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Electrode Geometry in Resistance 
Spot Welding 

Mathematical model predicts current distribution 
as a function of electrode geometry 

BY R. J. BOWERS, C. D. SORENSEN AND T. W. EAGAR 

ABSTRACT. The effect of electrode ge
ometry on current distribution has been 
investigated. A mathematical model was 
developed to evaluate current distribu
tion in both truncated cone (TC) and pim
ple-tipped (PT) electrodes. Electrode life 
and lobe curve tests were conducted to 
substantiate the results of the modeling 
effort. Results of the computational inves
tigation showed that electrode sheet in
terface angles approaching 90 deg pro
vide more uniform current distribution at 
the electrode face. Electrode geometry 
was shown to affect wear and life by its 
influence on local current distribution. 
Also, electrode geometry shifted the po
sition of the welding lobe. It was con
cluded that efficient electrode design must 
balance mechanical and thermal proper
ties as well as maintain current uniformity. 

Introduction 

With an average automobile containing 
approximately 5000 spot welds, the auto
motive industry is a major user of resistive 
welding technology. Of particular impor-
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tance to the industry is the resistance 
welding of various galvanized sheet steel 
products, which have become established 
for use in automotive manufacture due to 
their corrosion resistance. However, this 
increased corrosion protection is offset by 
the increased difficulty of welding galva
nized as opposed to uncoated steel. Al
loying of the zinc coating with the copper 
electrodes used in spot welding promotes 
rapid wear, subsequently reducing elec
trode life. 

Improving the weldability of galvanized 
steel has been approached by many meth
ods, mainly those concerning the physical 
properties of the steel, such as coating 
composition, type and surface condition. 
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The roles of welding parameters such as 
upslope, preheat and weld time also have 
been analyzed to determine their effects 
on weldability. Aspects of the electrode 
itself, such as material (Ref. 1) and geom
etry (Ref. 2), have been studied as well. 

Friedman and McCauley (Ref. 3) con
cluded in their study that an uneven heat
ing condition across the electrodes was 
one factor that contributed to an in
creased rate of electrode tip deformation. 
They explained this uneven heating in 
terms of variations in surface resistance 
due to nonuniformities in the steel coat
ing. The present study approached the 
weldability of galvanized steel in terms of 
this uneven heating at the electrode face. 
However, unlike Friedman and McCauley, 
electrode geometry and its effect on cur
rent uniformity were considered as a 
source of uneven heating across the elec
trode face. Nonuniform current in this re
gion would give rise to uneven heating, 
which could promote localized wear. 

Kaiser, et al. (Ref. 4), in a study of weld 
nugget formation, noted an annular mol
ten zone around the periphery of some 
welds. This phenomenon was noted by 
Lane, etal. (Ref. 5), who hypothesized that 
current distribution and electrode geom
etry significantly affect heat generation in 
the molten zone. Holm (Ref. 6) explained 
that a current constriction occurs at the 
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f/g. 1 —Modeled electrode configuration. Due 
to symmetry, only the boxed region is required 
to be modeled. 
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Fig. 3 — Model boundary conditions. 
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Fig. 2 —Finite element grid of TC electrode. 
Cone angle is marked as theta. 

electrode face, with a disproportionate 
amount of current flowing through the 
outer face edge. Such a phenomenon 
would aid in explaining the observation of 
an annular molten zone at the periphery 
of a spot weld. 

Numerical modeling of the spot weld
ing process has also shown a current con
striction at the electrode face edge. Green
wood (Ref. 7) noted that the current in 
resistance welding does not flow directly 
across the material being welded, but di
verges into the worksheet. Furthermore, 
he stated that most of the current that 
spreads into the sheet enters near the 
electrode edge, causing a current con
striction at that location. 

Greenwood further stated that the ini
tial temperature patterns show a maxi
mum in a ring around the edge of the 
electrode. He concluded that if the cur
rent is high enough to produce a weld in 
such a short time, a ring weld will result. 
Such ring welds have been noted in the 
automotive industry. The results of Nied 
(Ref. 8) concur with those of Greenwood, 
showing both a current concentration at 
the periphery of contact between the 
electrode and the workpiece, as well as an 
initial temperature maximum in this area. 

The existence of a current concentra
tion at the outer edge of the electrode 
face is in agreement with the fact that 
current constricts around corners. Such a 
corner is found in the angle between the 
tapered end of a truncated cone elec
trode and the worksheet. However, the 

effect of this angle on the degree of cur
rent constriction has not been studied 
previously. This study used mathematical 
modeling to quantify effect of electrode 
geometry on current distribution at the 
electrode face and tested the results to 
determine a relationship between elec
trode geometry and electrode life. 

Mathematical Modeling 

Mathematical modeling, based on a fi
nite element analysis (FEA) program de
veloped by Segerlind (Ref. 9), was used to 
map the potential distribution along two 
electrodes in face contact. Only one quad
rant of this configuration was required for 
modeling due to the ability of the model 
to accommodate axisymmetric geome
tries and due to the added symmetry of 
the configuration about the electrode 
faces —Fig. 1. 

The geometry was discretized by the 
model into an array of connected ele
ments—Fig. 2. Subject to the boundary 
conditions imposed on the geometry and 
the physical equations describing its inte
rior, a response for each element was cal
culated so as to maintain continuity be
tween all the elements. 

The Laplace equation, V2<j> = 0, where 
4> is the electrical potential, was used to 
describe the electrode interior. This is 
correct for a DC current or when the 
magnetic skin depth of the electrodes is 
large with respect to the electrode radius. 
This latter condition is valid for copper al
loy electrodes. 

As it was not the intent of this investi
gation to produce an exhaustive mathe
matical model describing the resistance 
welding process, electrical conductivity 
was considered constant for the purposes 
of this model. Localized current concen
trations give rise to localized resistive 
heating, which lowers electrical conduc
tivity and tends to concentrate current 
elsewhere. This effect could be countered 
by decreased surface asperity at the outer 
edge of the electrode face, due to the 
friction hill effect, or molten zinc at the 
periphery of the weld due to the large ini
tial current densities, giving rise to an easy 
current flow path. Since such effects oc
cur in all electrode geometries, the as
sumption of temperature-independent 
electrical conductivity was judged to be 
valid in comparing current uniformity 
among different electrode geometries. 

The model boundary condition consists 
of a 10-V potential drop across the elec
trode body —Fig. 3. This is not an actual 
welding condition; however, it was cho
sen to allow ease of scaling and compar
ison of results from different electrode 
geometries. A 10-V isopotential was posi
tioned along the outer 0.10 in. (0.25 cm) 
of the electrode radius in the plane where 
the water jacket meets the electrode 
body. This condition is based on the 
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assumption that the current density in the 
wall surrounding the water jacket is uni
form and axial. A zero-volt isopotential 
was positioned along the intersection of 
the electrode faces. The high contact re
sistance occurring at the electrode-sheet 
interface, as compared to the resistance 
within the copper electrode, ensures an 
isopotential at this interface. 

FEA was utilized to map the voltage po
tential within the electrode. The finite el
ement mesh was finer near the electrode 
face to obtain a more accurate solution in 
this, the region of primary interest. Upon 
obtaining the voltage map, postprocess
ing determined the location of isopoten-
tials within the electrode geometry. The 
model computed voltage values at the 
corners or nodes of the triangular ele
ments within the geometry; the potential 
values within the elements were deter
mined by linear interpolation. 

Current density at the electrode face 
was calculated as the product of electrical 
conductivity and the gradient of the po
tential at the electrode face. The potential 
gradient at the electrode face was deter
mined from voltages at small displace
ments from points along the face, using 
the formula: 

] = aV<j> 

where J is the current density and a is the 
electrical conductivity. 

Truncated Cone Results 

Isopotential maps were computed for 
two different truncated cone (TC) elec
trodes with cone angles of 15 and 50 
deg —Fig. 4. For these geometries, the 
isopotentials near the electrode face ex
hibited a basic similarity; they were more 
widely spaced at the face center than at 
the face edge. Since current density is in
versely proportional to isopotential spac
ing, a higher current density was present 
at the face edge than at the face center for 
the TC electrodes. 

Current density profiles for the 15- and 
50-deg TC electrodes were computed 
and scaled for a common total current of 
10,000 A - F i g . 5. The degree of current 
nonuniformity present in the profiles was 
quantified by computing the ratio of the 
current density at the outside edge of the 
electrode face to the current density at 
the center of the electrode face. This ra
tio was computed to be 4.6 for the 15-deg 
TC electrode and 1.9 for the 50-deg elec
trode. Figure 6 shows the current density 
ratio for several different TC geometries. 

Gould (Ref. 10) suggested that the face 
diameter influences electrode life. Further 
modeling was undertaken to determine if 
other aspects of TC electrode geometry 
affected the current density ratio. Results 
indicated that the ratio is fixed for a given 
cone angle. Changing the face diameter 
or the outside electrode diameter had no 
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Fig. 4 — Isopotential maps ot 15- and 50-deg truncated cone electrodes. 
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effect on the ratio; hence, the principles 
described herein cannot be used to ex
plain Gould's results. 

Current nonuniformity, as measured by 
the current density ratio, was found to 
decrease with increasing TC angle. The 
model confirmed that a uniform current 
distribution (ratio equal to 1.0) exists for a 
90-deg cone angle. This geometry is sim
ply a right circular cylinder. 

Pimple-Tipped Results 

Modeling results showed a trend for 
isopotentials to become flat, indicative of 
a uniform current distribution, in regions 

where the geometry of the electrode is 
straight and of constant radius. Pimple-
tipped (PT) electrodes, the tips of which 
exhibit these characteristics as well as 
having a 90-deg contact angle, were mod
eled to determine the effect of tip diam
eter and tip length on current uniformity 
at the electrode face-Fig. 7. 

Sixteen different PT geometries were 
modeled. Tip diameters ranged from 0.063 
to 0.250 in. (0.160 to 0.635 cm). Each ge
ometry was characterized by an aspect 
parameter, the ratio of the tip diameter to 
the tip length, D/L. This parameter ranged 
from 0.5 to 5.0. 

It was expected that the PT geometry 
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would exhibit greater current uniformity 
than the TC geometry due to its 90-deg 
contact angle. Modeling results confirmed 
this prediction. For the aspect parameters 
modeled, current density ratio ranged 
from 1.0 to 1.3, indicative of uniform cur
rent distribution — Fig. 8. The lowest ratios 
were observed for electrodes with lower 
aspect parameters having long thin tips. 

Modeling Discussion 

In terms of current density uniformity, 
the PT geometry was shown to be supe
rior to the TC geometry. The PT geome
try exhibited a nearly uniform current dis-

0 . 7 5 

Fig. 8 —Current 
density ratio 
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tribution at the electrode face, whereas 
the TC geometry exhibited large current 
concentrations at the outer electrode face 
edge. 

It was reasoned that geometries exhib
iting large current densities near the outer 
face edge would exhibit different welding 
characteristics than geometries with more 
uniform current distributions. Since during 
the resistance welding process current di
verges into the worksheet, the presence 
of a large current concentration near the 
outer edge of the electrode face would 
leave less current available for nugget 
formation at the faying interface directly 
beneath the electrodes. 
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RATIO, (D / L) 

0 . 5 0 — ; 

0 . 2 5 

O . OO 

0 . 0 0 . 1 0 . 2 0 . 3 

scale in inches 
Fig. 7 — Finite element grid of PT electrode. Tip 
aspect ratio is D/L. 

It was predicted that geometries with 
large current density ratios would require 
greater RMS current values to achieve 
both nominal weld nugget size and expul
sion. Thus, the lobe curve of a material 
welded with such electrodes would be 
shifted to higher current values. Increased 
current nonuniformity was also predicted 
to adversely affect electrode life due to 
greater localized wear. 

Experimental Procedure 

Lobe curve determinations and elec
trode life tests were conducted using a 75 
kVA pneumatic press spot welding ma
chine equipped with a synchronous con
troller. Force readings were determined 
by the pressure differential between two 
air gauges. RMS current values were de
termined by a toroidal coil current meter. 
TC electrodes were used for testing be
cause of the wide range in current unifor
mity achievable with different cone an
gles, and the ease of machining these ge
ometries. All electrodes were RWMA 
Class II copper-chromium alloys. 

Lobe curve values were the average of 
at least two tests. Three tests were con
ducted for a given time-current combina
tion if the difference between the initial 
values exceeded 350 A (RMS). For this in
vestigation, the maximum electrode life 
was established when the weld nugget 
size dropped below the specified nominal 
nugget size for more than 100 welds. Life 
tests were conducted at currents just be-
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Fig. 10 —Lobe curves for 0.031-in. electrogalvanized sheet steel with 
coating weight 68 g/m2. The approximately 1000-A lobe shift is statisti
cally significant. 

low the expulsion limit of the particular 
galvanized steel being welded. 

For both lobe and life tests, the elec
trodes were conditioned for 50 welds 
prior to testing. Average nugget size was 
determined by at least two peel tests. In 
the case of elliptically shaped nuggets, the 
geometric mean of the large and small di
ameters was calculated as an effective di
ameter. 

Lobe Curve Results 

In the first series of lobe curve tests, 47-
and 60-deg TC electrodes were used to 
weld Steel A —Table 1. The lobe curves 
for this steel revealed a shift to lower RMS 
current values for the 60-deg electrode — 
Fig. 9. This result was expected since the 
60-deg electrode was shown to exhibit a 
more uniform current distribution at the 
electrode face. However, statistical analy
sis of the lobe curve data revealed that, 
despite the observed shift, the two data 
sets could not be statistically separated at 
the 90% confidence level. 

A second set of lobe curves were 
determined using 20- and 60-deg TC 

Table 1—Steel Characterization 

Steel A B 

Sheet 0.031 in. 0.031 in. 
thickness 

Coating G60 68 g /m 2 

type and hot dip electro-
process galvanized 

Welding 650 Ib 500 Ib 
force'a) 

C 

0.056 in. 

A40 
galvannealed 

1000 Ib 

electrodes to weld Steel B. The difference 
between the cone angles was increased 
from the first test to increase the range of 
current nonuniformity. The results exhib
ited a large shift to lower RMS current val
ues for the 60-deg TC electrode - Fig. 10. 
Analysis of these data sets at the 90% 
confidence level revealed the lobe shift to 
be statistically significant. For the six tested 
time-current combinations of the lobe 
curves, the average lobe shift was from 
850 A at the low end of the confidence 
interval to 1550 A at the high end of the 
confidence interval. 

Life Test Results 

Two sets of electrode life tests were 
conducted; the first tests of each set were 
conducted with 15-deg TC electrodes, 
the second with 60-deg TC electrodes. 
Steels A and C (Table 1) were tested. For 

both sets of tests, the 15-deg electrode 
exhibited shorter life. 

For Steel C, the 15-deg electrode life 
was 2400 welds, compared to 3200 welds 
for the 60-deg electrode —Fig. 11. For 
Steel A, the 15-deg electrode failed at 750 
welds, whereas the 60-deg electrode pro
duced nuggets well above nominal size at 
900 welds-Fig. 12. 

Discussion of Experimental Results 

From the modeling effort, it was learned 
that electrode geometry affects current 
distribution, with higher electrode-to-
worksheet angles exhibiting more uniform 
distributions. A correlation can be drawn 
between current distribution and lobe 
curve position by considering the experi
mental results. 

The 60-deg TC electrode required ap-

I 0 0 0 2 0 0 0 3 0 0 0 

NUMBER OF WELDS 
4000 5000 

(a) The welding force listed is the force that produced the 
widest lobe width for the materials wi th an 8-cycle weld. 

Fig. 11 —Life test results for 0.050-in. galvannealed steel. Minimum required weld nugget diameter 
is 0.22 in. 
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proximately 1000 less amperes (RMS) tb 
produce a weld of nominal size than the 
20-deg TC electrode. Since the higher an
gle electrode has a more uniform current 
distribution, it was concluded that current 
uniformity at the electrode face shifts the 
lobe curve to lower current values. 

By shifting the lobe curve, electrode 
geometry plays a dual role in electrode 
life. Low-angle electrodes exhibit large 
current concentrations at the electrode 
face edge. This effect is exacerbated by 
the fact that the electrode life test current 
(just below expulsion) was increased for 
low-angle TC electrodes due to the lobe 
shift. Increased total current and greater 
current nonuniformity help to explain why 
the low-angle TC electrode exhibited a 
shorter life in this investigation. 

However, thermal and mechanical 

Modified PT design 
(dashed lines) 

Fig.' 13 —Proposed electrode design provides 
greater strength, a larger heat sink and a 
uniform current distribution. 

properties must also be considered in the 
electrode life equation. Lower angle TC 
electrodes, by providing a larger mass at 
the tip, exhibit greater thermal and me
chanical benefits. Hence, in the absence of 
a nonuniform current distribution, low-
angle geometries would be expected to 
exhibit longer tip life. Indeed, as spot rep
etition rates and welding pressure in
crease, thermomechanical stiffness may 
become a dominant factor affecting tip 
life. 

Electrode Design 

A relation between electrode geome
try, current distribution and electrode life 
was formulated from the results of the 
modeling and experimental testing. Higher 
electrode-worksheet interface angles 
were shown to yield more uniform cur
rent distributions at the electrode face. 
This effect reduces localized heating at the 
face periphery. This more uniform heating 
may contribute to more even wear, even 
though higher angles promote more rapid 
mushrooming of the tips. Also, more uni
form current distributions were shown to 
require lower RMS current values to pro
duce nominal size welds. 

However, a contact angle of 90 deg, as 
in PT electrodes, results in a tip that neither 
has the mechanical strength of a low-
angle TC electrode nor provides a large 
heat sink, both of which are valuable at 
increased spot rates and higher welding 
pressures. Thus, good electrode design 
involves a trade-off between current uni
formity and thermomechanical stiffness. 
Both the loss of current uniformity and the 
loss of mechanical stiffness promote wear; 
the geometry that promotes one, how
ever, tends to minimize the other. 

It is believed that an optimum electrode 
geometry exists that balances these two 
competing mechanisms of wear. One 
possible design consists of a contact angle 
of 90 deg at the electrode face edge to the 
outer electrode diameter —Fig. 13. This 
design would provide greater mechanical 
strength and a larger heat sink at the tip 

than the PT geometry, while maintaining a 
90-deg contact angle, which provides the 
most uniform current. Also, the radius 
could be changed to favor either mechan
ical strength or current uniformity. 

A test batch of electrodes with this de
sign were machined for testing on galva
nized material (Ref. 11). Preliminary results 
of those tests showed an increase in elec
trode life from 800 to 2000 welds over the 
electrode geometry that was in use. Also, 
the required welding current was shifted 
from 16,000 to 13,000 A. However, the 
design was reported to be less tolerant of 
misalignment as radiused-tip or TC elec
trodes due to its high electrode-work
sheet interface angle. 

Conclusions 

It is important to note that the mathe
matical model developed herein is a first-
level approach to understand the trends 
produced in current distribution as af
fected by electrode geometry. It is most 
interesting that the experimental results 
support the predictions derived from the 
model, despite the model not incorporat
ing such factors as contact resistance, al
loying and deformation of the electrode 
tips and the temperature dependence of 
electrical conductivity of the electrode 
material. Yet, the experimental results 
support the predictions derived from the 
modeling effort. The shifted lobe position 
and longer electrode life obtained merely 
by changing the electrode geometry indi
cate that geometry is a controlling process 
variable for a given set of welding param
eters. 

Investigation of the effect of electrode 
geometry on current distribution by both 
mathematical modeling and experimental 
testing led to several conclusions. 

1) Electrode sheet interface angles ap
proaching 90 deg provide more uniform 
current distributions at the electrode face. 

2) Electrode geometry can affect wear 
and life through its influence on the local 
current distribution. 

3) Electrode geometry shifts the posi
tion of the welding lobe. 

4) Efficient electrode design must pro
vide for thermal and mechanical stiffness 
as well as maintain current uniformity. 
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Interpretive Report on the Mechanical Properties of Brazed Joints 
By M. M. Schwartz 

This report summarizes the mechanical propert ies, brazing procedures and testing of materials, such 
as aluminum, beryl l ium, copper, steel, nickel, superalloys, reactive metals, ceramics and graphite. Over 
120 references are included in this interpretive report. 

Publication of this report was sponsored by the Interpretive Reports Commit tee of the Welding 
Research Council. The price of WRC Bulletin 340 is $24.00 per copy, plus $5.00 for postage and handling. 
Orders should be sent with payment to the Welding Research Council, 345 E. 47th St., Suite 1301, New 
York, NY 10017. 
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A Preliminary Evaluation of the Elevated Temperature Behavior of a Bolted Flanged Connection 
By J. H. Bickford, K. Hayashi, A. T. Chang and J. R. Winter 

This Bulletin consists of four Sections that present a prel iminary evaluation of the current knowledge 
of the elevated temperature behavior of a bolted flanged connect ion. 

Section I—Introduct ion and Overview, by J . H. Bickford; Section I I—Historical Review of a Problem 
Heat Exchanger, by J. R. Winter; Section I I I—Development of a Simple Finite Element Model of an 
Elevated Temperature Bolted Flanged Joint, by K. Hayashi and A. T. Chang; and Section IV—Discussion 
of the ABACUS Finite Element Analysis Results Relative to In-the-Field Observations and Classical 
Analysis, by J. R. Winter. 

Publication of this report was sponsored by the Subcommit tee on Bolted Flanged Connections of the 
Pressure Vessel Research Commit tee of the Welding Research Commit tee. The price of WRC Bulletin 
341 is $20.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, Suite 1301 , 345 E. 47th St., New York, NY 10017. 
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