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Novel Design of a Bonded Lap Joint

Qing-Gang Zeng¤ and C. T. Sun†

Purdue University, West Lafayette, Indiana 47907-1282

A new design of a single-lap joint was proposed and investigated experimentally. In this new design, load
eccentricity as well as singular peel stresses in the joint interface were avoided. In fact, numerical calculations
show that, in the new design, the peel stress becomes compressive in the joint end region, and the shear load is
more evenly transferred over the length of the joint. Two adherend layups, that is, [0/90/0/90]2s and [90/0/90/0]2s ,
were considered. Experimental results show that the strength of the new joint is signi� cantly higher than that of
the conventional single-lap joint. It is believed that even higher strength can be obtained by optimizing the new
design con� guration.

Introduction

M ANY structures consist of a number of basic parts that are
connected together to take up the load. The connections or

joints are usually the weakest locations in the structure. Among the
many technical challenges facing engineers using advanced com-
posite materials is joining composite parts or composite to metallic
components.Even thoughthe useof compositematerialscan greatly
reduce the number of parts, joining parts is still unavoidable.Tradi-
tional joining methods for metals such as welding and soldering are
apparently unsuitable for � ber-reinforced composites. Compared
to mechanical fastening, adhesive bonding is attractive for joining
� ber-reinforced composite structures because it reduces the local-
ized stresses encountered when using bolts and rivets. Moreover,
bolts and rivets cut the continuous reinforcing � bers, and, as a re-
sult, may greatly reduce the overall load carrying capacity of the
structure.

Adhesively bonded joints are used in many different con� gura-
tions, among which the most commonly used are single-lap joints,
double-lap joints, scarf joints, and step-lap joints.1 3 The single-lap
joint is generallythe simplestand leastexpensiveof all joints to man-
ufacture. However, because of its intrinsic load eccentricityand the
abruptchangeof load path, both the normal (peel) and shear stresses
are highly localized at the two joint ends; thus, the conventional lap
joints are not ef� cient in load transfer.4 Moreover,because the inter-
facial normal stress is tensile and theoretically singular at the joint
ends, it can initiate failure at these locations.Although tapering the
adherend or adding adhesive � llets at joint ends can lead to some
reduction of peel stresses in the lap joint, these improvements are,
however, quite modest.5;6

Structural adhesives have relatively poor resistance to peel or
cleavage stresses. Therefore, an obvious step to improve joint
strength is to reduce the magnitude of peel stress or to make it
compressive. To obtain maximum joint ef� ciency, the interfacial
shear stress distributions should also be made more uniform.

In this paper, a new wavy bonded lap joint is proposedand inves-
tigated. With this new joint design, the interfacial normal stress is
compressiveat the two jointends,and the interfacialshearstressdis-
tribution is less localized. Experimental results show that the wavy
joint has much greater strength than the conventional lap joint.

Conventional Single-Lap and New Wavy-Lap Designs
For comparison, a two-dimensional sketch of the conventional

single-lap joint is shown in Fig. 1. Only the case of identical ad-
herends is considered in this study. The length of both outer ad-
herends is L , the overlap (joint) length is l, and the thickness of
adherend and adhesive are ta and tg , respectively.
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The generalshapeof thenewwavy jointis � rst laidout as shownin
Fig. 2. It is seen that the joint is an assemblage of straight segments,
and the global load eccentricityis avoided.Subsequently,we choose
the waviness angles (Fig. 2) ® D ¯ D tan 1.2ta=l 0) and round out
sharp corners of the joint with an adequate radius R. The � nal joint
shape selected is shown in Fig. 3. The shape chosen here is mainly
for simplicity; other possible shapes may be as effective.

Strictly speaking, the two adherends in this wavy joint are not in
a collinear con� guration. The dashed lines in Fig. 2 show this. If a
collinear con� guration is desired, then the thicknessof the adhesive
must be taken into account during the � rst design step. Because the
thickness of the adhesive is very small compared with that of the
adherends in this study, it is neglected during the design process.

The values of the geometrical parameters for both conventional
and wavy joints are given in Table 1. Even though l 0 < l, the overall
bonding areas are the same for the two joints. This ensures that
analysis and test results of these joints can be directly compared.
The only dimensionthat is not shown in the Figs. 1 and 2 is the width
of specimen, which is d D 25:4 mm. The material for adherends
is AS4/3501-6 carbon/epoxy. Two different layups, [90/0/90/0]2s

and [0/90/0/90]2s , are used. The 0-deg direction is parallel to the
longitudinal(loading)directionof the joint.The reasonfor choosing
these two layups is to study the difference between 90–90 deg and
0–0 deg bonding interfaces. The material constants of AS4/3501-6
are listed in Table 2. The two adherends are bonded together with
a layer of � lm adhesive FM73M, which is treated as an isotropic
material.The elastic constants for FM73M are also listed in Table 2.

Experimental Studies
The fabrication of conventional single-lap joints is as follows.

First a 30 £ 30 cm, 16-ply � at composite panel of the desired layup
sequence was fabricated using an autoclave following the standard
curing cycle. After curing, the panel was cut by a water jet into two
pieces with the desired dimensions. The bonding areas were � rst
wiped with a clean methyl ethyl ketone (MEK) solvent dampened
nonlinting paper wiper; then it was abraded with 320 grit silicon
carbide abrasive papers until no evidence of surface gloss was visi-
ble. Finally, it was wiped with a clean dry cloth to remove particles
from sanding followed by repeatedly wiping with MEK solvent
dampened paper wipers until no further indication of residue was
visible on the paper. After drying these adherends for 30 min, an
FM73M � lm adhesive (nominal thickness of 0.13 mm) was placed
between the bonding surfaces of the parts. Alignment tabs (see
Fig. 1), which were made of the same adherendmaterial and layups,
were also bonded to the adherends with FM73M � lm adhesive. Af-
ter assembly of the details, the part was cured in the autoclave at
121±C (250±F) under the manufacturer’s recommended pressure of
0.28 MPa (40 psi) for 1 h. Finally, the assembly was cut by a water
jet into desired joint dimensions.To protect the specimen from local
damage caused by gripping of the testing machine, 2:54 £ 2:54 cm
end tabs made of copper clad laminate (printed circuit board) were
used.
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For the wavy joint, two special caul plates with the desired wavy
surface were needed to form the specialwavy shape for the compos-
ite adherends. At � rst the two special wavy caul plates were used
to cure the wavy-shaped composite panel. Then they were used as
supports during the bonding cure cycle. Apart from these, the wavy
specimen preparationprocedure is the same as that for the � at joint.
No additional work is needed except for the two wavy forming
plates. Excessive adhesive was carefully removed by a razor blade
after bonding. Extreme care was taken to avoid damage to the com-
posite and to ensure a clean right angle at the joint ends. Figure 4
shows the top and side views of the wavy-lap joint.

All specimens were tested using an 89-kN servohydraulic MTS
testing machine at room temperature. The crosshead-loading rate
was 0.001 mm/s. For each lay-up, specimens tested for the � at
single-lap joint and the wavy-lap jointwere in two and three groups,
respectively.The specimensin each groupwere made from the same
composite panel and were bonded at the same time. For the � at
single-lap joint, one group consisted of 10 specimens, whereas for
the wavy-lap joint, one group consisted of 5 specimens. Figure 5

Table 1 Joint geometrical parameters

Dimension Value

Length of outer adherends L , mm (in.) 101.6 (4)
Horizontal length of wavy overlap l0 , mm (in.) 25.4 (1)
Length of � at overlap l, mm (in.) 27.94 (1.1)
Thickness of adherends ta , mm (in.) 2.0 (0.08)
Thickness of adhesive tg , mm (in.) 0.127 (0.005)
Fillet radius for wavy joint R, mm (in.) 10.16 (0.4)

Table 2 Elastic properties of joint materials

Material Constants

AS4/3501-6 E1 D 148 GPa, E2 D E3 D 10:5 GPa, G12 D G13 D 5:61 GPa,
G23 D 3:17 GPa, º12 D º13 D 0:3, º23 D 0:59

FM73M Eg D 2:2 GPa, ºg D 0:31

Fig. 1 Geometry and dimensions of a single-lap joint.

Fig. 2 Geometry of the preliminary design of wavy joint.

Fig. 3 Geometry and dimensions of the wavy-lap joint.

shows typical load displacement curves for the four different kinds
of specimen. The most important results are that the wavy joints
are much stronger than the conventional joints for both types of ad-
herends and that the wavy joint appears to have the same stiffness
as the conventional joint.

The onset of failure during the experiments was monitored in
situ using a microscope, and failed specimens were inspected us-
ing a high-power microscope. We managed to catch the failure
initiation of all of the single-lap joint specimens and the wavy
joint with [0/90/0/90]2s adherends. The wavy joint specimens with
[90/0/90/0]2s adherendsfailed suddenly. In this case, the locationof
failure initiation was estimated by interpreting the failed specimen
and was con� rmed by analysis.

For the [90/0/90/0]2s adherend, the peak loads for both joints are
listed in Table 3. For the single-lap joints, the average peak load is
4.06 kN. For the wavy-lap joints, all specimens show a signi� cant
increase in strength. The average peak load is about 2.2 times that
of the conventional single-lap joints.

The failure of the � at single-lap joint that initiated at the edge
of the joint is likely due to the highly localized interfacial stresses.
Matrixcrackingoccurred in the 90-deg layers adjacent to the bond-
ing interface at both ends of the joint (see Fig. 6). The matrix crack

Table 3 Test results of [90/0/90/0]2s single-lap and wavy-lap joints

Average, kN

Joint Group 1 Group 2 Group 3 Total

Single lap 3.94 4.07 NA 4.04
Wavy lap 9.46 7.87 8.82 8.65

Fig. 4 Top and side views of the wavy-lap joint specimen.
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a) [90/0/90/0]2s

b) [0/90/0/90]2s

Fig. 5 Typical load-displacement curves.

a) Top view

b) Side view

Fig. 6 Typical failure mode in the [90/0/90/0]2s single-lap joints.

led to delamination between the cracked 90-deg layer and the ad-
jacent 0-deg layer. The extension of this delaminationcrack caused
� nal failure of the joint. This delamination process corresponds to
the sudden load drop in the load displacement curve. Failure in the
wavy joint was also triggered by matrix cracking in the 90-deg lay-
ers bonded to the adhesive layer. Subsequent delamination along
the 90/0 deg interfaces led to the � nal failure. However, the failure
initiation location was not at the joint edges; it took place inside the
curved region of the joint (Fig. 7).

Table 4 Test results of [0/90/0/90]2s single-lap and wavy-lap joint

Average, kN

Joint Group 1 Group 2 Group 3 Total

Single lap 6.56 6.25 NA 6.34
Wavy lap 10.83 10.04 9.10 9.86

a) Top view

b) Side view

Fig. 7 Typical failure mode in the [90/0/90/0]2s wavy-lap joint.

For conventional and wavy joints with [0/90/0/90]2s adherends,
test results are given in Table 4. Note that these joints yieldedhigher
strengths than the respective joints with [90/0/90/0]2s adherends.
The average strength of the wavy joint is more than 1.5 times the
average strength of the conventional joint.

Failure modes in these two types of joints with [0/90/0/90]2s ad-
herends are quite different. Failure in the � at single-lap joint is in
the form of cohesive failure, that is, fracture of the adhesive layer,
which initiated at both edges of the joint. No damage in composite
adherendswas observed. For the wavy-lap joint, failure occurred in
the two adjacent90-deg layers at the midplane of the laminate in the
curved joint region. The matrix crack led to the � rst delamination
along the adjacent 90/0 deg interface, resulting in a sudden load
drop.On increasing the load, anothermatrix cracking took place in-
side the 90-deg layer that is right next to the 0-deg layer adjacent to
the bonding interface.This matrix crack led to anotherdelamination
that caused the � nal joint failure. Figures 8 and 9 show the failed
conventionalsingle-lap and the wavy-lap specimens, respectively.

For comparisons, all test data are summarized and presented in
Fig. 10. The data point indicates the average value of each group.

Analysis of Interfacial Stresses
Analysesof conventionalsingle-lapjoints, loaded in tensionhave

been performed by many authors.4;7 Researchers are still trying to
improve analytical solutions that are more ef� cient in identifying
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a) Top view

b) Side view

Fig. 8 Typical failure mode in the [0/90/0/90]2s single-lap joint.

Fig. 9 Typical failure mode in the [0/90/0/90]2s wavy-lap joint (side
view).

key parameters for design.8 Because of the complex shape of the
new wavy joint, analytical solutions are not readily available. We
resort to the � nite element method for interfacial stress analyses of
both types of joint. Even though the adhesive may yield at some
highly localized stress concentration region, it remains within the
elastic limit in the joint region. Thus, the adherends and adhesive
are considered to be elastic in the analysis of interfacial stresses.

Geometrically nonlinear two-dimensional analyses are per-
formedusing the commercialcodeABAQUS.9 Geometricboundary
conditions include clamping at one end and sliding at the other. The
edge nodes at the sliding side are constrained to have the same
horizontal displacement.A distributed force is applied horizontally
at the sliding end. Plane strain elements CPE4 are used for both
adherend and adhesive. Each lamina of the composite adherend is
modeled by one element in the thickness direction except for the
lamina adjacent to the adhesive layer, which is subdivided into four
elements to obtain more accurate interfacialstresses.Thus, a total of
19 elements are used across the thickness of one adherend. For the
adherends outside the joint region, 200 elements with a bias factor
of 0.46 are employed. Six elements across the thickness of the ad-
hesive layer are used. In an effort to recover traction-freeboundary
conditionsat the joint edges, a very � ne mesh (500 elements) is used
along theoverlap lengthof the joint.Thus, a totalof 29,600elements
are used in this model. Stresses calculatedalong the centerlineof the
adhesive are regarded as the average interfacial stress values over

a) [90/0/90/0]2s

b) [0/90/0/90]2s

Fig. 10 Comparison of strengths of conventional and wavy lap joints.

a) [90/0/90/0]2s

b) [0/90/0/90]2s

Fig. 11 Interfacial stress distributions in single-lap joints at a tensile
load of 3.6 kN.

the thickness of the bond line. To account for the varying � ber ori-
entationof the wavy joint and possible large de� ections/rotationsof
the joints, the ORIENTATION parameter provided by ABAQUS is
employed. Thus, the material properties of each element vary with
the rotation and deformation of each element.

For the analysisof the conventionalsingle-lap joint, a total tensile
force of 3.6 kN is applied.For the wavy lap joint, the applied tensile
load is 12.0 kN. The interfacial stress distributions for both types
of joints are shown in Figs. 11 and 12, respectively. The stresses
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shown in Fig. 12 are normal and shear stresses with respect to the
curved bonding interface. It is evident that the adherend stacking
sequencedoes nothave any appreciablein� uenceon the distribution
of interfacial stresses. However, there are substantial differences
between the new and conventional joints.

The well-known characteristicsof interfacial stresses in the con-
ventional single-lap joint are clearly shown in Fig. 11. Both inter-
facial normal and shear stresses are highly localized near the joint
ends. Moreover, the interfacial normal stress is tensile and singular.
This explains why the [0/90/0/90]2s single-lap joint suffered cohe-
sive failure and why matrix cracks initiate from both ends of the
[90/0/90/0]2s single-lap joint.

For the wavy-lap joint, the interfacial stress distributions are to-
tally different from those of the � at single-lap joint. The most dis-

a) [0/90/0/90]2s

b) [90/0/90/0]2s

Fig. 12 Interfacial stress distributions in wavy-lap joints at a tensile
load of 12 kN.

Fig. 13 Shear stress-strain curve of the FM73M � lm adhesive at room temperature (24±C).

tinct feature is that the interfacial normal stress at the joint end is
compressive. Although in the central region of the joint there are
tensile interfacialnormalstresses, theyare relativelylow and aredis-
tributed more evenly. From Fig. 12, note that most of the shear load
is transferred through the middle part of the joint. This is another
improvement over the � at single-lap joint.

Analysis of Failure Modes
Failure modes of conventional single-lap joint have been very

well characterized by many researchers and will not be reiterated.1

To provide reasonable explanations for failure modes in the new
wavy joint, � nite element analyses (FEA) that account for the adhe-
sive plasticity are performed. The FEA model uses a global– local
scheme, in which the global model covers the whole joint, whereas
the localmodel is con� ned near the joiningregionwhere a � ne mesh
is used.9

Most polymeric materials, such as the FM73M adhesive used
here, are highly nonlinear. They may also exhibit different yield
stresses in tension and compression.10 The shear stress–strain curve
of the FM73M � lm adhesive at room temperature (24±C) provided
by the manufacturer is shown in Fig. 13. By assuming the � lm ad-
hesive as a J2 elastic–plastic material, the effective stress–effective
plastic strain curve can be derived from the shear stress–strain
curve in Fig. 13. With this and the elastic moduli given in Table 2,
the uniaxial stress–strain curve for the adhesive is obtained and
used in the FEA with the ABAQUS code to analyze the interfacial
stresses of the joints. Figure 14 shows the comparison of interfacial
stresses obtained from the elastic and elastic–plastic analyses for
the [90/0/90/0]2s wavy-lap joint. It is evident that the differences
are very small. Thus, comparison of the elastic interfacial stresses
in the foregoing section is valid.

The maximum stress failure criterion is employed for the failure
analysis of the AS4/3501-6 composite adherends. The tensile and
compressive strengths along and perpendicular to the � ber direc-
tion are X t D 2280 MPa and X c D 1440 MPa and Yt D 57 MPa
and Yc D 228 MPa, respectively. The shear strength in the 1–2
plane is S D 71 MPa (Ref. 11). Failure of the composite material
is indicated by the parameter de� ned as MSTRS D max.¾11=X;
¾22=Y; j¾12=Sj/. If ¾11 > 0, then X D X t is selected; otherwise,
X D X c. Similarly, if ¾22 > 0, Y D Yt ; otherwise, Y D Yc . The com-
posite fails if MSTRS ¸ 1:0. The applied load is the average failure
load of each respective joint.

For the wavy-lap joints with the two laminate adherends, failure
was observed to initiate in the composite adherends but at different
locations. Contours of MSTRS, which are not shown here, predict
the failure initiation sites observed in Figs. 7 and 9. Speci� cally,
for the [0/90/0/90]2s wavy-lap joint, matrix cracking occurred in
the lamina that consisted of two 90-deg plies. The maximum value
of MSTRS shown in Fig. 15 seems to coincide with the observed
failure location.Note that the maximum value of MSTRS is greater
than 1, indicating failure under the applied load.
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a) Shear stress

b) Peel stress

Fig. 14 Interfacial stress comparisonof elastic and elastic–plastic anal-
yses for the [90/0/90/0]2s wavy joint at the tensile failure load of 8.65 kN.

a)

b)

Fig. 15 Distribution of MSTRS value in the wavy-lap joint a) in the
lamina that consists of two 90-deg plies in the [0/90/0/90]2s laminate
adherend and b) in the 90-deg lamina adjacent to the adhesive in the
[90/0/90/0]2s laminate adherend.

For the wavy-lap joint with [90/0/90/0]2s adherends, the maxi-
mum MSTRS value occurs in the 90-deg lamina adjacent to the
adhesive layer. The distribution of MSTRS in this lamina is shown
in Fig. 15. The maximum value is equal to 1 and occurs in a region
that is approximatelythe same as the failure site indicatedby Fig. 7.

Summary
It has been demonstrated that the new wavy-lap joint is much

stronger than the conventional single-lap joint. From the experi-
ments and analyses, the following conclusionshave been obtained.

1) The new wavy joint design can provide a joint strength several
times that of the conventionalsingle-lap joint. This increase in joint
strengthdependson the stackingsequenceof the compositelaminate
adherend.

2) In contrast to the conventional single-lap joint, which suffers
singular tensile peel stress at both joint ends, the interfacial normal
stress in the new wavy-lap joint is compressive near the joint ends.

3) Even though there are positive interfacial normal stresses in
the central portion of the wavy-lap joint, the values are relatively
small and would not initiate failure.

4) In contrast to the conventional single-lap joint in which the
interfacial shear stress vanishes in the central portion of the joint,
relatively large interfacial shear stresses are present in the central
region of the wavy-lap joint. This means that load transfer in the
wavy joint is more ef� cient.

5) Failure in the composite adherends in the wavy joint can be
predicted by the maximum stress criterion.
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