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Cohesive-Zone Modéling of the Deformation
and Fracture of Weld-Bonded Joints

Two cohesive-fracture parameters were developed, then combined
to predict the behavior of weld-bonded geometries

M. N. CAVALLI, M. D. THOULESS, AND Q. D. YANG

ABSTRACT. In previous work, cohesive-
zone models have been developed sepa-
rately for the analysis of adhesively
bonded joints and for the analysis of spot
welded joints. The appropriate fracture
parameters have been determined for a
commercial rubber-toughened epoxy for
bonding thin sheets of 5754 aluminum
alloy. Fracture parameters have also been
determined for spot welds formed under
specific processing conditions with this
same alloy. It has been established that
these parameters provide a predictive ca-
pability for design, in the sense that loads,
deformation, and energy absorption can
be consistently predicted for different
geometries of joints bonded under nomi-
nally identical conditions. In the present
paper, these two separate models are com-
bined to provide a design tool for weld
bonding in which adhesive technology is
combined with spot welding. It is demon-
strated that the models developed sepa-
rately for the two joining techniques can
be combined and used with no further
modification to predict the behavior of
weld-bonded geometries. In particular,
the strength and energy-absorption char-
acteristics of a joint from initial loading
through final failure are reproduced for
the two different geometries investigated.

Introduction

Concerns about fuel economy, safety,
reliability, and performance are continu-
ally driving automotive designers and en-
gineers to incorporate new materials,
structures, and techniques into their de-
signs. One technique that is receiving in-
creased attention is weld bonding: a join-
ing process that combines resistance spot
welding with a layer of structural adhesive
in a single joint (Ref. 1). Various advan-
tages of weld-bonded joints over joints
formed only by spot welding or only by ad-
hesive bonding are driving the interest.
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Weld-bonded joints have been shown to
be stronger than joints made by either spot
welding or adhesive bonding alone (Refs.
2-12). Furthermore, the presence of a
continuous adhesive layer increases the
stiffness (Refs. 9, 10) and fatigue resis-
tance of a spot-welded joint (Refs. 9-12),
while possible time-dependent or temper-
ature-dependent deterioration of the ad-
hesive can be at least partially mitigated by
the presence of spot welds (Refs. 9, 11).
These advantages of weld-bonded joints
offer the potential for stronger, safer au-
tomotive structures.

To utilize the full potential of weld-
bonded joints in automotive structures, an-
alytical tools must be developed to predict
their deformation and fracture. Current
knowledge of the behavior of weld-bonded
joints is primarily phenomenological in na-
ture, and is typically concerned with the ef-
fect of welding and joint parameters on
joint strength. Experimental studies have
been conducted to explore the effect of
welding parameters on nugget size (Refs.
2, 5, 8), the effect of nugget size on joint
strength (Ref. 5), the effect of nugget ex-
pulsion on joint strength (Ref. 10), and the
effect of weld density on joint strength
(Refs. 4, 7). Further experimental work has
investigated the effect of joint width on
joint strength (Ref. 3), the effect of envi-
ronmental conditions on strength and fa-
tigue properties (Refs. 6,9, 11), and the ef-
fect of loading rate on joint strength and
energy absorption (Ref. 6). Finite-element
methods have been used to compare the
distribution of stresses in spot-welded, ad-
hesively bonded, and weld-bonded joints
(Refs. 13-15). General trends in weld-
bonded joint behavior have been estab-
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lished as a result of these previous studies.
However, a method for predicting the de-
formation and fracture of weld-bonded
joints has not yet been established.

Several failure criteria have been pro-
posed to predict the failure loads of spot-
welded joints. These criteria are typically
based on the idea that a single parameter
(e.g., a critical stress or force) is sufficient
to describe the failure of spot-welded
joints subjected to a single mode of load-
ing. Combining the parameters for each
mode permits mixed-mode criteria to be
developed. For example, Lee et al. (Ref.
16) proposed a mixed-mode criterion of
the form

n n
SN
Snu SSM
where S, and S are the applied normal and
shear forces, S, and S, are the normal and
shear strengths of the weld, and 7 is an ex-
perimental fitting parameter. An analytical
approach to modeling the onset of yield at
the circumference of a weld results in this
same criterion, with n = 2 (Ref. 17). Wung
(Ref. 18) and Wung et al. (Ref. 19) also used
astrength model but assumed that there are
four fundamental modes of applied load-
ing: 1) a normal force, f,, 2) a shear force, f;,
3) a bending moment, m1,, and 4) a torque,
m,. It was shown that if the failure parame-
ter for each individual mode is given by F,,
F,, M, and M,, with failure being defined as
the linear limit of the load-deflection curve,
a mixed-mode failure criterion of the form

]
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where o, B, v, and d are empirical parame-
ters that are determined experimentally,
can be used.

Most recently, the current authors
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Fig. 2— Sheets of 10-12 specimens were spot welded and cured together. The
individual specimens were then cut apart and, in the case of coach-peel sam-
ples, formed into the appropriate shape. The first spot weld in each batch was

a shunt weld, with no adhesive between the metal sheets.

|'| *
weld  adhesive
nugget layer
26 mm
5 mm
displacement +
measured ¥
berween 4
these points I 4
175 mm
— —p—
R J5mm 26 mm
£ [T it
¥ ¥
li’ f2 el I
- »—
23 mm
B width foul of plane): 23mm
displacement measured
hetween these puints >
106 mm
-« =
P [ ¥ | F
- L Ta L. T
2 mm - - adhesive layer
45 mm weld nugget

diction of the fail-
ure  mechanism
(nugget fracture or
weld pullout) and
full load-deflection
curves for arbitrary
joint geometries
(Refs. 20, 21). Sim-
ilar predictive ca-
pabilities of cohe-
sive-zone models
have also been
demonstrated for
adhesive  joints
(Refs. 26-31). It is
the intent of the

current work to in-

Fig. 1 — The shape and dimensions of joints used in this study. A — Weld-
bonded coach-peel; B— lap-shear weld-bonded joints.

vestigate whether
the cohesive mod-
els for an adhesive

have proposed using a cohesive-zone ap-
proach for modeling the deformation and
fracture of spot-welded joints (Refs. 20,
21). Cohesive-zone models essentially in-
troduce both an energy and strength pa-
rameter into the description of fracture,
since the necessity of such a two-parame-
ter model to describe crack propagation
when small-scale yielding conditions are
not appropriate is well documented
(Refs. 22-29). The current authors
demonstrated that once the appropriate
cohesive parameters for a particular weld
have been properly characterized, numer-
ical modeling can be used to produce pre-
dictions of the strength, energy absorp-
tion, and failure mechanism for different
geometries containing a nominally similar
weld. The major advantages of this ap-
proach are that it enables automatic pre-
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can be combined
with cohesive mod-
els for a weld to
predict the behavior of weld-bonded
joints. To this end, the present work com-
bines an adhesive and welds that are nom-
inally identical to those used separately in
the previous studies (Refs. 20, 21, 26-31),
so that the cohesive models for each join-
ing technique can be used without modi-
fication in modeling the weld-bonded
structures. Predictions based on these
models are then compared to experimen-
tal results.

Specimen Preparation
and Testing

Both coach-peel and single-lap-shear
weld-bonded joints were used for this
study — Fig. 1. The specimens were fabri-
cated from 2-mm-thick 5754-O aluminum

sheets using a commercial toughened
epoxy adhesive.! This non-heat-treatable
aluminum alloy was chosen to avoid pos-
sible complications associated with any
heat-affected zone. The alloy and surface
treatments prior to bonding were identical
to those used in the earlier studies of the
adhesive alone. Strips of Teflon® tape
were used to define the boundaries of the
bonded region, and 0.25-mm glass beads
were added to the uncured adhesive to en-
sure uniform thickness of the adhesive
layer. The weld-bonded specimens were
fabricated using the “weld-through” tech-
nique; i.e., the adhesive was applied, resis-
tance spot welds were made through the
uncured adhesive layer, and then the ad-
hesive was cured at 180°C for 45 min. It
was found to be extremely difficult to pro-
duce individual specimens in this manner
because an initial current path between
the electrodes is needed to prevent arcing.
Limited experiments were made with in-
creased welding pressure and ramping of
the weld current, but arcing was still ob-
served. To overcome this problem, 10-12
welds were made on a large sheet, with
one of the welds being a shunt weld with
no adhesive — Fig. 2. After welding and
curing, individual specimens were cut
from these sheets. The coach-peel speci-
mens were then bent into shape. This
bending process resulted in some incon-
sistencies in the geometry of the coach-
peel specimens. It may have contributed
to the greater variability in the load-
displacement curves that was subse-
quently observed for the coach-peel spec-
imens than for the lap-shear specimens.
All the specimens were welded using a

1. XD4601 (Ciba-Geigy)
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Fig. 3 — A series of experimental load-displacement curves. A — The weld-bonded coach-peel specimens with the geometry shown in Fig. 14; B— the weld-
bonded lap-shear specimens with the geometry shown in Fig. 1B.

square waveform welding current of 23 kA
for 17 cycles. The electrodes were in the
shape of truncated cones with tip diame-
ters of 8§ mm. The resulting nugget diame-
ters were 7 = 1 mm for all specimens. It is
emphasized that both the adhesive bond-
ing and the spot welding processes were
nominally identical to the processes used
to prepare specimens for the evaluation of
the cohesive parameters in the earlier
studies (Refs. 20, 21, 26-30). The speci-
mens were tested in a screw-driven ten-
sile-testing machine at a displacement rate
of 5 mm/min for the coach-peel speci-
mens, and at a displacement rate of 0.5
mm/min for the lap-shear specimens.
These rates were comparable to those
used in the earlier work. A CCD camera
was used to record the relative displace-
ments of the points where the load was ap-
plied for both geometries.

Figure 3A and B shows a series of load-
displacement curves for the coach-peel
and lap-shear specimens, respectively.
The data for the coach-peel geometry
characteristically has two maxima; the ini-
tial peak in Fig. 3A represents the start of
crack propagation within the adhesive,
and the second maximum corresponds to
failure of the weld and remaining adhesive
ligament. In this geometry, failure oc-
curred by pullout of the weld nugget and
interfacial fracture of the adhesive layer.
The shapes of the curves for the lap-shear
geometry is rather different in that there
is no characteristic peak associated with
crack initiation within the adhesive layer.
This is similar to what has been observed
for lap-shear joints with adhesive bonding
only (Refs. 29, 30). While some specimens

behaved in the expected symmetrical fash-
ion with interfacial cracking beginning al-
most simultaneously from both ends of the
adhesive layer, other specimens behaved
asymmetrically with an interfacial crack
propagating from one end to almost
halfway across the specimen, before a sec-
ond interfacial crack began to advance
from the other end. As the adhesive failed,
and the adherend deformed, the load con-
tinued to increase as the crack progressed
toward the weld nugget. At the peak load,
the weld had not yet failed; final failure of
the nugget appeared to occur after a cata-
strophic load drop following the peak
load. It is believed that the larger range of
uncertainty observed for the coach-peel
specimens than for the lap-shear speci-
mens may be partially associated with the
variation in geometry caused by shaping
done after the welding process. The sizes
of the welds were essentially identical for
all specimens tested (7 = 1 mm), and there
was no systematic effect of location in the
original sheet or of the weld size on the ob-
served properties. It was also observed
that slight asymmetries in the geometry of
the coach-peel specimens led to some
twisting during testing, which may also
have been responsible for variations in the
load-displacement behavior.

Cohesive-Zone Modeling

Essentially all that was done in the nu-
merical modeling aspects of this paper was
to combine the separate models previ-
ously developed for adhesive and welded
systems. The materials and welding sched-
ules used in the present work were nomi-

nally identical to those used previously,
and the material properties that had pre-
viously been determined, including cohe-
sive parameters, were used without modi-
fication in the numerical portion of this
work. Details of the numerical modeling,
and of how the properties were deter-
mined, can be found in those earlier works
(Refs. 20, 21, 25-30). Therefore, only a
brief summary of the techniques and prop-
erties are provided in this paper.

All finite-element calculations were
performed using the ABAQUS commer-
cial software package (version 6.3). The
calculations were fully 3-D, but three
nominal planes of symmetry allowed a
one-eighth model to be used for the
coach-peel geometry, while a single plane
of symmetry allowed a one-half model to
be used for the lap-shear geometry.2 The
geometries of the specimens used for the
numerical calculations were identical to
those of the fabricated specimens, and the
aluminum adherends were modeled using
8-noded continuum elements with proper-
ties determined from tensile tests (Ref.
32). Isotropic yielding with a von Mises
yield criterion and power-law hardening
were assumed. Young’s modulus, E, of the
aluminum was 69 + 5 GPa, the yield stress,
Gy, was 113 + 3 MPa, Poisson’s ratio was
taken to be 0.3, and the power-law hard-
ening was of the form

G =Aer

(@)

2. The assumption of symmetry for the coach peel
geometry ignored the possibility of assymmetrical
fabrication; some effects of asymmetry were ob-
served during testing.
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Fig. 4 — For each mode of loading, tractions between the nodes of each user-defined element obey a
traction-separation law of the form seen here. The area under the curve represents the material tough-

ness under single-mode loading. (From Ref. 20.)

where 4 = 494 = 6 MPa andn = 0.3 =
0.01. Uncertainties in the material prop-
erties and the dimensions of the fabricated
specimens were incorporated in sensitivity
studies of the predictions.

Fracture was incorporated into the nu-
merical models by the use of cohesive
zones in any region where fracture was ex-
pected to occur. These cohesive zones
consisted of user-defined elements, with a
characteristic traction-separation law ap-
propriate for the local region. The adhe-
sive region was modeled with cohesive el-
ements that captured the interfacial
fracture behavior of the adhesive (Ref.
29), the weld-nugget region was modeled
with cohesive elements that captured the
fracture behavior of the nugget (Refs. 20,
21), and the region in the adherends
around the nugget was modeled with co-
hesive elements that captured the pullout
behavior of the nugget (Refs. 20, 21). All
potential failure mechanisms were al-
lowed to evolve naturally in the calcula-
tions. No assumptions were made a priori
about the failure. As in the earlier work,
both the adhesive layer and the nugget be-
tween the adherends were completely re-
placed by cohesive elements. It should be
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noted that the area over which the cohe-
sive elements acted was varied to corre-
spond with the experimentally observed
range of weld sizes. This variation is re-
flected in the results that will be presented
in the following section. The cohesive laws
that controlled the fracture behavior in
the three different regions were assumed
to be trapezoidal in form, as indicated in
Fig. 4. A separate law was assumed for
each mode of deformation in each failure
location. Only mode-I and mode-II (nor-
mal and in-plane shear) failure were con-
sidered for the adhesive and nugget. How-
ever, weld pullout occurs by a combination
of modes I, II, and III (out-of-plane
shear), and the mode II and mode III co-
hesive laws for pullout were assumed to be
identical. The two important parameters
of these cohesive laws are the peak
strength and the toughness. These were
taken from the earlier work and are listed
in Table 1.3 It should be emphasized that a
key aspect of this paper is the incorpora-
tion of weld and adhesive cohesive prop-
erties determined separately and then
used without modification to model weld-
bonded geometries.

As in the previous work on adhesive

bonding and spot-weld bonding, a simple
mixed-mode failure criterion of the form
(Refs. 20, 28, 29)

G, Gu  Om _y 3)
It Iy Iy

was assumed, where G, Gy, and Gy rep-
resent the energy-release rates for each
mode (the area under the curve up to the
applied displacement, see Fig. 4), and I,
I'y;, and I’y represent the total area under
the traction-separation curve for each
mode. The numerical calculations pro-
gressed by allowing the node pairs of the
cohesive element to deform according to
the appropriate traction-separation law.
Equation 3 was evaluated at each numer-
ical increment to determine if the failure
criterion of a node pair was met. If it had
not been met anywhere, then the calcula-
tions continued; if it had been met, the
load-bearing capabilities of the affected
node-pair were removed and the numeri-
cal conditions reevaluated before the cal-
culations continued.

Results

Figure SA compares the predicted be-
havior of coach-peel joints that have been
weld-bonded, spot welded only, and adhe-
sively bonded only. These numerical pre-
dictions were calculated using the average
cohesive-zone parameters for the weld
and adhesive given in Table 1, and the di-
mensions given in Fig. 1A. The numerical
results indicated that failure of the weld
occurred by pullout for both the weld-
bonded and spot welded configurations.
Again, it should be emphasized that the
possibility of both failure modes of nugget
fracture and weld pullout were allowed in
the numerical calculations; however, the
calculations evolved to a failure mode of
weld pullout, as observed experimentally.
Figure SA shows that, in this geometry,
weld bonding gives the advantage of ad-
hesive bonding at low loads, in that the
stiffness and yield load are dramatically
higher than for the same geometry bonded

3. A Ciba-Geigy adhesive designated as XD4600
was used in previous work. The designation of
the adhesive available for this work (XD4601)
was slightly different, so there was some concern
that the cohesive-zone parameters might have
changed. However, wedge tests (Refs. 26, 31)
confirmed that the mode-I properties were un-
changed within experimental uncertainty, so the
previously published values for both the mode-I
and mode-I1 properties were used without mod-
ification in this work. Interfacial fracture was al-
ways observed for the adhesive; so the interfacial
values of the cohesive-zone parameters were used
in this paper.
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Fig. 5— A comparison between the behaviors of the following: A — Weld-bonded, spot-welded, and adhesively bonded coach-peel joints with dimensions indicated
by Fig. 14; and B — weld-bonded, spot-welded, and adhesively bonded lap-shear joints with dimensions indicated by Fig. 1B. The nugget diameters for the spot-
welded and weld-bonded joints were assumed to be 7.0 mm, and all cohesive properties were assumed to be the average of the values given in Table 1.

by a single spot weld. This is because the
initial stiffness of the coach-peel geometry
is dominated by bending of the arms if
there is only a single spot weld. The pres-
ence of an adhesive layer between the
arms suppresses this bending. Bending
can occur when the adhesive fractures
and, consequently, the load drops as a
crack propagates through the adhesive.
During this stage of deformation, the spot
weld does not appear to play a significant
role on the load-bearing capacity of the
joint, and the weld-bonded joint behaves
identically to the adhesively bonded joint.
After a crack has propagated most of the
way through a coach-peel specimen, it be-
gins to behave like a butt joint as the last
ligament of adhesive carries all the ap-
plied load. The load therefore increases in
this stage of the process, until final cata-
strophic failure of the adhesive occurs. In
a weld-bonded joint, the spot weld con-
tributes to the load-bearing capability in
this regime. As a result, the load is sup-
ported by both the spot weld and the ad-
hesive until final failure. Since cata-
strophic failure of the adhesive is inhibited
by the presence of the spot weld, a small
ligament of adhesive is maintained until
final fracture of the weld, and the overall
load-bearing capability of a weld-bonded
joint is slightly higher than that of a spot-
welded joint. Overall, the weld-bonded
geometry behaves as an aggregate of the
weld and of the adhesive bond, with the
adhesive dominating at low displacements
and the spot weld dominating at large dis-
placements. The major advantages of weld
bonding in this geometry are an enhanced

Table 1 — Cohesive-Zone Parameters Used in the Numerical Modeling of the Weld-Bonded Joint

Mode I Mode II
Strength Toughness Strength Toughness
(MPa) (kI 'm2) (MPa) (kI 'm=2)

Nugget Gy =290+20 Iy=13%2 T =200£20 Iw=260%4
fracture
Weld 6, =340%10 I,=13£2 T, =230+10 Iy,=26+4
pullout
Adhesive G, =60£10 I,=10£0.15 T, =35%5 I,=54%+08
fracture

stiffness and more resistance to yield; this,
in turn, translates to some overall im-
provement in energy absorption.

Figure 5B shows a comparison be-
tween lap-shear joints formed by an adhe-
sive, a single spot weld, and a combination
of the two bonding techniques. For the
material properties considered, the spot-
welded configuration results in much
lower failure loads and displacements
than are obtained with the configuration
bonded with an adhesive only. As a result,
upon combining the two techniques, the
properties of the lap-shear are dominated
by the adhesive almost the whole way to
final failure. Only when the adhesive has
almost completely failed does the spot
weld start influencing the behavior, giving
a slightly extended critical displacement
before the onset of final failure. In con-
trast to the results shown in Fig. 5A, the
numerical simulations indicated that final
failure of the weld occurs by nugget frac-
ture in this geometry. However, in the
weld-bonded configuration, the nugget
has not completely fractured at the peak

load. A failure instability occurs before
final fracture of the nugget. This is consis-
tent with the experimental observations
discussed in the previous section, and may
be associated with the fact that the
strength of the weld-bonded lap-shear
specimen is much greater than the
strength of the lap-shear specimen with a
single spot weld.

Figure 6A shows a comparison be-
tween the experimentally measured load-
displacement response of the weld-
bonded coach-peel joints and the
numerically predicted behavior. Figure 6B
shows a comparison between the experi-
mentally measured load-displacement re-
sponse of the weld-bonded lap-shear
joints and the numerically predicted be-
havior. As discussed above, pullout of the
weld occurred in the coach-peel speci-
mens for both the experimental and nu-
merical results, whereas nugget failure
was predicted numerically and observed
experimentally for the lap-shear geome-
try. It will be observed that the numerical
calculations capture the intricacies of the
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Fig. 6 — A comparison between experimental results and numerical predictions for the following: A — The weld-bonded coach-peel joints; B — the weld-
bonded lap-shear joints. The dotted lines correspond to the experimental results shown earlier in Fig. 34 and B. The solid lines indicate the numerical predic-
tions based on the cohesive-zone parameters of Table 1. The uncertainty for the numerical results indicates the effect of the variability of input parameters as-
sociated with the geometry including the size of the weld, the material properties of the aluminum, the cohesive parameters of the weld, and the geometry.

A

Fig. 7— A comparison of the deformed shapes predicted by the numerical calculations and those observed experimentally for the following: A — the weld-
bonded coach-peel joint; B— the weld-bonded lap-shear joint.

load-displacement curves, including con-
sistent predictions for both the loads and
displacements. For the coach-peel geom-
etry, the numerical predictions include
both the initial peak associated with adhe-
sive cracking and the final peak associated
with failure of the weld. As an aside, it
should be noted that the geometry used to
determine the mode-I cohesive parame-
ters of the adhesive was unrelated to this
coach-peel geometry (Refs. 26, 29), and
even the coach-peel geometry used to de-
termine the mode-I pullout parameters
for the weld (Refs. 20, 21) had different di-
mensions from that used in the present
study. Therefore, the agreement between
the numerical predictions and the experi-
mental results is particularly satisfying. A
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similar agreement is seen between the nu-
merical predictions and the experimental
observations for the lap-shear geometry.
The numerical model predicts the steady
rise in applied load associated with adhe-
sive failure up to the peak load observed
experimentally. Comparisons of the de-
formed experimental geometries with the
final shapes predicted by the numerical
calculations are shown for both geome-
tries in Fig. 7A, B. Again, good agreement
is seen for both geometries.

The results show that cohesive-zone
modeling can predict the quasi-static load-
displacement behavior of weld-bonded
joints. However, many applications of
weld-bonded joints involve the possibility
of dynamic fracture and fatigue loading.

While the values of the cohesive parame-
ters used in the current work may not be
directly applicable to these other loading
conditions, it is expected that cohesive-
zone approaches should still be applica-
ble. Various groups have addressed time-
and cyclic-dependent effects on cohesive-
zone models (Refs. 33-37). It is expected
that these approaches could be adapted to
model fatigue and time-dependent effects
of welded and weld-bonded geometries.

Conclusions

Finite-element calculations incorpo-
rating cohesive-zone modeling have been
shown to provide predictions for the de-
formation and fracture of weld-bonded



joints. Implementation of this method re-
quires that two cohesive-fracture parame-
ters, the peak stress and toughness, be
specified for each mode of deformation in
each potential region of fracture. In the
current study, these parameters were de-
termined from independent tests previ-
ously made on spot-welded and adhesively
bonded joints. It has been shown that once
the parameters have been established,
they can be combined to predict the de-
formation and fracture of new weld-
bonded joint geometries containing the
identical spot weld and adhesive.
Strengths, deformations, energy-absorp-
tion and failure modes are captured fairly
accurately. The results presented in this
paper indicate that the use of cohesive-
zone models may have the potential to be
a very useful approach for the design and
analysis of weld-bonded joints.
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