
Introduction

In mass producing automotive light-
weight body frames, the application of hy-
brid joining techniques is increasing in im-
portance. The weld bonding process,

shown in Fig. 1 as a combination of resist-
ance spot welding (RSW) and adhesive
bonding, provides a more desirable joint
performance compared to either RSW or
adhesive bonding alone (Refs. 1–3). It not
only improves the crashworthiness, stiff-

ness, fatigue behavior, and corrosion re-
sistance (Refs. 4, 5), but also potentially
enables a reduction in the number of
welds in vehicle structures. Therefore, the
technology is state of the art in many
branches of joining metal sheets, espe-
cially for newly developed advanced high-
strength steels (AHSS).

However, a series of issues needs to be
addressed such as the influence of adhe-
sive property and location in weld bonding
multiple metal sheets to enhance the
knowledge of this technology and rein-
force its use. The variety of adhesive
strengths and moduli leads to potentially
different bonding conditions, changes the
contact state of the steel sheets after being
squeezed out by the electrode force, and
consequently influences the weld quality
in weld bonding steel sheets. Many studies
concerning weld bonding two steel sheets
have shown that the adhesive increased
the weld size and strength in the weld-
bonded joints compared to resistance spot
welds under the same welding parameters
(Refs. 6–8). Furthermore, the effect of the
adhesive on the weld size is closely related
to the increase of the contact resistance
between the steel sheets, which influences
the current density pattern and tempera-
ture field via the joule heating effect (Refs.
9–12). The temperature field then influ-
ences the mechanical pressure distribu-
tion through thermal deformation of the
workpieces. Therefore, the formation of
the weld is indeed dependent upon the
contact phenomena at the faying inter-
faces. In weld bonding multiple stacks of
steel sheets, the contact states between the
steel sheets are more complex than for the
traditional two-sheet stackup. Therefore,
it is essential that an understanding of the
effect of adhesive characteristics on weld
bonding multiple-sheet stackups of steel
sheets be obtained.

The present study was undertaken to
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ABSTRACT

The use of weld bonding (i.e., a combination of resistance spot welding and ad-
hesive bonding) as a structural fastener is increasing in the automotive industry.
However, a series of issues needs to be addressed such as the influence of adhe-
sive characteristics (e.g., adhesive properties and bondline thickness) in the weld-
bonding application to enhance the knowledge of this technology and reinforce
its use. As part of the development and implementation of weld bonding, the pres-
ent study was undertaken to experimentally evaluate the effects of the adhesive
characteristics on the weld quality of weld-bonded multiple steel sheets.

The weld quality in terms of the weld size, weld expulsion, and weld strength in
weld bonding multiple stacks of steel sheets composed of 0.8-mm-thick SAE1004,
1.4-mm-thick DP600, and 1.8-mm-thick DP780 with different epoxy adhesives (i.e.,
A2 and A1) and bondline thicknesses (0.2~1.4 mm) are investigated in this study. It
was found that while the viscosity of the adhesive significantly affects the static con-
tact and dynamic resistances between the steel sheets, the uncured adhesive bond-
line thickness has little impact upon the contact and dynamic resistances. Conse-
quently, the weld size and weld expulsion in weld-bonding multiple steel sheets
increased with an increase in viscosity of the adhesive and exhibited little effect by
the bondline thickness. The lap-shear strength of weld-bonded multiple steel sheets
was increased significantly by the presence of the cured adhesive but was not affected
by the applied, uncured adhesive bondline thickness. Finally, the placement of an ad-
hesive between the thin external and thicker middle sheet to improve the weld size
and penetration into the thin external sheet could be a feasible solution to resolve
undersized welds in the resistance welding of multiple steel sheets. This study pro-
vides guidelines to the application of adhesive in weld bonding multiple stacks of steel
sheets for vehicle manufacturing.
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experimentally evaluate the effect of the
adhesive characteristics on the weld qual-
ity in weld bonding multiple stacks of steel
sheets. There are three main parts in this
study; the first presents the experimental
procedure, including material, experi-
mental setup, sample fabrication, weld ex-
pulsion and weld nugget size measure-
ments, plus mechanical test. In the
following section, the static contact resist-
ance during the squeeze cycle and dy-
namic resistance during the weld cycle
were measured and analyzed to investi-
gate the weld formation mechanism in
weld bonding multiple steel sheets. Fi-
nally, the effects of adhesive type and
bondline thickness on the weld quality in
terms of the weld expulsion, weld size, and
joint strength were experimentally stud-
ied. This study provides valuable guide-
lines to the application of adhesive in weld
bonding multiple stacks of steel sheets for
vehicle manufacturing.

Experimental Procedure

Materials

To investigate weld bonding multiple
stacks of steel sheets, 0.8-mm-thick hot-
dipped galvanized (HDG) low-carbon steel
SAE1004, 1.4-mm-thick (HDG) DP600,
and 1.8-mm-thick (HDG) DP780 steels
were used in this study. All steel sheets had
a coating thickness of 60 g/m2. The chemi-
cal composition and mechanical properties
of these steels were measured and listed in
Table 1. Two one-component hot-cured
epoxy resin-based adhesives (i.e., A1 and
A2) were used in this study. Per the manu-
facturer’s data sheet, Table 2 lists the mate-
rial properties of A1 and A2 adhesives.

Sample Fabrication

In this study, the
weld-bonding process
was realized through
use of a servo gun
welding system hav-
ing a medium-fre-
quency direct current
(MFDC) welding ma-
chine. The multiple
stacks of three steel
sheets was composed
of 0.8-mm-thick
SAE1004 as top
sheet, 1.4-mm-thick
DP600 as middle
sheet, and 1.8-mm-
thick DP780 as bot-
tom sheet (Fig. 2A).
The adhesive bead
(i.e., A1 or A2) was
manually applied onto the steel sheets by
a glue gun and then the steel sheets with
adhesive were stacked together prior to
resistance welding. The welding current is
applied through the adhesive and steels to
get a final weld-bonded joint.

A Class II copper alloy with chromium
and zirconium electrode (Cr: >0.4%, Zr:
0.3–0.15) was used in the experiment, and
the welding parameters are listed in Table
3 (Ref. 13). To show the weld nugget for-
mation, various welding times were used
and metallographic cross-section exami-
nations of the weld-bonded joints were
performed to measure the weld nugget
sizes. To ensure that the contact resistance
measurement was consistent, a set of steel
shims were used in this study to maintain
a consistent bondline thickness. Figure 2B
shows the bondline thickness maintained

by the steel shims that were removed prior
to welding.

Measurement of Contact Resistance

To investigate the adhesive’s effect on
the contact resistance between the steel
sheets, both static contact resistance (Ref.
12) and dynamic resistance (Refs. 14–17)
have been measured in this study. The
measurement principle, presented in Fig.
3A, is based upon RM, which is the total
resistance between two fixtures. These fix-
tures are installed 40 mm from the center-
line of the electrode and enables RM
(where RM = 2RS + RC) to be directly
measured by the system. When a con-
trolled current is passed through the elec-
trodes, the voltage between the fixtures,
i.e., contacts shown as arrows in Fig. 3A,
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Fig. 1 — Procedure of the weld-bonding process. A — Apply adhesive and as-
semble; B — spot welding; and C — adhesive cure in the paint shop oven.

Fig. 2 — A — Weld configuration in weld bonding three steel sheets; B —
shims used to maintain the bondline thickness.

Table 1 — Chemical Composition and Mechanical Properties of Various Steels

Chemical Composition (%) Mechanical Properties

Steel Yield Tensile Elongation 
Strength Strength (%)

C Mn P S Si Al (MPa) (MPa)

SAE1004 0.037 0.21 0.01 0.02 0.018 0.04 152 278 66
DP600 0.08 1.74 0.012 0.003 0.016 0.041 316 607 29
DP780 0.15 1.80 0.004 0.016 0.010 0.048 508 834 26

A

B

A B C
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can be measured and is denoted by RM.
However, this also represents the voltage
across the top sheet through the adhesive
and to the bottom sheet.
Furthermore, the contacts are suffi-

ciently far from the electrodes to avoid
shunting of the current. Since RS is the
bulk resistivity of the steel sheets from the
contact region to the fixture, and is a
known constant value at ambient temper-
atures than RC, the static contact resist-
ance between the steel sheets can be cal-
culated using the following relationship:
(RM = 2RS + RC). Figure 3B is a
schematic of the measurement method
where R1 is the dynamic resistance be-
tween the top and middle sheets, and R2 is
the dynamic resistance between the mid-
dle and bottom sheets. Measurements of
dynamic resistance appear to be one of the
most widely accepted procedures to assess
weld quality. In general, to directly inspect
the heat to generate the nugget, tip volt-
age and current measurements at the sec-
ondary side of the transformer are used to
calculate dynamic resistance. A Miyachi
Weld Checker, including the toroidal coil
and voltage detection cord, were used to
directly measure the tip voltage and weld-
ing current in secondary circuit. The re-
sistance can be calculated accurately using
the current, where di/dt = 0, and the volt-

age at that moment. Five replicates were
performed for each type of weld bonding,
and the average dynamic resistances were
reported. A detailed description can be
found in Ref. 14.

Measurement of Weld Expulsion

One attribute of weld quality in resist-
ance spot welding is the amount of weld
expulsion. Although weld expulsion is an
important indicator of weld quality, there
are few references regarding quantifica-
tion or measurement of weld expulsion. To

generate weld expulsion, the process pa-
rameters listed in Table 3 were kept un-
changed except that the welding current
was increased to 10.0 kA and the bondline
thickness was fixed at 0.4 mm. Five repli-
cates were performed, and the weld spat-
ter was collected and weighed.
To capture the weld expulsion in this

study, the welding process was conducted
in a 1-m3 box made of transparent resin;
refer to Fig. 4A. The weld spatter material
was collected using a magnet shown in Fig.
4B. To separate the collected spatter from
the magnet more easily, the magnet was
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Table 2 — Material Properties for A1 and A2 Adhesives 

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

A1 1.03 20–40 37 6.2
A2 1.05~1.20 30–50 ＞30 ＞10

Table 3 — Welding Parameters 

Cap (Class II) Electrode Welding Time (ms)
Face Diameter Force Current Squeezing Welding Hold

(mm) (kN) (kA)

5.0 5.5 8.5 200 420 100

Fig. 3 — Experimental schematic for measurement between the steel sheets and adhesive in weld bonding multiple steel sheets. A — Static contact; B — 
dynamic resistances.

Fig. 4 — A — Setup for collecting the weld expulsion; B — weld spatter collected
by a magnet.

Fig. 5 — A — Schematic view of tensile-shear sample (dimensions in mm);
B — sample between the testing grips.

A B

A B BA

Servo gun
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Paper
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Zhang et al Supplement December 2013_Layout 1  11/14/13  3:05 PM  Page 365



wrapped in a clean paper. Using this mag-
net to scan everywhere within the box, the
spatter would jump onto the paper due to
the magnetic force. To generate the weld
expulsion, the welding current was in-
creased to 10.0 kA while other parameters
were kept constant as shown in Table 3.

Weld Characterization

Because of the complexity of the joint
stackup, the traditional weld dimension
(diameter in the center of the weld) can-
not clearly characterize the quality and
shape of the weld in weld bonding three
sheets. Hence, a new weld configuration
with a typical dimensional parameter for
joints having multiple sheets is presented
in Fig. 2. There are two critical dimensions
of the weld — weld sizes d and D. Weld
size d can represent the joint quality be-
tween the top and middle sheets. Weld
size D represents the connection between
the middle and bottom sheets. These two
weld sizes can be measured from the mi-
crographs of the joint cross section, which
is prepared for measurement using Nital

4% etch applied after mechanical grinding
and polishing. Five replicates were pre-
pared for the metallographic tests. The
thicknesses of the top and middle sheets
are 0.8 and 1.4 mm, respectively, the min-
imum dimension for weld size d is set at 4.0
mm (Ref. 13). Furthermore, the desired
minimum weld size D is 5.0 mm.

Mechanical Test

Beside the weld nugget size, weld
strength is also an important indicator of
weld quality. Since the sheet combination
used in this study involves three steel
sheets, there are two welds at two faying
interfaces. To simplify the mechanical test
specimen grip design, we measured only
the strength of the weld between the mid-
dle and bottom sheets. Figure 5A shows a
schematic of the specimen configuration
and gripping arrangement. To minimize
bending stresses inherent in the testing of
lap shear specimens, filler plates used to
accommodate the sample offset as can be
seen in Fig. 5B were attached to both ends
of the sample using masking tape. Lap-

shear tests were performed at a crosshead
speed of 5 mm/min with a SUNS universal
testing machine. Five replicates were
tested in this study.

Results

Static Resistance during Squeeze Cycle

Figure 6A and B present the effect of the
adhesive on the static contact resistance be-
tween the top and middle workpieces, and
middle and bottom workpieces, respec-
tively. The static contact resistance for all
cases decreases with an increasing level of
applied electrode force, and for the case
where adhesive is present, the resistance
drops precipitately at low levels of applied
electrode force and then exhibits a knee in
the data and the resistance levels off to sim-
ilar levels as for the case with no adhesive
present and the applied electrode force con-
tinues to increase. As the electrode force in-
creases, the difference in static contact re-
sistance between the steel sheets for the
joints made with and without adhesive 
decreases.
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Fig. 6 — Effect of the adhesive on the static contact resistance between the following: A — 0.8-mm-thick SAE1004 and 1.4-mm-thick DP600; B — 1.4-mm-
thick DP600 and 1.8-mm-thick DP780 steel.

Fig. 7 — Effect of the bondline thickness of A2 on the static contact resistance between the following: A — 0.8-mm-thick SAE1004 steel and 1.4-mm-thick
DP600 steel; B — 1.4-mm-thick DP600 steel and 1.8-mm-thick DP780 steel.

A B

A B
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For those situations without adhesive,
the static contact resistance for both con-
figurations is fairly stable below a value of
2.0 mΩ for the range of applied electrode
forces, 0.5–6.0 kN. However, the static
contact resistance between the middle and
bottom sheets, i.e., 1.4-mm DP600/1.8-
mm DP780, does rise slightly for electrode
forces below 2.0 kN whereas the same re-
sistance for the top and middle sheets, i.e.,
0.8-mm, SAE1004/1.4-mm DP600, does
not. The application of adhesive increases
the contact resistance for all levels of elec-
trode force but significantly more so for
adhesive A2 than adhesive A1 at lower
levels of electrode force. In particular, the
contact resistance between the top and
middle sheets, i.e., the 0.8-mm SAE1004/
1.4-mm DP600 interface, with adhesive
rises significantly below an electrode force
of 2.0 and 4.0 kN for adhesives A1 and A2,
respectively, whereas the contact resist-

ances for the middle and bottom sheets,
i.e., 1.4-mm DP600/1.8-mm DP780 inter-
face, rise significantly below electrode lev-
els of 3.0 and 4.0 kN for adhesives A1 and
A2, respectively.

Effect of Bondline Thickness on Static
Contact Resistance

Beside the effect of the adhesive, the
uncured bondline thickness between the
substrates is another variable that may af-
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Table 4 — Adhesive Combinations with A1 and A2

Adhesive Adhesive Applied at the Interface Adhesive Applied at the Interface
Combinations between between

Top and Middle Sheets Middle and Bottom Sheets

No adhesive No adhesive No adhesive
No adhesive + A1 No adhesive A1
No adhesive + A2 No adhesive A2
A1 + No adhesive A1 No adhesive

A1 + A1 A1 A1
A1 + A2 A1 A2

A2 + No adhesive A2 No adhesive
A2 + A1 A2 A1
A2 + A2 A2 A2

Fig. 8 — Effect of the adhesive on the dynamic resistance between the following: A — 0.8-mm-thick SAE1004 and 1.4-mm-thick DP600; B — 1.4-mm-thick
DP600 and 1.8-mm-thick DP780 steels.

Fig. 9 — Effect of the bondline thickness of A2 on the dynamic resistance between the following: A — 0.8-mm-thick SAE1004 and 1.4-mm-thick DP600; 
B — 1.4-mm-thick DP600 and 1.8-mm-thick DP780 steels.

A B

A B
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fect weld bonding multiple steel sheets. To
address this variable, the bondline thick-
ness was varied from 0 to 1.4 mm. Figure
7 presents the effect of the bondline thick-
ness on the static contact resistances be-
tween the steel sheets. As shown in Fig.
7A, the effect of the bondline thickness on
the static contact resistance is insignificant
between the top and middle steel sheets at
low electrode force. Similar results were
observed in Fig. 7B about the contact re-
sistance between the middle and bottom
sheets except that a larger electrode force
is required to squeeze out the adhesive be-
tween the workpieces.

Dynamic Resistance during Weld Cycle

To investigate the effect of the adhesive
on the dynamic resistance during the weld
cycle, weld bonding multiple steel sheets
(i.e., 0.8-mm-thick SAE1004, 1.4-mm-
thick DP600 and 1.8-mm-thick DP780
steel) with A1 and A2 adhesives was con-
ducted with the welding parameters listed
in Table 3, and the results shown in Fig. 8.
It can be seen from the results that the dy-
namic resistances at faying interfaces be-
tween the top and middle sheets (i.e., 0.8-
mm-thick SAE1004 and 1.4-mm-thick
DP600) and the middle and bottom sheets

(i.e., 1.4-mm-thick DP600 and 1.8-mm-
thick DP780) are higher than that without
adhesive during the first and second stages
of the weld-bonding process. Adhesive A2
exhibited the greatest dynamic resistance
followed by adhesive A1 and finally steel
without adhesive for any welding time in
the period between 50 and 150 msec. The
dynamic resistance for all conditions even-
tually leveled out to approximately the
same value at a welding time of 300 msec.
No significant effect of the applied bond-
line thickness on the dynamic resistance
between the multiple steel sheets can be
made (refer to the results presented in 
Fig. 9).

Weld Size

Since the contact resistances during the
squeeze and weld cycles of weld bonding
multiple stacks of steel sheets were signifi-
cantly affected by the presence of the adhe-
sive, it is necessary to study the effect of the
adhesive characteristics on the weld nugget
sizes as defined in Fig. 2A. Figure 10A and
B are typical metallographic cross sections
of the weld formation in weld bonding mul-
tiple steel sheets with the adhesives A1 and
A2, respectively. For the purpose of com-
parison, resistance spot welded joints are

also included in Fig. 10C. Two general ob-
servations can be made — longer welding
times resulted in increased weld nugget di-
ameters, and the presence of adhesive, ei-
ther A1 or A2, resulted in greater weld
nugget diameters, d and D in reference to
Fig. 2A, compared to the same stackup
without adhesive for a given weld schedule.
Furthermore, the results show that the weld
bonding nugget diameter with A2 adhesive
was consistently larger than that with the A1
adhesive.
To thoroughly assess the effect of the ad-

hesive on the weld size in weld bonding,
tests with various adhesive combinations
shown in Table 4 were also conducted. Five
replicates were tested for each adhesive
combination using the welding parameters
listed in Table 3, and the results are pre-
sented in Fig. 11. The presence of the adhe-
sive between the workpieces regardless of
the bondline thickness in the range that was
studied increased both weld sizes d and D.
However, the extent of that increase in weld
size varies widely for different adhesive
types and combinations.
Tests were also conducted to study the

effect of the bondline thickness of A2 ad-
hesive on the weld size in weld bonding
multiple stacks of steel sheets. Figure 12
presents the test results that show the ad-
hesive bondline thickness had no statisti-
cal effect upon the weld sizes d and D in
weld bonding multiple steel sheets in this
study. These results are consistent with the
measurements of the static and dynamic
resistances shown in Figs. 7 and 9.

Weld Expulsion

Since weld expulsion is an important
weld quality attribute, the effect of the ad-
hesive combinations shown in Table 4 on
the weld expulsion was investigated in this
study. The weld spatter results for various
combinations of weld bonding with adhe-
sive A1 and A2 are presented in Fig. 13.
As would be expected, the amount of weld
spatter increased with the presence of the
adhesive where A2 generated a greater
amount as compared to A1. As shown in
Fig. 14, as the bondline thickness in-
creased from 0.2 to 1.2 mm, the weld spat-
ter decreased from 1.30 to 0.88 g. Figure
15 shows the SEM photos of the broken
faying interface with various adhesive
bondline thicknesses.

Weld Strength

To assess the effect of adhesive combi-
nation on the weld strength of weld-
bonded multiple steel sheets, lap-shear
tests were performed prior to the adhesive
curing. Figure 16 has the test results. As
shown, the presence of the uncured adhe-
sive significantly improved the force dis-
placement of weld-bonded multiple steel
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Fig. 10 — Effects of the adhesive properties on weld formation in the following: A — Weld bonding
with A1; B — A2 adhesive; and C — resistance spot welding of 0.8-mm-thick SAE1004, 1.4-mm-
thick DP600, and 1.8-mm-thick DP780 steel.

Table 5 — Factors and Levels

Variable Adhesive Location Value
No Adhesive A1 A2

X1 Top and middle faying interface 0 -1 1
X2 Middle and bottom faying interface 0 -1 1

A

B

C
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sheets. Tests were also performed to meas-
ure the effect of the adhesive bondline
thickness on the strength of weld-bonded
multiple steel sheets, and the results are
shown in Fig. 17. The uncured adhesive
bondline thickness had no significant ef-
fect upon the strength of weld-bonded
multiple steel sheets.

Discussion

Static Contact Resistance

The static contact resistances shown in
Fig. 6A and B between the middle and bot-
tom sheets, i.e., 1.4-mm DP600/1.8-mm
DP780, are greater than the resistance for
the top and middle sheets, i.e., 0.8-mm
SAE1004/1.4-mm DP600 for a given elec-
trode force. This is attributed to the fact
that the thinner and less-stiff top sheet de-
forms upon application of the electrode
force and thereby wraps around the elec-
trode tip to a greater extent than the
thicker and stiffer bottom sheet. This cre-
ates a greater interfacial area and hence,
increases the static contact resistance for a
given applied electrode force.

The static contact resistances between
the steel sheets with adhesive A1 were
smaller than that with adhesive A2 during
the squeeze stage. This difference is at-
tributed to the fact that the viscosity of A1
is less than that of A2 (refer to Table 2),
which translates to the adhesive A1 being
spread thinner upon application of the
electrode force and thereby posing a lower
static resistance. Subsequently, following
this logic, one can observe that without
any adhesive the static resistance value is
lowest. It can also be observed from Fig. 6
that there is a drop in contact resistance
with increasing electrode force and that
there is a knee in the data above which the
resistance becomes increasingly inde-
pendent of electrode force. This knee for

the contact resist-
ances between the
top and middle steels
with adhesive occurs
at approximately 1
and 3 kN for adhe-
sives A1 and A2, re-
spectively, while it
occurs at higher val-
ues, 2.5 and 4 kN for
adhesives A1 and A2,
respectively, for the
contact resistance
between the middle
and bottom sheets
with adhesive. The
greater force levels to
achieve a lower con-
tact resistance is at-
tributed to a greater
stiffness of the joint
between the middle
and bottom sheets,
which in turn is a re-
sult of greater sheet
thicknesses and strengths as compared to
the top and middle sheet combination.

Effect of Bondline Thickness on Static
Contact Resistance

As shown in Fig. 7A, the effect of the
bondline thickness on the static contact re-
sistance is insignificant between the top
and middle steel sheets at low electrode
force. As the electrode force increases, the
bondline thickness has no influence for an
electrode force up to approximately 3 kN.
This is likely due to the fact that the ex-
cessive adhesive, regardless of the bond-
line thicknesses in this study, was
squeezed out of the steel sheets by the
large electrode force. The results shown in
Figs. 6 and 7 suggest that the contact re-
sistance between the substrates with adhe-
sive is primarily influenced by the adhesive

properties and electrode force in weld
bonding. Therefore, the bondline thick-
ness had little effect on the contact resist-
ance between the steel sheets under in-
dustrially relevant electrode force levels.
Similar results were observed in Fig. 7B
about the contact resistance between the
middle and bottom sheets except that a
larger electrode force is required to
squeeze out the adhesive between the
workpieces, which is attributed to the mid-
dle and bottom sheets having greater
thickness and able to carry a greater load
than the thinner top and middle sheets.

Finally, there is a significant increase of
resistance with decreasing adhesive bond-
line thickness at the lowest electrode force
levels. The reason for this is unclear and
will require further study. However, the
electrode force levels at this level are not
industrially relevant.
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Fig. 11 — Effect of different adhesive combinations on the following: A — Weld size d; B — weld size D in weld bonding 0.8-mm-thick SAE1004, 1.4-mm-thick
DP600, and 1.8-mm-thick DP780 steel.

Fig. 12 — Effect of the bondline thickness on the weld size in weld bonding
0.8-mm-thick SAE1004, 1.4-mm-thick DP600, and 1.8-mm-thick DP780
steel with A2 adhesive.

A B
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Dynamic Resistance during Weld Cycle

The initial increase in dynamic resist-
ance during the first stage in weld bonding
compared to that without adhesive is at-
tributed mainly to the influence of the ad-
hesive on the static contact resistance be-
tween the substrates. However, as the
temperature of the substrates increased,
i.e., 50 to 200 or 300 ms in reference to Fig.
8A and B, respectively, this effect was di-
minished by the thermal degradation and
decomposition of the adhesive.

The joule heat generation during the
first stage enhanced the increase of the
bulk resistivity of the steel sheets as the
temperature increased (Ref. 15). There-
fore, the total dynamic resistance of the
weld bonded steel sheets during the sec-
ond stage was greater than that without

adhesive. The dynamic resistance of the
joint with A1 adhesive was located in be-
tween that with A2 adhesive and without
adhesive in Fig. 8. This was a result of less
joule heat generation at the faying inter-
faces for the joint made with A1 because
of the smaller contact resistance between
the substrates as compared to that with the
A2 adhesive.

Finally, the dynamic resistances shown
in Fig. 8 also indicate that there is a major
difference in the time to initiate a weld
nugget between resistance spot welding
and weld bonding. The details of the weld
initiation and growth in weld bonding are
discussed later.

The effect of the applied bondline thick-
ness on the dynamic resistance between the
multiple steel sheets was examined, and the
results are presented in Fig. 9. It can be seen

from the results that the effect of the bond-
line thickness on the dynamic resistance is
insignificant. This is likely attributed to the
adhesive being squeezed out of the faying
interfaces under the applied electrode
force, and the variation in the amount of ad-
hesive remaining as a function of applied
bondline thickness is insignificant to gener-
ate any sizable differences in joule heating
or other effect. Therefore, it can be con-
cluded that the bondline thickness has little
effect upon the weld formation and size in
weld bonding multiple steel sheets.

Weld Size

The results in Figs. 10A–C and 11A, B
exhibit a greater weld bonding nugget size
with the A2 adhesive as compared to the
A1 adhesive. Since the A2 adhesive is as-
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Fig. 13 — Effect of the adhesive combination on the weld spatter of five spec-
imens in weld bonding 0.8-mm-thick SAE1004, 1.4-mm-thick DP600, and
1.8-mm-thick DP780 steel.

Fig. 14 — Effect of the uncured adhesive bondline thickness of adhesive A2
on amount of the weld spatter of five specimens in weld bonding 0.8-mm-
thick SAE1004, 1.4-mm-thick DP600, and 1.8-mm-thick DP780 steel.

Fig. 15 — Retained weld spatter at the faying interface for a bondline thickness. A — 0.2; B — 0.4; C — 0.8; D — 1.2 mm.

A B

C D

Zhang et al Supplement December 2013_Layout 1  11/14/13  3:05 PM  Page 370



sociated with a greater static and dynamic
contact resistance compared to the adhe-
sive A1 (refer to Figs. 6 and 8), it is hy-
pothesized that the greater resistance re-
sults in more joule heat generation, which
assists the weld nugget initiation and
growth of the molten weld nugget during
welding that would increase the final weld
sizes (i.e., d and D). Furthermore, the
weld sizes d and D with either A1 or A2
adhesive were larger than the joints made
without adhesive. A similar argument can
be made for the presence of adhesive hav-
ing greater levels of resistance as com-
pared to joints without adhesive leading to
greater weld nugget sizes, d and D.

As shown in Fig. 11, the placement of the
adhesive has a direct correlation to which
weld nugget diameter attribute, d or D, will
exhibit a statistical increase. The adhesive
placed only between the top and middle
steel sheets (A1 + No, A2 + No) increased
the weld size d more than weld size D. Sim-
ilarly, the placement of the adhesive be-
tween the middle and bottom steels (No +
A1, No + A2) increased the weld size D
more than weld size d. This is a function of
the adhesive increasing the contact resist-
ance resulting in relatively greater joule
heating at that interface. These results

agree well with the results on the static con-
tact resistance and dynamic resistance
shown in Figs. 6 and 8. Because the place-
ment of the adhesive between the top and
middle sheets generated a significantly
greater weld size d, this could be a potential
solution to resolve the issue of undersized

weld nuggets as seen in Fig. 10C.
To summarize the effects of the adhe-

sive and location on the weld sizes in weld
bonding 0.8-mm-thick SAE1004, 1.4-mm-
thick DP600, and 1.8-mm-thick DP780
steel, the empirical equations for the weld
sizes d and D were derived based on the
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Fig. 16 — Effects of adhesive properties on the interface between the middle and bottom sheets for weld-bonded 0.8-mm-thick SAE1004, 1.4-mm-thick DP600,
and 1.8-mm-thick DP780 steel. A — Load displacement; B — joint strength.

Fig. 17 — Effects of uncured adhesive bondline thickness A2 on the interface between the middle and bottom sheets. A — Load displacement; B — joint strength.

Fig. 18 — Retained spatter particles within the adhesive in weld bonding 0.8-mm-thick SAE1004, 1.4-
mm-thick DP600, and 1.8-mm-thick DP780 steel. A — A1; B — A2 adhesive.
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test results, and are presented as follows:

d = 4.90 (1 + 0.0765X1+ 0.0408X2 
+ 0.0276X12 + 0.0204X22 – 0.0367X1X2)
with correlation coefficient R2 = 0.9218

D = 6.87 (1 + 0.0339X1 + 0.1053X2 
– 0.0047X12 – 0.0323X22 – 0.0338X1X2)
with correlation coefficient R2 = 0.9236

where the values for X1 and X2 are de-
scribed in Table 5. For example, if the adhe-
sives A1 and A2 are placed at the interfaces
between the middle and bottom sheets, and
middle and bottom sheets, respectively, the
weld size D is approximately 7.05 mm (i.e.,
X1 = –1 and X2 = 1).

Weld Expulsion

Weld expulsion occurs when the pres-
sure from the liquid molten pool against
the solid containment equals or exceeds
the applied electrode pressure. Since ad-
hesive A2 generates a greater amount of
joule heating followed by earlier weld
nugget melt initiation and growth, com-

pared to adhesive
A1, it might be ex-
pected that there
would be a corre-
sponding greater
molten pool pressure
buildup as well.
Therefore, the argu-
ment can be ex-
tended that a greater
amount of weld spat-
ter is to be antici-
pated with the presence of adhesive A2
compared to adhesive A1 or no adhesive
at all. This line of reasoning is supported
by the data presented in Fig. 13.
Experimental observations showed

that most of the weld spatter erupted from
the interfaces between the sheets instead
of the sheet surface and that the adhesive
surrounding the molten weld pool decom-
posed because of the elevated tempera-
tures. Because of the relatively high cur-
rent levels, weld spatter erupting at the
faying interface was forced to pass through
the remains of the adhesive layer. How-
ever, a small portion of the erupted liquid

metal was retained by the remains of the
adhesive layer and solidified in place as
verified by experimental observations,
refer to Fig. 18.
SEM and EDS analyses of the retained

weld spatter particles from stackups using
adhesives A1 and A2 are shown in Fig.
19A and B, respectively. Similarly,
erupted weld spatter particles from weld
bonding with adhesives A1 and A2 were
analyzed, and the results are presented in
Fig. 19C and D, respectively. For the pur-
pose of the comparison, the weld spatter
from resistance spot welding with no ad-
hesive was also analyzed, and the result is
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Fig. 19 — SEM observation and EDS analysis of retained spatter with the
following adhesives: A — A1; B — A2; C — erupted weld spatter with ad-
hesive A1; D — erupted weld spatter with adhesive A2; E — erupted spatter
particles of resistance spot welding.
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presented in Fig. 19E. It can be concluded
from the EDS analyses that both the re-
tained and erupted spatter produced from
weld bonding multiple steel sheets con-
tained silicon and calcium, which are in-
herent ingredients of the uncured adhe-
sive and not the base metal. These results
suggest that uncured adhesive in erupted
weld spatter from weld bonding could po-
tentially contaminate the tooling and 
fixturing.

Although the results shown in Figs. 7,
9, and 12 indicate that the bondline thick-
ness exhibited little influence on the con-
tact resistance and weld nugget size, there
is a significant correlation to the amount
of weld spatter. As shown in Fig. 14, as the
bondline thickness increased from 0.2 to
1.2 mm, the weld spatter decreased from
1.30 to 0.88 g. This decrease is attributed
to the fact that an elevated amount of the
weld spatter was retained by the increased
bondline thickness. Figure 15 shows the
SEM photos of the broken faying interface
with various adhesive bondline thick-
nesses. As can be seen, the amount of re-
tained weld spatter (in dark color) in-
creased with increased adhesive bondline
thickness.

In addition, although a reduction of the
erupted spatter collected outside of the
bondline was observed with thickening of
the bondline, the amount of spatter with
adhesive was still significantly higher than
that without adhesive. This phenomenon
also resulted from the growth in contact
resistance and heat generation brought
about by the adhesive layer. More metal
was molten during welding and resulted in
higher pressure from the liquid metal to
the solid containment, thus weld expulsion
would be easier to occur under the effect
of the adhesive layer.

Weld Strength

The presence of the uncured adhesive
significantly improved the force-displace-
ment behavior of weld-bonded multiple
steel sheets; refer to Fig. 16A and B. Since
the tests were performed prior to adhesive
curing, these results suggest that the in-
crease of the force displacement is prima-
rily attributed to the increased weld
nugget size resulting from the extra joule
heat introduced by the presence of the ad-
hesive at the faying interfaces. This is sup-
ported by the good correlation coefficient,
R2 = 0.97287, of the peak load (as a meas-
ure of weld strength) vs. weld nugget size
(D) data, refer to Fig. 20.

Tests to measure the effect of the ad-
hesive bondline thickness on the strength
of weld-bonded multiple steel sheets show
(refer to Fig. 17A and B) that the uncured
adhesive bondline thickness had no signif-
icant effect upon the strength of weld-
bonded multiple steel sheets. This is con-

sistent with the earlier data showing that
the bondline thickness exhibited no signif-
icant relationship to static resistance or
weld nugget size.

Conclusions

The measurements of the static and dy-
namic contact resistances, welding experi-
ments, metallography analyses, and me-
chanical tests conducted on weld bonding
multiple steel sheets (i.e., 0.8-mm-thick
SAE1004, 1.4-mm-thick DP600, and 1.8-
mm-thick DP780) with epoxy adhesives
(i.e., A1 and A2) concluded the following:

1. The presence of adhesive between
steel sheets during resistance spot welding
results in a comparatively greater static
and dynamic contact resistance leading to
greater joule heating, earlier weld nugget
melt initiation, and greater growth leading
to a larger weld nugget diameter as com-
pared to a joint without adhesive.

2. The viscosity of the adhesive signifi-
cantly affects the static contact and dy-
namic resistances between the steel
sheets. A more viscous adhesive requires
a greater applied electrode force to
squeeze out the adhesive from bondline
and results in a relatively higher contact
resistance.

3. The uncured adhesive bondline
thickness in the range of 0.2–1.2 mm ex-
hibits no statistical correlation to the con-
tact and dynamic resistances.

4. The presence of adhesive is corre-
lated to a relatively greater amount of
weld spatter generation compared to a
joint without adhesive. This is attributed
to the elevated contact resistance resulting
from the presence of the adhesive leading
to relatively greater joule heating and a

larger molten weld nugget pool, which in
turn, leads to greater pressure buildup and
resultant weld spatter.

5. Weld spatter from weld bonding has
been found to be both retained within the
bondline adhesive as well as erupted from
the bondline, which poses a potential of
contamination of the weld assembly 
fixtures.

6. The amount of erupted weld spatter
collected outside of the weld coupon de-
creases with increasing bondline thickness
in the range from 0.2 to 1.2 mm. This is at-
tributed to a greater proportion of re-
tained weld spatter being captured within
the bondline thickness vs. having a greater
proportion of the adhesive burning and
thereby allowing the weld spatter to erupt
from between the steel sheets.

7. The strength of weld-bonded multi-
ple steel sheets was increased significantly
by the presence of the adhesive but was
not affected by the uncured adhesive
bondline thickness.

8. The placement of the adhesive be-
tween the thin external and relatively
thicker middle sheet to improve the weld
size could be a feasible solution to resolve
the issue of undersized welds in resistance
welding of multiple steel sheets.

Acknowledgments

This research was supported by the
General Motors Collaborative Research
Laboratory at Shanghai Jiao Tong Univer-
sity. The authors gratefully acknowledge
the financial and technical support pro-
vided by GM-Research and Development
to carry out the present work. Also, this re-
search was supported by National Natural
Science Foundation of China (No.

373-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 20 — Correlation between the peak load and weld size for weld bonding 0.8-mm-thick SAE1004,
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