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A bstract: In the adhesive layer, uneven stress distribution and their complex state usually occur. Development of methodology for the analysis of
adhesive layer was an aim of the experimental studies and numerical calculations. Specimens with adhesive layers which were similar to each other
in terms of even distribution of stresses, were used in trials. This condition was met by using cylindrical oblique specimens consisting of two elements,
obtained by cutting symmetrically at an angle of 45 ° a cylinder with a diameter of 12 mm and a height of 20 mm and bonding them adhesively on the
cutting surfaces. The result of the experiment showed a greater than 2.26 to 2.92 strength of compressed specimens compared to stretched ones. It
allows to conclude that the Mises hypothesis cannot be directly used for analysis of the state of stresses in adhesive joints. Numerical calculations
were performed. For those, the model of the specimens was put under tension and compression with mean values of forces determined experimentally
for specimens bonded with Epidian 57 adhesive. Conclusions were allowed to be formulate by conducted trials and calculations. Structural adhesives
exhibit higher compressive strength rather than tensile strength. Consequently they exhibit indirect properties between metallic elastic plastics and brittle
ceramic bodies. The criterion for destroying an adhesive bond loaded temporarily may be that the von Mises stress exceeds the absolute value of the
tensile strength of the adhesive or compression. However it should be taken into account that those strengths have different values.
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Streszczenie: W spoinach potaczen klejowych wystepuje zazwyczaj nierownomierny rozktad naprezen i ich ztozony stan. Celem prowadzonych
badan eksperymentalnych i obliczen numerycznych byto opracowanie metodyki analizy wytezenia spoin klejowych. W badaniach zastosowano takie
probki, w spoinach ktérych wystepuje zblizony do réwnomiernego rozktad naprezen. Warunek ten spetniajg probki cylindryczne skosne sktadajace
sie z dwéch elementéw uzyskanych przez przeciecie walca o $rednicy 12 mm i wysokos$ci 20 mm, symetrycznie pod katem 450 i sklejenie ich na
powierzchniach cigcia. Przeprowadzony eksperyment wykazat wigkszg od 2,26 do 2,92 wytrzymato$¢ prébek ciskanych w poréwnaniu do rozcigganych,
co pozwala stwierdzi¢, ze hipoteza Misesa nie moze by¢ stosowana bezposrednio do analizy stanu wytezenia spoin klejowych. Przeprowadzono
obliczenia numeryczne, w ktérych model probki obcigzono na rozciaganie i $ciskanie $rednimi warto$ciami sit wyznaczonych eksperymentalnie dla prébek
faczonych klejem Epidian 57. Przeprowadzone badania i obliczenia pozwolity sformutowa¢ wnioski. Kleje konstrukcyjne cechuje wigksza wytrzymatosé
na $ciskanie niz na rozcigganie, a wiec wykazujg one witasciwosci posrednie pomiedzy metalicznymi ciatami sprezysto-plastycznymi i ceramicznymi
kruchymi. Kryterium zniszczenia spoiny klejowej obciazonej doraznie moze by¢ przekroczenie przez naprezenia von Misesa bezwzglednej wartosci
wytrzymatoéci kleju na rozcigganie lub na $ciskanie, ale nalezy uwzgledniaé, ze te wytrzymatosci majg rézne wartosci

Stowa kluczowe: potaczenia klejowe, wytezenie spoin klejowych, hipotezy wytezenia

Introduction

Adhesive bonding is a typical method of joining ap-
plied in numerous branches of industry [1, 3, 4]. It is a par-
ticularly attractive technique of assemblance for applica-
tions, in which weight gain is at a premium, such as land
and air transport [9]. In adhesive layers there are complex
states of stress. Its distribution is usually uneven. Analy-
tical solutions for single lap joints have been developed
since 1938, when Volkersen analysed the shear-lag pro-
blem [13]. He ignored the bending moments applied to
the joint because of the eccentricity of the load. The first
solutions for peel stresses as well as for shear stresses
were created by Goland and Reissner [2]. Afterwards the-
ir theory was improvedde[5, 6, 16]. A great normal stress
concentration in adhesive layers of joints subjected to
peeling was pointed out by Jouwersma [10], Lamb [12],
Yurenka [15] and Gardon [7]. The stress concentration is

a cause of low strengths of such joints. However, only the
finite element (FE) method enabled to determine complex
states of stress in adhesive layers. An attempt to apply
the FE method for stress analysis in the adhesive layer
was already undertaken in the year 1971 [14]. Nowadays
the FE method is often used for examining the strength
of the adhesive joints [8, 11].

Therefore calculations of adhesive joints strength
demand to determine adhesive layer effort according to
certain theory and a comparison of reduced stresses with
the adhesive strength. Conducted researches proved that
extensively used von Misses hypothesis is useful for me-
tallic materials. Moreover, the von Misses hypothesis is
also commonly and unquestioningly used for an analy-
ses of adhesive bonded joints. Numerous constructional
adhesives show indirect properties between an elastic-
plastic metal and a brittle body. Therefore, the adhesives
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show higher compression strength in comparison with
tensile strength. The von Misses hypothesis does not
reassert for a brittle body. Thus the von Misses theory
should be used deliberately for a strength analyses of
adhesive bonds.

Experimental research

In the trials, it was decided to use such specimens,
in which there is a similar to even distribution of
stresses. The numerical analysis demostrated that
this condition is met by cylindrical oblique specimens
consisting of two elements obtained by cutting
symmetrically at an angle of 45 ° a cylinder with
a diameter of 12 mm and a height of 20 mm, (Fig. 1)
and adhesively bonding them on the cutting surfaces
( Fig. 2).

Fig. 1. Elements of cylindrical skew specimens
Rys. 1. Elementy prébek cylindrycznych sko$nych

N s

Fig. 2. Adhesively bonded cylindrical skew specimen for
compressive test and specimens after tensile test
Rys. 2. Sklejona prébka cylindryczna sko$na przeznaczona do

badan na Sciskanie oraz zerwana, obcigzona na rozcigganie

The prepared specimens were loaded by
compression and stretching. In order to stretch the
higher, specimens were adhesively bonded into
cylindrical brackets enabling axial-symmetrical fixing
them into the holders of the testing machine.

Parts of the specimens were made of aluminum
alloy AW 2017-T3 by spark erosion cutting the roller
elements. The adhesively bonded surfaces of the

specimens were sandblasted, washed with gasoline
and dried before the adhesive was applied. During the
curing of the adhesive layers, the specimen’s elements
were placed in the matching holes of Teflon molds and
pressed together under load 10 N.

If the von Misses hypothesis is appropriate for
analyzing the stresses of adhesively bonded joints,
then the strength of tensile and compressed samples
should be similar. This requirement arise from the fact
that if tensile and compressed specimens have the
same value of force, there will be normal and tangential
stresses in the adhesive layers with the same absolute
value but with differed sign. After stretching the three
components of normal stresses are positive and
negative components under compression.

From the formula describing the reduced stresses
by the Mises hypothesis:

O, = \/Gf + crf +o’ - 00,-00,-00 + 3(15 + rﬁ + Tf )

' ' M
it follows that the value of reduced stresses should be
the same for positive and negative normal stresses if
these stresses have the same absolute value.

Experimental tests were conducted for four
adhesive and three epoxy: Epidian 57 / Z1, Poxipol
and Raychem and a cyanoacrylate Dragon. Three
pressed specimens and three stretched ones were
adhesively bonded together with each adhesive.
Specimens were tested in a Hung Ta HT-2402 testing
machine at a speed of 2 mm / min. Exemplary results
of tensile and compression tests are presented in Fig.
3, and the results of the tests are presented in Table 1.
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Fig. 3. Comparison of strength of compressed specimens (higher
strength) and stretched (lower strength) adhesively bonded with
adhesive Epidian57 / Z1

Rys. 3. Poréwnanie wytrzymatosci probek $ciskanych (wieksza
wytrzymatos$c) i rozcigganych (mniejsza wytrzymatosc) klejonych
klejem Epidian57/21
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Table 1. Results of strength tests
Tabela 1. Wyniki badan wytrzymato$ciowych

Adhesive Epidian 57/21 Poxipol Dragon Raychem
Loading C S (o} S C S C
12125 | 5245 | 9623 | 4028 | 7777 | 2718 5713
Loe.zd 12058 | 4705 | 9157 | 4058 | 8263 | 2868 6083
capacity, N
11633 | 5892 | 9767 | 3227 | 6100 | 2892 6200
Average
11939 | 5281 9516 | 3771 | 7380 | 2726 5999
load, N

C — compressed specimens, S — stretched specimens

The results of experiment showed a greater
than 2.26 to 2.92 strength of compressed specimens
compared to stretched ones. This fact allows to
conclude that the Mises hypothesis cannot be applied
directly to analyze the state of stresses for adhesive
joints for all types of adhesively bonded joints or that
the strength of the compressed adhesives used for
trials is about 2.5 times larger than its tensile strength.

Numerical analysis

In order to perform numerical calculations, the
characteristics of 0 = o (¢) of Epidian57 / Z1 adhesive
were determined by tensile test of a dog bone specimen
with a length of 75 mm measuring base, casted from
this adhesive and compression test of a cylindrical
specimen with a diameter of 12 mm and a length of 25
mm. Using the extensometer 3542-025M-025-HT2, the
value of longitudinal elasticity modulus of the tested
adhesive E ~ 2000 MPa was estimated by means
of the measurement method. The curves obtained
experimentally were converted to real stress curves
- cross-sectional deformations of the adhesive were
also taken into account (Figure 4). The strength of
the compression adhesive was higher than the tensile
strength by about 36%.
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Fig. 4 The curve of actual stress of Epidian 57 / Z1 adhesive
hardened at 600C in 1 hour

Rys. 4 Krzywa naprezen rzeczywistych kleju Epidian 57/21
utwardzanego w temperaturze 600C w czasie 1 godziny
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Numerical calculations were performed in Ansys
16.2 system using the model of the specimen which
was loaded with tension and compression with
mean values of forces determined experimentally for
specimens bonded with Epidian 57 adhesive. The
adhesive was molded as an elastic body with a module
E = 2000 MPa and a thickness of 0.1 mm. There was
a complex stress state in the adhesive layers, but
the stress tensor components and redused stresses
practically had a constant value on the surface of the
adhesive joint (Figures 5, 6, 7).

A: Static Structural

Equivalent Stress 2
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Fig. 5. Distribution of Mises stresses in the adhesive layer of the
specimen compressed with 11939 N force

Rys. 5. Rozktad naprezen Hubera w spoinie klejowej prébki
obcigzonej na Sciskanie sitg 11939 N

A: Static Structural

Shear Stress 2

Type: Shear Stress(XY Plane)
Uniti WPa
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Fig. 6. Distribution of shear stress 1xy in the adhesive layer of the
specimen compressed with 11939 N force

Rys. 6. Rozktad naprezen stycznych txy w spoinie klejowej
prébki obcigzonej na Sciskanie sitg 11939 N
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A: Static Structural

Maximum Principal Stress
Type: Masiraurn Principal Stress.
Unit: MPa
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Fig. 7. Distribution of the main maximum stresses in the adhesive
layer of the specimen compressed with 11939 N force

Rys. 7. Rozktad naprezen maksymalnych gtéwnych w spoinie
klejowej prébki obcigzonej na $Sciskanie sitg 11939 N

Table 2 presents the mean values of stress tensor components
and values of reduced and main maximum stresses (cl) as well
as values of minimum stresses (aolll) calculated for destructive
loads obtained in the tests: compression and stretching of
cylindrical oblique specimens adhesively bonded with Epidian
57.

Table 2. Stress tensor components and reduced stresses
calculated for adhesive layer of cylindrical skew joints adhesively
bonded with Epidian 57 / Z1

Tabela 2. Sktadowe tensora naprezen i naprezenia zredukowane
obliczone dla spoin potgczen cylindrycznych skosnych klejonych

klejem Epidian 57/Z1

Specimen Compressed Tensioned
Loading, N 11939 5281
Stresses
a, -295 13
o, -52,5 23,2
o, -275 12,4
T, 53,1 23,3
T P 0 0
T 0 0
Ou 95 42,2
o 12,8 42,1
oy -96 5,6
Tra 542 24

The calculations showed, that in the case of
compression, von Misses stress is practically equal to
the absolute value of the main minimum stresses, and
in the case of stretching, the main maximum stresses.
The calculated main stresses are correspondingly
comparable with the tensile strength of the tested
adhesive and to a lesser extent compression.
Considering nonlinear adhesive properties described
in the curve shown in Fig. 4 in the calculation should
reduce the stress value oM. Such calculations were
possible to conduct for a maximum load not exceeding
9000 N. Therefore, the results of calculations in the
linear and nonlinear range were compared for this load
value (Figures 8 and 9).

B:Liniowka
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Fig. 8. Mises stress distribution in the adhesive layer of the
compression specimen at a load of 9,000 N calculated assuming
the nonlinear properties of the adhesive

Rys. 8. Rozkfad naprezen Hubera w spoinie probki sciskanej
przy obciazeniu 9000 N obliczony przy zatozeniu nieliniowych
wiasciwosci kleju

E Copy of NRCIDODND,45
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Fig. 9. Mises stress distribution in the adhesive layer of
the compression specimen at a load of 9,000 N calculated
considering the non-linear properties of the adhesive

Rys. 9. Rozktad naprezen Hubera w spoinie probki $ciskanej przy
obcigzeniu 9000 N obliczony przy uwzglednieniu nieliniowych
wiasciwosci kleju

Taking into account the nonlinear properties of
the adhesive resulted in a reduction in the maximum
narrative values by about 11% and a more even
distribution of stresses in the adhesive layer.

Conclusion

e Structural adhesives show higher compressive
strength than tensile strength, and thus they exhibit
indirect properties between metallic elastic-plastic
and brittle ceramic bodies.

e The values of reduced stresses calculated
according to the Mises hypothesis in adhesive
layers are close to the main maximum stress or
the main minimum stresses, but in the latter case
they differ by the sign.

* The normal stresses occurring in the joints of
the most popular overlapping joints are positive,
therefore the Mises reduced stress as well as the
main maximum stresses well characterize the effort
of such joints.
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* The criterion for destroying an adhesive bond
loaded temporarily may be that Mises's stress
exceeds the absolute value of the tensile strength
of the adhesive or compression strength, but it
must be considered that these strengths have
different values.

* Due to the higher compressive strength of
adhesives than tension one, adhesive joints
should be designed as much as possible so that
their stresses in the adhesive layer are negative
stresses.
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