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Failure Criterion for Adhesively Bonded Joints Using
Arcan s Experimental Method

Demetrio Jackson dos Santos
Centro de Engenharia, Modelagem e Ciéncias Sociais Aplicadas, Universidade Federal do ABC — UFABC

Gilmar Ferreira Batalha
Mechanical Engineering Department, Polytechnic School, University of Sdo Paulo

Abstract: Characterization of polymeric materials mechanical behavior requires some previous knowledge about
their structure, which allows the choice of more appropriated models and methods. Polymeric materials, below their
glass transition temperature (Tg), may be handled as perfect elastic solids, allowing the use of classic mechanics to
characterize their behavior. Polymers above their T, present a viscous contribution to mechanical behavior, which has
to be taken into consideration by modeling it. Adhesively bonded joint, joining of different materials using a polymer
as adhesive, adds to the mentioned requirements more parameters, such as surface roughness, adhesive thickness
and different types of contributions to adhesively bonded joint strength. This work has the purpose of presenting a
mechanical behavior characterization of adhesive bonded joints, concerning their average stress at rupture. A modified
Arcan’s device was used to obtain the average stress at rupture under different angles or loading conditions, such as
pure shear 0°, pure tensile strength 90° and combined conditions. The experimental results were applied to a theoretical
model, which takes into consideration the hydrostatic contribution to the mechanical behavior, called Drucker-Prager
Model, which was initially developed to characterize soils.
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Introduction

Adhesives usually are polymers, which are applied
for joining different materials through the adhesion
phenomena established between their surfaces. Both
materials are kept together due to different kinds of
interactions established between both materials. These
interactions may be explained though theoretical models:
mechanical, thermodynamic, chemical, inter-diffusion or
dipolar approaches!'¥. The use of adhesives at industrial
applications have been widely increased during the last
years, at non-structural loading condition, such furniture
applications®, at specific and hazardous condition, such
as off-shore applications!® and composites, where the
interface between matrix and reinforcement is handled
as adhesive interactions!”. Besides the several industrial
applications, there is a lack concerning a general model,
which should be able to predict or describe the interface
or adhesion behavior, due to hard work of separating
each interaction type contribution to adhesion strength.
At this point it is essential to separate two important,
but different, concepts: adhesion strength and joint
strength. The adhesion strength is the force developed
due to the main type of interactions between adhesive
and substrates”®, which were briefly mentioned in this
text. To measure properly the adhesion strength, the
contribution of each type of interaction should be
quantitatively defined and the contribution of elastic
behavior of the substrates has to be eliminated from the
strength measurement.

Joint strength, or adhesively bonded joint strength, is
the force developed by substrates bonded by polymeric
materials, against external loading®. To avoid the
influence of undefined adhesion phenomena contribution,

the failure of bonded joints are handled as cohesive, it
means, the adhesive strength is always higher that the
adhesion strength®®. Even handling the adhesion strength
apart from joint strength measurements, taken the failure
as cohesive, there are some other parameters, which
strongly influence the joint behavior: loading type (shear,
tensile or combined loadings)®!, adhesive thickness!”!
and polymer (adhesive) structure!'™!. Different type
of experiments are usually applied to characterize the
mechanical behavior of adhesively bonded joints!!>!3),
such as peeling and lap shear experiments!'”! and Arcan
tests, which are able to combine shear and tensile stress
loading under different angles!'.

This work has the purpose to characterize the
mechanical behavior of adhesively bonded joints
applying a modified Arcan Device to obtain the strength
at rupture, under shear, tensile and combined loadings.
The experimental results were applied on the Drucker-
Prager model, in order to generate a failure criterion
(or failure envelope), based on the mean measured
stresses. The mentioned failure criterion may be strictly
applied to polymers (adhesives) under their glass
transition temperature (T ), due to their almost pure
elastic behavior!'. Such restriction is based on non-
linear viscoelastic behavior of polymers above their T ,
which is not taken into consideration by the Drucker-
Prager model!'®!.

Concerning metals, different failure criterions are
available to predict their failure or elastoplastic behavior,
such as von Mises criterion. The polymeric structure
and behavior make unfeasible the directly application
of failure criterion for metals to polymeric materials
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or parts. In general, it is widely accepted that the yield
behavior of polymers is dependent on both the deviatoric
and hydrostatic stress components while the dependence
of hydrostatic stress on yielding for metals is significantly
less pronounced'®. Based on hydrostatic component of
polymer behavior, there is a need of applying a modified
failure criterion, which takes it into consideration without
neglect the deviatoric stress, broached by von Mises on
the failure criterion for metals, conditions which are
considered by the Drucker-Prager criterion'®!. This model
was initially developed to describe geomaterials and soils
behaviors, which are typically described using the theory
of elastoplasticity. Since these materials exhibit pressure-
sensitive behavior, it is important to include this feature
into the yield function employed in the constitutive
equations'®. Summarizing all these requirements, a
failure mean stress criterion was developed (Drucker-
Prager or modified von Mises), which can be applied to
polymeric materials, as follows.

2
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Where I, is the first invariant of stress tensor and J, is
the second invariant of stress deviator.

(c, -o, )2 + (G), -c, )2 + (Gz -0, )2 + 6(r§y + rf.z + 1;) 2)

Jy= o

A =0,+0,+0, 3)

The parameter A is related to the material sensitivity
to hydrostatic stress and can be defined by:
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Where, (v) is the Poisson coefficient for polymer or
adhesive.

Using the presented criterion, the material yield stress
under uniaxial tension (o) can be calculated, through two
experimental data: measured failure tensile stress (o, )
obtained from tensile experiment and measured failure
shear stress (t_ ) obtained from shear testing!®.

1 (1-2.v)
A U1-v i
Ke) d (6)
(sz (1+vj2 .
2.0 \-v
All needed data are available to generate a final
notation of the failure criterion applicable to adhesive
joints. When 6, < 6, and v tends to 0.5, the Drucker-

Prager Model can be presented in the following simpler
form:
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Where, t, ~and t, - are the theoretical normal or
tensile stress at rupture and the theoretical shear stress at
rupture, respectively.

A—1 1+v
k=(T](:] ®)

Experimental

Many Arcan’s specimen geometries were proposed
for polymer and composite testing!'”'®! and few for
adhesively bonded joint testing!”, the absence of an
international standard concerning this type of specimens
generates some limitations, besides the published work
describing some geometric parameter influence on
experimental results. In this work the Arcan’s specimens
were obtained by bonding two trapezoidal bodies,
through the contact of their superior surface, as shown
in the Figure 1.

A structural acrylic adhesive, based on polyurethane
ester dimethyl acrylate (Poisson coefficient of 0.4 and
Tg of 63°C), was used to bond the specimen surfaces.
2-ethylhexanoic acid was sprayed on both surfaces as
cure initiator, before to apply the adhesive. The adhesive
thickness was controlled by glass balls with diameter of
0,1 mm, the bonded surface has the following dimensions:
16 mm (width) x 30 mm (depth). The Arcan’s specimens
were manufactured from SAE 1010 steel, with elastic
modulus (E) of 207 GPa and a Poisson coefficient (v) of
0,28, three specimens of each condition were tested under
the following angles: 0° (pure shear), 22.5°, 45°, 67.5° e
90° (pure tensile), as shown in the Figure 2.

The tests were carried out using an EMIC DL5000
equipment with load cell up to 50 kN, under displacement
rates of 2 mm/min and 10 mm/min. The experimental
results were applied to Drucker-Prager Model in order
to generate a failure criterion. The Poisson coefficient,
mean “measured failure tensile stress (¢, )" and mean
“measured failure shear stress (t, )" were applied to
Equation 5, which allowed calculating the parameters
B and A. Subsequently, the material yield stress under
uniaxial tension (c,) could be defined (Equation 6),
which finally allowed providing the theoretical failure
criterion by using the Equation 7.
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Figure 1. Arcan’s specimen geometry.
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A comparison between theoretical failures criterion
and experimental results is presented. The results obtained
under different angles (0) were multiplied by the cos(0)
and sin(0) in order to define the shear and tensile stress
contribution to the material failure at each tested angle.

Results and Discussion

Polymeric  materials fracture characterization,
including adhesives, cannot be accurately carried out
through simple single lap shear experiments. Combined
loading experiments, such the experiments provided
by Arcan’s device, may generate multidirectional data,
which can accurately support the adhesive behavior
characterization. Table 1 shows the mean of average
stress at rupture, according to the angle loading for both
displacement rates.

As expected the average stress at rupture was
increased by varying the specimen’s angle from shear
to tensile conditions. Concerning the 22.5° and 67.5°
combined conditions, the higher the tensile contribution
to the loading condition, the higher the average stress at
break results became. Specifically for the 45° condition,
at displacement rates of 10 mm/min, some discrepancies
have been found between experimental and theoretical
data, as shown in the Table 1 and Figure 3.

Results obtained from simple lap shear experiments
cannot be directly compared to the 0° results in this work,
due to different bonded geometry surface and substrate
stiffness. The Arcan’s specimens, used in this work, may
be treated as bodies with extreme high stiffness. In short,
the experimental data by itself have provided an initial
mechanical characterization, by providing the strength at
rupture under many loading conditions. A step forward
might be the application of the experimental results

Figure 2. Arcan’s device and specimen. measurements at 45°.

on the Drucker-Prager failure criterion, which model a
theoretical failure stress for all possible combination of
shear and tensile loadings.

Theoretical curves, concerning average stress
criterion, can be generated using simple mean of average
tensile stress at rupture results, mean of average shear
stress at rupture, or the combination of both loading
typest'®. Figures 3 and 4 show the theoretical curves
generated by the results of shear and tensile stress at
rupture, which were applied to Drucker-Prager criterion.
Figure 5 shows that no relevant difference was verified on
the average stress at rupture by changing the displacement
rate from 2 mm/min to 10 mm/min.

Experimental data concerning both displacement
rates are in agreement with theoretical curves. The larger
difference between experimental data and simulation
was verified for specimens tested at 45° and 10 mm/min
of displacement rate. Adhesively bonded joints present,
under loading, stress peaks at their extremities!'**". Low
displacement rates may allow the polymeric structure to
rearrange (during test) and to distribute the stress peaks,
which creates a more uniform stress distribution and
consequently a higher strength at break!®!. By increasing
the displacement rate the molecular rearrangement
is restrict, which may generate higher stress peaks
and consequently lower strength at break. Taking
into consideration the absence of a displacement rate
parameter on the Drucker-Prager Model, the below
presented behaviors can be used as hypothesis to explain
the increased difference, between experimental x
theoretical values, observed at 10 mm/min.
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Figure 3. Failure criterion, based on average shear/tensile stresses,
for displacement rate of 10 mm/min (points — experimental
results x blue line — Drucker-Prager Model).

Table 1. Experimental results at 2 mm/min and 10 mm/min under five angle conditions.

Angle mean stress at break standard deviation mean stress at break standard deviation
(MPa) - 2 mm/min (2 mm/min) (MPa) - 10 mm/min (10 mm/min)
0° (shear) 18.86 (1) 1.00 19.06 1.15
22.5° 18.33 1.45 17.88 1.67
45° 16.09 1.86 16.20 1.38
67.5° 22.48 2.06 20.96 2.40
90° (tensile) 2742 (o, ) 291 28.25 3.59

msd:
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Figure 4. Failure criterion, based on average shear/tensile stresses,
for displacement rate of 2 mm/min (points — experimental results
x red line — Drucker-Prager Model).
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Figure 5. Comparative of theoretical between

displacement.

curves

Some other factors can influence experimental results
concerning adhesively bonded joints. The presence of
bubbles in the adhesive, surface irregularities or porosity
could act as stress concentrator and lead to creation of
a pre-crack. In a 2-D case even a circular hole leads to
a magnification of stress by a factor 3'®\. This can used,
in association with rearrangement restriction caused
by higher displacement rates, to indicate a failure
mechanism in order to explain the results divergence at
45° and 10 mm/min.

In adhesively bonded joints with higher stiffness
adhered (substrate), like proposed in this work, the
joint strength is more dependent on adhesive properties
than on adhered properties®!!, which emphasizes
the possible influence of factors like air bubbles and
movement restriction on the observed variation at 45°
and 10 mm/min.

Conclusions

The experimental results using Arcan’s device and
specimens, which were applied to a failure criterion called
Drucker-Prager have allowed the following conclusions:

444

¢ Adhesive

¢ Modified Arcan specimens can be used to characterize

the mechanical behavior of adhesively bonded joints,
below glass transition temperature, concerning
average stress at rupture under shear, tensile and
combined loading conditions;

e Experimental data obtained from Arcan’s specimen

can be applied to theoretical Drucker-Prager model,
in order to provide a theoretical failure criterion
based on average stress at rupture;

e The generated theoretical curves are in agreement

with experimental data;

e High displacement rates impacts on agreement

between experimental results and theoretical values,
such behavior has rearrangement restriction as
possible cause;

line defects influences the

experimental results.

(holes)
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