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Introduction
     The drive for increased fuel econo-
my and mechanical performance re-
quirements in the automotive indus-
try make the higher strength and stiff-
ness steel associated with weld bond-
ing (i.e., a combination of resistance
spot welding (RSW) and adhesive
bonding) an attractive joining method
(Refs. 1, 2). It produces more desirable
joint performance when compared to
either spot welding or adhesive bond-
ing (Ref. 3). It not only improves the
stiffness (Refs. 4, 5), crashworthiness
(Refs. 6, 7), and fatigue behavior (Ref.
8), but enables a reduction in the num-
ber of welds used in vehicle structures.

Therefore, this joining method has
been widely applied in vehicle body
structures such as front longitudinal
rails, A, B, and C pillars, and the bulk-
head to inner wing. To facilitate the
use of weld bonding for lighter,
stronger, and more cost-effective vehi-
cle structures, process guidelines for
weld bonding of structures are re-
quired (Refs. 9–11). The development
of these guidelines requires not only a
detailed understanding of the mechan-
ical performance but also the manu-
facturing process of weld-bonded
joints. Epoxy-based structural adhe-
sives have been widely employed for
automotive applications because they
have a relatively high modulus of elas-

ticity and strength (Refs. 12, 13).
However, weld bonding of advanced
high-strength steel with epoxy-based
adhesives is prone to exhibit weld ex-
pulsion as well as a narrow welding
lobe (Refs. 14, 15), which is defined as
the range of the welding current and
time under a given electrode force.
Figure 1 shows the weld lobe diagram
for producing an acceptable weld un-
der a constant electrode force of 4.3
kN in resistance spot welding 1.6-mm-
thick hot-dipped galvanized (i.e.,
HDG60) DP780 steel. As shown in Fig.
1, the left boundary of the welding
lobe is determined by the combination
of the lowest weld current for a given
weld time required to produce the
minimum weld size (Ref. 16) while the
right boundary is determined by the
combination of the lowest weld cur-
rent for a given weld time for which
weld expulsion occurs. The range of
the weld current (i.e., lobe width) un-
der a given weld time and an electrode
force provides an indication of the ro-
bustness of the weld schedule. In gen-
eral, the acceptable lobe width is 2 kA
according to the specification of Amer-
ican Iron and Steel Institute (Ref. 16).
If the welding lobe is too narrow, it
may result in a discrepant weld due to
typical process variations such as weld
current fluctuation or electrode cap
wear. Therefore, it is important to
have a wide welding lobe.
     To improve the process robustness,
the weld current range can be widened
by extending the welding time (Ref.
17) or increasing the electrode force in
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resistance spot welding of steel sheets
(Ref. 18). However, in the case of weld
bonding, increasing the welding time
leads to excessive heat input because
of the presence of the adhesive layer,
i.e., greater faying interface resistance,
and consequently has little effect upon
widening of the welding lobe. Further-
more, the width of the welding lobe
exhibited little improvement by in-
creasing the electrode force (Ref. 19).
Experimental observations indicated
that variable electrode force had an in-
fluence on the adhesive flow and thus
the contact resistance at the faying in-
terfaces during the weld formation
process (Refs. 20, 21). Therefore, the
use of variable electrode force may in-
hibit weld expulsion and consequently
move the expulsion boundary to high-
er current levels. With the increased
application of servo welding guns in
the automotive body assembly
process, it may be feasible to apply
variable electrode force to improve the

process robustness in weld
bonding of steel sheets. 

The present study was
undertaken to apply a vari-
able electrode force to

widen the welding lobe in weld bond-
ing of 1.6-mm-thick galvanized DP780
steel. There are three main parts in
this study; the first presents the ex-
perimental procedure including mate-
rials, sample fabrication, measurment
of dynamic resistance, mechanical
testing, and design of experiment. In
the following section, the welding
lobes of resistance spot welding and
weld bonding of 1.6-mm-thick galva-
nized DP780 steel under a constant
electrode force were developed and a
method to optimize the variable elec-
trode force that is used to widen the
welding lobe was proposed. Finally,
the effects of the optimized variable
electrode force on the dynamic resist-
ance and process window were experi-
mentally studied. This study provides
valuable guidelines to the application
of weld bonding to join the advanced
high-strength steels for vehicle manu-
facturing. 

Experimental Procedure

Materials

     Hot-dipped galvanized (i.e.,
HDG60) DP780 steel  with 1.6 mm
thickness was used in this study. The
chemical compositions and mechanical
properties per our experimental meas-
urements are listed in Table 1. A one-
component, hot-cured, toughened-
epoxy resin-based adhesive (Ref. 21),
was used in this study. Per the manu-
facturer’s data sheet, Table 2 lists the
material properties of the toughened-
epoxy adhesive.

Specimen Fabrication

     The weld-bonded specimen config-
uration shown in Fig. 2 was selected in
this study. The specimens were fabri-
cated from 38 × 100 × 1.6-mm galva-
nized DP780 steel sheets. To simulate
resistance welding and weld bonding
on a vehicle body, an overlap area of
38 × 38 mm was selected. A spot weld
was centered on a 38-mm overlap re-
gion for the spot-welded and weld-
bonded specimens (Refs. 15, 22). 
     The weld bonding processes were
realized by use of a welding system
having an alternating current welding
machine. A Class II copper alloy with a
chromium and zirconium electrode
(Cr: >0.4%, Zr: 0.3–0.15%) was used in
the experiment. A fixture was used to
ensure consistent weld placement. The
weld nugget was measured from but-
tons remaining on the specimens that
were peel tested in a vise. In this
study, the target weld button diameter
was fabricated based on AWS recom-
mended practice (Ref. 22). 
     The weld-bonded specimens were

Fig. 1 — Typical welding lobe of resistance spot weld
ing under a given electrode force.

Fig. 2 — Lapshear specimen configuration (dimensions in mm).

Table 1 — Chemical Compositions and Mechanical Properties of DP780 Steels

Chemical Composition (%) Mechanical Properties

Steel Yield Tensile Elongation 
C Mn P S Si Al Strength Strength (%)

(MPa) (MPa)
DP780 0.15 1.8 0.004 0.016 0.010 0.048 508 834 26

Table 2 — Material Properties of ToughenedEpoxy Adhesive (Ref. 22)

Adhesive Specific Viscosity Tensile Strength Elongation at Break
Gravity @50C (Pa∙s) (MPa) (%)

ToughenedEpoxy 
Adhesive 1.05～1.20 30–50 ＞30 ＞10
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prepared as shown in Fig. 3 as follows:
     1) Apply the adhesive through a
hand-held injection gun, on one of the
two contact surfaces. Bring the two
sheets together with an overlap dis-
tance of 38 mm and gap distance (i.e.,
adhesive layer thickness) of 0.3 mm
defined by a thickness gauge (illustrat-
ed in Fig. 3A);
     2) After removing the gauge, the
specimens were spot welded using the
welding schedule recommended by the
weld specification (Ref. 22); and
     3) The specimens were then cured
in an oven for 30 min at 180°C per
manufacturer’s recommended proce-
dures.
     All finished specimens were exam-
ined for the presence of any defects.
Here it should be noted that step 3
was skipped in order to investigate the
mechanical properties of the weld-
bonded nugget (Refs. 15, 23).
     Figure 4 shows the weld schedule
with three heat pulses under a constant
electrode force of 4.3 kN. Each pulse is
composed of a weld current of 8.5 kA
for the duration of 7 cycles (1 cycle = 20
ms) and a cool time of 1 cycle. 

Measurement of Dynamic
Resistance

     In order to investigate the effect of
adhesive on the resistance between
the steel sheets, dynamic resistance
was measured in this study (Refs. 24,
25). Figure 5A is a photo of the experi-
mental setup used to measure the dy-
namic resistance. The weld current
and voltage data between the steel
sheets were collected using the weld-
ing monitor (MM-370A) made by MIY-
ACHI. Figure 5B is a schematic of the
measurement method where RD is the
dynamic resistance between the top
and bottom sheets. Five replicates
were performed for each type of weld
bonding, and the average dynamic re-
sistances were reported. A detailed de-
scription can be found in Ref. 15. 

Mechanical Testing

     Quasi-static tests were performed
by loading each specimen to failure in
a tensile tester according to the stan-
dard ASTM D1002-01 (Ref. 26) for de-
termination of the joint strength. To
minimize the bending stresses inher-
ent in the testing of lap shear speci-

mens, shims were attached to both
ends of the specimen using masking
tape to accommodate the specimen
offset, as shown in Fig. 2. Load vs. dis-
placement curves were obtained as the
specimens were loaded at a stroke rate
of 2 mm/min. Five replicates were per-
formed, and the average peak loads

[called lap-shear strength (Ref. 27)]
were recorded. Postfailure analysis was
performed using optical microscopy to
study the failure mechanisms. During
the metallographic analysis, the pol-
ished specimens were etched with a
4% Nital reagent and the weld nuggets
were examined by optical microscopy.

Fig. 3 — Procedure of weldbonding: A
— Apply adhesive and assemble; B —
spot weld; C — curing the samples in
the oven.

Fig. 4 — Weld schedule for resistance welding and weld bonding of 1.6mmthick galva
nized DP780 steel.

Table 3 — The Orthogonal Experiment Levels and Factors for Tests of Variable Electrode Force Shown
in Fig. 9

Control Factors Levels
I II III

Weld force during the first half of the weld cycle, FW1 (kN) 3.5 3.9 4.3
Weld force during the second half of the weld cycle, FW2 (kN) 4.3 4.7 5.1

Forging force during the hold cycle, Ff (kN) 4.3 4.7 5.1

A B

C
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Design of Experiment

     A design of experiment on the vari-
able electrode force was performed to
obtain the maximum weld strength and
least weld expulsion. The Taguchi ap-
proach incorporating orthogonal arrays
was used to perform the systematic
evaluation of the variable electrode
force (Ref. 28). Table 3 shows the or-
thogonal array with regard to three fac-
tors and three levels L9, where the sub-
script 9 denotes the number of experi-
ments to be performed. Based on the
output response (i.e., the peak load in
all nine investigated cases), optimiza-
tion of the variable electrode force
would be achieved by Taguchi experi-
mental design. The design of orthogo-
nal techniques, which can greatly reduce
the time and increase the accuracy of
prediction, have been widely used in the
optimization of welding parameters
(Refs. 29–31). 

Results and Discussion

Welding Lobe

     Tests were conducted to determine
the welding lobe (i.e., welding current
and welding time under a constant
electrode force) for weld bonding
(WB) of 1.6-mm-thick galvanized
DP780 steel. For the purpose of com-
parison, resistance spot welding
(RSW) of 1.6-mm-thick galvanized
DP780 steel under the same electrode
force was also performed and the re-
sults are shown in Fig. 6A, B. The re-
sults show the overall welding lobe
for weld bonding was smaller than
that for resistance spot welding and
the minimum current level for an ac-
ceptable weld at a given time occurred
at lower current levels for weld bond-
ing vs. resistance spot welding. This
difference is primarily attributed to
the fact that the insulating adhesive

at the faying interfaces acted as a bar-
rier for conducting the welding cur-
rent, and consequently more joule
heat was generated in WB compared
to that of RSW. The excessive heat in-
put during welding caused both the
minimum nugget boundary and the
expulsion boundary to move to lower
current levels. Moreover, the expul-
sion limit had a more remarkable
trend toward lower current levels
than the minimum nugget boundary
resulting in an overall narrower weld-
ing lobe for weld bonding. 
     The WB lobe width is less than the
acceptable lobe width of 2 kA (Ref.
16). These results indicate a fluctua-
tion in welding current or weld cap
wear may cause discrepant welds in
production. Therefore, a method to
widen the welding lobe for WB of 1.6-
mm-thick galvanized steels is needed
and will be presented in the following
section.

A

A

B

B

Fig. 5 — Experimental schematic for measurement of the following: A — Test setup; B — dynamic resistance between the steel and adhesive in
weld bonding of 1.6mmthick galvanized DP780 steel. 

Fig. 6 — Comparison of resistance welding and weld bonding of 1.6mmthick galvanized DP780 steel: A — Process window; B — lobe
width (i.e., weld current range for an acceptable weld).  
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Widening of the Welding Lobe

     In regard to widening the welding
lobe, a key question is how to move
the expulsion boundary to the right.
Figure 7 shows a schematic of the ex-
pansion force from the metal due to
joule heating as a function of welding
time under a given weld current in re-
sistance spot welding. As shown, the
expansion force increases with the
welding time. In the early stage of the
welding cycle, joule heat is generated
at the faying interface. As the welding
time is increased, the molten metal
initiates and grows, and as a result,
the expansion force from molten weld
metal increases. As the welding
process continues, a free volume ex-
pansion of the molten weld nugget is
constrained by the surrounding solid
metal, and consequently, the growth
of the weld nugget slows down. 

     Weld expulsion occurs when the
electrode force is less than the expan-
sion force resulting from the weld ini-
tiation and growth of the molten liq-
uid (Ref. 32). To avoid weld expulsion,
the electrode force needs to exceed the
weld expansion force. Based on this
hypothesis, a variable electrode force
was adopted as a means to contain the
weld expulsion in WB of 1.6-mm-thick
galvanized DP780 steel. 
     Figure 8 presents a schematic of the
variable electrode force in weld bond-
ing of the steels. Experimental obser-
vations showed the weld bonding
process generally can be divided into
four stages: 1) adhesive squeeze-out;
2) weld nugget initiation; 3) weld
nugget growth; and 4) quenching of
the molten weld pool. Corresponding
to these stages, the electrode force can
be also divided into four stages: 1)
squeeze force, FS; 2) weld force during

the first half of the weld cycle, FW2; 3)
weld force during the second half of
the weld cycle, FW2; and 4) forging
force, Ff . The effects of variable force
and weld time on the weld initiation
and growth are described below.
     As presented in Fig. 8, to start the
weld bonding process a squeeze force
(FS) is applied to the workpieces. This
electrode force thins out the adhesive
bondline thickness between the work-
pieces, thereby enhancing the intimate
contact of the workpieces at the faying
interface. Once the workpieces are in in-
timate contact, the electrode force is
lowered to FW1 prior to conducting the
weld current. This decrease in electrode
force would result in an increased con-
tact resistance at the faying interface.
Then, an electrical current is applied
through the electrodes and flows
through the workpieces. As a conse-
quence of the current flow, the temper-

Fig. 7 — Schematic of the effect of welding time on the weld expansion
force resulting from the molten liquid under a given electrode force.

Fig. 9 — Schematic of the variable force vs. time for the weld bonding
process.

Fig. 8 — Schematic of the variable electrode force in weld
bonding of 1.6mmthick galvanized DP780 steel.

Fig. 10 — The effect of variable electrode force on the peak
load of weld bonded 1.6mmthick galvanized DP780 steel.
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ature of the workpieces increases due to
the joule heating. To ensure the inti-
mate contact at the faying interface
generates sufficient joule heating, it
may be necessary for the squeeze force
(FS) to be greater than the force (FW1).
Once a weld nugget is initiated, it con-
tinues to grow in volume with addition-
al weld cycles. If the molten weld nugget
becomes too large relative to the contact
area of the workpieces, which is deter-
mined by the electrode diameter and
applied force, weld expulsion would oc-
cur. Therefore, to avoid weld expulsion
the electrode force (FW2) is increased af-
ter the onset of weld initiation. FW2 is
generally greater than FW1. As the weld-
ing process continues, the weld nugget
grows to reach the desired size and then
the current is shut off to start the hold
cycle. A high electrode force, Ff, during
weld cooling is desirable to reduce weld
discrepancies such as cracks and porosi-

ty (Ref. 32). 
     Based on the
above analyses, the
electrode force may
be effective in en-
hancing the process
robustness in the
weld bonding
process. In the first
half of the weld cy-
cle, the decrease in
electrode force
would increase the
dynamic resist-
ance, and conse-
quently the joule
heat. The increase
in joule heat
would result in
the minimum boundary of the weld
lobe shifting to the left. Similarly, an
increase in electrode force in the first
half of the weld cycle would inhibit the

occurrence of weld expulsion. There-
fore, to widen the welding lobe in WB,
the electrode force at each stage
should satisfy the following inequality:

Ff and FW2 > FS > FW1 (1)

Optimization of Variable
Electrode Force 

     To describe the optimization of the
variable electrode force, a schematic of
the variable force vs. time is presented
in Fig. 9. As shown, the welding elec-
trode forces FW1, FW2, and Ff corre-
spond to time intervals, tW1, tW2, and tf,
respectively. Table 4 lists the orthogo-
nal layout for the variable electrode
force, FW1, FW2, and Ff . Weld bonding
1.6-mm-thick galvanized DP780 steel

Table 4 — The Orthogonal Layout for the Variable Electrode Force in Weld Bonding of 1.6mmthick
Galvanized DP780 steel 

Electrode Force Failure Loads Weld Expulsion
(kN) (kN)

Specimen # FW1 FW2 Ff FT Yes or Little

1 3.5 4.3 5.1 20.100 Yes
2 3.9 4.3 4.3 18.822 Yes
3 4.3 4.3 4.7 18.021 Yes
4 3.5 4.7 4.7 19.017 Little
5 3.9 4.7 5.1 18.560 Little
6 4.3 4.7 4.3 19.634 Little
7 3.5 5.1 4.3 19.111 Little
8 3.9 5.1 4.7 17.771 Little
9 4.3 5.1 5.1 18.143 Little

Optimized parameter I II I 21.162 Little

Fig. 11 — Effect of electrode forces at each stage on the peak
load of weld bonded 1.6mmthick galvanized DP780 steel.

Fig.12 — Effect of an optimized variable electrode force on dynamic
resistance in weld bonding of 1.6mmthick galvanized DP780 steel
under the following weld currents: A — 9 kA; B — 10 kA. 

A

B
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was conducted with a welding current
of 8.5 kA, a welding time of 7 cycles (1
cycle = 20ms), and a cooling time of 1
cycle for 3 pulses, as shown in Fig. 4. It
should be noted that the time of
changing electrode force at each stage
was set as 1 cycle. Figure 10 presents
the effect of variable electrode force
on the peak load for weld bonding of
1.6-mm-thick galvanized DP 780 steel.
The welded specimens were then me-
chanically tested. Referring to Table 4
and Fig. 10, specimen #6 had a combi-

nation of peak load and minimal weld
expulsion. For each factor (i.e., elec-
trode force at each stage), the sum of
the peak load results of each corre-
sponding level was calculated, ex-

pressed as kTi, (i = 1,2,3). The relation-
ship between each factor and peak
load is illustrated in Table 5 and Fig.
11. Based on the results shown in Fig.
11, the optimized variable electrode

Fig. 13 — Effect of an optimized variable electrode force on: A — Process window; B — lobe width (i.e., weld current range) in weld bond
ing of 1.6mmthick galvanized DP780 steel.

Fig. 14 — Effect of variable electrode force and weld current on the weld quality of the weld bonded 1.6mmthick galvanized DP780
steel: A — 9 kA; B — 10 kA under constant electrode force; C — 9 kA; D — 10 kA under variable electrode force.

A B

C D

Table 5 — Analysis of the Peak Load of the WeldBonded 1.6mmthick Galvanized DP780 Steel 

Factor kT1, (kN) kT2, (kN) kT3, (kN)

FW1 58.228 55.153 55.798
FW2 56.943 57.211 55.025
Ff 57.568 54.809 56.802
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force is composed of FW1 = 3.5 kN, FW2
= 4.7 kN, and Ff = 4.3 kN.

The results presented previously in-
dicate control of the electrode force is
critical to change the expulsion bound-
ary and thus widen the welding lobe.
The electrode force at the various
stages plays a different role in nugget
formation. In regard to this, it is criti-
cal to decide a proper FW1 in terms of
high contact resistance. On the other
hand, determining a proper FW2 is crit-
ical for balancing the quick nugget ex-
pansion in terms of inhibiting weld
expulsion.

Effect of Optimized Variable
Electrode Force

     To understand the effect of the op-
timized variable force on the dynamic
resistances and lobe width in weld
bonding of 1.6-mm-thick galvanized
DP780 steel, test results conducted
under variable force (i.e., FS = 4.3 kN,
FW1 = 3.5 kN, FW2 = 4.7 kN, and Ff = 4.3
kN) were compared with those of con-
stant electrode force (i.e., FS = Fw1 = Fw2
= Ff = 4.3 kN).

Dynamic Resistance

     Figure 12A, B presents the dynamic
resistance measurements taken during
weld bonding of 1.6-mm-thick galva-
nized DP780 steel for the welding cur-
rents of 9 and 10 kA, respectively. As
shown in Fig. 12A, the initial dynamic
resistance under the optimized vari-
able electrode force is greater than
that of the constant electrode force. As

the weld time was
increased up to 1 cy-
cle, the dynamic re-
sistance dropped drastically and then
started to increase. These results sug-
gest the resistance at the faying inter-
face dropped quickly and the bulk steel
resistivity became dominant because
of joule heat generation. As a result of
joule heating, the weld nugget initiat-
ed and grew. As the weld time was in-
creased to 12 cycles, the dynamic re-
sistance under the optimized variable
force started to drop to a greater de-
gree than that under a constant elec-
trode force. This is primarily attrib-
uted to an increase in electrode force.
Furthermore, the dynamic resistance
gradually decreased during the weld
formation indicating the successive
weld growth occurred with a lower
propensity for weld expulsion. This is
primarily because variation of dynam-
ic resistance is closely related to weld
initiation and growth. Since the resist-
ance of the molten steel increased
with the temperature, a sudden de-
crease in dynamic resistance toward
the end of welding indicates signifi-
cant molten metal (i.e., weld expul-
sion) was expelled. By varying the elec-
trode force, the joule heat can be prop-
erly controlled, and consequently min-
imize weld expulsion. The aforemen-
tioned results indicate the weld nugget
initiated early and the molten pool
was contained by the increased elec-
trode force toward the later stage of
the weld bonding process. As a result,
the desired weld nugget and minimal
weld expulsion were obtained under

the optimized variable electrode force.
Similar results for a welding current of
10 kA are shown in Fig. 12B. 

Lobe Width

     The effect of the optimized variable
electrode force on the welding lobe in
weld bonding of 1.6-mm-thick galva-
nized DP780 steel is presented in Fig.
13. While the welding lobe under an
optimized variable electrode force was
shifted to higher welding currents, the
total welding current range for a given
weld time was significantly increased.
This is primarily attributed to the re-
sult of low FW1 and high FW2 electrode
forces. While low electrode force (FW1)
resulted in early weld nugget initiation
and growth, high electrode force (FW2)
contained the molten pool while
reaching the desired weld size. As
shown in Fig. 13, a higher weld current
is required under a given weld time
when using the variable electrode
force. The average weld current range
(Iexpulsion – Imin.weld) is increased by about
50% (from 1.5 to 2.3 kA) when com-
pared to the results under a given weld
time and a constant electrode force of
4.3 kN. These results indicate the
process window meets the criteria
[i.e., weld current range >2 kA (Ref.
16)] for resistance spot welding.
     The results found in this study are
of particular importance in regard to
the process robustness for weld bond-
ing of steels. To obtain the acceptable

Fig. 15 — Effect of variable electrode force on the force dis
placement of weld bonded 1.6mmthick galvanized DP780
steel with various welding currents. Fig. 16 — Effect of electrode force on the failure mode of the

weld bonded 1.6mmthick galvanized DP780 steel with a
weld current of 9 kA under: A — Constant; B —variable elec
trode force.
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process window, the application of
variable electrode force is recommend-
ed. The comparative results made with
variable and constant electrode force
proved that variable electrode force
has a satisfactory effectiveness for im-
proving process robustness. With the
application of the servo gun, weld
bonding with a variable electrode force
can be applied readily to the vehicle as-
sembly. However, the potential nega-
tive influences of variable electrode
force on other aspects of the weld
bonded nugget deserve careful study
such as nugget thickness and indenta-
tion on the surface of the sheet metal.

Weld Quality

     Figure 14 shows the effects of
welding current and variable elec-
trode force on the weld quality of the
weld bonded specimens. As shown in
Fig. 14A, B, the weld size increased
from 6.90 to 7.03 mm as the welding
current increased from 9 to 10 kA for
the specimens made with constant
electrode force. While the weld size
increased, severe weld expulsion oc-
curred for the welding current of 10
kA. On the other hand, the weld size
increased with an increase of the
welding current from 9 to 10 kA, but
little weld expulsion was observed for
the specimens made with variable
electrode force. Comparing the re-
sults shown in Fig. 14A, B with that
in Fig. 14C, D revealed the specimens
made with variable electrode force
had slightly larger weld sizes than
those made with constant force (i.e.,
about 5 and 8% increase for the weld-
ing currents of 9 and 10 kA, respec-
tively). Furthermore, little weld ex-
pulsion was observed at a welding
current of 10 kA with variable elec-
trode force. Careful examination of
the test results indicated the reduc-
tion in weld expulsion was primarily
attributed to the increase in electrode
force that contained the molten steel
during the welding process. Further-
more, as shown in Fig. 14, the weld
microstructure and indentation (or
metal thinning) of the welds made
with variable electrode force were
similar to that of the welds fabricated
with constant electrode force. These
results suggest the application of
variable electrode force would not
likely degrade the strength of the

weld bonded 1.6-mm-thick galva-
nized DP780 steel. 

Weld Strength

     To examine the effect of variable
electrode force on the strength of the
weld bonded specimens, quasi-static
tests were conducted and the results
are shown in Fig. 15. As shown, the
use of variable electrode force in-
creased slightly the force displacement
of the weld bonded DP780 steel
sheets. To further understand the qua-
si-static characteristics of the speci-
mens, the failure modes of the tested
spot-welded and weld-bonded speci-
mens made with a welding current of 9
kA were examined and the results are
shown in Fig. 16. As shown, the speci-
mens made with constant and variable
electrode forces had the weld button-
pullout (Ref. 33). Since both speci-
mens had similar failure modes, the
increase in weld strength shown in
Fig. 15 was likely related to the in-
creased weld size resulting from the
extra joule heat introduced by the
presence of the small electrode force at
the first stage of the weld cycles. 
     It is emphasized that the results
presented in this study only illustrate
the improvement of process robust-
ness (i.e., weld lobe width) for weld
bonding of 1.6-mm-thick galvanized
DP780 steel by applying the variable
electrode force. The electrode condi-
tions and alignment, and metal fitup
reported here are not indicative of the
production environment in a vehicle
body shop. Nevertheless, the present
results showed process robustness in
weld bonding of high-strength steel
can be improved significantly. With
the current servo gun technology, the
variable electrode force method can be
readily implemented.

Conclusions
     1. Variable electrode force was adopt-
ed to improve the process robustness
(i.e., widening the weld lobe) in weld
bonding of 1.6-mm-thick galvanized
DP780 steel. It not only widened the
weld current range by approximately
50% but minimized the weld expulsion
under a given weld time.
     2. Via a design of experiments, the
optimum variable electrode force un-
der a given weld time for weld bonding

of 1.6-mm-thick galvanized DP780
steel was developed. The variable elec-
trode force was composed of a squeeze
force of 4.3 kN, the electrode forces of
3.5 and 4.7 kN for the first and second
halves of the weld cycles, respectively,
and a hold force of 4.3 kN.
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