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ABSTRACT

KEYWORDS: Resistance spot welding, interface resistance, finite element

method, advanced high strength steels

In recent years, great emphasis is being laid on reducing the weight of automobiles in
order to reduce their CO, emissions. In order to accomplish the goal, efforts are made to
develop 3™ generation Advanced High Strength Steels (AHSS) with strength levels of 1
GPa or higher, mainly by increasing alloying content in these steels. Small amounts of
phosphorus is also added for (i) solid solution strengthening and (ii) stabilizing retained
austenite in the microstructures. However, when these steels are resistance spot welded,
the segregation of alloying elements occurs during solidification, resulting in cracking
during welding and brittle weld metal failure upon loading. Weld metal strength was
found to be particularly sensitive to phosphorus segregation. Since resistance spot weld-
ing is the most widely used joining process to fabricate automotive parts, it is imperative
to modify the weld thermal-mechanical cycles suitably to reduce elemental segregation.
The application of a dual current pulse was found to reduce segregation and improve

mechanical properties.

Recent attempts to simulate elemental segregation during weld metal solidification
using phase field modeling have succeeded in qualitatively capturing the elemental seg-
regation trends; however, a quantitative match with experiments remains elusive, as ar-
bitrary temperature-time profiles at the weld pool were used to run the simulations. In
order to obtain quantitatively accurate phase field simulations, it is imperative to use the
actual temperature profiles experienced in the weld nugget for performing phase field
simulations, which can be obtained from finite element simulation of resistance spot
welding. In this study, we investigate the effect of various process and model parame-
ters on the accuracy and computational cost of performing finite element simulations of

resistance spot welding.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Rapid increase in the number of automobiles plying in the roads of many major cities
has resulted in a serious deterioration of air quality over the years due to the release
of noxious emissions from automobiles [1,2]. Consequently, governments across the
globe have imposed stringent vehicle exhaust norms in a bid to mitigate air pollution
[3,4]. Great emphasis is being placed on reducing the weight of the automobile, as a
lighter car would require less energy for propulsion, and hence a concomitant reduction
in the emissions generated per km travelled is expected. This is to be accomplished
without any compromise in the structural integrity of the automobile, which would
only be made possible by using high strength materials to manufacture the components
of the vehicle [10]. Therefore, the automotive industry is increasingly resorting to the
use of Advanced High Strength Steels (AHSS) such as Dual Phase (DP) steels, TRIP
(Transformation Induced Plasticity) steels and HF (Hot Forming) steels to fabricate
the various components of a vehicle [5,6]. These steels possess high strength with
reasonable ductility, made possible by carefully tailoring the alloy chemistry and heat

treatment procedure [7].

In order to fabricate the automotive chassis, these components need to be welded
together, with resistance spot welding being the most popular due to the attractive com-
bination of low cost, high degree of automation, high efficiency and high productivity
[8]. A modern automobile contains about 4000 spot welds [12]. However, the mi-
crostructure gets altered during the process of welding due to the imposition of thermal
cycles, resulting in a hard, martensitic microstructure with high level of segregation of
alloying elements, prone to brittle failure with low strength levels [7]. Therefore, recent
efforts are directed towards modifying welding processes so as to yield spot welds with

improved mechanical properties. [7-9].



Phosphorus, which is added to these steels for the purpose of solid solution strength-
ening and stabilizing retained austenite, tends to segregate to the grain boundaries dur-
ing solidification, resulting in brittle grain boundaries [7,11]. Additionally, the grain
orientation in the fusion zone is perpendicular to the loading direction in the case of
peel loading, thereby providing an easy pathway for crack propagation. Steels contain-
ing phosphorus was found to fail at a lower load when compared to steels without phos-
phorus but otherwise having the same composition [9]. Post pulsing, or the application
of a current pulse subsequent to the primary pulse, was found to reduce phosphorus seg-
regation, and a marked improvement in weld strength and ductility was observed with-
out any significant changes in the nugget geometry or hardness [8,9]. Determination
of optimum process parameters through experiments is laborious and time consuming.
Therefore, it is imperative to develop computational tools to simulate resistance spot

welding and the weld microstructure [12].

The combination of finite element and phase field modelling has been successfully
used to obtain the thermal profile and microstructure of resistance spot welds having
good qualitative agreement with experimental results; however, a quantitative match
between simulation and experimental results was not achieved, as a simple, linear tem-
perature profile with low heating and cooling rates was used [9]. In order to accomplish
the goal of using the thermal profile obtained from the finite element model as an input
for the phase field model, it is imperative to accurately model resistance spot welding.
In this study, we develop a model of resistance spot welding and perform simulations
using COMSOL Multiphysics, a commercial finite element software. We study the

effect of various process parameters on the thermal profile in the sheet.

1.2 Resistance spot welding

In resistance spot welding (RSW), metal sheets are joined together by electrical resis-
tance instead of an electric arc, which is the case in arc welding. RSW joins small
pieces of the materials (spots) together by applying a current through them while they
are pressed together by a pair of water cooled copper electrodes. Due to the applied
current, localized melting occurs due to resistance heating, which joins the sheets to-

gether at the spot where the current is applied. The application of force by the electrodes



help keep the sheets aligned perfectly. The electrode force is maintained even after the

current is cut off, to prevent lateral movement and to ensure fast solidification.
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Figure 1.1: Resistance spot welding timeline

The heat generated due to resistance heating is given by Joule’s law:
Qi) = /Iz(t)R(t)dt

Qy(t) is the heat energy generated, I(t) is the current, R(t) is the resistance and t is
the time [13]. Due to the heat generated, the temperature in the sheet rises and exceeds
the melting point of the metal (provided the current is sufficiently high), resulting in the
formation of molten metal. Once the current is cut off, the molten pool solidifies due
to heat dissipation, primarily through conduction [14]. The resistances encountered in
a two sheet stack is shown in figure 1.2. R1 and RS are the electrode-sheet electrical
resistances, R2 and R4 are the bulk electrical resistance of the sheets and R3 is the

sheet-sheet electrical resistance.

The contact resistance between the sheets is substantially higher during the initial
stages of welding. This resistance arises due to (i) constriction in the current flow, and

(i) resistance due to film/contaminants on the surface. Due to low strength and high



Figure 1.2: Resistances in resistance spot welding [12]

electrical conductivity of copper, the electrical resistance at the electrode-sheet interface
can be neglected. The contact resistance in an interface is dependent of the contact area,
and evolves with time as a result of deformation. The increase in contact area, caused by
the increase in temperature (which reduces the yield strength of the material) decreases

the current density, which in turn decreases the electrical resistance at the interface.

1.3 Parameters in resistance spot welding process

In resistance spot welding, the important process parameters are welding current, elec-

trode force, weld time and cool time.

1.3.1 Welding current

The weld current is the dominant parameter in this welding process since the gener-
ated heat is proportional to the square of the current. If the current is too high it may
cause expulsion, which in turn decreases the nugget size and causes splashes of molten
material at other parts of the construction, which then have to be removed and causes
time-consuming repair work. Using a current that is too high can also lead to large de-
formations and indentations on the sheets, as well as more wear on the electrodes. On
the other hand, a current that is too low will have a very low heat input, resulting in a
very small weld nugget, which will have poor load bearing capability. Therefore, it is
important to use the correct welding current in order to ensure a good weld. Typically,

a weld current of about SkA is used for steel sheets [9][13].
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1.3.2 Electrode force

The electrode force is applied to ensure that the alignment of the sheets is not disturbed
during welding. Too low an electrode force may cause the alignment to change. If
the electrode force is too high, the electrodes will penetrate very deeply into the sheet,
resulting in poor weld surface appearance and high indentation depth. Typically, an

electrode force in the range of 4kN is applied for steel sheets [14][15].

1.3.3 Weld time

The weld time is the time duration for which the current is passed through the elec-
trodes. If the weld time is too high, expulsion of molten metal will occur, resulting
in poor properties and aesthetics. If the weld time is too low, then adequate heating
may not occur, resulting in small weld nuggets or even the absence of a weld nugget.
From the point of view of reducing costs, it is desirable to reduce the weld time in order
to improve productivity, which can be compensated by increasing the welding current.

Typically, the weld time will be of the order of 200 milliseconds [9][14].

1.3.4 Cool time

The cool time refers to the time gap between current cut-off and electrode removal. The
electrodes must continue to clamp the joint together even after the current has been cut
off, to ensure that the stresses during cooling do not cause any misalignment. However,

if the cool time is too high, the productivity will be affected.

1.3.5 Electrode material

The electrodes play two important roles in resistance spot welding: (i) to clamp the
sheets together, and (ii) to apply high current through the sheets. In order to reduce
heating of the electrodes, copper and copper alloys are typically used to fabricate the
electrodes. These electrodes are water cooled to ensure that the electrodes do not get
heated up, which will soften due to heating and hence cause the electrode shape to

change. The electrode materials are described in ISO 5182:2008 standard [16].



1.3.6 Electrode geometry

The geometry of the electrode determines the nature of the contact between the elec-
trode and the sheets, which in turn affects both the contact pressure and the current
distribution. A number of common electrode geometries is shown in the figure below.

The geometry of the electrodes are governed by the ISO 5821:2009 standard [17].

) L

Truncated cone Radiused Chomed
Flat Offset Other

Figure 1.3: Common electrode geometries [13]



CHAPTER 2

Literature review

2.1 Resistance spot welding simulation

Greenwood in 1961 [18] developed the first heat conduction model to simulate the
temperature profile evolution during resistance spot welding. Another finite difference
based one dimensional heat transfer model was reported by Gould, J. E. [19]. Both these
models fail to predict nugget formation as they, being one dimensional models, do not
consider radial heat transfer. Later, two dimensional axisymmetric heat transfer models
for analyzing this welding process were reported by Cho et al. [20], Han et al. [21], Wei
et al. [22, 23] where they used finite difference method. Unfortunately, these models
focused attention on heat transfer only, while neglecting the thermal-electrical nature
of the process. Also, variation of contact resistance was considered in an arbitrary
manner. Nishiguchi et al. [24] reported an improved version of such an axisymmetric
model. Apart from heat transfer analysis, this model considered electrical field analysis
and elasto-plastic analysis. However, the influence of contact resistance was neglected.
Finite element method has been successfully used to simulate resistance spot weld-
ing [25-32]. Both electro-thermal as well as electro-thermo-mechanical coupling have
been incorporated in these models. The sheet-sheet contact resistance, which varies
with temperature, was found to have a profound influence on the weld nugget diame-
ter. Therefore, accurate simulation of resistance spot welding requires accurate contact

resistance data as a function of temperature.

2.2 Electrical contact resistance

Electrical contact resistance arises due to constriction to the flow of current at the in-
terface due to the presence of asperities at the surface of the bodies in contact, and due
to presence of surface film of oxides or other contaminants. The contact resistance is

affected by both pressure and temperature. Increase in pressure increases the area of



contact, thereby reducing the local current densities at the asperities and reducing the
resistance. Increase in temperature also affects the contact resistance due to changes
in electrical resistance, yield strength and thermal expansion. The contact resistance is
also dependent on materials properties. As contact resistances show high dependency
on temperature, pressure and contact configuration, large range of contact resistance

values, varying in several orders of magnitude, are encountered [33].

2.2.1 Experiments

Feulvarch et al. [34] experimentally measured the interface resistance of unalloyed,
uncoated steel sheets to be in the range of 3 x 10~ Om? to 107® Qm?. Robin et al. [35]
experimentally measured the interface resistance to be in the range of 4 x 10719 Qm? to
5x 1072 Qm?. Babu et al. [36] determined the electrical contact resistance of uncoated,
plain carbon steel sheets to be 1077 2m? at 20 MPa and 4 x 1075 Qm? at 80 MPa
pressure at room temperature. The interface resistance was found to vary inversely with
pressure. Song et al. [37] measured the interface resistance of AISI 1018 low carbon
steel to be 4.5 x 1078 QOm? at room temperature at 100 MPa pressure. Bao et al. [38]
studied the effect of temperature and pressure on electrical contact resistance of electro-
galvanized chromium-free, electro-galvanized fingerprint-resistant, electro-galvanized
phosphating and hot-dip galvanized chromium-free coated steel sheets. The electrical
contact resistance at 110 MPa pressure and room temperature for the hot-dip galvanized

sheet was measured to be 3 x 10~7 Qm?2.

2.2.2 Modeling

Greenwood [41] developed a model to predict the electrical contact resistance, which
requires knowledge of the number of contacting asperities, average radius of contacting
asperities and average centre to centre distance of asperities as model input parameters.
Cooper et al. [42] developed a statistical contact model for rough surfaces. The model,
originally developed to obtain thermal contact resistance, was used to model electri-
cal contact resistance due to the close analogy between thermal and electrical effects.
Though the models are quite accurate, it is difficult to calculate temperature-dependent

contact resistance due to difficulties in estimating the model input parameters at high



temperatures. Hence, there is a need to develop a versatile model to obtain temperature-
dependent electrical contact resistance across a wide range of temperatures, relying pri-
marily on the temperature-dependent materials properties as input parameters to effect

temperature-dependent variations.



CHAPTER 3

Methodology

COMSOL Multiphysics, a commercial software that enables solving coupled partial
differential equations using finite element method was used to model resistance spot
welding. Coupling between electrical and thermal physics was considered. Mechanical
deformations were not accounted for in this model. The application of electric cur-
rent results in a non-uniform potential field, the gradient of which gives rise to local
currents that cause resistive heating. The resistive heating gives rise to a temperature
field, which gives rise to changes in electrical resistivity, as electrical resistivity is a
function of temperature. Due to this change in electrical resistivity, the potential field
changes. Thus, the electric potential field affects the temperature field and vice-versa.
Hence, a coupling between the electrical and thermal physics is necessary in order to
accurately simulate resistance spot welding. The schematic of electro-thermal coupling

in COMSOL Multiphysics is shown in the figure below.

Input

Electric currents module

Time stepping

Heat transfer module

Output

Figure 3.1: Schematic of electro-thermal coupling



3.1 Geometry

The dimensions of the model used for simulation is shown in the figure below. Two
sheets of 1.2 mm thickness were used. The dimensions of the electrodes were measured
using a vernier caliper. Simulations were run on both 2D axisymmetric model and 3D
model. The 3D model was generated by rotating the constructed 2D model around the

axis of symmetry.

1.0000 |1.0000

2.5000

0.6500

Bl

0.2400

1~ 0.9500 |-

~—1.6000 —

All dimensions in cm

Figure 3.2: Model dimensions

In order to accurately reproduce the features of resistance spot welding of the sheets
in a simple electro-thermal model, the interface resistance is to be applied only to that
part of the faying surfaces that are in electrical contact. At the faying surface, only
a small area of the two sheets are in electrical contact, where the interface resistance
derived above is applicable. The remaining area, though in close proximity, is not in
electrical contact. Hence, for the parametric model, at a microscopic level, the two
sheets are separated by a small distance (0.01 mm) except for the regions that are in
contact. The regions in contact are assumed to be coaxial and equal in area to that of

the electrode faces.
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3.2 Materials properties

The sheets are made of DP1000 alloy. The alloy composition is given in table below.

Materials properties were obtained using the software JMatPro.

Table 3.1: DP1000 alloy composition

Element | Composition
C 0.22
Mn 2.9
Si 1.9

P 0.011

Al 0.15

Cr + Mo 1.4
Fe balance

3.3 Process parameters

The welding process parameters used for the simulations are given in the table below.

Table 3.2: Process parameters

Process parameter | Value
Current 4-8 KA
Electrode force 3.5kN
Squeeze time 500 ms
Weld time 120 ms
Hold time 380 ms

3.4 Physics settings

3.4.1 Heat transfer settings

o The initial temperature is set to 298K.

e The temperature in the interior surface of the copper electrodes is set to 298K
throughout the process.

e The rest of the surfaces are set to be insulating i.e. no heat transfer occurs through
the other surfaces open to the atmosphere.

12



3.4.2 Electrical currents settings
e The voltage at the bottom face of the electrode is set to 0.
e Current is applied from the top face of the electrode.
o Initial voltage is set to O throughout the material.

e Contact resistance at the sheet-sheet interface is applied through the ’surface
impedance’ option.

3.5 Interface resistance model

All unpolished surfaces, which may seem to be perfectly flat to the naked eye, are
replete with asperities. As a result, when 2 surfaces come in contact at a macroscopic
scale, only the highest points of the asperities come in contact at the microscopic scale,
as shown in figure below. In this model, the asperities at the interface are modelled as a

set of cylinders as shown in figure.

N . M
. v el TN P

Figure 3.3: Left: Asperities in an unpolished interface; right: model of interface

In this model, the asperities at the interface are modelled as a set of cylinders as
shown in figure 4. Let the height and total area of all cylinders at temperature 7 (room
temperature) be [y and ag respectively, and the height and total area of all the cylinders
at a temperature T be [ and a respectively. Let o(T") be the yield strength at temperature
T, p(T') be the density at temperature T, R(T) be the interface resistance at temperature

T and P be the load applied by the electrodes. We know that

3.D

13



From the conservation of mass, we have

p(To) x vg = p(T) X v

i.e.

p(To)Xloxaozp(T)xlXa

Substituting eq. (3.1) here, we get

p(To) x P xly  p(T)x P xI

o) oD
ie.
pTo)XlOZp(T)Xl
o(To) o(T)
Rearranging, we get
p(To)  o(T)
=1y x X 3.2
") o) 2
We know that
R — pe X l
a
Substituting eq. (3.2) and eq. (3.1) here, we get
p(To)  o(T) o(T)
R=p.(T) x X X 1) X
which simplifies to
2T Ti
R = po(T) x — 2 x0oM) (3.3)

o(To) x P x p(T)

The validity of the above equation can be tested using some of the properties of

interface resistance that are known to us a priori. The parameter [, can be treated as a

quantity that is used to capture the surface roughness that is inherent to all surfaces. It is

easy to see that if [j — 0, R — 0 i.e. if the surfaces are perfectly flat, then the interface

14



resistance drops to zero, which is logical, as the very source of interface resistance is the
presence of asperities, which result in an imperfect contact at the interface. It can also be
derived that the interface resistance R drops to zero when o (T") drops to zero i.e. when
liquid forms. Again, this can be corroborated by our intuitive understanding of perfect
contact at the interface in presence of a liquid. It can also be shown that the equation
is dimensionally consistent. An equivalent derivation for the thermal resistance can
be derived; however, we neglect the thermal resistance of the faying surface, as the
heat flow across the sheet-sheet interface is zero due to symmetry. We also neglect the

electrode-sheet interface resistance.

15



CHAPTER 4

Results

4.1 Materials properties

Materials properties were obtained from JMatPro software. JMatPro is an acronym
for Java based Materials Properties. The software is used to calculate thermophysical
and physical properties (from room temperature to the liquid state), time-temperature-
transformation/continuous-cooling transformation diagrams, stress/strain diagrams, proof
and tensile stress, hardness and creep properties. The calculations are based on sound
physical principles rather than purely statistical methods, thus overcoming the limita-

tions of methods such as regression analysis [39].

Heat capacity vs temperature
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Figure 4.1: Plot of heat capacity vs temperature, DP1000 steel



Density vs temperature plot
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Figure 4.2: Plot of density vs temperature, DP1000 steel
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Figure 4.3: Plot of electrical conductivity vs temperature, DP1000 steel
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Thermal conductivity vs temperature
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Figure 4.4: Plot of thermal conductivity vs temperature, DP1000 steel
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Figure 4.5: Plot of flow stress vs temperature, DP1000 steel
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4.2 Interface resistance

The interface resistance vs temperature as predicted by the model is shown in the fig-
ure below. The interface resistance function predicted by the model was used as an
input for the finite element simulations. A correction factor of 10* was used to account
for film resistance. The choice of correction factor was based on the experimentally

measured sheet-sheet interface resistance value at room temperature for sheets having

similar surface conditions and materials properties.

1o X 108 Interface resistance vs temperature
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Figure 4.6: Plot of sheet-sheet interface resistance vs temperature, DP1000 steel

4.3 Effect of geometry

Simulations were run using both 2D axisymmetric as well as 3D models. The tempera-

ture profile at 220 ms is shown in the figures below. Both the temperature profiles were
obtained with 5 kA current and normal mesh size.
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Figure 4.7: Temperature profile, 2D axisymmetric model

Figure 4.8: Temperature profile, 3D model
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4.4 Effect of interface resistance

Simulations were performed on models with and without incorporating the interface re-
sistance. The other process parameters were kept the same in order to draw meaningful

information from the simulation results.

Figure 4.9: Temperature profile, no interface resistance

Figure 4.10: Temperature profile, with interface resistance
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4.5 Effect of welding current on temperature profile

3D current=5.5kA mekh=normal R=1E-8 time=220ms

W 1.47x10%

¥ 1.47x10°

Figure 4.13: Temperature profile and molten pool, 6.5 kA
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Figure 4.16: Temperature profile and molten pool, 8 kA
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4.6 Evolution of temperature profile with time

The temperature profile at certain specific points as a function of time is plotted in the
figure below. The center point is the point at the centre of the two sheets. The point
marked 0.2 mm is located 0.2 mm below the centre point along the axis of symmetry,
the point marked 0.4 mm is located 0.4 mm below the centre point along the axis of

symmetry and so on.

30 current=7k& mesh=coarse R=1E-8

1500 F — center | 4
— 0.2mm
— 0.4mm

0.6mm |

— 0.8mm

1400
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900
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Temperature (degC)

4] 100 200 300 400 500
time (ms)

Figure 4.17: Temperature profile, 3D model
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CHAPTER 5

Discussion

5.1 Effect of geometry

For the 2D axisymmetric model, certain anomalies are observed in the temperature
profile, particularly at the center of the weld pool. Similar anomaly was observed in the
temperature contours of De et al. [40]. Also, the peak temperature and size of molten
pool is substantially higher when compared to the results from the 3D model. Unlike
the 3D model, lack of symmetry between the top and bottom halves is also observed in
the 2D axisymmetric model. Therefore, the numerical errors in the 2D axisymmetric

models are too high to be considered reliable.

5.2 Effect of interface resistance

The peak temperature reached in the simulation with no interface resistance is only
218 °C, whereas the peak temperature is 1230 °C when the interface resistance is incor-
porated. Clearly, simulations which do not incorporate sheet-sheet interface resistance
will be very inaccurate. This also serves to show the importance of incorporating accu-

rate temperature-dependent interface resistance.

5.3 Effect of welding current on temperature profile

As expected, the size of the molten pool and peak temperature increases with increase
in welding current. The weld pool appears to be an ellipse when viewed from a cross
section parallel to the axis of symmetry and passing through the center. The weld nugget
diameter does not appear to increase substantially with increase in current. This may be
due to the higher sheet-sheet interface resistance of galvanized sheets when compared

to uncoated sheets.



5.4 Evolution of temperature profile with time

The temperature at the center, which lies on the sheet-sheet interface, is higher than
all other points, as the major source of resistance (and hence heat) is at the sheet-sheet
interface. The cooling rate is initially quite steep, and reduces as the temperatures
reduce. The curves appear to be consistent with Newton’s law of cooling. Interestingly,
the temperature difference between the center and the point 0.2 mm below the center

along the axis of symmetry appears to be nearly constant.
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CHAPTER 6

Conclusions

2D axisymmetric model was found to give inaccurate results and hence must not
be used for simulating resistance spot welding.

Accurate temperature-dependent sheet-sheet interface resistance is necessary in
order to obtain accurate temperature profiles in simulations.

Weld nugget diameter was found to increase with increase in current.

COMSOL Multiphysics was successfully used to simulate resistance spot weld-
ing.
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