u

) <

The University of Osaka
Institutional Knowledge Archive

FEM Simulation of the Spot Welding Process
(Report II) : Effect of Initial Gap and
Title Electrode-type on Nugget Formation and
Expulsion(Mechanics, Strength & Structure
Design)

Author(s) |Zhang, Jianxun; Murakawa, Hidekazu

Citation |Transactions of JWRI. 1998, 27(2), p. 73-79

Version Type|VoR

URL https://doi.org/10.18910/8463

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Trans. JWRIL, Vol. 27,(1998), No. 2

FEM Simulation of the Spot Welding Process (Report ITI)T
- Effect of Initial Gap and Electrode-type on Nugget Formation and Expulsion -

Jianxun ZHANG” and Hidekazu MURAKAWA™**

Abstract

A procedure is developed to estimate expulsion occurrence in spot welding based on the
theoretical analysis and FEM. The expulsion will occur when the nugget radius is larger than the
contact radius between plate to plate. The nugget formation and expulsion occurrence of a high
tensile carbon steel were analyzed for spot welding with initial gap and three type electrodes, Dome-
type, R-type(40mm) and R-type(100mm). Conclusions show that the nugget formation is greatly
affected by initial gap and electrode type. The initial gap affects not only the static contact but also
the kinetic contact. The initial formation of the nugget is advanced by the initial gap for the
Dome-type electrode and R-type(40mm) electrode. However, the initial formation of the nugget is
delayed by the initial gap for the R-type(100mm) electrode when the initial gap exceeds 2.0mm.
The effect of the initial gap on the nugget radius at 12 welding cycles is small for Dome-type and
R-type (40mm), but large for R-type (100mm) electrodes. The expulsion occurrence is affected by
initial gap and electrode type. The expulsion occurrence increases with an increase of initial gap.
The expulsion occurrence of the R-type(100) electrode is less than that of the R-type(40mm) and

Dome-type electrode.
type(40mm) electrodes.

The expulsion occurrence is almost the same between Dome-type and R-

KEY WORDS: (Spot Welding) (Expulsion) (Initial Gap) (Finite Element Method)

1. Introduction

The load-bearing capacity of the weldment in spot
welding is dependent on the nugget dimensions such as
nugget diameter and thickness. The larger the nugget
size, the better the load-bearing capacity of the weldment.
The proper expulsion in the operation of spot welding
process is desirable to achieve the largest nugget size.
However, larger expulsion in spot welding will impair
the labour condition and the quality of weldment. The
occurrence of expulsion is affected by many factors such
as welding current, squeezing force, welding time and so
on. How and when the expulsion will happen is very
important but a difficult problem in order to keep good
and stable quality of weldment in the spot welding
process. Much attention has been paid to improving the
quality of weldments in spot welding!-3).

There always exists a gap, called an initial gap, in the
thin plates to be welded by spot welding. Based on
experiments on the effect of initial gap on nugget
formation, it has been reported that the weldability is
strongly influenced by the contact states of both electrode

to plate and plate to plate, and appropriate welding
conditions to improve the weldability were proposed®.
Numerical analyses of deformation under squeezing
processes in spot welding with a gap were made using a
finite element method”. On the basis of the numerical
analysis, the squeezing process can be divided into three
stages with respect to plastic deformation and large
deformation.  Further, to predict the electrode force
required to close the initial gap, two methods, using
parametric curves and approximation curves respectively,
have been proposed. The effect of initial gap on nugget
formation and contact state was examined numerically
using a self-developed thermal elastic-plastic finite
element code with small deformation theory®). The
spring element was used to deal with the contact problem
between electrode to plate and plate to plate. The results
show that the initial gap has a large effect on the contact
states between plate to plate and electrode to plate.

In this report, a finite element code is perfected as an
incremental coupled thermal elastic-plastic large
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FEM Simulation of Spot Welding Process

deformation problem to simulate the spot welding
process. An approach is introduced to estimate the
expulsion occurrence in spot welding. The nugget
formation and expulsion possibility of a high-tensile
carbon steel were analyzed for spot welding with initial
gap for three type electrode, Dome-type, R-type(40mm)
and R-type(100mm).

2. Governing equations
2.1 Static electric field:
The governing equation for a static electric field in
spot welding can be treated as an axisymmetric problem.
10 20

a9 J
r or (re ﬁr)+z(£ &

)= M
where, r and z are radial and axial coordinates, € is the
electric conductivity, ¢ is the electric potential.

There are two types of boundary condition for spot
welding shown as follows:

On the boundary facing air:
o
i @)
On the surface of electrode:
¢ .
ﬁs;ds = Isin(wt) €))

where, ¢/ on is the gradient along the outward normal
direction of the boundary and the integral is taken on the
cross section of the electrode.

2.2 Heat conduction
The unsteady state heat conduction with internal heat
generation in the axisymmetric form can be expressed by:

of 1(a,. T, o, dT
CPg*;{;(”;HE(/\’E)}WLQ

@

where, T is temperature (°C), C the heat capacity, r the
density, A heat conductivity, Q is the rate of internal heat
generation per unit volume.

There are three kinds of boundary condition for heat
conduction in spot welding.

T=T, given temperature )

2 a(T-T;)  given heat transfer (6)
dn

A 95 given heat flux @)
on

The internal heat generation rate, Q can be expressed
by the following;
1,
=—J ©)
£
where, J is current density.

2.3 Thermal elastic plastic large deformation
analysis

The relationship between the strain and displacement

for large deformation in axisymmetric conditions is given

by?:
o= e agl e Gyl ©)
e, - S a3 G0r e Gy (10)
0= gy an
tmg Gttt 22l @

where, €, ,€,,€, and €, are strain components, and uy

and u; are displacements in the radial and axial
directions.

Since the thermal elastic plastic large deformation
behavior in spot welding is a highly nonlinear
phenomenon, the stress-stain relation is described by
incremental matrix forms.

e} =[Bl{dd} (13)
where, [B]=[B,]+[B,({6})], [B,] is the ordinary strain
matrix in small deformation theory, [B,({5})] is the large

deformation strain matrix related to the

displacement {8}.

present

The stress increment with the thermal strain can be
expressed by10):

@do}=[D,Yde}-[CldT (14)

where, [D,] is the elastic-plastic strain-stress matrix,
[C] the temperature-stress transfer matrix.

The equilibrium equation can be described as the
following virtual work theorem form in incremental
form.

L(dsg. &ji)dV+jl'/sydBﬁ6u,dV-=J;(dF,,iéui)dS (15)

where, 8¢, and éu, are virtual strain and displacement,
s; the nominal stress, F the boundary force in the

boundary S.
In the equilibrium state:
5 =0, (16)
Fy= sy, a7

In the deformation state, the effect of rotation strain
on the stress state should be taken into account!?),

J

o
ds; =do; + o, i o de, ~a,de,

(18)

k
According to the above relations, the finite element
matrix can be formed as follows.

[dK Y{du} = dF} (19)
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Fig.1 scheme forspot welding analysis.

where, [dK]=[dK,]+[dK,]+[dK,]+[dK,]. The matrix
[dK,] is the ordinary stiffness matrix in the small
deformation theory, [dK,] the large deformation matrix
according to the strain matrix in equation(13), [dK,] the
large deformation form related to the present stress,
[4K, ] the effective matrix because of the rotation strain
{F} the load vector
according to the external force and thermal loading. The
matrix can be expressed as following:

in the large deformation state,

(aK.1=[[B,I'[D,, ] B, ldV

(20)

[dK, 1= [[B, J'[D, 1B, 14V +,1B,T'[D, 1B,V -
+[[B,1'[D,1[B,1dV

[dK,]=[,d[B] {o}dV (22)

(9K, )=[ [N, 0, [N ],dV ~ [ [B;]'0;[B, 1V (23)

{@F} = [[N]"{dp}dS+ [ [BI"[D,, [ cldTdV 4

Based on the equations mentioned above, a finite
element code was formed. For the spot welding process
with an initial gap, there are three coupled problems:
electric field problem, heat conduction problem and
thermal elastic-plastic large deformation problem. To
solve this type of coupled problem in a strict manner,
simultaneous solutions of the electric, the thermal and
the mechanical fields are necessary. However, due to the
complexity and the cost of the analysis, an alternative
approximate method is employed in the present program.
Instead of solving the three fields simultaneously, the
three field analysis is coupled to each other for every time
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increment. The scheme used in computation is shown in
the Fig.1.

A spring-type surface element is introduced to
simulate the contact stages of the interfaces between
electrode to plate and plate to plate. The condition for
judgment of contact or no-contact is shown in Fig.2.
When the reaction force acting on the spring is
compressive, the corresponding part of the interface is
judged to be in contact. If the interface is in contact, the
stiffness of the spring is set large enough to be
considered as a rigid link. When the reaction force
becomes tensile, there is judged to be no-contact and the
stiffness of the spring is set to be zero to cut the link.
The transition from no-contact to contact is judged from
the element strain in the z direction.

3. Analysis Model and Procedure

In general, the forms of spot welding joints largely
depend on the types of the structures. An axisymmetric
configuration is assumed in this paper. The model of the
spot welding process with an initial gap is shown in
Fig.3. Because of the symmetry, only one quarter of
the model is analyzed with a mesh of 2016 elements and
2283 nodes of four-node isoparametric elements. The 78
spring elements were included in the mesh between
electrode to plate and plate to plate. The Dome-type and
R-type electrode are used in the analysis and their shapes
near the tip of the electrode are illustrated in Fig.4. The
tip of the Dome-type electrode is spherical with a radius
40 mm within 3 mm of its center and it is tapered with a
radius 8 mm outside the spherical tip. The tip of R-type
electrode is spherical with its radii of 40 mm and 100
mm respectively. The initial gap exists and changes
from 0.0 mm to 4.0 mm between the plates to be
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Fig.3 The model of spot welding

16 mm
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Fig.4 The Dome-type and R-type electrode

welded. The thickness of the plate to be welded is
assumed to be 1.2 mm. The material used is a high-
tensile carbon steel. The melt temperature is 1480°C.
The mechanical properties and thermal constants of the
plate to be welded are dependent on temperature®).

4. Estimation of expulsion occurrence

Large expulsion in spot welding has an effect on the
labour condition and load-bearing capacity of the
weldment. Physically, expulsion in spot welding allows
molten metal to burst out between the plates to be
welded under the squeezing force. The occurrence of
expulsion is affected by many factors such as welding
current, squeezing force, welding time and so on. In
general, the expulsion possibility will decrease with the
decrease of squeezing force and welding current. To
estimate correctly the expulsion occurrence is very
important to improve the quality of the weldment in the
spot welding process. The illustration of expulsion in
spot welding is shown in Fig.5. It can be assumed
from Fig.6 that the contact radius and the nugget radius
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Fig.6 Illustration of expulsion occurrence in spot

welding

will increase with the welding time and that a critical
point is reached when the nugget radius exceeds the
contact radius because of the flow of hot liquids. From
this point, an approach to estimate expulsion occurrence
in spot welding is introduced based on a calculation of
contact radius and nugget radius as follows:

Ar=r -r, =0

@5)
where, r, is the contact radius between electrode and
plate, r, the nugget radius.

The parameters shown in equation(25) can be
computed by finite element method.

5. Results and discussion

The development of the nugget diameter with welding
time for three types of electrode is illustrated in Fig.7.
The squeezing force and the initial gap are assumed as
200kgf and 2.0 mm respectively. The welding current is
9000A. It can be seen that the nugget diameters increase



with welding time and that the initial formation time of
the nugget is dependent on the electrode type. The lines
of the nugget development are almost the same for the
Dome-type electrode and R-type(40mm) electrode. There
are two parameters, the initial formation time of the
nugget and the nugget radius at 12 cycle welding time
which can be used to describe the characteristics of the
nugget development line. The initial formation time of
the nugget with initial gap for three types of electrode is
shown in Fig.8. The squeezing force is 200kgf. The
welding current is 9000A. It can be seen from Fig.8
that the initial formation time of the nugget decreases
with an increase of the initial gap for Dome-type
electrode and R-type(40mm) type electrode and that there
are some large changes for the R-type (100mm) electrode
when the initial gap is larger than 2.0mm. The reason
for the phenomenon in the R-type (100) electrode is
interpreted as meaning that the contact state between

4
Squeezing force 200kgf
welding current 9000A
Initial gap 2.0 mm
= 3
g [
g
hd
v
2
B 2
&
b5}
3
= e Dome-type electrode
“ 1 =3 R-type (40 mm) electrode
ety R-type  (100mm) electrode
0 L ] 1
0 2 4 6 8 10 12
Welding time (cycles)
Fig.7 Development of nugget radius with welding time
for different electrodes.
7
Squeezing force 200kgf
s Welding current 9kA
~°T
3 3
o 5 r we@== Dome-type
@ —B—R-type (40mm)
o ¢ sty R-type (100mm)
E
= 3
L0
k=]
—
g 2
1
0
0 0.5 1 1.5 2 2.5 3 35 4
Initial Gap (mm)
Fig.8 Therelationship between initial nugget

formatian with initial gap for different electrode.

R-type electrodes are shown in Fig.10. The nugget
radius increase with the initial gap. The nugget radii are
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electrode to plate has some effect on the formation of the
nugget. There exists a ring-like no-contact region in the
active contact surface of the electrode as shown in
Fig.9. The line marked by solid triangles, called line
A, shows the contact region from the center of the
electrode. The region between line A and Line B marked
by solid squares is the so called ring-like no-contact one.
The line marked by solid circles denotes the contact
region from line B. The contact states change with
welding time. It is found from the numerical analysis
that the ring-like no-contact region appears when the
initial gap exceeds 2 mm for R-type electrode (100mm)
and that there is no ring-like no-contact region in the
Dome-type and R-type (40mm) electrodes. The contact
states between electrode to plate and plate to plate are
very complicated problems, which are dependent on
constraint, material properties and welding parameters.
The nugget radii after 12 cycles for Dome-type and

Nugget size and contact radius (mm)

Initial gap 4.0 mm —No contact
R type electrode (R=100 mm)
0 Squeezing force 200kgf —ar— Contact
Welding current 9000A
1 1 1 g 1 L
0 2 4 6 8 10 12

Welding time (cycles)

Fig.9 Development of contact states between electrode
and plate for the R-type electrode(100mm).
4
—_
g
G
w)
2
3
ot
5.l
2
= @@~ Dome-type
=] Squeezing force 200k,
V&elding c%urrent 9kAgf —EF—R-type (40mm)
welding time (12 cycies) ~—d— R-type (100mm)
1 1 L 1 1 i 1 1
0 0.5 1 15 2 2.5 3 3.5 4

Initial Gap (mm)

Fig.10 The relationship between nugget radius after 12
welding cycles and initial gap for different
electrodes

almost the same when the initial gap exceeds 1 mm for

Dome-type and R-type(40mm) electrodes. However, the
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nugget radius is changing with initial gap size for the R-
type(100mm) electrode. Therefore, the electrode with a
large spherical radius is more sensitive to initial gap. It
is better to use the Dome-type and R-type electrodes with
spherical radii less than 40 mm in order to achieve a
stable nugget size.

The expulsion occurrence in spot welding can be
estimated by comparing the nugget radius with contact
radius between plate to plate. One example is shown in
Fig.11 for an R-type(40mm) electrode with 2.0mm
initial gap. The squeezing force and welding current are
200kgf and 9000A respectively. It can be seen that the
nugget radius and contact radius between plate to plate
increase with an increase of welding time and that the
expulsion would happen at about 5 welding cycles.

Another example is shown in Fig.12 for a Dome-type
electrode with a 1.0mm initial gap. The squeezing force
and welding current are 200kgf and 8000A respectively.
There is no intersection between nugget radius and
contact radius in Fig.12. This means that the expulsion
would not occur in this welding condition.

The relationships between expulsion occurrence time

Contact radius (P/P)

Nugget radius

Initial gap 2.0 mm

R type electrode (R=40 mm)
Squeezing force 200kgf
Welding current 9000A

Nugget size and contact radius (mm)
n

0 2 4 6 8 10 12
Welding time (cycles)

Fig.11 Development of nugget radius and contact radius
with welding time for R-type electrode(40mm).

Contact radius (P/P)

Nugget radius

Initial gap 1.0 mm

Dome type electrode

Squeezing force 200kgf
elding current 8000A

Nugget size and contact radius (mm)
~
T

0 2 4 6 8 10 12
Welding time (cycles)

Development of nugget radius and contact radius
with welding time for Dome-type electrode.
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and initial gap are shown in Fig.13 for Dome-type
electrode with different welding currents. The squeezing
force is assumed as 200 kgf. It can be seen that the
expulsion possibility increases with initial gap size and
that the larger the welding current is, the larger the
expulsion possibility becomes.  The difference of
expulsion possibility among three types of electrode is
expressed in Fig.14. The squeezing force and welding
current are assumed 200kgf and 10000A respectively. It
can be seen that the expulsion possibility is almost the
same between Dome-type and R-type(40mm) electrodes
and that the expulsion possibility of an R-type electrode
(100mm) is less than that of an R-type electrode (40mm).

6. Conclusion

The nugget formation and expulsion possibility of
mild steel in spot welding with initial gap for Dome-type
and R-type electrode were analyzed using a finite element
program. The conclusions are as follows.

12

10

Welding current

9000 AN 8000 A

Dome type electrode
squeezzing force 200 kgf

Welding time (cycles)

0 1 2 3 4
Initial gap (mm)

Fig.13 The effect on initial gap and welding current on
the expulsion occurrence for Dome-type

electrode.

Squeezing force 200kgf
Welding current 10000A

Weldig time (cycles)
1

=@~ R-type (100mm)
2 -~ R-type (40mm)
w—gi== Dome-type

0 1 2 3 4 5
Initial Gap (mm)

Fig.14 The expulsion occurrence time with initial gap for

different electrodes.



The nugget formation and development are greatly
affected by initial gap and electrode type. The initial
formation of the nugget is advanced by the initial gap for
the Dome-type electrode and R-type(40mm) electrode.
However, the initial formation of the nugget is delayed
by the initial gap for the R-type(100mm) electrode when
the initial gap exceeds 2.0mm.

The expulsion occurrence in spot welding can be
estimated by comparing the nugget radius with contact
radius between plate to plate. The expulsion possibility
is affected by the initial gap and the electrode type. The
expulsion possibility increases with an increase of initial
gap. The expulsion possibility for an R-type(100)
electrode is less than for an R-type(40mm) and a Dome-
type electrode. The expulsion possibility is almost the
same between Dome-type and R-type(40mm) electrodes.
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