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Abstract: Adhesion is a major element of the bonding technologies used today. This way of joining meets the requirements of mechanical load, with high reliability of the
product, and in connection with the production and climatic conditions. Bonding is the process of making inseparable bonds in mechanical engineering with non—metallic
material, through adhesion and cohesion forces, without significant impact on the structure of the parts to be joined. Gluing (adhesive joint), as a way of making joints in
mechanical engineering, is gaining importance in the development of spacecraft and aircraft, as well as the automotive industry. This requires high load—bearing capacity and
stiffness, with minimal weight, so alloys such as aluminum and titanium are used. Adhesive joining is increasingly displacing the dominant rivets when joining light metals,
and is used to join thin sheets made of different types of materials. In this paper, the possibilities of adhesive joining and the characteristics of glued joints made of aluminum
alloy AW— 5754 were researched, using static tests, and their fractography was analyzed.
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INTRODUCTION

In order to increase energy efficiency, the concept of
sustainable lightweight (LW) design has been used for the
last few years. This concept of lightweight design, which is
currently used, refers to the reduction of the weight of
the structure by using lighter materials, which include
aluminum. The choice of materials for light constructions
also means the choice of joining technology, which is of
essential importance [1].

In order to think in the right direction when designing and
constructing light structures, the prerequisites are the
properties of the material such as: stiffness, strength,
ability to absorb energy. Usage the maximum potentials
of high— performance materials allows choosing the right
way to connect them [2].

Adhesion is a major element of the bonding technologies
used today [3-5]. This way of joining meets the
requirements of mechanical load, with high reliability of
the product, and in connection with the production and
climatic conditions.

Adhesives used to achieve adhesion must be resistant to
crash at high loads, allow uniform application of adequate
force, stress distribution, weight reduction and allow
better rigidity of components, durability, as well as
properties shown in the crash test. In addition, these
types of adhesives have advantages that are reflected in
low thermal impact on materials, the ability to damping
vibrations and to improve sealing [1].

Bonding is the process of making inseparable bonds in
mechanical engineering with non-metallic material,

through adhesion and cohesion forces, without significant
impact on the structure of the parts to be joined (Figure
1). Adhesion is a state in which two different surfaces
made of different (or the same) materials are held
together by the interaction of attractive forces due to the
interaction of molecules, atoms orions.

Cohesion or internal strength is the action between two
surfaces of a material, ie attractive forces of identical
atoms or molecules. Cohesion strength depends on the
material and temperature. Metals have the highest
cohesive strength, and liquids and gases have the lowest.
The molecular weight of the polymer is an important
factor in determining the cohesion strength of the
adhesive.

Double action of optimal adhesion and cohesion is
required to connect the forces and to achieve the optimal
strength of the bonded joint. When optimal adhesion
forces are achieved in the preparation of the bonding
material, then the cohesive strength of the bonded joint is
the decisive criterion for its strength [6].

Adhesion

i Adhesion

Figure 1. Adhesion and cohesion bonds in adhesive joint [7]
The mechanisms of adhesion have been intensively
researched in recent years; so many theories have been
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put forward that explain the principles of adhesion.
However, none of them fully explain adhesion. It can be
concluded that the adhesion of the adhesive to the
surface of the part to be bonded is the result of
mechanical, physical and chemical forces that overlap and
affect each other.

After Fe (iron), aluminum is the second metal used in
modern mechanical engineering. It is used as a pure metal
in electrical engineering, metal processing, food and
chemical industries, but its application is much more
important in the form of various multicomponent alloys
that are widely used in the mechanical industry [8- 10].
Joining of aluminum sheets can be achieved by applying
the following technologies [3- 5, 11, 12]:

B Welding;

g Connection with mechanical elements (screws, rivets);
g Cluing (adhesive bonding);

E Hybrid merger.

Adhesion, due to its low specific weight, as well as due to
the thin layer of adhesive in the joints, has an advantage
over welded and mechanical joints [13]. Aluminum and its
alloys are characterized by extraordinary mechanical
properties, which have opened many technological
sectors. Although they are much lighter than other
metals, they have a very high mechanical strength, which
is why they are widely used in the aerospace industry
(50%, 68%, depending on the manufacturer and model of
the aircraft). It is considered that aluminum constructions
can be competitive in applications where low specific
weight, corrosion resistance, functionality of construction
forms and profiles are important.

In this paper, the analysis of the mechanical properties of
the adhesive joint of aluminum alloy AW 5754 with a
thickness of 1 mm will be presented. Commercial
adhesive, Loctite EA 3430, Henkel, (two- component
epoxy adhesive) was used for adhesion.

DESIGN OF ADHESIVE JOINTS

The rules for forming adhesive joints are similar to those
for solder joints. However, adhesive technology is more
complicated and error— prone. The choice of adhesive
largely depends on the type of material to be joined, the
required joint strength, external influences (humidity,
temperature, corrosion) [14].

The possibility of fast and reliable adhesion of all types of
materials is the reason why today adhesives are
considered a standard part of many production
processes. Almost all types of materials such as steel,
aluminum, synthetic and composite materials, glass and
ceramics can be combined with the help of adhesives. In
this way, manufacturers can choose materials without
restrictions related to joining different materials [15].

The decisive role, however, is played by the position of the
sheets to be joined, with the appropriate parameters of
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the manufacturer, which relate to the choice of adhesive.

E.g [13]:

g Butt joints are undesirable, pipe butt joints are
particularly unfavorable, folding joints with beveled
edges are more favorable;

E Angle joints cause stress concentration, so they need
to be strengthened at the ends;
In order to avoid stress concentration, the shearload is
the most favorable;
The strength of the adhesive joint depends not only on
the correct choice of adhesive, but also on a number of
other factors. Thus, numerous tests have shown that in
addition to the type of adhesive (including correctly
implemented adhesive technology), environmental
conditions, temperature, duration of load, type of load,
surface treatment, etc. are also influential.
Adhesive joints are subject to changes in mechanical
properties, depending on the time elapsed in operation
regardless of the load (the so- called aging effect of the
adhesive). This effect occurs even without load, after
long— term storage of the joined elements. The aging of
metal adhesives depends primarily on the type of
adhesive, the condition of the surfaces before bonding,
but mostly on the environment in which the bond is glued
(dry air or sea water). Resistance against aging is generally
higher with hot-setting adhesives than with cold-setting
adhesives [16, 17]. The thickness of the adhesive layer in
the bonded joint also affects the strength of the joint. It is
always more advantageous that the thickness of the
adhesive layer is smaller. An adhesive layer thickness of
0.05 to 0.15 mm is considered optimal for most adhesives
[18]. This is all true for folding and butt joints of sheets
and similar shapes, where it is relatively difficult to control
the thickness of the adhesive layer. Otherwise, the exact
thickness of the adhesive layer can be achieved only by
connecting pipes and similar elements with a closed
contour.

Surface treatment significantly affects the strength of the

adhesive joints of aluminum alloys. Yasmin Boutar et al

[19] founded that the decrease in surface roughness was

found to increase the shear strength of single lap joints.

Experimental results show that rougher surfaces have less

wettability which is in coherent with shear strength tests.

The author's C. Borsellino et al [20] also conclude that

roughness significantly affects the the strength of the

adhesive joints of aluminum alloys.

The strength of the adhesive joints is highly temperature

dependent [21], with cold binder adhesives being more

sensitive to temperature rise than hot binders. Hot— melt

adhesives are used for temperatures up to about 250 C

(there are also special high— temperature adhesives up to

350 (), so that the maximum allowable permanent

temperature of the loaded adhesive joint (excluding other

influences) is determined by these values.
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TESTING OF ADHESIVE JOINTS

The failure mode of the adhesive joint depends on a
number of factors: adhesive properties (cohesion and
adhesion strength), bonding material properties (free
surface energy, surface roughness, surface cleanliness,
mechanical properties), adhesion process and flow,
pressure, temperature, time, humidity etc.), the design of
the adhesive joint (adhesive layer thickness, substrate
thickness, joint types and dimensions) and load conditions
(load type- static or dynamic: mode, time, temperatures,
loads, etc.).

Adhesive joints should be shaped so that they are
primarily shear stress (folding joint) and to a lesser extent
tension | pressure (butt joint), therefore, in these joints
the working force should act in the plane where the joint
is made. Bending and twisting stresses should be avoided
[14].

Testing of adhesive joints involves static and dynamic
testing. Adhesive joints are tested in the following three
ways [22]:

g o tensile-sheartest known as the TS test (Figure 2a);

g L tensile test (Figure 2b);

E H tensile test (Figure 20).

e

S

£

Figure 2. Methods for testing the adhesive joint: a) TS test; b) L test; ¢) (T test
The values of the degree of safety of the adhesive joint is
in the range S = 2- 5. The most important influencing
factors on the load- bearing capacity of adhesive joints
are the type of material to be joined, the thickness of the
adhesive in the joint, the roughness of the adhesive joints
surfaces, the environment during operation and similar.
Different types of fractures can occur during tensile
testing. Four types of fractures are characteristic for an
adhesive joint [23]:

TOME XVI [2023] | FASCICULE 2 [APRIL - JUNE]

g Adhesive fracture (Figure 3 a);

g Adhesive- cohesive fracture (Fig3b);
g Cohesivefracture (Fig30);

E Subtractive fracture (Fig 3 d).
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Figure 3. Types of fracture in adhesive joints [23]
EXPERIMENTAL RESEARCH
The test was adjusted to the equipment of the Faculty of
Mechanical Engineering of the University of East Sarajevo
(SHIMADZU ACS- X test machine). Tension— shear test
was performed, i.e. TS test. The speed of the traverse
during the test was 2 [mm/min]. The aim of the test is to
determine the maximum force that the adhesive joint can
withstand. The test was done for three samples.
Preparation of test specimens was performed in
accordance with available research, experientially sheet
thickness 1mm (Figure 4). Cutting and bending of the
samples was done by hand with the use of auxiliary tools.
The first sanding was performed with P120 sandpaper,
and the final sanding with P240 granulation paper. At the
end of grinding, the samples were cleaned with alcohol,
Ethanol 96%. This is a common process of preparing
samples for adhesion and the goal of sanding and
cleaning is to remove impurities from the metal surface
that can affect the quality of the joint.

i
i 1
:
L}

50

140

Adhesive

AW-3754

Figure 4. Prepared samples for adhesion
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The samples were adhesived with Loctite EA 3430
(Henkel). It is a two- component epoxy adhesive that has
great application in industry. Adhesion time 10 minutes,
taking into account the viscosity of the adhesive.

After the adhesion process, the samples were clamped
with plastic clamps to prevent movement during the
drying process. The drying process lasted 24 hours at
room temperature (approximately 20 °).

Figure 5. Samples during drying
The results of the tensile test (TS test) are shown in
Figures 6, 7, 8.
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Figure 6. Force—displacement diagram for sample T1

The figures show that the adhesive joint withstood a force
in the range of 6000- 6500 [N]. Taking into account the
thickness of aluminum alloy sheets AW- 5754, which is 1
[mm], and width 30 [mm], and tensile strength Rm = 245
[N / mm2] it is concluded that sheet metal of these
dimensions and this material can withstand a force of
approximately 7350 [N]. Comparing this value with the
value obtained in the tensile test, it can be concluded that
the given joint gives satisfactory mechanical
characteristics because the load— bearing capacity of the
base material (sample) is only 11% higher than the load-
bearing capacity of the adhesive joint.
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Figure 7. Force—displacement diagram for sample T2
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Figure 8. Force—displacement diagram for sample T3

In all three diagrams, it can be noticed that when the
moment the force reaches approximately 4000 [N], a
zigzag line appears, which manifests itself from the
occasional tearing (cracking) of the adhesive.

Figure 9 shows the T (T1, T2, T3) samples after fracture,
while Figures 10, 11, 12 show the fractography of the
compound.

Figure 9. Display of T samples after fracture
Fractography of the compound was performed on a Leica
EZ4 microscope, and from the analysis of the result it can
be concluded that in these cases there is an adhesive—
cohesive fracture.

Figure 10. Fractography of the T1 sample compound

Figure 11. Fractography of the T2 sample compound
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Figure 12. Fractography of the T3 sample compound
CONCLUSIONS
Considering the trend of design development for
lightweight structures and the requirements for high
productivity in industrial production, the increased use of
structural adhesives is expected. Mentioned adhesives
will be more and more represented, because the design
focused on lightweight constructions means saving
resources, and this is impossible to achieve, among other
things, without the use of adhesives. There is a clear trend
of increasing use of composite materials and aluminum
alloys, primarily in the automotive and aerospace
industries because weight reduction is very important in
these industries. In the future, the success of
metalworking companies will largely depend on their
ability to exploit the innovative potential of using
composite materials. In this sense, structural adhesion is
an important factor and key technology (industrial
production) in choosing the way of joining in the machine
industry, both homogeneous and heterogeneous
materials, 21st century. Adhesion is most often used for
joining dissimilar materials, but in this paper, bonding of
homogeneous materials is presented.
Cohesion and adhesion forces are responsible for the
strength  of the adhesive joint. Although many
mechanisms are known to work in the adhesive material
and between the adhesive and the surface of the parts to
be joined by adhesion, it is still not possible to determine
exactly which mechanism is most responsible for creating
the adhesive joint, i.e. which mechanism achieves the
highest joint strength.
The procedure for adhesion of aluminum alloy sheets AW-
5754 is presented and analyzed. Loctite EA 3430 epoxy
two- component adhesive from Henkel was used for
adhesion. Testing of previously prepared samples was
performed using test, namely, the tensile— shear test TS.
The test results show that specimens prepared and tested
for tensile— shear or TS test can withstand a force in the
range of 6000— 6500 [N]. Analyzing the fractography of
the joint samples tested by TS test, it can be concluded
that adhesive— cohesive fracture has occurred.
The results of the performed experiment are satisfactory
from the aspect of durability of the adhesive joint.

Acknowledgment

The results presented in this paper were obtained through project "Research and

analysis of advanced joining technology of dissimilar materials that are used in the

development of lightweight structures" Bl— BA/21— 23— 026 in the framework of the
bilateral scientific cooperation between the Republic of Slovenia and Bosnia and

Herzegovina.

References

[1] Ickert L, Adhesive technology — Key to future of lightweight design?. Adhes

Adhes Sealants 9, pp. 49-53, 2012.

Meschut, G., Janzen, V., Olfermann, T. Innovative and Highly Productive Joining

Technologies for Multi— Material Lightweight Car Body Structures. J. of Materi

Eng and Perform 23, pp. 15151523, 2014.

Junya, N., Reiichi, S. Multi— material Automotive Bodies and Dissimilar Joining

Technology to Realize Multi— material, Kobelco technology review, No. 38, pp.

32-37,2020.

Ji, H. K., Lyang, S. W., Kaushalya. P., Payam. H., Jami. J. S., Pete, E. Knowledge

based design advisory system for multi— material joining, Journal of

Manufacturing Systems, Vo. 52, Part B, ISSN 0278— 6125, pp. 253— 263, 2019.

Delzendehrooy, F., Akhavan— Safar, A., Barbosa, A.Q., Beygi, R., Cardoso, D.,

(arbas, RJ.C, Marques, EAS,, Da Silva, LF.M. A comprehensive review on

structural joining techniques in the marine industry, Composite Structures, V.

289, 1SSN 0263— 8223, 2022.

Bujanis B., Magdalenis Bujanis J., Mehanizmi stvaranja ljepljenog spoja, Tehnicki

glasnik, Vo. 5, No. 2, ISSN 1864— 6168, pp. 89— 93, 2011.

Zotti, A., Zuppolini, S., Zarelli, M., Anna Borriello, A. . Fracture Toughening

Mechanisms in Epoxy Adhesives. In: Rudawska, A., editor. Adhesives—

Applications and Properties, London: IntechOpen. 2076.

Hirsch, J. Aluminium in Innovative Light— Weight Car Design, Materials

Transactions, Vol. 52, No. 5 pp. 818— 824, 2011.

Udoye, N. E., Inegbenebor, A. 0., Fayomi, 0. S. 1., The Study on Improvement of

Aluminium Alloy for Engineering Application: A Review, International Journal of

Mechanical Engineering and Technology, Vol. 10, No. 3, pp. 380— 385, 2019.

Rambabu, P., Eswara Prasad, N., Kutumbarao, V.V., Wanhill, RJ.H. Aluminium

Alloys for Aerospace Applications. In: Prasad, N., Wanhill, R. (eds) Aerospace

Materials and Material Technologies. Indian Institute of Metals Series. Springer,

Singapore. 2019.

[11] Richard, R, Paul, K, Belinga, M,. Jukka, M. Trends in aluminium alloy
development and their joining methods, Reviews on Advanced Materials
Science, Vol. 44, No. 4, pp. 383—397, 2016.

[12] Barnes, T.A., Pashby, I. R. Joining techniques for aluminium spaceframes used in
automobiles: Part Il — adhesive bonding and mechanical fasteners, Journal of
Materials Processing Technology, Vo. 99, No. 1-3, pp. 72— 79, 2000.

[13] EAA Aluminium Automotive Manual — Joining, 9. Adhesive bonding, European
Aluminium Association, 2015.

[14] Miltenovic, V., Markovi¢, B., Tica, M. Konstrukcuini elementi u masinogradnji 1,
Maginski fakultet Univerziteta u Isto¢nom Sarajevu, 2018.

[15] Sarah, K., Cindy, J., Steve, L., Guest, E. Enabling sustainable transportation
through joining of dissimilar lightweight materials, MRS Bulletin, Vol. 44, No. 8,
pp. 608— 612, 2019.

[16] Gerald, D., Richard, A. P. Environmental effects on the ageing of epoxy adhesive
joints, International Journal of Adhesion and Adhesives, Vo. 29, No. 1, pp. 77—
90, 2009.

[17] Hirulkar, N.S., Jaiswal, P.R., Reis, P.N.B., Ferreira, J.A.M. Effect of hygrothermal
aging and cyclic thermal shocks on the mechanical performance of single— lap
adhesive joints, International Journal of Adhesion and Adhesives, Vol. 99, 2020,

(2]

3]

25|FASCICULE 2




ACTA TECHNICA CORVINIENSIS - BULLETIN OF ENGINEERING
TOME XVI [2023] | FASCICULE 2 [APRIL - JUNE]

[18] Roskowicz, M., Godzimirski, J., Komorek, A., Jasztal, M. The Effect of Adhesive
Layer Thickness on Joint Static Strength. Materials, 2021, Vol. 14, No. 6, 1499.

[19] Yasmina, B., Sami, N., Salah, M., Moez, B. S. A. Effect of surface treatment on the
shear strength of aluminium adhesive single— lap joints for automotive
applications. International Journal of Adhesion and Adhesives, Vol. 67, pp. 38—
43,2076.

[20] Borsellino, C., DiBella, G., Ruisi, V.F. Adhesive joining of aluminium AA6082: The
effects of resin and surface treatment, International Journal of Adhesion &
Adhesives, Vol. 29, pp. 36—44, 2009.

[21] Banea, M.D., Da Silva, L.FM., Gampilho, R.D.S.G. Effect of temperature on the
shear strength of aluminium single lap bonded joints for high temperature
applications, Journal of Adhesion Science and Technology, Vol. 28, No. 14-15,
pp. 1367-1381, 2014.

[22] Abd— El Salam, M. H., Khaliel, J. A., Hassan, H.H. Factors affecting the adhesive
force between metallic substrate and carbon black filled rubber composites,
Journal of Reinforced Plastics and Composites, Vol. 32, No. 13, pp. 974-986,
2013.

[23] Natu, A. V., Ankit, R. S., Nitinkumar, R. A. Variation of Adhesive Strength in
Single Lap Joint (SLJ) with Surface Irreqularities. American Journal of
Mechanical Engineering, Vol. 7, No. 2, pp. 61— 67, 2019.

Note: This paper was presented at IRMES 2022 — 10th International Conference on

Research and Development of Mechanical Elements and Systems: “Machine design in

the context of Industry 4.0 — Intelligent products”, organized under the auspices of

the Association for Design, Elements and Constructions (ADEKO) and University of

Belgrade, Faculty of Mechanical Engineering, Department of General Machine Design,

in 26 May 2022, Belgrade (SERBIA).

26|FASCICULE 2

ISSN: 2067-3809
copyright © University POLITEHNICA Timisoara,
Faculty of Engineering Hunedoara,
5, Revolutiei, 331128, Hunedoara, ROMANIA

http://acta.fih.upt.ro




