
ABSTRACT. Projection welding is a vari-
ation of resistance welding in which cur-
rent flow is concentrated at the point of
contact with a local geometric extension
of one (or both) of the parts being
welded. These projections are used to
concentrate heat generation at the point
of contact, and, therefore, to generate a
weld nugget faster and at a lower current
l e vel compared to conventional spot
welding. Many factors affect the heat
generation and projection collapse of the
projection welding process. The effects
of some of these factors, such as welding
current, electrode force, and sheet mate-
rial properties, have been studied using
the coupled finite element simulation
procedures in an earlier study by the au-
thor (Ref. 1). This paper is a sequel to the
previous effort. It investigates the effect of
projection height on projection collapse
and nugget formation. Three projection
designs with different projection heights
were selected for 0.059-in., cold-rolled,
low-carbon steel according to Ref. 2. The
corresponding heat generation processes
using one set of welding parameters were
simulated using an incrementally cou-
pled, thermal-electrical-mech a n i c a l
modeling procedure (Refs. 1, 3). The pre-
dicted heating patterns were compared
with the weld cross sections obtained
from an earlier experimental approach
using high-speed motion photogra p hy

(up to 6000 frames/s). The study offers
fundamental understanding of the
process physics for different projection
designs and demonstrates again the ef-
fectiveness of an incrementally coupled
modeling procedure.

Introduction

Projection welding is an electrical re-
sistance welding process in wh i ch resis-
tance welds are produced at localized
points in workpieces held under pressure
between suitable electrodes. The projec-
tions are usually dome or cone shaped
and are made with different designs ac-
cording to recommendations of some
standards. Although tests indicate satis-
factory welds can be produced over a
wide range of projection shapes, there is
some ambiguity concerning optimum de-
signs (Ref. 2). For example, a wide va r i e t y

of standards are recommended by differ-
ent technical groups such as the Ameri-
can Welding Society and International In-
stitute of Welding. In addition, different
industries tend to establish their own pro-
jection design guidelines. It is intuitive
that for different projection designs, the
current paths will vary and this will, in
turn, affect both projection collapse and
the pattern of nugget formation. How e ve r,
due to the complex flow paths for heat
and electrical current and variations in
material properties with temperature and
phase changes, the projection welding
process is difficult to analyze. When
s t u dying the effect of projection design on
weld formation and weld quality, many
earlier researchers had to rely on experi-
mental techniques such as consecutive
cross sectioning and high-speed motion
p h o t o g ra p hy (Refs. 2, 4).

With recent developments in finite el-
ement analysis and advances in com-
puter tech n o l o g y, it is now possible to
model the projection welding process
and study current flow, heat generation,
and projection collapse in quantitative
detail. For example, the projection weld-
ing process was simulated with a cou-
pled electrical-thermal-mech a n i c a l
analysis procedure in Ref. 1, and the ef-
fects of different welding para m e t e r s ,
such as material grade, welding current,
and electrode force, were investigated in
great detail. In this study, the incremen-
tally coupled analysis procedure devel-
oped in Refs. 1 and 3 was used to study
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the effect of projection height on heat
g e n e ration and projection collapse for
three different projection designs. A sim-
ilar modeling procedure was also used to
simulate the processes of resistance spot
welding; it proved to be an effective tool
in analyzing fundamental process
physics. 

To compare simulation with existing
experimental results, the projection de-
signs and sheet material studied in this
work are the same as the ones examined
in Ref. 2 using high-speed movies. Three
projection heights were adopted for the
H&R (Harris and Riley) projection in
welding of 0.059-in., cold-rolled, low -
carbon steel. This study’s objective was to
examine the current flow and heat gen-
eration process for the three projection
heights in quantitative detail. This would,
in turn, offer some insights on the opti-
mization of projection heights and selec-

tion of different welding para m e t e r s .
Comparison of predicted results with
previous experimental measurements
using high-speed motion photogra p hy
(Ref. 2) also served as further validation
of the modeling procedure.

Projection Geometry
and Model Description

Figure 1 shows cross sections of the
three projection shapes for 0.059-in.,
SAE1010 cold-rolled steel as studied in
Ref. 2. Projection heights vary from 0.02
to 0.06 in., and they are obtained by
using H&R punch and die set T-4 (Refs.
2, 11). Notice the low projection is nearly
uniform in thickness throughout, wh i l e
higher projections showed increasingly
thinner necked-down regions.

The sheet material SAE 1010 had a
room temperature nominal yield strength

of 270 MPa, ultimate strength of 310
MPa, and elongation of 32% (Refs. 10,
14). Its physical (electrical and thermal)
and mechanical properties in eleva t e d
temperatures were found in Refs. 5–7. A
true stress and strain curve was used with
no strain rate sensitivity (Ref. 1). It should
also be mentioned the analysis did not
take into consideration the residual stress
states in the projection area due to the
punching process, nor did it consider the
effect of work hardening on the material
around the projection area. 

The electrodes used were flat-faced
RWMA Class III electrodes with a face ra-
dius of 0.16 in. (4 mm). The same weld-
ing parameters were used for the three
projection designs: welding current of
9.7 kA with bilinear up-slope control and
constant electrode force of 500 lb — Fig.
2. The current is an approximation of the
current profile documented in Fig. 2 of
Ref. 2. By specifying the constant elec-
trode force, perfect machine follow - u p
was assumed. Only 8 cycles of weld time
were used, as opposed to 30 cycles used
in Ref. 2. This was because projection
collapse occurred only during the early
stage of the welding process. For all three
cases, projection collapse was com-
pleted by the eighth cycle and nugget
growth beyond that point was similar to
that of the resistance spot welding
process. 

The theoretical framework and asso-
ciated finite element modeling proce-
dure using commercial code [e . g .,
A BAQUS (Ref. 13)] for the projection
welding process are presented in Refs. 1
and 3. A typical finite element mesh is
shown in Fig. 3 for the standard projec-
tion with three-node linear elements in
the projection area and four-node linear
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Fig. 1 — Cross sections of the three projection shapes studied. Fig. 2 — Illustration of welding parameters.

Fig. 3 — Typical finite element model for standard projection height.



elements used elsewhere in the model.
Only half of the electrode-sheet assem-
bly was modeled with an axisymmetric
condition being assumed. 

The squeeze cycle was first modeled
by mechanical analysis. Uniformly dis-
tributed pressure calculated according to
the specified electrode force was applied
on the top of the upper electrode, and the
bottom of the lower electrode was re-
strained from motion in the vertical di-
rection. Contact surface interactions be-
tween the electrode-sheet interfaces and
the faying interface were modeled with
the concept of contact pair. Contact pair
is an option for modeling surface inter-
actions in ABAQUS (Ref. 13). Instead of
introducing a fictitious layer of solid in-
terface elements at the contact surface,
contact pair is a surface concept in which
the master and slave surfaces of the con-
tact are defined. Details of the contact
pair formulation can be found in Ref. 13.
Results generated from the squeezing
cycle mechanical analysis, including de-

formed shape and coordinates, contact
pressure, contact radius, element groups
in and not in contact, etc., are extracted
and passed into the next-step electrical-
thermal analysis in wh i ch the welding
current is applied.

In the electrical-thermal analysis, the
deformed shape of the electrode-sheet
assembly calculated from the previous
mechanical analysis was used. Zero elec-
trical potential was imposed on the bot-
tom of the lower electrode tip. Distrib-
uted current density input calculated
from the current input value was applied
on the top of the upper electrode. All free
surfaces of the electrode and sheet as-
sembly not in contact at that time incre-
ment were assumed to have free convec-
tion with the surrounding air, and the two
electrodes were assumed to be wa t e r
cooled with a forced-convection coeffi-
cient specified on their upper and lower
free edges.

The surface electrical resistivity of the
f aying interface and electrode-sheet in-

terface were calculated using the formu-
lation in Ref. 8 by assuming the maxi-
mum temperatures, Ts (Equation 10 in
Ref. 3), for the faying interface and the
electrode-sheet interface as 1500 and
500°C, respectively (Ref. 1). Ts used at the
faying interface was the solidus of bare
steel. Ts used at the electrode-sheet inter-
face was lower than the eutectoid tem-
perature of the Fe-Cu alloy (Ref. 8). This
is because the cooling water position on
the electrodes was not clearly indicated
in Ref. 2, and, in the current study, the
water-cooling convection coefficient was
applied only  at the free edges of the elec-
trode ends. By using a lower value of Ts

on the electrode-sheet interface, the ef-
fect of cooling water was compensated.

The contact radii for the electrode-
sheet interfaces and faying interface are
extracted from the previous mechanical
analysis results to be used in the calcula-
tion of electrical contact resistivity. The
temperature distribution computed from
the above electrical-thermal analysis for
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Fig. 5 — Faying interface contact radius evolution for the three cases
during the first two cycles.

Fig. 4 — Stress σ22 contour on deformed shape for electrode-sheet as-
sembly after squeeze cycle.

Fig. 6 — Lower electrode-sheet interface contact radius evolution for
the three cases during the first two cycles.



a certain time increment was then im-
posed as thermal loading conditions for
the subsequent thermal-mech a n i c a l
analysis module. This updating proce-
dure repeated itself for every 1⁄1 6 cy c l e
(Ref. 1), until the entire welding cy c l e
was totally completed.

Analysis Results

Squeeze Cycle

At the end of the squeeze cycle, cold
collapse of the projection occurred and
an area of intimate mechanical contact
on the faying interface was established
for the subsequent electrical current to
pass through. The amount of cold col-
lapse depends on the electrode force and
the individual projection design. For ex-
ample, Fig. 4 shows the contour plots of
the stress component on the deformed
shapes for the three projection heights
after squeeze cycle. As illustrated in Fig.
4, the faying interface contact radius es-
tablished due to the squeezing force de-
creases with increasing projection
heights. For the lowest projection height,

the projection col-
lapsed almost en-
tirely and the con-
tact pressure at the
upper electrode-
projection interface
o b s e r ved the highest value among the
three cases considered. 

Initial Welding Cycles
and Projection Collapse

Because of the differences in the es-
tablished faying interface contact area for
the three projection heights, the corre-
sponding current density distributions,
and therefore the rate of heat generation,
were also different for the three cases
considered in the initial welding cycles.
The evolution of the faying interface con-
tact radius during the first two cycles is
compared in Fig. 5 for the three cases
considered. For all three projection
shapes, the contact radius on the faying
interface increased monotonically with
time during the first two cycles. This was
another manifestation of the gradual pro-
jection collapse process. The lowest pro-

jection consistently had the highest con-
tact radius among the three cases. Th e
contact radius of the standard projection
was higher than the highest projection
during the squeeze cycle and subsequent
first cycle of welding. After the first cycle,
the contact radius for the highest projec-
tion caught up with the standard projec-
tion because of local heating-induced
material softening along the periphery of
the faying interface.

The change of contact radius during
the first two cycles for the lower elec-
trode-sheet interface is shown in Fig. 6
for the three cases considered. The trend
was fundamentally different from that of
spot welding using flat-faced electrodes
(Ref. 8). Before the end of the first weld-
ing cycle, the electrode-sheet interface
radius increased with time due to the pro-
jection collapse process and the corre-
sponding increase of the faying interface
contact area. 
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Fig. 7 — Temperature distribution at the end of the second welding cycle.

Fig. 8 — Current density distribution at the end of the second welding
cycle.



After the first cycle, the faying inter-
face heating became more intensive. The
heat generated at the interface caused
thermal expansion in the vicinity of con-
tact interface. The effect of thermal ex-
pansion on the faying interface was offset
by the projection collapse process; there-
fore, no decrease in contact radius was
o b s e r ved for the faying interface, as
shown in Fig. 5. However, as a result of
the faying interface thermal expansion,
the contact radii on the lower electrode-
sheet interface were reduced.

Among the three cases considered, the
l owest projection experienced the slow-
est heat generation because it had the
largest faying interface contact area; the
highest projection had the fastest heat
g e n e ration because of its initial smallest
contact area and, therefore, the highest
current density distribution along the fay-
ing interface. Figure 7 shows, at the end
of the second cycle, the temperature dis-
tributions and projection collapse pat-
terns for the three projection designs con-
sidered. Figure 8 compares the current
density distributions for the three projec-
tion shapes at the end of the second cycle. 

The predicted temperature distribu-
tions and projection collapse patterns
s h own in Fig. 7 compare very well with
the experimental results depicted in Fig. 3
of Ref. 2, wh i ch were obtained by high-
speed movies. For example, at the end of
the second cycle, both Fig. 7 and Fig. 3 of
Ref. 2 show the projection had totally col-
lapsed for the lowest projection and  col-
lapsed more than 50% of its original
height for the highest projection. The pre-
dicted temperature contours are also in
good agreement with the contours de-
picted in Fig. 3 of Ref. 2. Only localized
melting occurred for the highest projec-
tion, and the peak faying interface tem-
p e rature increased with increasing pro-
jection height, as shown in both studies.
The current density concentrated at the
outer ring location on the faying interface
and, therefore, initial heating was gener-
ated primarily at these locations for all
three cases — Fig. 8 and Ref. 2. How e ve r,
the magnitude of the temperature gener-
ated was different for the three cases be-
cause of the different levels of current
density caused by different projection
heights. Figure 7B shows greater temper-
ature development in the projection than
Fig. 7A, indicating the standard projec-
tion attained substantial heating else-
where in addition to just at the interface
(Ref. 2). The highest projection design
g e n e rated the highest interface tempera-
ture and the “hot spots” are located
around the contact periphery of the fay-
ing interface — Fig. 7C. This was an ex-
treme case, as current concentration had
become quite high in the thin regions, re-

sulting in much higher temperatures and
some premature melting. As will be
s h own later, these hot spots around the
contact periphery became hotter as the
welding process continued because of
the effect of bulk heating. If the projection
had been too high, the rate of projection
collapse could not catch up with the ra t e
of excessive local heating and liquid
metal expulsion would have occurred.

Subsequent Welding Cycles

Once the projection completely col-
lapsed, the subsequent projection weld-
ing process closely resembled the spot
welding process. For illustration, Fig. 9
s h ows, at selective time frames, the
molten zone size and projection collapse
patterns for the three projection designs
during the welding simulation of the first
eight welding cycles. 

For all three cases considered, melting
initiated in the form of a small ring on the
faying interface as a result of high current
density at these locations. However, the
rate of projection collapse and heat gen-
eration was considerably different for the
three cases considered. From the com-
parisons shown in Fig. 9, it is clear the
l owest projection had the earliest total
projection collapse and the highest pro-
jection had the fastest rate of heat gener-
ation. Initial melting occurred at the end
of the second cycle for the highest pro-
jection, while no melting was predicted
until the end of the sixth cycle for the
lowest projection.

For the highest projection, the analy-
sis diverged at the end of the fourth weld-

ing cycle because of excessive heating
and thermal expansion at the faying in-
terface contact periphery and lack of
contact pressure to contain the liquid
metal on the interface. This indicated the
rate of projection collapse lagged behind
the rate of heat generation on the faying
interface. From a numerical point of
view, analysis would fail if temperature
exceeding melting point had been pre-
dicted for a point on the contact surface
with no contact pressure. In actual weld-
ing practice, excess metal expulsion usu-
ally resulted in a weaker and inconsistent
weld, and was detrimental to the weld’s
engineering performance (Refs. 2, 9 and
12). Thus, the dynamic balance between
the rate of heat generation and projection
collapse should be taken into considera-
tion when selecting a projection design
and corresponding welding parameters.

The heat generation pattern and
nugget formation process after the com-
plete projection collapse were similar to
those of the resistance spot welding
process with flat-faced electrodes. At the
end of the sixth cycle of the standard pro-
jection, the molten region spread rapidly
toward the weld center, and the molten
zone was connected at the center of the
weld at the end of the eighth cycle. From
that point on, the molten zone became
ellipsoidal in shape and grew progres-
sively in size as the welding process con-
tinued. The predicted nugget diameter at
the end of the eighth cycle for the stan-
dard projection was approximately 0.23
in., wh i ch compared reasonably well
with the experimental measurement doc-
umented in Fig. 5 of Ref. 2. A shallower

WELDING RESEARCH SUPPLEMENT | 215-s

Fig. 9 — Predicted projection collapse and nugget formation process.



nugget penetration on the upper sheet
was predicted for the lowest projection
than the standard projection because of
the lower magnitude of current density
on the faying interface.

It is interesting to note that, with in-
creasing projection heights, the effects of
projection collaring and projection dig-
ging (into the lower workpiece) were
more prominent. That is, when a high pro-
jection was used, some of the material
composing the projection at the periph-
ery of the faying interface was squeezed
out around the edge of the weld, forming
an extruded collar — Figs. 7 and 8. Th i s
o b s e r vation was again consistent with
m a ny previous experimental findings
(Ref. 10).

Discussion and Conclusions

In this paper, the incrementally cou-
pled finite element analysis procedure is
used as a modeling tool to study the ef-
fect of projection design on the projec-
tion collapse process and heat genera-
tion patterns during the early stage of the
projection welding process. Three pro-
jection designs from an earlier experi-
mental study were adopted, and the pre-
dicted results on nugget formation and
projection collapse compared reason-
ably well with the available experimen-
tal data obtained through high-speed
movies.

This demonstrates again that the in-
crementally coupled analysis procedure
developed in Refs. 1 and 3 can be used
as a powerful tool to study the detailed
process physics of a highly dy n a m i c ,
coupled process such as projection weld-
ing, and provides some quantitative un-
derstanding and guidelines about projec-
tion design and welding para m e t e r
selection. With this tool, it is possible to
develop improved procedures for deter-
mining weld conditions, requiring only a
nominal amount of experimental work as
a means of verification.

It was found that interfacial contact
b e h avior (contact area change due to
projection collapse) played a critical role
in the initial heating process in projection
welding. If an extremely high projection
is used, the rate of localized heating is
faster than the rate of projection collapse
on the periphery of the faying interface
and as a result, weld collaring and ex-
pulsion will occur during the early weld-
ing cycles. On the other hand, if a low
projection height is used, premature col-
lapse of the projection will cause the
contact area to be large and, therefore,
reduce the current density on the faying
interface and delay nugget formation.
The dynamic balance between projec-
tion collapse and heat generation must

therefore be maintained to optimize the
projection welding process. To this end,
the analysis procedure can be used as a
predictive tool to optimize the projection
design for a specific sheet material to en-
sure nugget size and weld quality. An-
other application area of this tool is in the
selection of different welding para m e-
ters, such as welding current, electrode
f o rce, and sheet material properties.
These effects have been discussed in Ref.
1, and will not be repeated here.

It should be mentioned that no mater-
ial strain rate sensitivity was included in
the current simulation results. This wa s
due to the lack of rate data for the eleva t e d
t e m p e rature under the deformation ra t e
considered. Should such data become
available, it can be easily incorporated in
the modeling procedure. No wo r k - h a r d-
ening effect of the projection material due
to the punching process was taken into
c o n s i d e ration and the entire projection
was considered to be stress and strain free
prior to the welding process. Also, perfect
electrode follow-up was assumed for the
welding machine, and the magnetic stir-
ring effect, as observed in many earlier
high-speed movie studies, was not con-
sidered (Ref. 4).
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