. Accordingly, the thermal change according to the joule
heating by electric current carries out the coupled thermal-
electrical-structural analysis which makes the thermal stress
analysis possible. In the coupled thermal analysis performing
method, there are sequential coupled thermal analysis and
fully coupled thermal analysis. Sequential coupled thermal
analysis is the general access method that the structure analy-
sis occurred by the result value after finishing heat transfer
analysis. Completely coupled thermal analysis represents a
method which occurs both the structure change and the ther-
mal change simultaneously as time goes by. In this study,
fully coupled thermal energy method is used and the analysis
is conducted by adding about the part of electricity.

The metal follows the internal stress, strain from the elastic
zone to the plastic zone according to the increase of load,
external force. The yield point of the metal has usually the
bigger point, it shows the plastic zone when it is under great
external power. This characteristic is called as elastic-plastic.
However, as the metal in the process of RSW process is ac-
companied by great temperature change, this makes the plas-
tic deformation. This means that the properties of material are
changed by temperature so deformation behavior is affected
greatly by temperature. Thus, in order to predict the material
deformation in RSW, thermo-elastic-plastic analysis should
be conducted. This study applied thermal expansion coeffi-
cient, modulus of elasticity and yield strength by temperature
to the model to figure out the thermo-elastic-plastic analysis.

3. Modeling and boundary conditions

Three dimensional analysis is conducted with five condi-
tions from 5 kA to 9 kA by modeling the size of electrode
and plate which are used in the actual RSW equally in order
to simulate resistance spot welding process and compare and
analyze with its actual result of the experimental. The analy-
sis employed the commercial FEM program, ABAQUS 6.14
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(a) Electrode (b) Plate

Fig. 2. Part modeling for RSW simulation.

and applied MKS system of unit. SPRC 340 steel and
Chromium copper are used as the materials for the analysis
model and they are modeling as shown in Fig. 2. It is notice-
able that the contact center area is modeled with relatively
fine meshes in circumference shape and the rest is with
coarser in rectangular and this strategy finally made the
simulation converge.

SPRC steel has thinner than hot rolled steel and has supe-
rior to it in the degree of accuracy. Also, its side is elegant,
smooth, and superb in machinability. Due to the nature of it, it
is utilized in automotive body, home appliances, furniture,
architecture, and so on. Chromium copper is used mainly for
the electrode of spot welding, projection welding, seam weld-
ing and also used for the secondary circuit structural member
as it has high strength and conductivity. This property of the
material appeared through chemical bond, heat treatment and
cold working.

The weld metal is modeled by applying standard size of
RSW specimen (100 mm*30 mm*1 mm), the electrode is
modeled to dome shape of 6 mm in diameter, and the analysis
is conducted after modeling for maintaining constant tem-
perature during weld time by making water cooling channel
at the top of the electrode. Mesh used hexahedron and Ther-
mal-electrical-structural (Q3D8) element to conduct coupled
thermal-electrical-structural analysis. Except for the case that
the shape of weld metal is not a plate, the RSW model is
mostly possible to design to the axially symmetrical model so
modeling was completed to 1/4 size of the entire model when
applying the axially symmetrical condition to cut down time
the analysis time. Fig. 3 shows the model and the shape of
mesh.

When the RSW analysis is conducted, the boundary condi-
tions such as electrical, thermal, mechanical condition are
used depending on the welding process parameter. Addition-
ally, the physical phenomenon on the contact surface is con-
sidered. The electrical boundary condition which is used for
the analysis employed the total 5 electric current condition
from 5 kA to 9 kA by increasing per 1 kA in order to compare
the actual result of the experimental under the same conditions
and each condition as the current density input the data about
the size of the upper electrode except for water cooling chan-
nel. In the lowest end of the electrode, the analysis is
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Fig. 3. Geometry of the assembled model and mesh.

conducted by giving the condition of 0 V to send an electric
current to the whole model. The initial temperature of the
RSW model and temperature of electrode water cooling chan-
nel are applied to 293 K and they are set up to be maintained
constantly during a process of analyzing. The radiation condi-
tion meets the following formula and copies an ideal heat

transfer by assuming as the black body that emissivity( ¢ ) is 1.

g=A(0)-(©") 1. (1

Here, A is a radiation constant and it means the value of
multiplying emissivity by Stefan-Boltzmann constant. In case
of the convective condition, the analysis is proceeded by
giving natural convection condition to the following formula.

q=h(0-0"). (12)

Here 7 means convective heat transfer coefficient be-
tween the surface and ¢° which is ambient sink temperature.

To simulate the electrode pressure, total force 300 kgf of
the uppermost of the electrode is converted into Newton (V)
unit and its value is put after dividing according to the axis-
symmetry model. The lowest end and the uppermost of the
electrode are bound not to be moved to the directions X, y, z,
and the analysis is conducted by giving axis-symmetry condi-
tion to the directions x and y as the model of this study applied
to the quarter of the size of the whole model.

There are two types of resistance in RSW. One is bulk re-
sistivity, and the other is contact resistance between steel
sheets. The contact resistance decreases nonlinearly as elec-
trode pressing force increases. As the contacting interface is
not totally flat, a lot of asperities remains either contacted or
not when analyzing microscopically. Thus, the bigger the
force applied is, the more asperities are. This means the in-
crease of the real contact area so the contact resistance de-
creases. The whole resistance looks for the value by adding up
bulk resistivity of the material and contact resistance. In other
words, resistance value varies depending on bulk resistivity of

the material, applied force, temperature. In this study, based
on the definition by Greenwood and Babu et al., the contact
resistance is obtained by considering bulk resistivity of mate-
rial, force, and temperature and then the analysis is proceeded
on the presumption that value of this graph is the whole resis-
tance [17-19].

RSW is the welding method which welding is possible in a
very short pace of time. Accordingly, in defining behavior of
the contact surface, the analysis is conducted after assuming
that there is no friction before the contact. Besides, normal
behavior assumes that there is no stress before the contact and
defines the condition that stress occurs after the contact. In
coupled thermal-electrical analysis process, the heating occurs
when the energy loss by the electric current which flows con-
ductor is converted into thermal energy. In RSW process, the
increase of temperature of plate is the largest proportion in the
case by joule heating. Through this, the condition that the
thermal energy by joule heating takes place was settled up in
each contacting area.

As TCC (Thermal contact conductance) has different value
on its result value according to surface roughness of the mate-
rial in RSW, this can be represented to function about tem-
perature and pressure like ECC (Electrical contact conduc-
tance). However, it is confirmed that the result of simulation
according to the value of TCC is affected by the abnormal
high value not the normal value of surface roughness through
the simulation by Li et al. In other words, just one constant is
entered by considering convergence of the analysis as the
influence on the result of the simulation depending on tem-
perature and pressure of TCC on the materials which are used
normally is slight [20].

4. Welding process and material properties

There are four process of the whole process of RSW such
as squeeze, weld, hold, off as mentioned above. The squeeze
process can perform the stress analysis, the weld process can
do the thermal stress and heat transfer analysis, and the subse-
quent processes can do residual stress and thermal strain
analysis. This study does not include the part of stress and
thermal strain but convers the squeeze cycle which perform
the electrode force and the weld process which includes the
exothermic reaction by the current to electrode force in order
to predict the final weld nugget shape. For the welding condi-
tions, electrode force 300 kgf, weld time 0.3 s, current from
5ka to 9 ka which are mentioned above are employed and the
analysis is carried out by measuring the amplitude like the
following Fig. 4.

The weld metal, electrode and each material properties are
entered to the graph which depends on temperature except for
the density and the material properties considering the phase
transformation with latent heat of weld metal was inputted.
One of the parameters which is required to define bulk resis-
tivity of weld metal, weld metal and yield strength of the elec-
trode and ECC, the asperity density is measured approxi-
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Table 1. Material properties of SPRC 340 steel at room temperature.

Property Value
Density 7800 kg /m’
Thermal conductivity 519 W/m-K
Electric conductivity 8060000 U/ m
Specific heat 450 J/kg-K
Young’s modulus 200 GPa
Poisson’s ratio 027
Expansion coefficient o 0.00001 K
Yield strength 245 MPa
Solidus temperature 1753 K
Liquidus temperature 1808 K
Latent heat 272000 J/ kg

Table 2. Material properties of chromium copper at room temperature.

Property Value
Density 8890 kg /m’
Thermal conductivity 323 W/im-K
Electric conductivity 44600000 U/ m
Specific heat 385 J/kg-K
Young’s modulus 130 GPa
Poisson’s ratio 0.30
Expansion coefficient o 0.0000176 K
Yield strength 350 MPa
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Fig. 4. The sequence of squeeze-welding cycle.

mately by using sigmoid function by Babu et al. The weld
metal and the electrode material properties at room tempera-
ture are listed up in the following Tables 1 and 2.

5. Experiment and results

5.1 Temperature distribution

Performing the RSW experiment same with condition of
analysis in order to compare the simulated results with the
ABAQUS. Through surface polishing and etching, surface
observation photograph of the weld zone has secured by cut-
ting a cross-section after welding for macroscopic test. The

(a) Spot welder (b) Polisher

‘_I

(c) Optical microscope (d) Diamond cutter

Fig. 5. Experimental apparatus.
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Fig. 6. Temperature changes in welding process.

etchant was composed of 6 % nital. Weld nugget size of the
experimental results based on the measurement thickness of
specimen that converted to pixels per unit length. Following
Fig. 5 shows the experimental apparatus.

The temperature which rises rapidly above the melting tem-
perature at plate-plate interface by current while the RSW
progress and difference of the contact resistance in each inter-
face. Temperature changes depending on time where the weld
zone formed that is located in plate-plate interface are con-
firmed in following Fig. 6.

The weld nugget was formed in the around 0.06 s and con-
firmed that temperature at final step of the welding and the
diameter of the weld nugget were proportional to current in-
creasing. It also confirmed that the amount of indentation by
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Fig. 7. Weld nugget formation at 0.3 s, 7 kA.
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(a) Initial step

(b) 0.05 s

(b) Temperature distribution at initial step in the small contact area

Fig. 8. Comparison between large contact area and small contact area.

the electrode pressure and gap of the plate-plate interface near
that place were increased gradually. Following Fig. 7 repre-
sents the weld nugget formation at 0.30 s in the current condi-
tion, 7 kKA.

Theoretically, initial heat generation is generated in plate-
plate interface because contact resistance of electrode-plate
and plate-plate interface are different. This means contacting
areas which plate-plate, upper electrode-plate and lower elec-
trode-plate interface are same in model. However when over-
all contacting area set up equally, penetration has occurred
considerably between electrode and periphery of the contact-
ing area by the thermal deformation. We set up the contacting
areas through overall plate area for preventing this phenomena,
it cause the initial heat generation occurred in electrode-plate
interface like Fig. 8.

The current has converged to the edge of the electrode as
the surface was modeled to the shape of a dome which has the
flat tale edge. For this reason, melting in the plate-plate inter-
face started at periphery of the center. Finally the weld nugget

() 0.07 s (d)0.30s

Fig. 9. Temperature distribution during whole step along the time.

represents the lip shape because heat transfer is proceed to
outward of weld zone and heat is gradually accumulated to-
ward the center. Following Fig. 9 indicates the shape of the
weld nugget by time change of analytical mode based on the
6 kA. Fig. 9(b) represents the formation process of the weld
nugget by the concentration of current at edges of the elec-
trode, and Fig. 9(c) represents the shape of weld nugget in a
formative period.

5.2 Stress distribution

Figure shows the Von Mises stress distribution in squeeze
cycle of RSW progress.

As shown in Fig. 10, the maximum stress has occurred at
edge of the electrode, 139 MPa. Non-uniform stress distribu-
tion also occurred at contact area between electrode and weld
metal which phenomena was reported a lot in other study [8,
9]. The reason for this phenomena is due to the electrode was
not assumed rigid body but deformable body. If the electrode
has assumed rigid body, the stress singularity which cause to
divergence problem has occurred at the edge of the electrode.

Through addition of the generated thermal energy by cur-
rent after the squeeze cycle, the thermal stress has occurred in
weld cycle. In the center, weld nugget is formed by the ther-
mal energy which occurred and compressive stress takes place
by thermal expansion. On the contrary to this, tensile stress is
given to the periphery part of the center which weld nugget is
formed as heat occurs. This phenomenon can be confirmed
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Fig. 10. Von Mises stress distribution at squeeze cycle.

Fig. 11. Normal stress distribution at welding cycle.

by normal stress distribution. Normal stress in welding proc-
ess at the final step (0.30 s) can be also confirmed as shown in
Fig. 11. It shows the compressive stress has occurred in the
center of weld zone and the tensile stress has occurred in the
periphery of the center.

5.3 Plastic deformation

Plastic deformation is significant for the residual stress and
thermal deformation but this study deals only with the physi-
cal meaning of the result of plastic deformation in welding
process because residual stress and thermal deformation were
not described. As weld nugget is formed, it and its periphery
became under compression when welding is progressing and
it leads to plastic deformation in the center because this phe-
nomena generated in higher than yield point. Fig. 12 shows
the plastic deformation at final step (0.30 s) of welding proc-
ess and the greatest plastic deformation is occurred in edge of
the contact area and formed the annular shape. This result
serves to prevent the molten metal scattering to the outside
during the welding process.

5.4 Comparison and analysis between experiment and simu-
lation

The RSW experiment was performed under the same condi-
tions to verify the reliability of the simulation results, which
was compared and analyzed. However, as there are different
criteria in each industry field, the result through a quantitative
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Fig. 12. Plastic strain distribution at 0.3 s.

Weld nugget

width

Fig. 13. Measurement a weld nugget size of experimental data.

approach of this study can be utilized as an indicator which
meets each criteria efficiently in various fields.

Error factor about experimental data is obtained after meas-
ure the weld nugget diameter and height for comparison and
analysis between simulation and experimental result. Size
measurement method for the actual experimental results
measure the thickness of the center of welded specimen at first
and then measures each diameter and thickness in result pho-
tograph by converting it into the pixels per unit as shown in
Fig. 13. Size measurement of simulation results was accom-
plished in analysis program. Comparison between simulation
and experimental results are shown in Figs. 14-18. Digitized
and obtained error factor compared to experiment are summa-
rized in Table 3.

Previous studies which has the large deviation between ex-
perimental and simulation data. Also it has the large error
factor in a singular condition which is over than 5 %. Com-
pared to previous study, this study represent the error factor of
weld nugget diameter about overall welding condition which
against the experimental results from minimum 0.44 % to
maximum 3.80 %. Weld nugget height in 5 kA and 6 kA, the
results represent the highly error factor which are 18.25 % and
7.14 %, respectively. However, above the 7 kA condition,
shows contented results that error factor within 3.29 %. The
higher current creates thicker of weld nugget, but the phe-
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Fig. 14. Comparison between simulation and experiment, 5 kA.

- A Lr ety LT e

Fig. 15. Comparison between simulation and experiment, 6 kA.

nomenon that the result value drops is occurred again in 9 kA.
It is considered by a phenomenon which is made by reducing
the welding size itself as the higher current brings more inden-
tation in the vertical direction in the part of the contact of
specimen.

Fig. 16. Comparison between simulation and experiment, 7 KA.

Fig. 17. Comparison between simulation and experiment, 8 kA.

6. Conclusion

In this study, by using commercial FEM program,
ABAQUS about the DC RSW and simulate the RSW progress
with 3d model for SPRC 340 steel. Stress analysis, heat con-
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Table 3. Comparison nugget size between experiment and simulation.

3463

No. Center height Nugget diameter (mm) Nugget height (mm) Mean absolut§ percent error| Mean absolute Percent
(mm) Simulation Experiment Simulation Experiment of nugget diameter (%) | error of nugget height (%)
SkA 1.84 3.72 3.75 1.49 1.26 0.53 18.25
6 kA 1.79 4.53 4.51 1.50 1.40 0.44 7.14
7kA 1.70 5.14 5.26 1.51 1.48 2.09 2.2
8 kA 1.68 5.47 5.53 1.52 1.55 1.08 1.93
9kA 1.63 6.27 6.04 1.47 1.53 3.80 3.28
(NRF) funded by the Ministry of Science, ICT and Future
Planning, Korea (Grant No. 2016R1D1A1B03935036) and
Technology Innovation Industrial Program funded by the
Ministry of Trade, Industry & Energy, Korea (Grant No.
10052793).
Nomenclature
A : Radiation constant
c : Specific heat
E : Electric field intensity
h : Film coefficient
J : Current density entering the control volume
J : Current density
- k : Thermal conductivity matrix
L : Latent heat of fusion
= = n : Outward normal to control surface
- ir l,' f i 'f I: T P, : Rate of electrical energy
— : e q : Heat flux per unit area
- r : Heat generated within the body
Tee : Internal volumetric current source
N : Second
S : Control surface
Fig. 18. Comparison between simulation and experiment, 9 kA. t - Thickness of bas metal
U : Internal energy
duction analysis, electric field analysis and elastic-plastic ~ V : Control volume
analysis has conducted through the theoretical background by
apl-orOfi(.:hing qualitative apalysis. Additionally, it secure.:d Fhe Greek symbols
reliability of the analysis model through the quantitative
analysis which comparison and analysis with experimental op  : Electrical potential field
data for predicting the final weld nugget shape and size in P : Emissivity
RSW. To simulate the RSW progress, SPRC 340 steel and n. : Energy conversion factor
Chromium copper were used for this analysis model and re- 6 : Temperature
sults that error factor of weld nugget diameter shows from 0, : Liquidus temperature
minimum 0.44 % to maximum 3.80 % compared to experi- 0, : Solidus temperature
mental results. It is expected to be accelerated through exten- 8 : Absolute zero on the temperature scale
sive study through the RSW simulation when temperature 6° : Sink temperature
dependence material properties are secured for automotive P : Density
steel. o’ : Electrical conductivity matrix
o, :Density
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