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The influence of contacting force on the formation of the 
weld nugget is investigated 
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ABSTRACT. The effect of contact resis- 
tance including constriction and conta- 
mination resistance has been a major 
hurdle for the thermoelectrical analysis 
of the resistance spot welding process. In 
this paper, a simple model was suggested 
and used for calculating the electrical 
and thermal response of the resistance 
spot welding process to investigate the 
influence of contacting forces on the for- 
mation of weld nuggets. The electrode 
surface of the contact interface was as- 
sumed to be axisymmetric and its micro- 
asperities to have a trapezoidal cross- 
section. These microasperities were 
considered as the one-dimensional con- 
tact resistance elements in the finite ele- 
ment formulation. The contamination 
film was assumed to be a nonconducting 
oxide layer, which is very brittle, so that 
it is broken to some number of pieces 
when a contacting pressure is being ap- 
plied. The crushed films were assumed to 
be distributed at regular intervals and to 
conserve their size and number during 
the welding process. The simulation re- 
sults revealed that the proposed model 
can be successfully used to predict the ef- 
fect of the contact resistance on the elec- 
trical and thermal response of the resis- 
tance spot welding process. 
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Introduction 

Because of its light weight and ease of 
manufacturing, sheet metal is commonly 
used in industry. For effective applica- 
tion, rapid and low-cost joining 
processes are necessary for various kinds 
of sheet metal. From this point of view, 
the resistance spot welding process is a 
very attractive joining method (Refs. 
1-5), since it is relatively simple in prin- 
ciple and requires minimum operator 
skill. Although some studies (Refs. 6-15) 
were carried out on the numerical analy- 
sis of the resistance welding process, to 
the best of the authors' knowledge, there 
is no paper which explicitly considers the 
effect of microcontacts (or contact resis- 
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tance) because of its complexity and dif- 
ficulty for modeling. 

This study attempts to model and an- 
alyze the resistance spot welding process 
of sheet metals. For this purpose, a theo- 
retical thermoelectrical model was de- 
veloped which takes into account the 
thermoelectric interaction at the sheet- 
to-sheet and electrode-to-sheet interface. 
A hybrid approach was suggested to ex- 
plicitly include the effect of microcon- 
tacts for calculating the distribution of 
electrical potential and temperature in 
the resistance spot welding process. 

The contamination film was assumed 
to be the insulating oxide layer, which is 
distributed uniformly in the contact in- 
terface. Moreover, it was assumed that 
the oxide contamination layer is so brit- 
tle that it is crushed to pieces as soon as 
the contacting pressure is applied. The 
broken films were then assumed to be of 
a certain size and were distributed in the 
contact interface at regular intervals. The 
broken film is also assumed to retain its 
size and number during the welding 
process. The microcontact in the elec- 
trode-to-workpiece and workpiece-to- 
workpiece interface was assumed to be 
a ring element with the trapezoidal 
cross-section. By adopting these as- 
sumptions, the constriction resistance of 
the single microcontact, which has insu- 
lating oxide pieces in the contact inter- 
face, can be determined by using the so- 
lution of the multiple line contact model 
(Ref. 1 6). In the hybrid approach, the mi- 
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Fig. 1 - -  Schematic i l lustration o f  spot weld ing process. 
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Fig. 2 - -  Finite element mesh generation and boundary condi t ion 
in electrode and workpiece. 

sistance elements related to the electri- 
cal resistance, which have no connec- 

tion with the thermal 
behavior of the model. 
The conducting bodies, 
except the microcontact 

:trode region, were meshed 
with axisymmetrical tri- 
angular two-dimen- 
sional elements for the 
finite element method. 
The comparison of the 
simulation results with 
the experimental ones 
revealed that the sug- 
gested simple model 
could fairly well predict 
the thermal response of 
the resistance spot 
welding process, al- 
though some assump- 
tions were introduced 
from past experience. 

Mode l ing  

The resistance spot 
welding process con- p 
tains two copper elec- 

"workplece trodes and a pair of 
weldment sheets. It is 
schematically repre- 
sented in Fig. 1. The con- 
tact surface at the sheet- 

to-sheet and electrode-to-sheet was as- 
sumed to be axisymmetric and its mi- 
croasperities to have a trapezoidal cross- 
section. 

Electrical Phenomena 

Finite element formulation 

The finite element method is a pow- 
erful tool for solving field problems. In 
comparison to the analytical analysis, 
one important merit of this method is that 
it can be easily applied to the model, 
which includes the nonuniform material 
properties and/or complex boundaries. 
In this paper, the voltage potential and 
temperature distribution were calculated 
using the finite element method. 

The governing equation of the voltage 
potential problem for the steady-state 
condition, having no charge source, is 
well known as follows: 

, , ,  
where p is the electrical resistivity and 
the voltage potential. This governing 
equation can be changed to the finite el- 
ement equation using the normal finite 
element formulation procedure (Ref. 17). 
In general, this element equation can be 
described in the following equation: 

[K]{O} = {F} (2) 

where [K] is called the stiffness matrix 
and {F} the force vector. The electrode 
and workpiece, except for the region of 
microcontacts, were meshed with the 
two-dimensional axisymmetrical ele- 
ment of the triangular cross-section, and 
the microcontacts were meshed with the 
one-dimensional element, Figs. 2 and 3. 
The boundary condition of the analysis 
domain was selected as follows: 

= 0 : 0 < r < R o ,  z = 0  (3) 

dp = V: R h < r < Rd, z = Z h (4) 

- -  = O: other surfaces 
a~ (5) 

where R 0 is the radius of faying interface, 
which was assumed to be of the size of 
the electrode contact surface, R h the 
inner radius of electrode, R d the outer ra- 
dius of electrode, Z h the height of the 
analysis domain, and n the outer normal 
vector to the boundary surface - -  Fig. 2. 
The total number of the element was 746, 
which consists of 647 two-dimensional 
elements and 99 one-dimensional ones. 
These two types of elements are ex- 
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plained specifically below. 

One-Dimensional Element of 
Contact Resistance 

For modeling the mechanical behav- 
ior of the contamination layer, it was as- 
sumed that the contamination film is 
crushed to a number of pieces which are 
distributed in the contact interface at 
regular intervals and that the size and 
number are unchanged during the weld- 
ing process. To do this, the relationship 
between the asperity deformation and 
contact pressure must be determined in 
advance. It is nea,-ly impossible, how- 
ever, to consider the actual rough surface 
exactly in calculations because of its 
complexity (Ref. 18). Therefore, the sur- 
face of the contact interface was assumed 
to be axisymmetric and the microasperi- 
ties to have a trapezoidal cross-section. 
These microasperities (or microcontacts) 
act as one-dimensional resistance ele- 
ments in the finite element formulation. 
The width of the microasperity 2c and 
space angle cz would be determined by 
choosing the roughness data - -  Fig. 1. 
For calculations, 0.1 mm and 135 deg 
were chosen as the value of 2c and 0~, re- 
spectively. The width of the microcontact 
interface zone 2b and the asperity height 
h have the same geometrical relationship 
as in the authors' previous paper (Ref. 
19), if it is assumed that c~ is kept to be 
constant during the deformation. In this 
paper, the assumptions and results of the 
reference (Ref. 20) were used for deter- 
mining the relationship between the mi- 
croasperity deformation and contact 
pressure. By adopting these assumptions, 
the real contact size in the microasperity 
2b and nominal contact pressure Pn have 
the following relationship: 

b =  Pn " c 
H + Pn (6) 

where H is the hardness of the contact- 
ing body (Ref. 21 ), which is a function of 
temperature. Hence, the distribution of 
the degree of contact n = b/c along the r- 
direction would have a very close rela- 
tion to the contact pressure distribution. 

By using the assumption that the ini- 
tially broken contamination film retains 
its size and number during welding, the 
size of the micrometal bridge e can be 
determined as follows - -  Fig. 4: 

b - Y- fo b -  fo " nf 
e = 

nf nf (7) 
where f0 is the size of the individual bro- 
ken fi lm and nf the number of metal 
bridges or broken film - -  Fig. 4. In this 
study, 4.75 x 10 -4 mm and 20 were 
adopted for f0 and nf, respectively, which 
resulted in the maximum e value of 2.025 
x 10 -3 mm for the case of b = c (n = 1). 
Substituting equation 6 for Equation 7, 

\ 
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Fig. 3 - -  De ta i l ed  v iew o f  mesh genera t ion  a r o u n d  con tac t  inter face zone.  
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Fig. 4 - -  Concep tua l  i l lustrat ion o f  con tam ina t i on  f i lm mode l .  
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Fig. 5 - -  Schematic i l lustrat ion o f  mapping method for model ing contact resistance. 

the size of the micrometal bridge e can 
be then calculated from the data of con- 
tact pressure by using the following for- 
mula: 

e =  Pn c fo 
( H + P  n ) nf (8 )  

The contact resistance of any micro- 
asperity R was determined for unit thick- 
ness by adopting the analytical solution 
of the multiple-line contact with the 
given space angle. In this study, the con- 
tact resistance between the contact inter- 
face and any voltage reference point was 
analytically calculated by using the con- 
formal mapping method as mentioned in 
Ref. 16. Using the Schwarz-Christoffel 
transformation (Ref. 22), any position of 
the angled surface in the w-plane can be 
transformed into a position of the flat sur- 
face in the z-plane - -  Fig. 5. The map- 
ping function adopted in this study is ex- 
pressed as follows: 

dw " 

l _ z 2  180 

(9) 
where F is the gamma function. By using 
this mapping function, the width of any 
microcontact  e in the physical plane 
(transformed plane) is converted into g in 
the computat ional  plane (transformed 
plane). In the same manner, the distance 
between two microcontacts in the phys- 
ical plane qij is changed into dip and the 

voltage reference point W r into Z r. The 

relationship between the physical and 

computational coordinate can be ob- 
tained by integrating Equation 9, i .e., 

2b.rf~ + ~ ] 
w = k 2 180 

F 

(1 0) 
In the simulation, the point in the com- 
putational plane (z-plane) corresponding 
to a selected point in the physical plane 
(w-plane) can be calculated by applying 
a method of trial and error to the numer- 
ical complex integration. In this study, 
the trial value is z, and w is a known 
value; if the trial value z satisfies equa- 
tion 10, the selected z value is consid- 
ered as the mapping point at the compu- 
tational plane corresponding to the point 
W. 

In the computational plane, the value 
obtained by summing up the potential 
drops generated by the separate currents 
is the same as the potential drop between 
any microcontact and the voltage refer- 
ence surface S z like the electrostatic 
charge distribution problem, i .e., 

nf 

i=t (11) 
where rij (i~j) is the so-called mutual re- 

sistance, rii the self-resistance, I i the cur- 
rent flowing through the j-th microcon- 
tact, and AV i the potential drop between 
the i-th microcontact and the voltage ref- 
erence surface S z. The mutual resistance 
can be obtained by considering the mi- 
crocontact as the area-less line charge, 

and the self-resistance by using the ana- 
lytical results of the single contact (Refs. 
23 25), i .e., 

r,i = P./n 

Here IZrl is the average distance between 
the microcontact and voltage reference 
point Z r and p is the electrical resistivity. 
In this study, it was assumed that the po- 
tentials at all microcontacts in the inter- 
face region are uniform, i.e., AVi= AV = 
constant. These assumptions are suffi- 
ciently grounded, because the size of any 
microcontact is, in general, very small 
compared to the size of the conducting 
body and the voltage reference point can 
be selected so as to be much larger than 
the width of the interface region. Hence, 
the current flow through any microcon- 
tact I., according to any given value of AV I 
can be obtained by solving the simulta- 
neous equations of Equation 11. The con- 
tact resistance R (that is, the electrical re- 
sistance between the interface region 
and voltage reference surface per unit 
length) of the multiple line contact can be 
then defined as follows: 

AV 
R = - -  

nf 

iq (14) 
Because the potential at the voltage ref- 
erence point in the physical plane and 

nf 

the total current i-1 are not changed by 
the geometrical transformation, the con- 
striction resistance of the multiple line 
contact having any space angle can be 
calculated by using this conformal map- 
ping method. 

The joule heat generation rate at the 
microasperity%lcan be easily deter- 
mined by using the contact resistance R, 
which is determined from Equation 14, 
and the voltage drop across the asperity 
AV as follows: 

v,-Vo] 2 ~v 2 
qM . . . .  

R R (15) 
where AV can be determined from the 
voltage potential distribution calculated 
by the finite element method. Finally, the 
contact resistance R can be applied to de- 
termining the element stiffness matrix in 
the finite element formulation of the gov- 
erning equation of the voltage potential 
problem: 

[K]= r,+r,.ZF 1 _11 
2 RE H 1J (16) 

where r i and r i are the radial positions of 
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the i-th and j-th nodes in the one-dimen- 1,5 
sional elements. 

Two-Dimensional Element 

The conducting bodies, except the re- 
gion of microcontacts (or microasperi- 
ties), were meshed with the two-dimen- 
sional axisymmetric elements with the 
triangular cross-section. In this element, 
the element stiffness matrix of the voltage 
potential problem can be described as 
follows (Ref. 26): 

( '~+r j+rk)  

I bibi +cici bibi +cici bibk +tiCk 1 
-p[ bjbj + CICj bjb k + c jc  k ] [symmetric b kbk + CkC k 

w h e r e  b i = z j - z k ,  b j  - z k z i ,  b k = z i z j 

c i = r k - r  j ,  c i - r i - r  k ,  c k - r j - r  i 

q zi 
rk A_= 
2 

(17) 
and i, j, k represent the node points in any 
element.  

Temperature Distribution 

In the fol lowing section, the formula- 
tion procedure of the finite element for 
temperature distributions was summa- 
rized from Ref. 26 to provide a better un- 
derstanding of the study. The governing 
equation is called the energy balance 
equation and is described as follows: 

ptct -~t = V(ktVT)+Qc, 
(18) 

where Pt is the density, c t the specific 

heat, k t the thermal conductivity, T the 

temperature and Qr: the heat generation 
rate per volume. By using the finite ele- 
ment formulation, the above governing 
equation can be expressed as follows: 

f i r  : 7  []{},,,1 { Z  

{T},+ }+ {<)n + }+ }),,+1 
an~t [~]= 0([K~ ])+ F J  + ~[cl. 

In this relationship [K c] is the stiffness 

matrix of the conduct ion term, [K v] that 

of the convect ion term, [C] the specific 
coefficient matrix and {F v} the force vec- 

tor of the convection term. The parame- 
ter t) may be chosen to give the different 
algorithm. In this study, t) = 1/2 was sim- 
ply chosen for calculations. The joule 
heat generation value obtained by using 
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Fig. 6 - -  Traces of  voltage drop and current between two electrodes and dynamic resistance for 
welding time of  15 cycles (300 kgf electrode force, 40% current setting). A - -  voltage drop; B - -  
current; C - -  dynamic resistance. 

the voltage potential distr ibut ion data 
was considered as {Fg} vector in the 

above finite element equation. 
The boundary conditions were deter- 

mined as follows - -  Fig. 2: 

aT 
- - = 0  : r = 0  
ar 
ST - - = 0  :0 < r< Ro, z=0 
8z 
k c)T-h [T-Tw):contactsurfaceof - t ~ - z -  w \ 

cooling water 
~ k r)T =h~(T-7~) : free surface 

t -  
an (20) 
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where h w is the convective heat transfer 
coefficient of the cooling water, h~ that 
of the surrounding air, T w the tempera- 

ture of the cooling water and T~ the tem- 
perature of the surrounding air. For sim- 
ulations, a RWMA Class II electrode with 

a tapered-flat shape and 7.0-mm-diame- 
ter contact surface was considered, and 
consequently, 9, 5, 3.5, 23.5 and 1.5 mm 
were chosen as R d R h R o Z h and t, re- 
spectively. For calculating the tempera- 
ture distribution, it is required that the 
matrix [C] of the one-dimensional ele- 
ment should be determined. In this study, 
the volume of the one-dimensional ele- 
ment v, which was used for calculating 
the specific coefficient matrix [C], was 
approximated by considering the trape- 
zoidal shape of the microasperity and 
Equation 6 as follows: 

E x p e r i m e n t s  

A three-phase direct current spot 
welding machine was used for experi- 
ments. A toroidal coil, data acquisition 
circuit and personal computer were used 
for measuring the current profile. The 
voltage drop across two electrodes was 
also measured to provide the input data 
of the computer simulation by using the 
contact probes, data acquisition circuit 
and personal computer. Before begin- 
ning the welding process, the preset elec- 
trode force was confirmed by using the 
hydraulic force measuring unit. 

For verifying and analyzing the theo- 
retical model of the hybrid finite element 
method, which considered the contami- 
nation film effect, a number of experi- 
ments were performed. At first, the dy- 
namic resistance of the welding process 
was measured and compared with the 
simulation results. Three levels of the 
contacting force and three types of the 
welding time were considered for weld- 
ing conditions. The experimental results 
of the temperature distributions were 
also compared with the simulation ones 
for various contacting forces and welding 
times. For determining the isothermal 
lines of the fusion and heat-affected 
zones, the weldments were cross-sec- 
tioned, polished and macroetched. 

Resul ts  a n d  D i s c u s s i o n  

Dynamic Resistance 

With the proposed hybrid approach, 
the variation of dynamic resistance 
which has been frequently referred to as 
a good process variable for monitoring 
the resistance spot weld quality could be 
predicted. The dynamic resistance was 
defined as the value of the voltage drop 
between two electrodes divided by the 
overall current flowing through the 
workpiece. 
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Figure 6A and B show the traces of the 
voltage drop across two electrodes and 
welding current measured during the 
welding time of 15 cycles under the con- 
dition of 300-kg~ contacting force and 
40% current setting. The dynamic resis- 
tance was simulated and measured for 
the same condition and the results were 
compared in Fig. 6C. In the first one to 
two cycles, the dynamic resistance de- 
creased very steeply and reached its min- 
imum value. This phenomenon is proba- 
bly due to the effect of the contamination 
films and fresh asperities existing in the 
workpiece-to-workpiece interface 
and/or workpiece-to-electrode inter- 
faces. The fact that the dynamic resis- 
tance then increased gradually along the 
welding time is probably due to the elec- 
trical resistivity of the workpiece, which 
increased with the increasing tempera- 
ture. To the contrary, the hardness of the 
material made the contact resistance de- 
crease as the temperature increased, be- 
cause the hardness value of the material 
decreased, and consequently the asperi- 
ties in the contact surfaces were easily 
deformed with the increasing tempera- 
ture. From these results, it could be con- 
cluded that in simulations the effect of 
electrical resistivity to increase the con- 
tact resistance is more dominant than the 
effect of material hardness to decrease 
the contact resistance. The dynamic re- 
sistance measured, however, decreased 
gradually along with the welding time, 
which resulted in an increasing discrep- 
ancy between the simulated and mea- 
sured values. Most of the errors seen both 
in the dynamic resistance ar-J tempera- 
ture distribution (discussed later) are 
probably due to the errors in estimating 
the contact resistance, such as the line el- 
ement approach and axisymmetrical mi- 
croasperity. 

Figure 7A-C shows the variation of 
dynamic resistance profiles for contact- 
ing forces of 100 kgf, 200 kgf and 300 kgf 
with the condition of the five cycles 
welding time and 30% current setting. A 
notable fact in the experimental results 
was that in the case of low electrode 
force, there was a relatively large devia- 
tion in the dynamic resistance. When the 
electrode force was not high enough to 
sufficiently break down the surface wavi- 
ness, the inconsistent fit-up of the elec- 
trode-to-workpiece and workpiece-to- 
workpiece at each weld could cause a 
considerable variation in the dynamic re- 
sistance profiles. In this study, the effect 
of the surface waviness which would re- 
sult in the inconsistent fit-up was not con- 
sidered in the contact resistance model. 
When the weld was made at 300 kgf, 
which is close to the contacting force 
value recommended by RWMA, the 
measured dynamic resistance profile 
could be predicted fairly well by the pro- 
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Fig. 8 - -  Isothermal lines of melted and heat-affected zone boundary for various welding times 
(300 kgf electrode force, 40% current setting). 
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posed model. These results revealed that 
in the low force range it is not sufficient 
to consider only the contamination film, 

because of the surface inconsistence 
(waviness, etc.) which prevents the full 
contact. In the relatively high contacting 

experiment theory 

/ f 1525  185o 
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850/S 1525 1525- ~ 850 
200kgF 

850 1525 F,525  185o 
300kgF 

Fig. 11 - -  Isothermal lines of melted and heat-affected zone boundary at welding time of 15 cy- 
cles for various electrode forces (40% current setting). 

force range, however, considerably satis- 
fying results could be obtained by using 
the proposed hybrid approach, which 
considered the contamination film effect. 

Temperature Distribution 

For verifying the proposed hybrid fi- 
nite element model of the spot welding 
process, the experimental results of the 
temperature distribution were compared 
with the simulation ones. The tempera- 
ture of the melting zone boundary was 
assumed to be 1525°C for the 0.08% car- 
bon steel used, which had a thickness of 
1.5 mm. In resistance spot welding, the 
austenitic transformation temperature 
will be elevated because of its relatively 
high heating rate. Therefore, the temper- 
ature of the heat-affected zone (HAZ) 
boundary was assumed to be 850°C in- 
stead of 723°C (Ref. 27). 

The electrical resistivity, thermal con- 
ductivity, specific heat and hardness of 
mild steel and copper are known to vary 
with the temperature. In order to incor- 
porate these variations into the simula- 
tion, those parameters were cited from 
data in the Metals Handbook  (Ref. 28). 
For the phase change problem, the 
method proposed by Landau and Lifshitz 
(Ref. 29) was employed. That is, during 
fusion, the specific heat was assumed to 
be the value of the latent heat divided by 
the temperature range between the liq- 
uidus and solidus temperature. 

Figure 8 represents the isothermal 
lines of the melting and HAZ boundary 
for various welding times of 5, 10 and 15 
cycles under the condition of 300 kgf 
contacting force and 40% current setting. 
In the case of five cycles, there was only 
a small torus-shaped melted region at the 
workpiece-to-workpiece interface. 
When the welding cycle increased, the 
melted region became larger and conse- 
quently had the nugget shape. Although 
two results seemed to agree well in the 
case of 10 and 15 cycles, the difference 
between the experimental and simula- 
tion results were not small for the short 
welding time of five cycles. This is prob- 
ably due to the initial inconsistency in the 
model of the contact phenomena. When 
the electrode force was not high enough 
to break down the surface waviness suf- 
ficiently, the fit-up of the electrode-to- 
workpiece and workpiece-to-workpiece 
becomes inconsistent at each weld. In 
this study, however, the effect of the sur- 
face waviness, which caused the incon- 
sistent fit-up, was not considered in the 
contact resistance model and conse- 
quently in the hybrid finite element ap- 
proach. The thickness and width of the 
melted region were slightly bigger in ex- 
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perimental results than in simulated 
ones, though the region of the 850°C 
isothermal line was smaller in the exper- 
iment for the case of 10 and 15 cycles 
condition. This phenomenon is probably 
related to the fact that the experimental 
values of the dynamic resistance were 
generally greater than the simulation val- 
ues. That is, in simulations, less joule 
heat was considered at the interface re- 
gion. Therefore, most of these errors are 
also due to the assumptions adopted in 
the contact resistance model such as the 
line element approach and axisymmetri- 
cal microasperity. 

Figures 9-11 represent the tempera- 
ture distribution for various contacting 
forces (100 kgf, 200 kgf, 300 kgf) and 

40% current setting with the welding 
t ime of 5, 10 and 15 cycles. In three 
cases, the increase in contacting force 
decreased the size of the melted region. 
However, this phenomenon became 
weaker when the weld ing cycle was 
longer. If the welding time was longer 
than 10 cycles, the size of the melted re- 
gion seemed to be almost the same in the 
three contacting forces mentioned. This 
result revealed that the effect of the con- 
tact pressure is meaningful only when the 
microasperities exist, because it is each 
asperity that is deformed by the contact 
pressure and introduces the contact re- 
sistance in the proposed model. As the 
welding cycle increased, however, the 
number of the fully deformed asperities 
(in the real situation, these were perhaps 
already melted) increased, that is, the 
number of the pressure sensitive asperi- 
ties (i.e., the contact resistance elements) 
decreased. This is considered to be the 
reason why the effect of the contact pres- 
sure and contact resistance was sensitive 
to the temperature distribution when the 
welding cycle was short. On the whole, 
the result of experiments revealed that 
the size of the melted region decreases 
when the contacting force increases in 
the low force level condition, and that 
the temperature response of the spot 
welding process can be successfully pre- 
dicted by using the proposed hybrid fi- 
nite element approach, which considers 
the contamination film effect. 

Conclusion 

The effect of the contacting force, mi- 
croasperity and contamination fi lm on 
the electrical and temperature response 
in resistance spot welding was analyzed 
and discussed by using a hybrid finite el- 
ement model. In this model, the analyti- 
cal solution of the constriction resistance 
for mult ip le line contacts and the ap- 

proximation of the asperity deformation 
were adopted to consider the effect of mi- 
crocontacts in calculating the potential 
and temperature distribution by using the 
finite element method. For verifying the 
proposed model, a number of experi- 
ments were performed for various weld- 
ing conditions. The results of the simula- 
tion and experiment revealed that the 
effect of the electrode force on the tem- 
perature distribution in resistance spot 
welding is considerable when many de- 
formable asperities exist in the contact 
surface; therefore, they cannot be ig- 
nored. Moreover, this hybrid finite ele- 
ment approach can be applied to many 
other allied processes such as electrical 
contact devices and thermal contact 
problems. 
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