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Abstract Lightweight construction methods will make a sig-
nificant contribution to sustainable CO2 reduction in new car
body developments. Multi-material design offers cost-efficient
lightweight solutions for car mass production. The key to
successfully drive this development trend is a particularly
economical, safe and sustainable joining technique: adhesive
bonding. In automotive production, the car body must be
heated in an oven to ensure the curing process of the adhesives.
The increase in temperature leads to different expansion per-
formance of adherends according to their individual thermal
expansion behaviour. Stresses occurring may be so great as to
cause plastic deformation in the joint area. During cooling of
the bonded construction, further relative displacements occur
between the joint partners, which can lead to joint failure. These
effects influence the usability, sustainability and long-term
durability of adhesively bonded components and have not yet
been considered for use in automotive car body design. As part
of a research project, a test stand was built to allow adhesive
bonds to be cured under diverse selected temperature-time
profiles e.g. to simulate the cathodic dip-paint process. Various
degrees of adhesive curing can be realized and the influence on
the joint evaluated in a subsequent tensile test. Parameters such
as the maximum strength or displacement at fracture, but also
the plastic deformation behaviour of the used toughened adhe-
sive system, depend on the degree of curing. Temperature-
related relative displacements are simulated by applying an
additional mechanical stress during adhesive curing. Their
influence on the mechanical properties of the adhesive bond
is evaluated in a subsequent tensile test. There is a significant

influence of relative displacement on the mechanical behaviour
of the adhesive joint during adhesive curing.

Keywords Adhesive bonding . Residual stresses

1 Introduction

Lightweight constructions are expected to make a substantial
contribution to sustainable CO2 reduction in new car body
developments. So-called multi-material design is a cost-
effective lightweight solution for mass production. This design
is realized by the use of high-strength steels, light metals and
composites, which have different coefficients of thermal ex-
pansion. Multi-material design, is, however, not only realized
in the automotive sector or in the mobility industry, but also in
the construction industry, e.g. by combination of concrete
(Gaertnerplatzbruecke in Kassel made of UHPC [1]), glass
(Glashof of Jewish Museum Berlin [2]) and wood (wood glue
structures, composite structures, such as steel, concrete and
glass [3]) and even—on a different scale—in the microelec-
tronics industry (construction and connection technology [4]).
The key to successfully drive this development trend towards
efficient multi-material structures is an economic, safe and
sustainable joint technology. The technology consists of adhe-
sive bonding and, depending on the application, an additional
mechanical joining method. The adhesive performs not only
sealing, noise-absorbing and load-bearing functions, but also
allows the different physical properties of the materials to be
exploited in a multi-material structure, such as the effects of
different coefficients of thermal expansion.

When using heat-curing adhesives, the joints have to be
heated in an oven to ensure the curing process. By increasing
the temperature, the components expand according to their
individual thermal expansion behaviour (so-called Δα-prob-
lem). Additionally, relative deformations from shrinkage of
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the adhesive during the crosslinking reaction occur. In many
cases, this results in high local stresses, which can result in
damage to the joint by separation at the interface, or cohesive
failure within the adhesive layer. During cooling of the bond-
ed components, relative displacements occur again between
the joining partners. These relative displacements influence
the usability, sustainability and long-term durability of adhe-
sively bonded structures. Those influences of heat-curing
processes on adhesively bonded joints cannot yet be consid-
ered in the design of the manufacturing process or in the
design of the joint itself because of issues with sustainability
and long-term durability. There is therefore no knowledge
available about the changes in mechanical properties of the
adhesive layer up to failure due to local stresses and local
damage evolution during the curing process.

The theoretical basis of the morphology of thermosetting
plastics during cure is widely known. Kinetic and rheological
models of curing have been widely developed, e.g. time-
temperature-transformation (TTT) diagram by Gillham in
1883 [5]. This has been established for many types of resin,
and results are summarized in a more recent dissertation by
Harsch in 2008 [6]. The problem of chemical shrinkage of
thermosets, which can lead to a volume change of up to 10 %,
was examined at an early stage for fibre-plastic composites
[7]. To date, mathematical models have been established and
examined for these processes. The basic ideas and experimen-
tal and theoretical methods of Adolf andMartin [8] from 1996
are worthy of mention, which are based on the time-
temperature superposition principle and a two-component
material model. The first component describes the transfor-
mation of the resin as a function of temperature history by
reaction kinetics equations. The second component deter-
mines the stress state in the curing resin and in the cured resin,
as a function of the deformation history by linear viscoealastic
equations of Maxwell’s model type. In 2007, this research
group extended their model for non-linear viscoelastic behav-
iour by introducing constitutive equations based on double
Hereditary Integrals [9]. In these and a large number of other
works, theoretical and experimental studies are conducted on
brittle matrix resins; these show little plastic behaviour, unlike
the group of toughened-modified thermoset adhesives. Hahn
and Jendrny [11, 12] have solved the problem of bond-line
readout as a result of shrinkage and thermal stresses generated

during heat curing with the linear theory shown in [8]. This
was achieved through experimental studies based on specially
constructed test rigs and linear viscoelastic calculations. This
method has been taken up by the industry and taken into
account in virtual component design. Another notable disser-
tation in this area comes from van’t Hof from the University of
Delft [13] in 2006. He provides a good guide for mechanical,
thermo-viscoelastic characterization and finite element model-
ling for the curing of thermosetting polymers. The basic works
of [11] and [13] have established conditions for further indus-
trially oriented research in Europe. Similar recent research
work by the US car body industry is shown in [14].

The assumptions, models and calculation methods [5–13] are
sufficiently accurate for viscoelastic polymers in which there is no
damage evolution during external loading. There is no damage
term in the models. Therefore, these models cannot be easily
transferred to automotive adhesives, which have a distinct
elastoplastic behaviourwith a pseudo yield point, plastic hardening
and damage evolution [15]. If manufacturing-induced stresses
arise below the yield point, they may result in bond-line readout.
If these stresses exceed the yield strength, plastic deformation can
occur, which can result in local or global failure of the joint. This
shows that the inhomogeneity of the adhesive layer, the adhesive
layer thickness and imperfections play an important role. The
required conditions for calculation and prediction of these theoret-
ical approaches and researchmethods go far beyond the previously
developed international state of research, e.g. [16, 17].

Basic experimental and theoretical investigations of the
mechanical behaviour of cured elastoplastic adhesives were
carried out by Schlimmer, for example in [18, 19, 23]. The
plasticity theory that was developed is used by the industry.
This model can be modified to include additional thermo-
mechanical effects.

Fig. 2 Thick adherend shear specimen (TASS)

Fig. 1 Bi-metal specimen
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Hardly anything is known about the mechanical behaviour
of elastoplastic adhesive during curing. In preliminary studies
[20], the shear stress–strain behaviour of the adhesive layer
was determined after different temperature-time profiles (de-
grees of cure). The experimental results from such studies
show an almost abrupt hardening of the adhesive layer with
an almost exponential increase of the shear strength as a
function of degree of cure. However, there is a lack of further
experimental results and extensive research on the overall
mechanical behaviour during cure for the development of
corresponding rheological constitutive equations. These re-
sults are needed for the calculation and evaluation of
production-related expansion and shrinkage processes. This
is especially true for manufacturing-related stresses and de-
fects within the adhesive layer. These stresses are difficult to
detect experimentally because of the relatively thin adhesive
layers. Therefore, only numerical methods can provide the
solutions for industrial applications.

Preliminary work on modelling the behaviour of adhesives
during curing has been provided by Lion at the Institute of
Mechanics at the University of the Bundeswehr, Munich [21,
22]. Equations used by Jendrny [11] were transferred to large
deformations and applied to calculate the hardening and stress
states in the adhesive layers. However, the results have not
been validated on component-like specimens or bonded
structures.

In this paper, a purely experimental approach is shown to
evaluate the stress conditions during heat curing of a
toughened-modified adhesive and its influence on the me-
chanical properties of an adhesively bonded joint.

2 Test preparation and test performance

2.1 Materials and joint geometries

Tests are conducted on bi-metal specimens (Fig. 1) and thick
adherend shear specimens (Fig. 2).

The so-called bi-metal specimen consists of two different
metallic materials (here steel/aluminium alloy), which are
joined by an adhesive layer. The bond area is 16×50 mm2.
The thickness of the adhesive is controlled at ta=0.3 mm by
using Teflon tape next to the bonding area. The specimen is
clamped at one end. Therefore, when heat is applied, differ-
ences in thermal expansion of the adherends lead to shear
deformation of the adhesive during cure. Following the curing
process and cooling of the adherends, the specimen can be
separated to a single lap shear specimen to evaluate residual
strength of the joint.

Mechanical properties of the used substrates are identified
by tension tests and by thermo-mechanical analysis (Table 1).

To conduct shear tests, the so-called thick adherend shear
specimen (TASS) is used, which is shown in Fig. 2. A mild
steel (St 37) is used for the adherends. The bond area is 5×
20 mm2. The thickness of the adhesive is controlled at ta=
0.3 mm by the shown geometry of the adherends.

The adhesive considered in this paper is supplied by DOW.
The one-component, heat-curing, epoxy-based polymer is
named Betamate 1496V. Extracts from the technical datasheet
are shown in Table 2.

Standard curing is carried out according to a technical
datasheet that specifies 30 min at 180 °C specimen
temperature.

2.2 Testing equipment and conditions

Curing tests with bi-metal specimens are conducted in an
oven. Temperature is measured at two points to ensure an
equal heat distribution in the specimen. Displacement of the
specimen is measured with an optical measuring device, see
Fig. 3 a, b.

In Fig. 3a, the bi-metal specimen can be seen in the oven.
The specimen is clamped at the lower end. Therefore,
temperature-related elongations of the adherends lead to shear
deformation of the adhesive layer at the top end of the spec-
imen. On the reverse side, two thermocouples are welded to
the steel adherend. The Teflon fixation shown prevents normal
stresses in the joint. In Fig. 3b, the determination of relative
displacements by digital image correlation can be seen. Strains
are measured on the shown specimen, and displacement in
longitudinal direction of the specimen is shown in the lower
picture. Relative displacement of the adherends and therefore
shear deformation of the adhesive joint are calculated by the
difference between point 1 and point 2.

Table 1 Mechanical properties
of the used substrates identified
by tension tests and by thermo-
mechanical analysis

Young’s modulus (MPa) Coefficient of thermal expansion (ppm)

Steel: H 420LAD+Z100 207,000 10.9

Aluminium alloy: A6181 T6 65,000 22.2

Table 2 Extracts from the technical datasheet

Young’s modulus (MPa)-ISO 527-1 1500

Tensile strength (MPa)-ISO 527-1 33

Tensile shear strength (MPa-EN 1,465 31

Elongation at failure (%)-ISO 527-1 13
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All tests under quasi-static load are performed on a univer-
sal testing machine in displacement control. The test speed for
bi-metal tests is 1 mm/min. The strain rate for TASS tests is
0.002 s−1. The force is measured with a load cell within the
testing machine. Displacement is measured with clip-gauges
near the overlap region. Five specimens are tested for each
parameter and arithmetic mean and standard deviation of
selected mechanical properties are calculated for statistical
analysis.

3 Results

In the first step, the temperature-time course of a typical
electronic dip paint (EDP) coating process is applied to bi-
metal specimens. The increase in temperature leads to a

relative displacement of the two adherends (x-displacement)
and thus to a shear stress of the adhesive layer, see Fig. 4.

Temperature of the specimen is increased from room tem-
perature to 180 °C, which results in an increase of shear
deformation of about 0.25 mm. This relative displacement of
the adherends is not prevented by the adhesive layer, because
the adhesive is not cured yet. The temperature is then con-
trolled at a constant level of 180 °C for 30 min. During this
time, the adhesive cures. The specimen is cooled to room
temperature. Deformation of the specimen to its initial posi-
tion is now prevented by the cured adhesive, which results in a
permanent displacement of 0.1 mm and internal stresses in the
adherends and the adhesive layer.

It can be seen that a shear deformation of 0.25 mm and
therefore high shear strains occur during adhesive curing.
These strains can lead to residual stresses and plastic defor-
mation in the adhesive layer, especially in the cooling phase of
the cured adhesive. To evaluate possible damage evolution,

Fig. 3 a Bi-metal specimen in
the oven. b optical strain
measuring

Fig. 4 Bi-metal test
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the specimens are separated into single shear lap specimens
after the curing process to evaluate residual strength of the
joints in a subsequent shear test. In additional tests, the length
of the aluminium adherend is increased to achieve a higher
relative displacement. Results of exemplary shear tests are
shown in Fig. 5.

As a reference, a specimen is tested that was not deformed
during curing, so there is no internal stress or plastic deforma-
tion in the joint. This specimen shows a typical force-
displacement curve with a distinct plastic hardening up to a
maximum force of 20 kN at a displacement of about 2 mm. In
contrast, samples are shown with a relative displacement
during curing. These curves are quite similar. It is shown that
the applied relative displacements during cure have led to a
reduction of the maximum force, as well as to a reduction of
the elongation at fracture. The yield stress, however,
increased.

A test bed was set up in order to achieve a better under-
standing of the influence of adhesive deformation during heat

curing. On this testing machine, adhesive joints can be cured
at any given temperature-time profile, e.g. to reproduce an
EDP coating process of car body production. Different de-
grees of cure of the adhesive are realized by using information
from DSC tests. There is no displacement within the joint
during curing, because the temperature-related expansion of
the steel adherends is taken into account by the test bed
control. Without relative displacement of the adherends in
the joint area, there are no such residual stresses in the adhe-
sive. The influence of degrees of cure is evaluated in subse-
quent shear tests. This is shown in Fig. 6.

In Fig. 6, the degree of curing is varied between 20 and
99 %. The 99 % cured adhesive joint shows a typical shear
stress–shear strain course. There is a distinct elastic–plastic
behaviour with plastic hardening and a maximum strength of
about 31 MPa at 130 % strain. If the degree of curing is
reduced to 90 %, maximum strength is reduced to about
24 MPa at 80 % strain. Generally, a reduction of the degree
of curing results in a reduction of maximum strength and

Fig. 5 Force-displacement
diagram

Fig. 6 Influence of adhesive
curing level on stress–strain
relationship
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strain at maximum strength. However, the course of the curves
is also influenced. There is no longer any plastic hardening.
Instead, there is a distinct softening after reaching maximum
strength at low degrees of curing. This can be explained by the
influence of the degree of curing on the glass transition tem-
perature. If there is a reduction of degree of curing, the glass
transition temperature is also reduced. Degrees of curing of
60 % and above result in glass transition temperatures above
room temperature, so these tests were performed within the
glassy state of the adhesive. Degrees of curing of 50 % and
below result in glass transition temperatures below room
temperature, so these tests were performed within the
rubber-like state of the adhesive.

On the basis of the stress–strain curves shown, it can be
seen that parameters such as maximum strength or strain at
fracture, but also the plastic deformation behaviour of the
toughened adhesive system, depend on the degree of curing.

Additional temperature-related expansions of the
adherends (Δα-problem) can be simulated by an additional
relative displacement of specimen halves, which leads to

mechanical stress during adhesive cure. Figure 7 shows ex-
emplary displacement-time curves and a temperature-time
curve. The specimen is exposed to these displacement-
temperature-time profiles. A relative displacement of
0.2 mm is applied, which corresponds to about 66 % shear
strain. The influence of this defined relative displacement of
the specimen on the mechanical properties of the adhesive
bond during heat curing is evaluated in a subsequent shear
test.

The results of this shear test are shown in Fig. 8. The stress–
strain diagram is clearly different from an adhesive bond that
has not been deformed during curing. Although the maximum
strengths are approximately at an identical level, the yield
stress and the softening behaviour after maximum strength
are influenced by the relative displacement and are quite
different when compared to the specimen that has not been
deformed during curing.

Then, more different relative displacements are applied
during curing from 0.2 to 0.9 mm, which result in shear strains
of about 66–300 %. The influence of shear strain during

Fig. 7 Displacement-time-curves
and temperature-time curve

Fig. 8 Stress–strain diagrams
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curing on the stress–strain relationship is evaluated, see Fig. 9.
The shear strains shown are applied during the heating phase
and cooling phase of the adhesive bond. There is clearly a
significant influence of the displacement during heating phase
and cooling phase on the mechanical properties of the adhe-
sively bonded joint.

Shear strains of 66 and 100 % during curing result in
similar stress–strain curves. An increase in shear strain during
curing results in reduction of maximum strength. The strains
at maximum strength are not significantly influenced by rela-
tive displacement during curing.

4 Conclusions

Relative displacements between adherends in an adhesively
bonded joint can occur during heat curing of the adhesive.
These displacements can lead to internal stresses or even joint
failure. In this paper, the influence of various degrees of
adhesive curing is initially evaluated in shear tests. Parameters
such as the maximum strength or displacement at fracture, but
also the plastic deformation behaviour of the toughened ad-
hesive system used, depend on the degree of curing. Subse-
quently, temperature-related relative displacements are simu-
lated by applying an additional mechanical stress during ad-
hesive curing. Its influence on the mechanical properties of the
adhesive bond is evaluated in subsequent shear tests. There is
a significant influence of relative displacement during adhe-
sive curing on the mechanical behaviour of the adhesively
bonded joint.
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