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The paper deals with methodology of prediction of adhesive bonded joints strength. Problematics of adhesive bon-
ded joints is a very complex task. There are several different (different precision and different complexity) mathe-
matical models of adhesive bonded joints, which attempts to describe the real behavior of adhesive and adhesive
bonded joints during load as accurately as possible. This article presents a comprehensive overview of what to take
into account and how to proceed with designing/controlling the strength of adhesive bonded joints. Mathematical
models are supplemented by material data from experimental tests. The proposed methodology takes into account
both adhesive and cohesive properties (material of bonded parts, surface treatment of bonded material, type of
adhesive, thickness of adhesive, bonding technology, loading modes etc.). Methodology "how to proceed" is
described in detail and is complemented with a flowchart.
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1 Introduction

Adhesive bonded joints can be despised. For some pe-
ople they may be untrustworthy as they considere them
"weak" and can not replace conventional bonding met-
hod, such as welding, screw and rivet joints etc. However,
not all materials can be welded, and for some materials
adhesive bonding may be more advantageous than other
bonding methods.

Adhesives have made great progress, high strength
adhesives are produced. In some cases adhesive bonded
joints may be stronger than bonded material. A typical
example of this phenomenon may be polymeric materials.
Especially for polymer fiber composite materials this is
the most common bonding method. Composite materials
are, more than other materials, prone to stress concentra-
tors such as holes for bolts and rivets etc. [8], [9], [10].
Composite materials and thus also adhesive bonded joints
are increasingly used in the aerospace industry and in
sports and luxury cars. They have an important represen-
tation in these industries, for their strength, rigidity and
weight ratio.

Though adhesive bonding may seem like a trivial mat-
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Fig. 1 a) Principle of a bonded joint [15]

b) Cohesive damage

ter, it is not easy to describe precisely the material prope-
rties of the adhesive bonding and great caution and preci-
sion must be taken when making the bonding.

The content of this article is the presentation of met-
hodology of prediction of adhesive bonded joints strength
(composite materials with metals) when designing their
design based on experimental tests and numerical simu-
lations.

2 Adhesive Bond

The adhesive bonded joint is dismountable bond of
the components (of the same or different materials) that
is created by using the additional material — adhesive.
Each bonded material has its own specific properties and
therefore there do not exist universal adhesive (we un-
derstand it as a universal adhesive that would be suitable
for all applications and materials). According to the bon-
ded material a suitable adhesive is selected to make the
joint quality, consistent and durable. The strength of ad-
hesive bonded joints is depend for surface treatment of
bonded material, which is carried out by means of diffe-
rent cleaners, chemical treatments or mechanical roughe-
ning.

¢) Adhesive damage of adhesive bonded joints
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Adhesive bonded joint is based on interaction of ad-
hesion and cohesion (see Fig.1a)). The forces that ensure
adhesiveness of bonded material and glue are called ad-
hesion. Own coherence of cured adhesive is called cohe-
sion. The advantages of adhesive bonds are that they have
not Heat-affected zone (such as welding, [4], [5]) and
they do not need to drill holes (stress concentrators) as
bolted joints and riveted joints [6]. Figure 1b)-c) shown 2
modes of damage.

Adhesive bonded joints can be stressed by different
modes of load. In general, adhesive bonded joints have
high shear and pressure strength even under dynamic
load. In case of low-cycle and high-cycle fatigue, adhe-
sive bonded joints overcome weld joints. Conversely, ad-
hesive bonded joints are less durable to peeling and ben-
ding load. It is therefore appropriate to modify the design

" design and manufacturing of
I test specimens
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of bonded joints, so that the joint is loaded by shear (if it
is possible).

Adbhesive properties

The overall quality of the adhesive bond is influenced
by many factors. To the most significant ones belong: the
material of adhesive components, the surface treatment of
adhesive areas, the quality of degreasing of adhesive
areas. (These factors were examined [1]). Another, but
no less important, factors are the type of adhesive, the
thickness of adhesive layer, the technology of adhesion,
etc. The paper [1] and diploma thesis [3] were focused on
adhesion properties, specifically on influence material of
adhesive components and the surface treatment of adhe-
sive areas. Figure 2 shows a schematic representation a
process obtaining adhesive parameters.
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Fig. 2 Example of procedure for determining adhesive properties (for different materials)

Cohesive properties

There are three independent fracture modes, the crack
opening mode (Mode I) is regarded as more important
than the in-plane shear mode (Mode II) and out-plane
shear mode (Mode III) because the Mode I fracture tou-
ghness is usually smaller than those of Mode II and Mode
IIT and so the fracture is easily initiated and propagated
under the Mode I loading condition. There is also a com-
bination of these modes called ‘Mixed-mode’. The indi-
vidual modes of crack opening are shown in Figure 3.
Particular cohesive models are given in [1], [2], [3], [11].
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Figure 4 shows a schematic representation a process ob-
taining cohesive parameters.
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Fig. 3 The crack opening modes a) Mode I (opening), b)
Mode II (in-plane shear),; c) Mode Il (out-plane shear)

e e

Fig. 4 Example of procedure for determining cohesive parameters (for Mode I - DCB test)

3 Methodology of Prediction of Adhesive Bond
Strength

This methodology is based on the fact that the geome-
try and material of both bonded parts is usually an input

for the adhesive bonded joint design. Figure 5 shows the
detailed schematic representation of the methodology
using a flowchart. First of all, it is always necessary to
compile the detailed requirements specification according
to the input data (in cooperation with the client).
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The next step in designing an adhesive bonded joint is
to obtain the necessary mechanical properties of the bon-
ded materials. (E, G, v etc.). Ideally, experimental mea-
surements are performed. Several possible surface tre-
atments can then be proposed. It is important to ensure
good adhesion of the adhesive (adhesive properties), but
also whether or not some degree of corrosion protection
is required.

Based on the properties of bonded materials and spe-
cification of requirements, a suitable adhesive can be se-
lected from datasheets (on the basis of recommendations
by the manufacturer or on the basis of previous experi-
ence). All necessary parameters of the adhesive are not
usually listed in the datasheet. Therefore, experimental
testing is required to determine the mechanical properties
of the adhesive. For the complete design/verification of
the strength of the adhesive bonded joint, it is necessary
to determine the cohesive and adhesive properties of the
adhesive.

Determination of strength in terms of cohesion

Before determining the necessary cohesive properties
of the adhesive, it is appropriate to determine how the part
is loaded. (Mode I, II, III or mix mode). When we know
the load mode, we select the corresponding standardized
test(s). (for mode I it is DCB test according to ASTM
D5528-01 [12], for mode 1II it is ENF test according to
ASTM D7905 [13], etc. Often it is necessary to find at
least all of 3 basic modes. A larger number of test speci-
mens [7] must be produced for experimental testing. Ex-
perimental testing is mostly performed on a static mate-
rials testing machine.

From the experimental testing we usually get charts
F-Al. We process the measured data and filter out poor
data (e.g. specimens for which cavities were found, etc.).
But we need to determine the values kx and Gxc for each
mode of damage (kx is the stiffness of adhesive layer;
Gxc is the critical value of the strain energy release for
Mode X). One way to get the required parameters is to
create a numerical simulation (with cohesive elements /
with cohesive contact), which coincides with the experi-
ment and after several iterations (by changing the input
simulation data) to achieve the conformity of numerical
simulation and experimental tests (chart overlay). If we
get a good conformity between charts, we get the ne-
cessary parameters from the numerical simulation for the
tested mode. We repeat this procedure for all 3 basic mo-
des of damage. The detailed procedure is given in articles
[2], [3], [1 1] We get usually kl, k[[, km, GIC, Gnc, Gmc, or
their ratio in the case of mixed mode (depends on load
mode).

The obtained parameters generally characterize the
properties of the adhesive and can therefore serve as an
input (the material properties of the adhesive) for any
shape of the glued parts (using this particular adhesive).
In the next step, a numerical simulation (a transient task
using cohesive elements or cohesive contact) of a real part
has already been compiled. The numerical model inc-
ludes material data of bonded materials and all obtained

cohesive parameters. Loading force is applied gradually
in small increments. (Once the maximum force has been
reached, it is possible to relieve the force gradually back
to 0 N and eventually examine permanent damage). In
this type of task we do not compare the stress, but so-
called Cohesive damage is compared. Cohesive damage
is a coefficient that becomes <0-1). If a cohesive damage
to achieve value 1, respectively, when it approaches very
close to 1, it is likely that the material will be damaged at
a given load. In this simulation, it is possible to continue
over the first damage and examine how the bond will con-
tinue to behave.

If the adhesive bonded joint fails, there is a possibility
to go back to the choice of adhesive where a stronger ad-
hesive can be chosen or other input values can be adjusted
(in agreement with the client). In the event that the bond
will pass, we may be interested in the fact whether this
bonded joint is oversized. For example, whether a smaller
bonded area would be enough, or whether to use less firm
(cheaper) adhesive, with both options leading to financial
savings. If an adhesive bonded joint is satisfied and no
further optimization is required, the next step may be ta-
ken.

Determination of strength in terms of adhesion

Adhesion properties often result in greater simplifica-
tion. There is not a trivial model to include the influence
of surface roughness on the simulation. We therefore me-
asure shear strength on lap-joint specimens for different
materials and different surface treatments. These streng-
ths can be compared with each other. The specimens and
the testing is performed according to standard ASTM
D5868 [14].

On the basis of determined properties, we can recom-
mend a suitable surface treatment at a given load or, on
the contrary, with a given material and surface treatment,
we can determine maximum adhesion strength. If none of
the proposed surface treatments is suitable, there is the
possibility to return back to designing the surface tre-
atments and suggest another one that was not considered
for the first time, because of technical or financial di-
fficulty. The second option is to return to the input values
and to optimize geometry (e.g., to enlarge the bonded
area) or to change the material of the bonded parts, or to
change the adhesive and process completely or partially
repeat.

Experimental verification on a real part(s)

It is advisable to verify the results on the real part(s)
and to make a comparison of the calculated and measured
values. If the test part fails, it is possible to return back
and there are several options: change of the selected ad-
hesive, change of the surface treatment, change of the ge-
ometry to change the load mode, etc. ). If the experimen-
tal verification is successful, the final solution has been
reached and the manufacturing documentation for the
parts can be processed. However, if the part fails, it is use-
ful to know how and why the model differs from the real
part. It is appropriate to determine whether there is an er-
ror, or any great simplification.
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RETURN OQPTIMIZATION OF INPUT PARAMETERS

- CHANGE OF THE SELECTED ADHESIVE

- CHANGE OF SURFACE TREATMENTS

CHANGE OF THE LOAD MODE, CHANGE OF THE SPECIFIED ADHESIVE)

- OPTIMIZATION OF GEOMETRY (ENLARGEMENT / REDUCTION OF BONDED SURFACE,

5 Flowchart - Methodology of prediction of adhesive bonded joints strength
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4 Conclusion

The outcome of this paper is a description of the met-
hodology of prediction of adhesive bonded joints strength
in the design of their structure. This methodology has
been formed and developed during practical applications
for a long time. The proposed methodology deals in detail
with the proposing/checking of adhesive bonded joints,
from the analysis and specification of requirements
through the selection of adhesive, the surface treatments
of bonded materials and the determination of the cohesive
parameters of the adhesive to the complex evaluation of
the adhesive bonded joint.

To determine the parameters of the adhesive proper-
ties it is necessary to perform experimental tests and their
statistical evaluation. In order to obtain cohesive parame-
ters, mathematical models need to be supplemented with
mechanical properties of bonded materials and adhesives,
that is achieved by experimental tests and numerical si-
mulations.

The proposed methodology is universally described
and can be applied to any adhesive bonded joint. The me-
thodology has been successfully applied to a few practical
examples in designing the Formula student car as well as
in partnership with automotive industry partners.
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