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ABSTRACT 

A linearized lumped parameter heat balance 
model was developed and is discussed for the 
general case of resistance welding to see the 
effects of each parameter on the lobe shape. 
The parameters include material properties, 
geometry of electrodes and work piece, weld 
time and current, and electrical and thermal 
contact characteristics. These are then relat- 
ed to heat dissipation in the electrodes and 
the work piece. 

The results indicate that the ratio of 
thermal conductivity and heat capacity to 
electrical resistivity is a characteristic 
number which is representative of the ease of 
spot weldability of a given material. The 
increases in thermal conductivity and heat 
capacity of the sheet metal increase the lobe 
width while increases in electrical resistivity 
decrease the lobe width. 

Inconsistencies in the weldability of thin 
sheets and the wider lobe width at long welding 
times can both be explained by the heat dissi- 
pation characteristics. These are mainly a 
function of the ratio of electrode diameter to 
the square of the work piece thickness. 

RESISTANCE SPOT WELDING involves compli- 
cated interactions between the physical and 
metallurgical properties of the material and 
electomaenetic and mechanical phenomena of the - 
process. From a manufacturing point of view, 
it is very important to establish consistent 
welding procedures for practical welding. Due 
to the complexity of the interactions among the 
various parameters, methods of establishing 
these procedures for new materials and new 
equipment have usually been empirical. Even 
for a material with the same designation, weld 
parameters sometimes have to be reset due to 
the inconsistencies in the weld behavior [l]. 

The lobe curve has been used for many 
years to characterize weldability during resis- 
tance spot welding. The weldability of a 
material in resistance spot welding is deter- 
mined by two main factors. Firstly, the width 
of the lobe curve, which shows the permissible 
weld current range at a constant weld time and 
secondly the wear of the electrodes. These two 
factors are controlled by the interplay between 
the many parameters which govern the tempera- 
ture distribution In the parts during the 
welding thermal cycle, Galvanized steel in 
particular may have narrower lobes and greater 
electrode wear when compared with uncoated 
steels. 

A number of analytical and numerical 
models have been developed to understand the 
mechanism of nugget formation [ 2 - 9 1 .  Although 
the models have attempted to incorporate the 
complexities of the weld parameters, such as 
temperature dependent material properties and . . 
contact resistances, these models offer very 
limited explanations about the effect of each 
parameter on the weld lobe curve. This seems 
to be partly due to ill-defined phenomena (e.g. 
as the contact resistance at the interfaces). 
It may also be due to the orientation of the 
research which is mostly aimed at automatic 
control of the process 110-16). 

In order to understand the basics of weld 
lobe shape, a research program is being under- 
taken in the HIT welding laboratory. The main 
questions to be addressed are what causes the 
welding lobe curves to be shaped the way they 
are and what are the important phenomena which 
influence the lobe curves. As a part of the 
above mentioned endeavours, a linearized lumped 
parameter heat balance model was developed for 
the general case of resistance spot welding. 
It is hoped that this model will show the 
effect of each parameter on the lobe curve 
shape. The variables include the geometry of 
electrodes and the work pieces, electrical 



Figure 1: An Approximate Nugget Growth Model with 
Corresponding Temperature Profiles. 
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resistance, temperature dependent properties of 
materials, phase changes and heat dissipation 
into the cooling water and the surrounding 
sheet metal. This model was then compared with 
experimental data to quantify the distribution 
of heat in the process. 

MODEL DEVELPOMENT 
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The model described in figure 1 was 
developed to determine the heat balance in the 
system as a function of nugget growth. A tem- 
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perature discontinuity at the electrode-work 
piece interface is assumed. Conduction heat 
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loss through the electrode-work piece interface 
and into the work piece is estimated as a func- 
tion of welding time and weld geometry. The 
overall thermal equilibrium is established by 
considering a free boundary at the electrode 
and the work piece surfaces except where they 
contact. A fixed temperature 6 equal to the 

c' cooling water temperature is assumed at the 
internal water cooling surface of the elec- 
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trode. The size of the work pieces is assumed 
to be infinite in the radial direction. The 
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a 
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nugget shape is assumed to be a disk growing 
radially and axially in the same proportions as 
found in a post rnortem examination of the maxi- 
mum nugget size. This assumption is supported 
by the compuer simulation results found in 
reference 9. The maximum nugget size is 
assumed to have 80% penetration and to be equal 
to the electrode contact diameter. The expul- 

- 

sion limit is assumed to have been reached when 
the nugget diameter matches the electrode face 
diameter. The equations are established with 
lumped parameters. 

The total heat generation rate, og, can be 
described as 

6 - I'R 
6 

(1) 

where, R - Rw + Rc + Re 
R : work piece bulk resistance 
R: : total contact resistance 
R : electrode resistance 
AE : welding time 
I : welding current 

The heat of fusion required for nugget 
formation, hf, is 

H f  - H AVn (2) 

where, H : heat of fusion per unit volume 
AV : nugget volume (==rap) 
n 

If the temperature rise in the model i 
described in the three different regions wit 
lumped quantities, the total heat required is, 

where, p : density 
C : specific heat 
v : volume 
A9 : temperature rise 
n : in a nugget 
s : in surroundings 
e : in electrodes 



Thus t h e  t o t a l  h e a t  balance inc lud ing  t h e  
t o t a l  h e a t  l o s s  r a t e ,  4 ,  through the  model 
boundaries ( i n t o  t h e  coo l ing  water)  can be 
w r i t t e n  a s  f o l l o w s .  

EFFECT OF MATERIAL PROPERTIES 

Equat ion ( 4 )  can be rea r ranged  a s  

( I ' - ~ / R ) A ~  - ( H  + Q> QQ + QQ')/R (5)  

Neglect ing bo th  the  h e a t  l o s s  and tempera- 
t u r e  r i s e  i n  t h e  e l e c t r o d e s  and t h e  temperature  
r i s e  i n  t h e  su r round ings ,  

e : e f f i c i e n c y  of h e a t  i n p u t  

This  i s  b a s i c a l l y  a  l o b e  c u r v e ,  which is a  
hyperbola  wi th  axes of welding t ime ,  At ,  and 
t h e  square  of t h e  welding c u r r e n t ,  I .  This  
b a s i c  lobe curve may be t r a n s l a t e d  o r  r o t a t e d  
o r  d i s t o r t e d  by changes i n  each parameter .  The 
change i n  one parameter  may have e f f e c t s  no t  
only  on one term b u t  a l s o  on o t h e r  terms s imul-  
t aneous ly .  Here t h e  e f f e c t s  a r e  cons ide red  i n  
each term s e p a r a t e l y .  The f i n a l  r e s u l t s  w i l l  
be a  combination of t h e s e  e f f e c t s .  

The nugget volume, A V ,  i s  c o n s t a n t  f o r  a  
c e r t a i n  s i z e  of nugget .  I n  t h i s  c a s e ,  e q u a t i o n  
(6) approaches a  c o n s t a n t  v a l u e .  Figure  2 
r e p r e s e n t s  e q u a t i o n  (6 )  w i t h  two d i f f e r e n t  nug- 
g e t  s i z e s .  The l a r g e r  nugget s i z e  s h i f t s  the  
lobe curve i n  t h e  d i r e c t i o n  o f  h i g h e r  c u r r e n t s  
o r  longer  weld t i m e s .  

The e f f e c t  of p C and H can be  c o n s i -  
dered i n  a  s i m i l a r  'way. Equation (6)  a l s o  
shows t h e  e f f e c t  of t h e s e  p a r a m e t e r s .  

s q u a r e  o Â  weld c u r r e n t  

F igure  2 :  Basic  Lobe Curve 

Higher 
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va lues  of p C and H s h i f t  t h e  lobe curve i n  a  
n  n  

l i k e  manner a s  does a  l a r g e r  s i z e  nugget .  The 
temperature  dependence of p C w i l l  a f f e c t  t h e  
lobe shape a s  shown i n  f i g u r e p ? .  

The e f f e c t  of e l e c t r i c  r e s i s t a n c e  can be 
considered a s  f o l l o w s ,  

G e n e r a l l y ,  t h e  dynamic r e s i s t a n c e  changes 
i n  t h e  manner shown i n  f i g u r e  4 ,  a t  l e a s t  f o r  
s t e e l .  Even though R drops  ve ry  f a s t  dur ing  
the  e a r l y  weld c y c l e s ,  i ts c o n t r i b u t i o n  t o  the  
thermal f i e l d  seems t o  be  g r e a t  due t o  i t s  
l a r g e  magnitude.  Higher R v a l u e s  w i l l  s h i f t  
the  lobe curve f a r t h e r  t o  thi? l e f t  a s  shown i n  
f i g u r e  5 - a .  A s  R changes wi th  time (tempera- 
t u r e ) ,  t he  s l o p e  d K / d t  w i l l  be important  i n  
nugget fo rmat ion  a s  shown i n  f i g u r e  5 - b  and 
5 - c .  The r a t i o  of R t o  R may a l s o  a f f e c t  t h e  
nugget growth mechanism due t o  d i f f e r e n c e s  i n  
the  h e a t  g e n e r a t i o n  p a t t e r n .  I t  i s  a l s o  p o s s i -  
b l e  t o  s e e  t h e  e f f e c t  of e l e c t r o d e  p r e s s u r e  i n  
equa t ion  ( 7 ) .  S ince  h i g h e r  e l e c t r o d e  p r e s s u r e  
r e s u l t s  i n  a  lower R ,  the  lobe curve w i l l  
s h i f t  a s  i n  f i g u r e  5 - a .  

The h e a t  r e q u i r e d  t o  r a i s e  t h e  temperature  
s  

of t h e  m a t e r i a l  surrounding t h e  nugget ,  Q and 
T' 

the  h e a t  r e q u i r e s  t o  r a i s e  the  temperature  o f  
the  e l e c t r o d e s ,  Q ,  can be seen  i n  equa t ion  
( 5 ) .  I f  t h e s e  terms a r e  added t o  t h e  r i g h t  
hand s i d e  of e q u a t i o n  ( 6 ) ,  t h e  lobe curve w i l l  
be s h i f t e d  i n  t h e  d i r e c t i o n  of h igher  energy 
i n p u t .  I n  e q u a t i o n  (5 )  one can s e e  t h a t  t h e  
e x t e n t  of t h i s  s h i f t  i s  determined by t h e  r a t i o  
of t h e  amount o f  h e a t  r e q u i r e d  f o r  h e a t i n g  of 
the  e l e c t r o d e  and t h e  work p i e c e  d i v i d e d  by t h e  
e l e c t r i c a l  r e s i s t a n c e  ( i . e .  t h e  r a t i o  of h e a t  
c a p a c i t y  t o  e l e c t r i c a l  r e s i s t i v i t y ,  a ) .  This  
is an  impor tan t  parameter  i n  t h e  c h a r a c t e r i z a -  
t i o n  of nugget  growth mechanisms and lobe 
curve 

' case 2 

\ -- el- 
case 1 

s q u a r e  o f  welding c u r r e n t  

F igure  3 :  E f f e c t  o f  P C  Change 
P  

t empera tu re  



t ime time t ime 

F igure  4 :  Typica l  Dynamic R e s i s t a n c e  Change 
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large Re 
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s q u a r e  of weld c u r r e n t  temperature  

(c) 
s q u a r e  o f  welding c u r r e n t  

(a) 

Figure  5 :  E f f e c t  of Res i s t ance  Change 

EFFECT OF GEOMETRY AND HEAT LOSS 

Consider ing t h e  t o t a l  h e a t  l o s s  r a t e ,  
equa t ion  ( 6 )  changes t o  

( IR-( , )AC - c o n s t a n t  (8) 

This  s h i f t s  t h e  lobe  curve i n  t h e  h i g h  
c u r r e n t  d i r e c t i o n  by fl / R ,  which i s  a c t u a l l y  a  

L 
f u n c t i o n  o f  t h e  thermal  p r o p e r t i e s  of t h e  
m a t e r i a l  and o f  t h e  geometry. Th i s  i s  shown i n  
f i g u r e  6 .  Here,  one can s e e  t h a t  t h e  r a t i o  o f  
the  h e a t  l o s s  r a t e  t o  t h e  r e s i s t a n c e  ( i . e .  t h e  
r a t i o  o f  thermal  c o n d u c t i v i t y  t o  e l e c t r i c a l  
r e s i s t i v i t y  a )  can  be a  important  parameter  i n  
the  c h a r a c t e r i z a t i o n  o f  nugget  growth and weld 
lobe shape.  i t  

1 

s q u a r e  o f  weld c u r r e n t  

F igure  6 :  E f f e c t  of Heat Loss 

i s  1 nun i n  t h e  s t e e l .  When t h e  e l e c t r o d e  
f a c e  t h i c k n e s s  i s  v e r y  t h i n  (e.g. l e s s  than 3 
mrn) t h e  h e a t  genera ted  i n  t h e  e l e c t r o d e s  and 
t h a t  t r a n s f e r r e d  from the work p i e c e  w i l l  be 
c a r r i e d  away by c o o l i n g  water  whi le  t h e  nugget 
developes .  I n  t h i s  case  the  h e a t  d i s s i p a t i o n  
i n  the  a x i a l  d i r e c t i o n  i s  in f luenced  by t h e  
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  c o o l i n g  
water .  I f  t h e  e l e c t r o d e  f a c e  t h i c k n e s s  i s  
g r e a t e r  t h a n  3 mm, t h e  h e a t  t r a n s f e r r e d  from 
the  work p i e c e s  and t h a t  genera ted  i n  e l e c t r o d e  
i t s e l f  w i l l  b e  used t o  h e a t  up t h e  e l e c t r o d e s .  
Hence a  s m a l l e r  p o r t i o n  of t h e  h e a t  may be  c a r -  

The t o t a l  h e a t  l o s s  r a t e  of t h e  nugge t ,  
o n ,  i s  t h e  sum of t h e  a x i a l  h e a t  l o s s  rate 
tkrough t h e  e l e c t r o d e s ,  O a ,  and t h e  r a d i a l  h e a t  
l o s s  r a t e  through t h e  work p i e c e s ,  Or. The 
thermal c o n d u c t i v i t y  o f  t h e  copper  e l e c t r o d e  is  
much g r e a t e r  t h a n  t h a t  o f  t h e  work p i e c e  mater-  
i a l s  ( t h i s  i s  n o t  t h e  c a s e  f o r  aluminum 
welding) and t h e  time s c a l e  o f  t h e  p rocess  is 
on t h e  o r d e r  o f  1/10 second ( 5  t o  20 AC 
c y c l e s ) .  I n  t h i s  t ime s c a l e  t h e  heac  d i f f u s i o n  
d i s t a n c e  i n  t h e  e l e c t r o d e  i s  abou t  3 nun wh i l e  
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Figure  7 :  Steady S t a t e  Temperature D i s t r i b u t i o n  Near a  Con tac t  I n t e r f a c e .  
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r i e d  away by t h e  cool ing water  d u r i n g  nugget 
development.  I n  any c a s e ,  i f  it i s  assumed 
t h a t  t h e  temperature b u i l d  up i n  t h e  e l e c t r o d e s  
h a s  a l r e a d y  been reached when mel t ing  s t a r t s  i n  
t h e  nugge t ,  the  hea t  f l u x  i n  t h e  a x i a l  d i r e c -  
t i o n  can be  thought t o  be balanced dur ing  

n u g g e t  growth wi th  9 a s  a  i n t e r f a c e  tempera- 
t u r e  a t  t h e  work p iece  s i d e .  There fo re ,  t h e  
h e a t  l o s s  r a t e ,  (̂  , i n t o  t h e  c o o l i n g  water  w i l l  
be roughly  equal" t o  the  a x i a l  h e a t  l o s s  r a t e ,  
A 

I 

Work Piece 

@! 

1 

l l  

I - 

The h e a t  l o s s  i n  t h e  a x i a l  d i r e c t i o n  i s  
assumed t o  be p r o p o r t i o n a l  t o  t h e  square  o f  t h e  
nugget  r a d i u s .  The temperature  p r o f i l e  between 
t h e  i n t e r f a c e  and t h e  me l t ing  f r o n t  i s  assumed 
t o  b e  l i n e a r .  Then t h e  a x i a l  l o s s  r a t e  is ,  

-?---- 

I 
- 

1, 

e l  

I 2  

Electrode 
! 

I 

-, 

Where, : thermal  c o n d u c t i v i t y  k1 : mel t ing  temperature  

6  : i n t e r f a c e  temperature  a t  
work p i e c e  

1 : d i s t a n c e  from mel t ing  
i n t e r f a c e  t o  e l e c t r o d e  
c o n t a c t  s u r f a c e  

a : nugget  r a d i u s  

- 

The h e a t  r e q u i r e d  f o r  t h e  tern e r a t u r e  r i s e  
i n  surrounding nugget  m a t e r i a l ,  Q ,  is thought 
t o  b e  determined by t h e  h e a t  f l u x  o u t  of t h e  
nugget ,  0 ,  and t h e  h e a t  g e n e r a t i o n  i n  s u r -  
rounding m a t e r i a l  i t s e l f .  The temperature  
d i s t r i b u t i o n  i n  t h i s  r eg ion  is assumed t o  be 
mainly determined by <̂  when t h e  nugget  has  

r grown t o  s u f f i c i e n t  s i z e .  I f  t h e  h e a t  l o s s  
through t h e  work p i e c e  i s  assumed t o  be p ropor -  
t i o n a l  t o  t h e  a r e a  o f  t h e  nugget s i d e  w a l l ,  
then.  

@c 
t empera tu re  

Where, 9 : c h a r a c t e r i s t i c  surrounding 
temperature  

1 : c h a r a c t e r i s t i c  h e a t  d i f f u s i o n  
l e n g t h  

The thermal  c o n d u c t i v i t y ,  k ,  i nc luded  i n  
the  h e a t  l o s s  e q u a t i o n s  changes w i t h  tempera- 
t u r e  whi le  t h e  i n t e r f a c e  t empera tu re ,  6 , i s  
a l s o  a f f e c t e d  by geometry and i n t e r f a c i a l  
c h a r a c t e r i s t i c s .  Th i s  i s  a l s o  a f f e c t e d  by t h e  
h e a t  g e n e r a t i o n  p a t t e r n  due t o  t h e  e l e c t r i c a l  
r e s i s t i v i t y  change w i t h  t empera tu re .  

To s e e  t h e  e f f e c t  of geometry,  a one 
dimensional  model was made i n  t h e  a x i a l  d i r e c -  
t i o n  a s  shown i n  f i g u r e  7 .  A s t e a d y  s t a t e  h e a t  
f l u x  ba lance  nea r  t h e  e l ec t rode-work  p i e c e  
i n t e r f a c e  i s  modeled wi thou t  h e a t  g e n e r a t i o n  
included.  

For s t e a d y  s t a t e  h e a t  f l u x  e q u i l i b r i u m ,  

Where, A - k l h 1 2 ,  B - k k  + k h l 1  

P l o t s  of t h e s e  equa t ions  a r e  shown i n  f i g -  
u re  8 .  Th i s  model shows t h a t  t h e  i n t e r f a c e  
temperature  changes w i t h  nugget  growth, which 
i s  r e p r e s e n t e d  by 1, .  Figure  8 - b  is e x a c t l y  
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work p i e c e  t o  wa te r  c o o l i n g  d i s t a n c e  

i n t e r f a c e  t o  nugget  d i s t a n c e  

s m a l l  l1 

(c)  
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work p i e c e  t o  water  c o o l i n g  d i s t a n c e  

F igure  8: Change of I n t e r f a c e  Temperature Due To a  Geometrcal Change. 

t h e  same shape a s  g iven  i n  r e f e r e n c e  4 .  The 
p o s i t i o n  of t h e  water  j a c k e t  may a l s o  a f f e c t  
t h e  i n t e r f a c e  t empera tu re .  The e lec t rode-work  
p iece  i n t e r f a c e  e x i s t s  a l l  through t h e  welding 
p rocess  and causes  a  temperature  d i s c o n t i n u i t y  
a t  t h e  i n t e r f a c e  w i t h  p o s s i b l y  a  d e c r e a s i n g  
h e a t  t r a n s f e r  r e s i s t a n c e  c o e f f i c i e n t .  Th i s  can 
be manifes ted by t h e  easy s e p a r a t i o n  of e l e c -  
t r o d e s  and work p i e c e s  a t  t h e  end o f  t h e  normal 
weld c y c l e .  A s  t h e  nugget  deve lops ,  t h e  d i s -  
tance  1 d e c r e a s e s .  For a  g iven  wa te r  j a c k e t  

1 
d i s t a n c e ,  1 ,  t h e  i n t e r f a c e  temperature  a t  t h e  
work p i e c e  s i d e ,  9 , approaches Om and 
i n c r e a s e s  t h e  v a l u e  of A9 a c r o s s  t h e  i n t e r f a c e .  
However, a s  t h e  temperature  goes u p ,  a  s o f t e n -  
i n g  o f  t h e  m a t e r i a l  w i l l  occur  and w i l l  reduce 
t h e  i n t e r f a c e  thermal  r e s i s t a n c e .  The water  
j a c k e t  d i s t a n c e ,  1 ,  may a l s o  a f f e c t  t h e  tem- 
p e r a t u r e  r i s e  a t  t h e  i n t e r f a c e ,  and thus  t h e  
h e a t  l o s s  a c r o s s  t h i s  i n t e r f a c e  v a r i e s  i n  a  
ve ry  complex manner. 

A rough comparison o f  h e a t  l o s s  i n  two 
d i r e c t i o n s  can b e  made c o n s i d e r i n g  growth of 
the  nugget .  The r a t i o  o f  a x i a l  h e a t  l o s s ,  4 ,  
t o  t h e  r a d i a l  l o s s ,  0 ,  i s ,  

Assuming nugget s i z e  growth i s  p ropor t ion-  
a l  t o  t h e  geometry of t h e  e l e c t r o d e  and the  
th ickness  a s  exp la ined  i n  t h e  model development 
s e c t i o n ,  

P - aftL/b (16) 
where, p  : p e n e t r a t i o n  

ft  : f i n a l  p e n e t r a t i o n  t o  work 
p i e c e  t h i c k n e s s  r a t i o  
( abou t  0 . 8 )  

b  : e l e c t r o d e  c o n t a c t  s u r f a c e  
r a d i u s  

Then t h e  f i n a l  r a t i o  becomes, 

Assuming t h e  nugget f r o n t  r e v i s e s  i t s  
p o s i t i o n  a t  eve ry  h a l f  c y c l e  (1/120 s e c )  i n  AC 
welding,  

5/em - 0 . 9 ,  when 1-0.2- -fi /SO, 

a : thermal  d i f f u s i v i t y  of work p i e c e s  



Figure  9 :  C h a r a c t e r i s t i c s  o f  Heat Loss .  

A s  1 reaches  i t s  f i n a l  v a l u e  a b r u p t l y ,  
and i f  1 and 9  a r e  assumed c o n s t a n t ,  t h e  h e a t  

1 l o s s  r a t  i n  e i u a t i o n  (18) i s  p r o p o r t i o n a l  t o  
the  parameter  b/L . The e f f e c t  of t h i s  parame- 
t e r  on t h e  h e a t  l o s s  r a t i o  i s  p l o t t e d  i n  f i g u r e  
9 - a .  The r a t i o  i s  a l s o  a  f u n c t i o n  o f  t h e  t h e r -  
mal d i f f u s i v i t y ,  a .  

The t o t a l  h e a t  l o s s  can be d e s c r i b e d  a s  
fo l lows us ing  equa t ions  ( 9 ) ,  (10) and ( 1 6 ) .  

A s  t h e  nugget  d i a m e t e r ,  a ,  i n c r e a s e s  w i t h  
t.ime, t h e  r a t e  of h e a t  l o s s  i n  t h e  nugget ,  , 0; 
i n c r e a s e s  i n  a  q u a d r a t i c  manner. But t h i s  
should be  compensated by changing t h e  a x i a l  
temperature  g r a d i e n t  i n  t h e  work p i e c e ,  
( em-@ ) ,  which seems t o  d e c r e a s e  w i t h  t ime.  
The thermal c o n d u c t i v i t y  a l s o  a f f e c t s  t h e  t o t a l  
h e a t  l o s s  a s  shown i n  f i g u r e  9 -b .  

I t  i s  a lmost  c e r t a i n  from t h i s  a n a l y s i s  
t h a t  t h e  e l e c t r o d e  geometry and t h e  work p i e c e  
th ickness  a r e  v e r y  important  f a c t o r s  n o t  o n l y  
i n  the  d i s t r i b u t i o n  of t h e  h e a t  g e n e r a t i o n  r a t e  
b u t  a l s o  i n  de te rmin ing  h e a t  d i s s i p a t i o n  
c h a r a c t e r i s t i c s  o f  r e s i s t a n c e  s p o t  welding.  
Genera l ly ,  a s  one welds t h i n n e r  s h e e t  m e t a l ,  
t he  temperature  g r a d i e n t s  i n  t h e  s h e e t  become 
s t e e p e r  and a  g r e a t e r  p o r t i o n  of t h e  t o t a l  h e a t  
i s  l o s t  t o  t h e  e l e c t r o d e s .  

MODEL CALCULATION 

The lobe  curve  d a t a  used i n  t h i s  s e c t i o n  
is  shown i n  f i g u r e  10 and a r e  t aken  from r e f e r -  
ence 1 7 .  The m a t e r i a l  i s  G 9 0  ga lvan ized  s t e e l  
wi th  a  t h i c k n e s s  o f  1 . 5  mm. The e l e c t r o d e  i s  a  
t r u n c a t e d  cone type  w i t h  120 d e g r e e s ,  inc luded  
ang le  and, 1 /4  inch  ( 6 . 4  mm) c o n t a c t  d iameter  
wi th  15 mm f a c e  t h i c k n e s s  and 16 mm o u t e r  diam- 

e t e r .  The minimum accepable  nugget s i z e  is 
0 . 2 2  inches  ( 2 . 8  nun) d iamete r .  The experimen- 
t a l l y  determined lobe  curve f o r  t h i s  m a t e r i a l  
i s  shown i n  f i g u r e  1 0 - a ;  t h e  dynamic c u r r e n t  
curve i s  i n  f i g u r e  10-b  and t h e  dynamic r e s i s -  
t ances  a r e  shown i n  f i g u r e  1 0 - c  and 10-d .  
Using t h i s  d a t a ,  t h e  c a l c u l a t i o n  was performed 
f o r  the  c a s e  of no s l o p e  c o n t r o l  i n  f i g u r e  
1 0 - a .  The r e s u l t s  a r e  t a b u l a t e d  i n  t a b l e  1. 

The t o t a l  h e a t  genera ted  i n  t h e  system was 
c a l c u l a t e d  assuming a  l i n e r i z e d  c u r r e n t  v a l u e  
us ing  t h e  measured dynamic r e s i s t a n c e .  The 
h e a t  r e q u i r e d  f o r  phase changes were inc luded  
i n  the  c a l c u l a t i o n .  The amount o f  h e a t  
r e q u i r e d  f o r  nugget  h e a t i n g ,  Q was c a l c u l a t e d  
us ing  h e a t  c a p a c i t y  v a l u e s ,  C * '  from r e f e r e n c e  
1 8  which i s  a  a  0 ? " 6 6 0 ~ / k ~  OK. The 
h e a t  used f o r  t h e  temperature  r i s e  i n  t h e  e l e c -  
t r o d e s  was c a l c u l a t e d  u s i n g  t h e  s i m u l a t e d  
e l e c t r o d e  s u r f a c e  temperature  d a t a  from r e f e r -  
ence 4 and t h e  measured s u r f a c e  temperature  
p r o f i l e  ob ta ined  by t h e  a u t h o r s  [ 1 9 ] .  The tem- 
p e r a t u r e  p r o f i l e  on t h e  e l e c t r o d e  s u r f a c e  
dur ing  welding is  shown i n  f i g u r e  11. This  was 
measured u s i n g  an  i n f r a r e d  emiss ion  moni tor ing 
system (Thermovis ion) .  T h i s  f i g u r e  shows t h e  
t r a n s i e n t  temperature  p r o f i l e  on b o t h  e l e c t r o d e  
s u r f a c e s  which is approximately  t h e  maximum 
temperature  exper ienced  by t h e  e l e c t r o d e  f a c e .  
The t h r e e  p r o f i l e s  have abou t  1 0  m i l l i s e c o n d  
time i n t e r v a l  i n  t h e  v e r t i c a l  d i r e c t i o n .  The 
h o r i z o n t a l  d i r e c t i o n  i s  t h e  a x i s  o f  e l e c t r o d e s .  
The work p i e c e s  a r e  i n  t h e  c e n t e r  p o r t i o n  where 
t h e  temperature  v a l l e y  l i e s .  Th i s  i s  due t o  
t h e  low tempera tu re  o f  t h e  o u t e r  edge o f  work 
p i e c e .  The h i g h e s t  e l e c t r o d e  temperature  used 
i n  t h e  c a l c u l a t i o n  i s  4 0 0 ~  f o r  a  minimum nug- 
g e t  s i z e  and h50 C f o r  a  maximum s i z e  nugget .  

I n  t h e  c a l c u l a t i o n  o f  h e a t  l o s s ,  OL, i t  
was roughly  assumed t h a t  no h e a t  i s  l o s t  
through t h e  model boundary till t h e  nugget  
s t a r t s  t o  form. I t  was a l s o  assumed t h a t  t h e  
temperature  b u i l d  up i n  t h e  e l e c t r o d e s  h a s  
a l r e a d y  been reached when m e l t i n g  s t a r t s  i n  t h e  
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Figure 10: Welding Data for Calculation. (after ref. 17) 

TABLE 1 : Proportion of Heat Consumption in RSW. 

weld time 
. . . . . . . . . . . . . . . . . . . . . .  

weld current 
. . . . . . . . . . . . . . . . . . . . . .  

total resistance 
. . . . . . . . . . . . . . . . . . . . . .  

total 
heat generation 

. - - - - - - - - - - - - - - - - - - - - -  
nugget heating 
and melting 

- - - - - - - - - - - - - - - - - - - - - -  
electrode heating 

loss to cooling 
water 

. - - - - - - - - - - - - - - - - - - - - -  

surrounding metal 
heating 

I interÂ ace temperature 

5.6 nun nugget 
(MINIMUM) 

At (cycle) 
- - - - - - - - - - - -  
I ( K ~ P )  



nugget.  A f t e r  t h a t  t i m e ,  the h e a t  l o s s  r a t e ,  
0 is assumed t o  be equal  t o  the  a x i a l  h e a t  
l o s s  r a t e ,  , a s  d i s c u s s e d  p r e v i o u s l y .  Th i s  ^ 
is due t o  t h e  f a c t  t h a t  the  temperature  g r a -  
d i e n t  i n  t h e  a x i a l  d i r e c t i o n  which developed 
be fo re  nugget  me l t ing  o c c u r s ,  i s  low compared 
t o  t h e  g r a d i e n t  a t  l a t e r  t imes .  The h e a t  l o s s  
i n t o  t h e  work p i e c e  i s  included i n  t h e  t o t a l  
amount o f  h e a t  r e q u i r e d  f o r  t h e  temperature  
r i s e  i n  t h e  surrounding nugget m a t e r i a l ,  Q' 

T"  

The a x i a l  h e a t  l o s s  r a t e ,  , d e r i v e d  i n  ^ 
t h i s  paper  is a  func t ion  of t h e  i n t e r f a c e  tem- 
p e r a t u r e ,  9 ,  and t h e  nugget t h i c k n e s s  o r  t h e  
nugget r a d i u s .  The 9 va lue  was e s t i m a t e d  from 
r e f e r e n c e  4 and was measured from t h e  e x p e r i -  
mental  d a t a  shown i n  f i g u r e  11. The 
r e l a t i o n s h i p  between time and nugget  t h i c k n e s s  
( o r  nugget r a d i u s )  can be  found i n  r e f e r e n c e s  
such a s  4 ,  6 and 9 .  The nugget  t h i c k n e s s  
change w i t h  time can be  s i m p l i f i e d  a s  shown i n  
f i g u r e  1 2 .  A s  t h e  e f f e c t  o f  an  i n c r e a s e  i n  
c u r r e n t  on t h e  t o t a l  amount o f  h e a t  genera ted  
i n  t h e  system i s  q u a d r a t i c  whi le  t h e  welding 
time is l i n e a r ,  welding w i t h  h i g h  c u r r e n t  - 
s h o r t  weld t imes w i l l  produce a  s t e e p e r  s l o p e  
( s e e  f i g u r e  12)  a s  compared w i t h  welding w i t h  
low c u r r e n t  - l ong  weld t imes .  The shape o f  
the  curves  i s  r e p r e s e n t e d  by t h r e e  t ime v a l u e s .  
The time t i s  t h e  m e l t i n g  s t a r t  t i m e ,  t is 
the  time a t  which 70% of t h e  f i n a l  nugget s i z e  
is reached and t i s  t h e  time f o r  t h e  f i n a l  

3 
nugget s i z e .  I n  some c a s e s  t i s  equa l  t o  t h e  
weld time A t .  The v a l u e s  used a r e  l i s t e d  i n  
t a b l e  1. The r a t e  of a x i a l  h e a t  l o s s ,  o a ,  was 
then i n t e g r a t e d  over  welding t ime.  

The r a t i o  of the  a x i a l  and the  r a d i a l  h e a t  
l o s s  r a t e  from a  nugget  was c a l c u l a t e d  us ing  
equa t ion  1 8 .  The r e s u l t  f o r  t h e  c a s e  o f  t h i s  

c a l c u l a t i o n  shows t h a t  t h e  r a t i o  i s  about  0 . 3  
a t  t h e  s t a r t  o f  nugget  fo rmat ion  and about  1.1 
a t  the  end o f  a  f u l l  p e n e t r a t i o n  nugget (de -  
f i n e d  a s  having a  d iamete r  equa l  t o  t h e  
e l e c t r o d e  f a c e  d i a m e t e r ) .  The h e a t  l o s s  r a t e  
of a  maximum s i z e  nugget I s  2570 J / s e c  i n  t h e  
a x i a l  d i r e c t i o n  and 2250 J / s e c  i n  t h e  r a d i a l  
d i r e c t i o n .  

DISCUSSION 

According t o  t h e  c a l c u l a t i o n  done i n  t h e  
previous  s e c t i o n ,  t h e  n e t  h e a t  used f o r  m e l t i n g  
of t h e  nugget i s  o n l y  25% of  t h e  t o t a l  h e a t  
genera ted  i n  t h e  p r o c e s s .  Most of t h e  h e a t  i s  
consumed i n  t h e  e l e c t r o d e s  and i n  h e a t i n g  up 
the  su r round ing  s h e e t  me ta l .  The h e a t  used f o r  

e  the  temperature  r i s e  i n  e l e c t r o d e s ,  is 
about 0  t o  50 p e r c e n t  of t h e  t o t  heat? 'This  
comprises t h e  h e a t  from t h e  work p i e c e s  and t h e  
h e a t  genera ted  i n  t h e  e l e c t r o d e  i t s e l f  a s  
assumed p r e v i o u s l y .  The h igh  p o r t i o n  o f  t h e  
h e a t  l o s t  t o  t h e  e l e c t r o d e s  i s  due t o  t h e  l a r g e  
volume of e l e c t r o d e s .  As t h e  e l e c t r o d e  f a c e  
th ickness  i n  t h i s  c a l c u l a t i o n  is 15 mm, most o f  
the  h e a t  from t h e  work p i e c e  goes i n t o  h e a t i n g  
of the  e l e c t r o d e .  I f  t h e  maximum tempera tu re  
p r o f i l e  i n  t h e  e l e c t r o d e s  is assumed t o  b e  con- 
s t a n t  f o r  each weld ,  t h e  p r o p o r t i o n  o f  h e a t  
l o s t  t o  t h e  e l e c t r o d e s  w i l l  d e c r e a s e  w i t h  

F igure  11: Temperature P r o f i l e  on t h e  E l e c t r o d e  S u r f a c e .  
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F igure  12:  C h a r a c t e r i s t i c  Nugget Growth Curve 

i n c r e a s i n g  weld t ime a s  shown i n  t a b l e  1. The 
p r o p o r t i o n  of h e a t  l o s t  t o  t h e  su r round ing  nug- 
g e t  m a t e r i a l  and t h e  c o o l i n g  water  w i l l  
i n c r e a s e  w i t h  i n c r e a s i n g  weld t ime. T h i s  i s  
no t  a  s u r p r i s e  because  o f  t h e  longer  t ime f o r  
h e a t  d i s s i p a t i o n  a s  t h e  weld p r o g r e s s e s .  

The h e a t  l o s s  t o  t h e  c o o l i n g  water  does 
n o t  c o n s t i t u t e  a  l a r g e  p r o p o r t i o n  o f  t h e  t o t a l  
h e a t  i n  t h i s  c a l c u l a t i o n  when compared t o  t h e  
r a d i a l  l o s s  i n  t h e  s h e e t  me ta l .  Th i s  seems t o  
be mainly due t o  t h e  s m a l l  a s p e c t  r a t i o  o f  1.1 
of t h e  e l e c t r o d e  f a c e  diameter  t o  t h e  work 
p iece  t h i c k n e s s .  I n  t h i s  c a s e ,  t h e  h e a t  l o s s  
r a t e  i n  bo th  d i r e c t i o n s  i s  a lmost  t h e  same a t  
t h e  end of  t h e  nugget  development,  whi l e  t h e  
h e a t  l o s s  r a t e  i n  t h e  r a d i a l  d i r e c t i o n  is about  
four  f o l d  o f  t h e  a x i a l  l o s s  r a t e  a t  t h e  e a r l y  
s t a g e s  o f  nugget  growth. 

I f  t h e  heat. l o s s  r a t e  i s  e s t i m a t e d  f o r  
changes i n  geomet r i ca l  f a c t o r s ,  such a s  s h e e t  
t h i c k n e s s  and e l e c t r o d e  s i z e ,  t h e  r a t i o  o f  t h e  
a x i a l  h e a t  l o s s  r a t e  t o  t h e  r a d i a l  h e a t  l o s s  
r a t e  changes i n  p r o p o r t i o n  t o  t h e  parameter  
b / ~ .  By reduc ing  t h e  t h i c k n e s s  by h a l f ,  t h e  
r a t i o  i n c r e a s e s  by a f a c t o r  o f  f o u r .  For t h i s  
case  t h e  r a d i a l  h e a t  l o s s  r a t e  a lone  d e c r e a s e s  
by a  f a c t o r  o f  two a s  i n d i c a t e d  by e q u a t i o n  
( 1 9 ) .  I f  t h e  e l e c t r o d e  d iamete r  i s  doubled,  
t h e  r a t i o  i n c r e a s e s  by a  f a c t o r  o f  two whi le  
t h e  a x i a l  h e a t  l o s s  r a t e  i n c r e a s e s  by f o u r  
f o l d .  T h i s  means t h a t  a t h i n n e r  work p i e c e ,  
e . g .  0 . 8  nun, w i l l  l o s e  a n  even g r e a t e r  f r a c -  
t i o n  of t h e  h e a t  by conduc t ion  i n t o  t h e  
e l e c t r o d e  t h a n  h a s  been e s t i m a t e d  i n  Tab le  1 
f o r  a 1 . 5  mm t h i c k  s h e e t .  Thus,  h e a t  t r a n s f e r  
through t h e  e l ec t rode-work  p i e c e  i n t e r f a c e  w i l l  
dominate t h e  nugget growth mechanism i n  t h i n  
s h e e t  welding.  A v e r y  smal l  v a r i a t i o n  i n  t h e  
c o n t a c t  c h a r a c t e r i s t i c s  may r e s u l t  i n  g r e a t  
i n c o n s i s t a n c y  i n  w e l d a b i l i t y .  T h i s  w i l l  be  
more pronounced a s  t h e  work p i e c e  t h i c k n e s s  
becomes l e s s .  T h i s  may a l s o  i n c r e a s e  t h e  maxi- 
mum temperature  which t h e  e l e c t r o d e  ach ieves  o r  
the  l e n g t h  o f  t ime a t  t h i s  t empera tu re .  I n  
add- i t ion,  t h i s  may cause  a  l a r g e  r e d u c t i o n  i n  

e l e c t r o d e  l i f e  e s p e c i a l l y  i n  galvanized s t e e l  
welding. 

I f  t h e  thermal  c o n d u c t i v i t y  changes,  t h e  
r e l e v a n t  terms such a s  h e a t  l o s s  r a t e  through 
t h e  model boundary,  0 , and t h e  amount of h e a t  
r e q u i r e d  f o r  t empera tu re  r i s e  i n  t h e  surround- 
ing nugget m a t e r i a l ,  Q ,  w i l l  be  a f f e c t e d .  The 
h e a t  l o s s  r a t e  th rough  t h e  model boundary,  , ^ L 
is approximately  equa l  t o  t h e  a x i a l  h e a t  l o s s  

s 
r a t e ,  Q a ,  w h i l e  Q i s  rou h l y  t h e  i n t e g r a l  of 
t h e  r a d ~ a l  h e a t  l o s s  r a t e ,  4 , over  t ime I n  
equa t ion  ( 1 9 ) ,  t h e  a x i a l  h e a i  l o s s  r a t e ,  is 
p r o p o r t i o n a l  t o  k a  / I  and t h e  r a d i a l  h e a t  
l o s s  r a t e ,  4 ,  is p r o p o r t i o n a l  t o  f i a  . 
According t o  t h e s e  r e l a t i o n s h i p s  t h e  s h i f t  o f  
the  expu l s ion  l o b e  boundary w i l l  be l a r g e r  than  
t h a t  of t h e  minimum nugget  boundary due t o  t h e  
d i f f e r e n c e  i n  t h e  nugget  s i z e ,  a .  T h e r e f o r e ,  
i f  t h e  thermal  c o n d u c t i v i t y  o f  t h e  metal  is 
i n c r e a s e d ,  t h e  l o b e  width  w i l l  b e  i n c r e a s e d  
a long w i t h  a  t r a n s l a t i o n  of t h e  lobe  i n  t h e  
d i r e c t i o n  o f  h i g h  energy i n p u t .  

M a t e r i a l  w i t h  h i g h  c o n t a c t  r e s i s t a n c e ,  Rc9 
r e q u i r e s  r e l a t i v e l y  l e s s  h e a t  i n p u t .  Th i s  may 
be due t o  t h e  e a r l y  t empera tu re  b u i l d  up w i t h i n  
the  system b e f o r e  t h e  s t a r t  o f  nugget  forma- 
t i o n .  Th i s  may a l s o  i n c r e a s e  t h e  l o b e  w i d t h ,  
p o s s i b l y  due t o  an  e a r l y  s t a r t  of nugget  forma- 
t i o n  a t  low c u r r e n t  l e v e l s .  S p e c i f i c a l l y ,  t h e  
i n c r e a s e  i n  t h e  l o b e  wid th  may b e  due t o  t h e  
l a r g e r  i n c r e a s e  i n  t h e  t o t a l  h e a t  l o s s  produced 
by l a r g e r  s i z e  nuggets  and t h e  longer  h e a t  d i s -  
s i p a t i o n  t ime.  

The change o f  work p i e c e  b u l k  r e s i s t a n c e ,  
R , t o  a  h i g h e r  v a l u e  w i l l  move t h e  lobe  p o s i -  
tKon i n  t h e  d i r e c t i o n  of lower energy i n p u t .  
From e q u a t i o n  ( 6 ) .  i t  can b e  s e e n  t h a t  t h i s  
s h i f t  i s  g r e a t e r  when the  nugget  s i z e  i s  l a r g e .  
This  w i l l  reduce t h e  l o b e  wid th .  

I t  i s  obvious t h a t  t h e  l o b e  w i l l  s h i f t  i n  
t h e  d i r e c t i o n  o f  h i g h  energy i n p u t  i f  t h e  v a l u e  
of vo lumet r i c  h e a t  c a p a c i t y ,  pC , i s  i n c r e a s e d .  
This  can be  e a s i l y  seen  from e q u a t i o n  ( 5 ) .  I f  



nugget s i z e  i s  c o n s i d e r e d ,  the s h i f t  w i l l  be 
g r e a t e r  wi th  a  l a r g e r  s i z e  nugget .  Thus,  a  
wider lobe width  i s  p o s s i b l e  i f ' a  m a t e r i a l  w i t h  
a  h igh  vo lumet r i c  h e a t  c a p a c i t y ,  pC is  used .  

P '  

I t  i s  seen  t h a t  t h e  r a t i o  o f  m a t e r i a l  p ro -  
p e r t i e s  pC / a  and k/o cou ld  be  important  
f a c t o r s  which a f f e c t  t h e  l o b e  shape.  The 
i n c r e a s e  i n  t h e  vo lumet r i c  l iea t  c a p a c i t y ,  pC 
and thermal c o n d u c t i v i t y  of t h e  work p i e c e s ,  k :  
w i l l  i n c r e a s e  t h e  lobe width  and w i l l  r e q u i r e  a  
l a r g e r  t o t a l  h e a t  i n p u t .  On t h e  c o n t r a r y ,  an  
i n c r e a s e  i n  e l e c t r i c a l  r e s i s t i v i t y  w i l l  
dec rease  t h e  lobe  width  and t h e  t o t a l  amount o f  
h e a t  necessa ry  t o  form a  nugget .  T h e r e f o r e ,  
these  two r a t i o s  can be used a s  parameters  t o  
d e s c r i b e  t h e  w e l d a b i l i t y  of a  s p e c i f i c  m a t e r i -  
a l .  I n  g e n e r a l ,  i t  can be  s a i d  t h a t  a  m a t e r i a l  
wi th  l a r g e  v a l u e s  o f  t h e s e  r a t i o s  w i l l  have a  
wider lobe  wid th  and w i l l  r e q u i r e  a  h i g h e r  
energy i n p u t .  

D i f f e r e n t  combinations of weld t ime ,  A t ,  
and weld c u r r e n t ,  I ,  w i l l  have d i f f e r e n t  
e f f e c t s  on t h e  lobe  shape.  Welding w i t h  h i g h  
c u r r e n t  a t  s h o r t  nugget growth t i m e s ,  ( A t - t ) ,  
w i l l  r e s u l t  i n  a  s m a l l e r  h e a t  l o s s  t o  t h e  s u r -  
roundings a s  d i s c u s s e d  i n  t h e  model c a l c u l a t i o n  
s e c t i o n .  On t h e  c o n t r a r y ,  long  weld t imes  w i t h  
lower c u r r e n t s  w i l l  produce g r e a t e r  h e a t  l o s s .  
A s  t h i s  w i l l  demand a  h i g h e r  h e a t  i n p u t  f o r  t h e  
same s i z e d  nugge t ,  t h e  s l o p e  of t h e  lobe  curve 
i n  t h i s  r e g i o n  w i l l  become s t e e p e r .  Th i s  can 
a l s o  e x p l a i n  t h e  r eason  why t h e  lobe  is wider 
i n  t h e  long  weld t ime reg ion .  

Thus f a r  i t  was assumed t h a t  h e a t  t r a n s f e r  
through t h e  e l ec t rode-work  p i e c e  i n t e r f a c e  i s  
no t  a  r a t e  c o n t r o l l i n g  s t e p .  I f  t h e  i n t e r f a c e  
has very  h igh  thermal  r e s i s t a n c e ,  t h e  h e a t  l o s s  
t o  t h e  e l e c t r o d e  w i l l  be reduced and t h e  lobe 
width w i l l  d e c r e a s e .  Tliis may be t h e  c a s e  w i t h  
hard m a t e r i a l s  such a s  h igh  s t r e n g t h  low a l l o y  
s t e e l  compared t o  a  low carbon s t e e l .  The 
exper imental  d a t a  i n  r e f e r e n c e  20 suppor t  t h i s  
argument. 

CONCLUSION 

A p a r a m e t r i c  h e a t  f low a n a l y s i s  o f  t h e  
r e s i s t a n c e  s p o t  welding p rocess  shows t h a t :  

1 .  The r a t i o  of t h e  h e a t  l o s s  r a t e  i n  t h e  
e l e c t r o d e  compared t o  t h e  h e a t  l o s s  r a t e  
i n  t h e  work p i e c e  i s  a  f u n c t i o n  o f  t h e  
e l e c t r o d e  diameter  d i v i d e d  by t h e  square  
o f  t h e  work p i e c e  t h i c k n e s s .  

2 .  Small v a r i a t i o n s  i n  t h e  e l ec t rode-work  
p i e c e  thermal  c o n t a c t  c h a r a c t e r i s t i c s  can  
r e s u l t  i n  a  g r e a t  i n c o n s i s t a n c i e s  i n  t h e  
w e l d a b i l i t y  o f  t h i n  s h e e t s . '  

3 .  The r a t i o  o f  thermal  c o n d u c t i v i t y  and h e a t  
- c a p a c i t y  t o  e l e c t r i c a l  r e s i s t i v i t y  i s  a 

c h a r a c t e r i s t i c  number which i s  r e p r e s e n t a -  
t i v e  of t h e  e a s e  of s p o t  w e l d a b i l i t y  of a  
g iven m a t e r i a l .  The i n c r e a s e s  i n  thermal  
c o n d u c t i v i t y  and h e a t  c a p a c i t y  of t h e  
s h e e t  me ta l  i n c r e a s e  the  lobe width whi le  
i n c r e a s e s  i n  e l e c t r i c a l  r e s i s t i v i t y  
dec rease  t h e  lobe  wid th .  

4 .  Welding w i t h  a  h igh  e l e c t r i c a l  c o n t a c t  
r e s i s t a n c e  w i l l  i n c r e a s e  t h e  lobe  width  
provided t h a t  i n c r e a s i n g  t h i s  r e s i s t a n c e  
does no t  produce expu l s ion  a t  t h e  e l e c -  
t r o d e - s h e e t  i n t e r f a c e .  

5 .  The wider  lobe width  of long  time - low 
c u r r e n t  welds can be exp la ined  by t h e  
l a r g e r  amount o f  t o t a l  h e a t  d i s p i s s i o n  due 
t o  the  l o n g e r  weld t ime and t h e  l a r g e r  
h e a t  l o s s  a r e a  of l a r g e r  nugge t s .  
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