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Ultimate Tensile Stress over a Zone: A
New Failure Criterion for Adhesive Joints

J. D. CLARK and I. J. MCGREGOR

Alcan International Ltd., Banbury Laboratory, Southam Rd., Banbury,
Oxon, OX16 7SP, United Kingdom

(Received November 10, 1992; in final form March 24, 1993)

The objective of this work was to develop a criterion for predicting the static strength of adhesively-
bonded joints. Although there is a large body of literature on this subject, no satisfactory criterion has
been proposed in any publication to date. To obtain a criterion, finite element models of widely differing
joint geometries were developed, in which the stresses in the adhesive bonds were calculated in great
detail. These were then compared with test measurements. After examining two toughened epoxy adhe-
sives, the authors have developed a failure criterion that predicts failure loads to within approximately
15% of measured values. This is: that the maximum principal stress must exceed the ultimate tensile
stress of the adhesive material over a finite zone normal to the direction of maximum principal stress.
The size of this zone is a property of the adhesive that can be determined from a combination of analysis
and test.

KEY WORDS adhesive; strength; failure criterion; finite element; double strap joint; single-lap joint;
T-peel joint; rubber-toughened epoxy adhesives; locus of failure.

1. INTRODUCTION

The purpose of this paper is to report the first successful prediction of the static
strength of stressed adhesive bonds in different joint geometries, using a single fail-
ure criterion. A literature survey is presented showing that no other single method
has been able to predict the failure loads in such a variety of joints.

The criterion presented here is that the ultimate tensile stress (UTS) of the adhe-
sive material must be exceeded not just at a point, but over a zone of finite size,
and that the zone size is independent of joint geometry. The zone over which the
maximum principal stress exceeds the UTS will be referred to as the UTS zone. The
criterion has been developed for cohesive failure in the adhesive of bonded joints.

It is shown that this is the case for three joints-—single-lap, double strap and
T-peel (also sometimes called a coach joint), using two different single-part, rubber-
toughened epoxy adhesives which contain inorganic filler particles. Examples of
these joints are shown in Figures 1 to 3.

The approach taken was to construct detailed finite element models of the joints
and to compare the stress patterns in the adhesive with measured failure loads. By
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FIGURE 1 The double strap joint studied in this work.
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detailed examination of the stresses in the joints it has been possible to determine
the failure criterion.

The literature on the stress analysis of adhesives is considerable, and spans some
fifty-five years. The first analysis was performed by Volkersen,' who was actually
interested in the analysis of the stresses experienced by a row of rivets in a lap joint.
This problem was too difficult to solve in the pre-computer age. As an approxima-
tion, he solved the problem of a bonded lap joint, and qualitatively extrapolated
the result to a riveted joint. The results of Volkersen’s analysis showed that the
shear stress in a bond is distributed non-uniformly, with sharp peaks at the ends of
the bondline.

However, Volkersen’s analysis did not allow for rotational effects within the joint.
There are bending moments present, which cause the rotation shown in Figure 4.
These moments were first analyzed by Goland and Reissner.? In fact, these authors
made a minor algebraic error, which was not present in the similar analysis by
Sneddon.? In single-lap joints, the rotation effect shown in Figure 4 is well known;
it is less well known that similar effects occur in double-lap joints. Tensile stresses
were thus shown to be very important even in joints loaded in shear.

These authors all took a closed-form continuum approach to their analysis. This
method has been taken to its limit by Hart-Smith, who has analyzed single-lap
joints,* scarf and stepped-lap joints,> double-lap joints,® and bonded composites.”
He takes full account of the various bending moments and, for the first time, of plas-
ticity in the adhesive material. He does not account for through-thickness variation
in the adhesive stresses, nor does he actually postulate a failure criterion. Rather,
his very informative inferences on this subject are qualitative. This author reviews
his own work in Reference 8.

The omissions made by Hart-Smith have been forced upon him by the closed-
form approach. The only practical way to progress beyond these limits is by some
form of numerical analysis. Although the boundary element method has been tried,’
the most appropriate numerical technique for this purpose is the finite element
method.!® The most eminent exponent of such analysis is Adams who, with various
co-workers, has published many papers on the subject, and one book."

The first major innovation of these authors was to include a spew fillet in their
analysis.'2 This fillet consists of the adhesive squeezed out of the ends of joints as the

FIGURE 4 Local bending and rotation of a single-lap joint (exaggerated).
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bond is made and is present in all joints; see, for example, Figure 2. The presence of
this fillet radically alters the stress pattern at the ends of the bondline. The discovery
of this fact was a major contribution to the subject.

These authors subsequently extended their work to include material non-linearity
in the adhesive, pointing out that the yield criterion is that of Raghava et al., " rather
than that of von Mises,' and to include significant adherend yielding.'>'¢

Another major innovation of this group was to consider variations in the stresses
through the bondline thickness.'” In all this work, these authors assume that the
bond fails when either a peak principal stress or a peak principal strain is reached
at some point in the adhesive. In fact, their calculated values for these peaks cannot
be reproduced and, if solved correctly (i.e. with adequately dense meshes), the
models of Adams et al. up to 1981 predict that the peak stress is infinite.

Adams and Harris'® remove this singularity by radiusing the adherend corner en-
cased in the spew fillet. The magnitude of the radius is then predicted to affect the
value of the peak stresses found in the adhesive and, hence, the failure load. These
authors find a peak in the strain energy density, and hence shear stress, slightly
away from the interface. Clark" finds a peak in the shear stress actually on the
interface, using extremely detailed finite element models. Thus, while the work of
the Adams school has not yet reached the stage of quantitative joint strength predic-
tion, it has taught us much about the nature of stresses in bonded joints.

One other group of authors, Czarnocki and Piekarski,? claim to be able to predict
lap joint failure by considering peak values of stresses in the adhesive. Whilst heavily
influenced by the Adams school, these authors assume that the key parameter is
the peak value of the strain energy density, not the principal stresses. Neither these
authors nor Adams et al. extrapolate their predictions of failure from one joint
geometry to any other.

Taking a rather different approach, Crocombe?' postulates that a lap joint fails
when the adhesive has yielded right through the thickness of the joint. He is pri-
marily interested in very ductile adhesives that show little or no work hardening.
Neither assumption is valid for the rubber-toughened epoxy materials that are suit-
able for bonding vehicle structures. However, this is the first published sugges-
tion that one should think in terms of failure over a zone rather than at a point.
Crocombe is unable to make his failure criterion work in other than lap joints.

It is shown in the present work that these difficulties can be resolved by postu-
lating that the ultimate tensile stress of the toughened epoxies examined must be ex-
ceeded over a finite zone. For these adhesive materials, it is then possible to predict
the static strength of the bond in a variety of joint geometries.

For reasons of commercial confidentiality, the two adhesive materials examined
will be referred to as adhesives A and B. The adhesives have been developed for
Alcan International Ltd. as part of their Aluminium Vehicle Technology?*?* which
aims towards the development of adhesively-bonded aluminium automotive struc-
tures.?*? They are single-part epoxies with second-phase rubber toughening agents
and brittle inorganic filler particles. These adhesives have been used by Alcan to
bond 5000 and 6000 series aluminium alloys that have been pretreated with a pro-
prietary pretreatment.
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2. MODELLING OF BONDED JOINTS

Three different joint geometries were used for the validation of the new failure cri-
terion. These included a double strap joint, single-lap joint and T-peel joint. The
corresponding finite element models are shown in Figures 5 to 7. In each case, the
finite element model was given the dimensions shown in Figures 1-3, respectively.
Each of these models uses the ANSYS® finite element program, and requires non-
linear material properties to be used. Special subroutines have also been added to
versions 4.3 and 4.4 of ANSYS to incorporate the Raghava yield criterion. Although
we have used very refined models in this work in order to study in great detail the
development of the stresses in the adhesive, in practice models with a slightly less
refined mesh may be used to predict the joint strength. Checks should be made to
ensure that the mesh refinement is sufficient to produce adequate convergence of
the analysis.

Each of the different joint models is now discussed, as well as the different ap-
proaches used for modelling the adhesive stress-strain curve. All failure strengths

Bondline
Detail

Plane of

Plane of

FIGURE 5 The finite element model of the double strap joint used in this work.

Bondline
Detail

FIGURE 6 The finite element model of the single-lap joint used in this work.



13:32 22 January 2011

Downl oaded At:

232 J. D. CLARK AND 1. J. MCGREGOR

Bondline
Detail

Plane of
Symmetry

FIGURE 7 The finite element model of the T-peel joint used in this work.

will be quoted in N mm ™!, which is the force required to break a unit depth (normal
to the plane modelled) of the joint. The strengths of the joints were measured by
pulling them in a tensile testing machine at a cross-head speed of 2 mm min~'.

2.1 Modelling of the Stress-Strain Curves of Adhesives

Figure 8 shows the modelled tensile stress-strain curves for the two adhesives used
in this study. These properties were obtained from tensile tests of bulk adhesive
specimens, using a standard tensile testing machine. The casting of the cylindrical
adhesive test specimens required some care to avoid over-curing in the centre due
to the large exotherm generated during cure. This was achieved by using a large
metallic mould which was cooled during the casting. In the finite element analysis,
both bi-linear and pentalinear fits were used in the modelling of these curves. As
may be seen in Figure 8, the stress-strain curves of the adhesives were extended
beyond the UTS to enable the finite element code to model the material response
in the UTS zone. At present we have not investigated the influence of the way this
extension is modelled on the predicted joint strength.

The use of the von Mises and the Raghava yield criteria has been investigated
and is discussed in detail later. Non-linear properties of the aluminium were also
included in the modelling, and typical engineering strength properties for the alloys
used in the study are given in Table I.

An important aspect of the modelling of the adhesive in this work was that it was
modelled in plane strain, with the aluminium adherends modelled in plane stress.
The difference in the modulus of the aluminium, compared with the adhesive, re-
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FIGURE 8 Modelled adhesive stress-strain curves.

TABLE 1
Aluminium alloy mechanical properties
Elastic 0.2% Proof Elongation

modulus Poisson’s stress UTS (50 mm

Material (MPa) ratio (MPa) (MPa) gauge)
AA5754-O 70000 0.33 100 220 23
AAS5251-H3 70000 0.33 160 220 12
AA6082-T6 70000 0.33 240 295 8

sults in the adhesive being constrained in a triaxial state of stress. An approximate
way to model this is to model the adhesive in plane strain."'

2.2 Finite Element Models of Joints

Figure 5 shows the double strap joint model, which allows for a corner radius to be
placed on the outer adherend. It will be shown that this radius does not affect the
predicted failure load when using the new failure criterion, so that it need not be
included in the single-lap joint model. The use of symmetry was employed in all the
models to minimise the model size.
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Figure 6 shows the single-lap joint model. The aluminium was modelled as
AAS5251-H3 material by using a pentalinear material representation. Large dis-
placement analysis and stress stiffening were also included, due to the very localised
bending which takes place at the ends of the overlap.

Figure 7 shows the T-peel joint model. The aluminium material in the forming
radius of this joint was modelled with increased strength properties to simulate the
work-hardening of the material during bending of the radius.

In assessing the accuracy of a failure criterion, the ability to predict the location
of failure as well as the load at failure is important. It is also the case that a failure
criterion which correctly captures the mechanisms responsible for failure will be in-
dependent of the geometry of the specimen. With these points in mind, therefore,
it is appropriate to examine the predictive capability of the failure criterion that is
currently the most commonly used for bonded joints—UTS at a point.

2.3 Ultimate-Tensile-Stress-at-a-Point as a Failure Criterion

As mentioned in the Introduction, there is evidence in the literature that the corner
radius of the adherend embedded in the spew fillet affects the failure load of lap
joints.'® Measurements of this radius in the double strap joints, shown in Figure 1,
suggest that (a) this radius is not constant, and (b) its value lies between 3 and 15
microns. According to Adams and Harris (op cit.), the peak stress in the adhesive
varies as the logarithm of the radius. We have found no corresponding variability
in joint strength in our tests on this joint geometry. Therefore, a failure criterion
for this joint should predict that this corner radius does not affect the failure load.

Single-lap joints may break as shown in Figure 9, leaving a tab of adhesive on the
adjacent surface of the second adherend. The exact location of failure will depend
on the amount of local bending of the adherends. If peak stress at a point is used
as the failure criterion, failure is predicted to initiate at the adherend corner, as
shown in Figure 10. This is not observed in the experimental results, which give a
failure in the main body of the fillet as shown in Figure 9. Comparison of the UTS
of adhesive A with the stresses in the joint shown in Figure 10 implies that, if the
failure criterion is that the UTS must not be exceeded at any point in the adhesive,

|

FIGURE 9 Typical failure mode of single-lap joints.
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FIGURE 10 Maximum principal stresses in a single-lap joint.

!, compared with the observed failure load

the failure load predicted is 177 Nmm "~
of 320 Nmm .

We have observed, therefore, that using the ultimate tensile stress at a point (a)
predicts adherend corner radius effects that are not observed; (b) predicts the wrong
locus of failure in single-lap joints; and (c) seriously under-predicts the failure load
of single-lap joints.

Using the UTS-at-a-point criterion for adhesive A predicts a failure load of 500
Nmm ! for a double strap joint with a 10 micron corner radius, compared with the
experimentally-measured value of 740 Nmm~'. We are forced to conclude that this

failure criterion is profoundly inadequate.

3. A NEW FAILURE CRITERION: “ULTIMATE TENSILE STRESS OVER A ZONE"

In this section, the “UTS over a zone” failure criterion is discussed in detail, and
a comparison made between the predicted and measured failure loads for several
different joint geometries and two different adhesives. As will be demonstrated,
the new failure criterion proposed is that the joint will fail if the maximum principal
stress (o) exceeds the ultimate tensile stress of the adhesive over a finite zone. The
size of the zone is measured perpendicular to the maximum principal stress.

3.1 Determination of the Zone Size

The size of the UTS zone for an adhesive is obtained from a combination of experi-
ment and analysis. Figure 11(a) shows the failure mode of a 5 mm overlap single-
lap joint using adhesive B. The general geometry of the joint was as shown in Figure
2 with a 45° fillet. Finite element modelling of this joint, using the adhesive stress-
strain curve in Figure 8, was conducted.

Figure 11(b) gives the predicted maximum principal stress distribution in the ad-
hesive at the measured failure load of the specimen. The direction of the maximum
principal stress is also given. In all the joints examined by us, the direction of the
maximum principal stress varied only slightly in the region of interest. It was, there-
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FIGURE 11(a) Failure mode of a single-lap joint (adhesive B).
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FIGURE 11(b) Predicted adhesive maximum principal stress (o) distribution at the failure load of a
single-lap joint.

fore, considered to be acceptable to average the direction of principal stress to
determine the zone size. The zone of the adhesive with stresses above the adhesive
UTS is shaded. Since it is postulated that the critical zone size should be measured
perpendicular to the maximum principal stress, the predicted zone size for failure
of adhesive B is 1.0 mm as obtained directly from Figure 11(b).

By comparing Figures 11(a) and 11(b), it is seen that the predicted location of
failure using this new criterion is in very good agreement with the experimentally-
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observed location. It was also found that the average size of the tab of adhesive left
on the adherend of the test specimen was close to 1 mm. This provided very good
evidence for the existence of a UTS zone and gave a very good correlation between
predicted zone size and measured size.

From Figure 11(b) it may be seen that at the corner of the adherend a small
second zone of adhesive is stressed above the UTS. This second zone generally
grows at a much slower rate than the failure zone at the end of the fillet, where
failure is predicted to occur eventually.

3.2 Prediction of Failure Using “UTS over a Zone Criterion”

In order to check the prediction of the static strength of single-lap joints using a
zone size of 1.0 mm for adhesive B, a prediction of the strength of a 10 mm overlap
joint was conducted and was within 5% of the experimentally-measured strength.
The zone size was then used in the prediction of the strength of T-peel joints also
bonded with adhesive B.

Figure 12(a) compares a failed T-peel joint in the area of the fillet with the pre-
dicted maximum principal stress distribution (Figure 12 (b)) using the 1.0 mm zone
size. The correlation between the measured and predicted static strength is within
5.2%. It is clear from Figures 12(a) and (b) that the “UTS over a zone” criterion
is able to predict the position of the region of the bondline in which failure occurs.
In the T-peel joint in Figure 12(a), the crack location is seen to be in the front of
the fillet, in the adhesive. From here it runs along the aluminium forming radius
close to the interface into the bondline. The predicted location of failure using the
“UTS over a zone” criterion is very close to the observed location.

These examples provide evidence of the capability of the “UTS over a zone”
criterion to predict the location of failure for several different types of joint geom-
etry. This is combined with a high accuracy in the prediction of the magnitude of
the failure loads.

The “UTS over a zone’ criterion has also been used with adhesive A. For this
adhesive the UTS zone size was determined as 0.68 mm. Table II compares the pre-
dicted and the experimentally-measured values for the static strength of single-lap,
double strap and T-peel joints. It is seen that the criterion is able to predict within
5% for all of the different joint geometries.

The influence of adherend radius on the strength of lap joints has been discussed
previously. Although the use of a criterion based on stress at a point would suggest
that the strength of lap joints is controlled by the size of the radius, experimental
results suggest that this is not the case. However, using the new “UTS over a zone”
criterion, it is shown in Figures 13(a) and (b) that the size of the UTS zone in a
double strap joint is not influenced by the presence of a radius at the corner of the
adherend. This would, therefore, correlate with the observed results from experi-
ment and predict no influence of corner radius on the failure load of lap joints.

These results demonstrate the ability of the “UTS over a zone” failure criterion
to address all of the problems associated with the use of a criterion based on stress
at a point. The “UTS over a zone” criterion has been able to correctly predict the
influence of adherend corner radius on the strength of lap joints, as well as to predict
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FIGURE 12 (a) Failure mode of T-peel joint (adhesive B).
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FIGURE 12(b) Predicted failure load and maximum principal stress (o) distribution for the T-peel

joint (adhesive B).
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TABLE II
Prediction of strength for various joint geometries
(Adhesive A)

Joint strength (N/mm)

Prediction
Joint geometry (0.68 mm zone) Experimental value
Single-lap Calibration 320
Double strap 701 740
T-peel 123.7 123

ALUMINIUM

o,

T

UTS Zone Size
0.52mm

FIGURE 13(a) Zone size in partially-loaded double strap joint without corner radius.

ALUMINIUM

70
\ ol

UTS Zone Size
0.52mm

FIGURE 13(b) Zone size in double strap joint with 29 micron corner radius at same applied load as
Figure 13(a).
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accurately the location of failure and the magnitude of the failure load for a variety
of joint geometries for two different adhesives.

3.3 Use of the New Criterion in Joint Design

This criterion has been used to investigate the influence of various manufacturing
parameters as part of the development of a joint design procedure for bonded alu-
minium structures.?’-?® In automotive structures, the most common form of joint is
a peel joint, as a result of the requirement to obtain access to the flanges of the joints
for spot-welding. This is also true of weld-bonded automotive structures where the
spot-welds are used to hold the assembly together prior to final cure of the adhesive.
It has been established that the size of the adhesive fillet is the most important
parameter influencing the strength of T-peel joints.?” The definition of fillet size in
T-peel joints is explained in Figure 14. The size of the fillets in real joints is measured
directly from a shadow graph image of the fillet region.

Figure 15 compares the predicted influence of the size of the adhesive fillet with
the measured values for the static strength of bonded T-peel joints using adhesive
B. The prediction of the failure load is compared for two different zone sizes and
for a criterion based on UTS at a point. It is observed that the size of the zone has
very little influence on the prediction at larger fillet sizes, but a very marked influ-
ence at smaller fillet sizes. Improved correlation is obtained at smaller fillet sizes
with a larger zone size. This is important for design, since a small fillet will often be
assumed for the purpose of producing a conservative prediction of joint strength.

N Adhesive ]
[ Aluminium Gauge

External Forming Radius Ro

X
Fillet Size = ( z= ) + 100%

FIGURE 14 Definition of fillet size in a T-peel joint.
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FIGURE 15 Prediction of the influence of fillet size on T-peel static strength (adhesive B).

Figure 15 shows that the 1.0 mm zone size determined for adhesive B gives a good
correlation over the full range of fillet sizes. It is apparent, however, that using a
criterion based on UTS at a point produces a significant under-prediction of strength
for joints with small fillet sizes.

One design variable which is often determined from considerations other than
joint strength, such as structural stiffness, is the gauge of the material to be joined.
Figure 16 shows the correlation between the experimentally-measured influence of
gauge on the static strength of T-peel joints and the predicted influence using a 1.0
mm zone size for adhesive B. It is seen that a good correlation between measured
and predicted values is obtained. Figure 17 compares the predicted influence of
forming radius on T-peel joint strength with the experimentally measured influence.
Correlation within 15% is obtained with a slightly conservative prediction.

We have seen, therefore, that the “UTS over a zone” failure criterion is able to
predict the influence of joint design parameters on joint strength to within 15% of
the experimentally-measured values.

4. DISCUSSION

Various modelling fits to the adhesive stress-strain curve for adhesive A, shown
in Figure 8, have been examined. The double strap joint model was used for the
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FIGURE 16 Prediction of influence of adherend gauge on T-peel static strength (adhesive B).

cases of: (a) pentalinear fit with von Mises’ yield criterion; (b) bilinear fit with von
Mises’ yield criterion; and (c) bilinear fit with Raghava yield criterion. For the
Raghava yield criterion the ratio of compressive to tensile yield stress was set at 1.2.
In reality it is almost impossible to tell where reversible creep ends and irreversible
yield begins in these materials, so that the value of the compressive-to-tensile yield
stresses is unknown.

The results from the analyses showed that virtually the same UTS zone size was
obtained whichever material fit and yield criterion was used. This suggested that
the predicted failure load was not significantly dependent on the way in which the
material was modelled. As already mentioned, however, the influence of the way
in which the material curve is modelled beyond the UTS value has not been studied,
and this is a topic for future research.

All the models used were two-dimensional. We have examined a fully three-
dimensional model of a T-peel joint, and found that the approximation that the
aluminium is in plane stress, but the adhesive is plane strain, gives very good corre-
lation with a two-dimensional model, except in perhaps the 10% of the joint clos-
est to the free edge. The characteristic length of the zone size postulated here is a
linear length measured perpendicular to the maximum principal stress direction.
Therefore, the criterion does not depend on predicting an area or volume, but is
based on establishing a zone, with the major dimension at least equal to the UTS
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FIGURE 17 Prediction of influence of adherend forming radius on T-peel static strength (adhesive B).

zone size measured for the adhesive. We, therefore, regard two-dimensional models
as an adequate approximation in the prediction of joint strengths.

The criterion cannot be determined from a uniform tensile specimen alone be-
cause, below the UTS of the adhesive, the UTS zone size is zero. At the UTS, the
zone size is the same as the cross-section of the specimen, regardless of specimen
size. Such a specimen tells us which stress to use, but not which zone size. It is no
doubt possible to design a non-uniform tensile specimen, from which the UTS zone
size could be determined by mathematical modelling. However, the practical diffi-
culty of making cast epoxy specimens is such that it is easier to make bonded test
joints.

The authors conjecture that the criterion proposed here could have a basis in
fracture mechanics. However, one of the objectives of this work was to develop a
failure criterion which would avoid the need to model cracks in adhesive joints. The
problem of where to put cracks whose location is not known a priori is thus avoided.
It would be interesting as a future study to compare the size of the UTS zone pro-
posed here with the critical flaw size of the adhesive materials.

Although we have expressed our criterion based on stress, it would be interesting
to consider a similar approach based on strain. This is also a topic for further
research.
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5. CONCLUSIONS

A failure criterion has been developed for adhesive joints bonded with single-part,
filled, rubber-toughened epoxy adhesives. For the first time, this single criterion suc-
cessfully predicts the failure load in widely differing joint geometries.

The criterion is that the maximum principal stress must exceed the ultimate tensile
stress of the adhesive material over a finite zone. The size of this zone in the direc-
tion normal to the maximum principal stress is a property of the adhesive deter-
mined from analysis and test. This criterion predicts failure loads in different joint
geometries to within typically 5% of the experimentally-measured strengths. When
the criterion is used to predict the influence of joint design parameters on joint
strength, the criterion predicted within 15% of the experimentally-measured values
for a wide range of parameters from a large number of experimental tests.

The criterion also successfully predicts the locus of adhesive failure in a variety
of very different joint geometries, and that the adherend corner radius in lap joints
should not influence joint strength, as observed from experiment.

Although the strengths of the new criterion have been demonstrated, further
work is desirable to establish the mechanism responsible for failure of the adhesive
material.
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