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Abstract
This report aims to increase the scientific knowledge about long-term prospects for the adhesive
and adhesive joints for bonding of stainless steels. The effects of water, temperature and
chemicals on the adhesive and adhesive joints are investigated. Stainless steel plates are
pretreated with a primer and isopropanol, there after joined together with single lap modeling.
The strength of the joint is tested with a tensile test and additionally a watertightness test is
performed to determine if the joints are watertight.
For this project three versions of stainless steels is used and two different technologies of twopart adhesives, silicone and silane-modified polymer and one technology of tape, a double
coated acrylic foam tape are tested.
The result shows that all the adhesives fails cohesively and that tape fails partly adhesively.
Result shows that all tests are affected by water, temperature and chemicals on different levels
but tape is affected the most with a minimum of 40% loss in shear strength. Watertightness test
shows that aged tape joints are not watertight. The polymer shows no signs of decreasing in
shear strength and is watertight, but does become more viscous by aging.
The report shows that a possible combination of adhesive and pretreatment that can withstand
the effects of water, temperature and chemicals is found. The polymer presents a possibility to
bond stainless steel with a simple pretreatment. Tape didn’t pass the test in a suitable way but
presents opportunities if a sufficient pretreatment can be found.
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1 Introduction
“While adhesives may join materials better than welding or mechanical fasteners in some
applications, a revolutionary breakthrough in adhesive technology will be needed before they
eliminate the need for welding or metal fasteners” - Kimberly Gilles (2006).
This report aims to increase the scientific knowledge about long-term prospects for the adhesive
and adhesive joints for bonding of stainless steels. Stainless steel plates are joined together with
single lap modeling and subjected to environments with water, elevated temperature and
chemicals. A tensile test is performed to determine the strength of the joint and a water tightness
test is performed to determine if the joint is watertight. The stainless steels that are tested in this
project are two versions of EN 1.4301, one cold rolled called 2B and one polished called DP20,
and one version of EN 1.4404 that is similar with 2B but has another chemical composition is
tested. Three different adhesives are tested to bond the stainless steel. Two different
technologies of two-part adhesives, silicone and silane-modified polymer and one technology
of tape, a double coated acrylic foam tape. The possibility of replacing welding of stainless steel
with adhesive bonding of stainless steel is also evaluated in the report.
Adhesive is a material that can join two different surfaces and withstand forces that are acting
on the bodies to separate them (Skeist, 1990). Adhesive bonding of materials is an area that is
well known in modern time. It's widely used in automotive industry and aerospace industry.
Aluminum as an adherend has been used with great success for adhesive bonding in the
automotive and aerospace industry due to its soft surface, light weight and porous structure.
Adhesive bonding of aluminum and composite materials has been used in aircrafts for over 50
years (Higgins, 2000). It is well known that aluminum is a good structural material for adhesive
bonding but steel presents some difficulties for bonding. According to Wanga, Hub and Lua
(2017) the dominant failure mode for adhesive bonding of steel is along the adhesive/steel
interface due to its dissimilarities of material compositions and properties. Therefore, it’s
important to examine if the stainless steel also can be good for adhesive bonding if the correct
conditions are used.
The benefits of adhesive bonding compared to other bonding techniques such as welding and
riveting are that it can offer a better stress distribution, better resistance of fatigue and lower
production costs (Gilles, 2006). Other important benefits of adhesives are the ability to bond
different types of material and the weight reduction. A great example of implementation of
adhesive over welding and rivets are in the caravan industry. The caravan-company Elddies,
together with Henkel, managed to replace over 800 screws in a caravan with adhesive. This
reduced the weight of the construction and created a more watertight construction because the
holes from the screws could be avoided (Henkel Norden AB, 2017). Another example where
adhesives have replaced welding is in the automotive industry. Here adhesives have replaced
spot welding in areas where it’s more beneficial to bond different materials rather than steel on
steel. It gives the designers more opportunities to optimize the construction. Many more
examples can be found where adhesives have replaced welding and created a better production
and product (Council, 2009).
Therefore, it has become important to examine adhesives joint strength and failure behavior.
Many previous studies has been done, for example, Afendi, Teramoto and Bakri (2011) wrote
an article on the Strength Prediction of epoxy adhesively bonded scarf joints of dissimilar
adherends. Krishnan and Xu (2011) wrote Systematic Evaluation of Bonding Strength and
Fracture Toughness’s of Adhesive Joints. Seo and Lim (2005) wrote about tensile, bending and
shear strength distribution of adhesive-bonded butt joint specimens. Something that is not
1
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examined in these studies is the effect of aging and factors like water, temperature and
chemicals on the adhesive joint. Some studies that are made with the effect of aging are Viana,
Costa, Banea and Silva (2017) and Sugiman, Crocombe and Aschroft (2013), but these studies
were only investigating heat and salt waters impact on adhesives joints.
To understand how an adhesive works and why it works it’s good to understand how materials
can bond. The theory that describes in a good way what happens in the interface of two materials
is the thermodynamic adsorption theory, it says that:
•

If two materials are close enough, they will bond.

•

The association between these two materials will be stronger than the weakest of the
materials. But only if subjected to loads in the environment where the bonding was
created.

The last sentence refers to that not every joint can withstand other fluids. Meaning that the joint
will be weaker if subjected to loads in environments that have for example higher levels of
moisture and temperature compared to the environment where the joint was created. So how
close to each other do the materials need to be to bond? A clue is found in energy content, no
liaison has longer reach than 5Å (1 Ångström [Å] = 0.1µm). So the materials need to be
minimum 5Å from each other, which is not possible since no material is that smooth, the closest
is roughly 100Å. To achieve bonding, one material needs to deform. In this case it’s the
adhesive that deforms. But the adhesive needs to have less surface tension than the materials
that are joined together to be able to wet. Surface tension can be described by the will of a
material to create a sphere, thus a sphere has the least delineating in the volume ratio. The
stronger the cohesive material is, the higher the surface tension. Therefore, it’s crucial that the
adhesive have a lower surface tension than the materials that are bonded to obtain an adequate
adhesion. In most cases adhesives are made of plastic materials and the surface tension for
metals is significant higher than for plastic materials (Nobel, 1991). Adhesion is the interaction
that develops between two dissimilar bodies when they are in contact with each other (Skeist,
1990). Figure 1.1a, illustrates when an adhesive has greater surface tension than the adherend
and Figure 1.1b illustrates when an adhesive have a lower surface tension than the adherend.

Figure 1.1a. Adhesive with greater surface tension than the adherend. Figure 1.1b. Adhesive with lower surface
tension than the adherend (freely interpreted from Nobel, 1991, p.36).
2
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It’s important to have knowledge about surface tension and wetting when bonding to materials
using an adhesive. However, moisture and water are still the biggest obstacle for adhesives.
According to Bowditch (1995) the combined effect of water and temperature is undoubtedly
the major and most common hazard to adhesive joints. Add time, and the risk for failure and
loss in strength is impending. Another scientific article that highlight this is Viana, et al., (2017),
they claim that “One of the main disadvantages of adhesive bonding is the prediction of the
mechanical behavior of aged adhesive joints, as structural adhesives are moisture and
temperature sensitive”.
The need for a more accurate analysis of the long-term effects of moisture, water and chemicals
on the bonding is therefore necessary to achieve optimal adhesion and a complete watertight
product. As mentioned previously adhesive bonding is well known, but the long-term effects
of water, chemicals combined with temperature changes are poorly investigated. To the author's
knowledge and Viana, et al., (2017) there are just a handful of reports that have tested the
combined effects of water and temperature on adhesive joints. Therefore, this report is
important to gain more knowledge on the subject.

2 Background
In this section the problem statement, aim and limitations of the project will be presented. The
company AB Furhoffs rostfria and the products that the company produces that are of interest
for the project will also be presented.

2.1 Problem Statement
The company AB Furhoffs rostfria has an idea to replace welding with adhesive bonding.
To be more efficient and to achieve a more sustainable assembly the company has a goal to
decrease the assembly time and number of assembly steps. By avoiding additional steps that
welding stainless steel includes, such as polishing, grinding and pickling the assembly time and
steps can be reduced. There is also the risk for residual stress, which can cause reduction in
toughness, corrosion resistance and fatigue strength. The pickling of the stainless steel is
particularly an issue for the employees. The chemicals used for this part of the process is
hazardous for the human body. Therefore, the company are aiming for the use of adhesives.
This report will investigate the possibility of replacing welding of stainless steel with adhesive
bonding of stainless steel. Since there are many factors and questions that needs to be answered
before a change in production can be made this report will be used as a pilot study. The
questions that are the most critical and need to be attended first, in order to proceed with the
project is determined together with AB Furhoffs rostfria and are listed below.
•

How will water, temperature and chemicals affect the properties of the adhesive over
time?

•

Will the strength of the joint decrease over time?

•

Is the adhesive joint watertight over time?

These are the main areas that are of biggest concern to this project. Nobel (1991) lists 9 factors
that have impact on adhesive joints properties over time which increases the complexity of the
project. Therefore, limitations for the project are carefully set in order to investigate small areas
that can give important clues for further projects. The methods that are used can be implemented
in further projects. If the change from welding to adhesive bonding of stainless steel is possible
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it will create a more energy-efficient and more cost-efficient production. The report will not
investigate the production methods and work methods needed to replace welding.

2.2 Aim of the project
The goal for this report is to find a possible combination of pretreatment and adhesives in order
to join stainless steel. An aim is to obtain a deeper understanding in the field of adhesive
bonding and a practical experience in product development. A careful evaluation is performed
to investigate how the adhesive will bond to the stainless steel and how the adhesive joint is
effected by water, temperature and chemicals over time. A careful evaluation is performed to
explore whether adhesive/tape is an alternative method to bond stainless steel in place of
welding.

2.3 Limitation
This project will not deal with product design, implementation of adhesive bonding in
production or specific operating methods for adhesives. The project aims solely to investigate
whether adhesive is an alternative to welding, from a mechanical perspective. The adhesive
material shall meet the requirements of health and safety perspective and be friendly for the
environment. This is ensured by the supplier of the adhesive and will not be investigated in this
report.
The time for the project is limited to 20 weeks and includes 30 ECTS.

2.4 AB Furhoffs rostfria
1899, Carl Furhoff started a company for the manufacture of various household items in copper
material, like pots, kettles and buckets. The new material, stainless steel, was introduced in the
1920s when the company grew. At the same time a new generation of the family Furhoff took
over and led the business. Today the company is specialized in stainless steel where proprietary
products in the plumbing, industrial kitchens, sinks for the home environment and specialized
products in small batches are manufactured. All production and development takes place in the
same factory in Skövde. Something that characterizes products from AB Furhoffs rostfria is the
high quality and the high delivery precision. An example is when a customer orders a standard
product the customer is able to get the product the day after, which is a great strength in the
industry today. Environmental sustainability is something that the company values highly. To
achieve the least environmental impact AB Furhoffs rostfria are dedicated to make more
improvements in the company and have an efficient production (AB Furhoffs rostfria, 2017).
AB Furhoffs rostfria is quality, environment and welding ISO certified. This means that also
the adhesives shall meet these high demands on quality and environment. Therefore, this project
only examines adhesives of good enough character from an environmental and quality
perspective.
AB Furhoffs rostfria in Skövde are today focused on producing and processing stainless steel
products. The company continuously strives to be competitive on the market by constantly
developing their products. This project is conducted in collaboration with the University of
Skövde, Henkel Norden AB, 3M and AB Furhoffs rostfria. AB Furhoffs rostfria is the client
and Henkel Norden AB and 3M are the suppliers of the adhesive. Development in this area can
lead to a more cost-effective production for AB Furhoffs rostfria and a more sustainable
production. It also opens a new possibility to optimize the products with different types of
materials, since adhesive bonding presents the possibilities of bonding different materials. It
will also give the company a deeper understanding of adhesive bonding of stainless steel in new
areas where welding previously was used.
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2.5 Products and applications
AB Furhoffs rostfria have some different products that are suitable to be bonded using
adhesives. Two different applications are selected to be investigated, they are both general and
are commonly used on many of the products that AB Furhoffs rostfria is producing. The first
application is a so called attachment ears that are to align the wells and drains, when the casting
compound is applied. The attachment ears are today welded to the wells. A typical AB Furhoffs
rostfria well is displayed in Figure 2.1a, and the attachment ears can be seen in Figure 2.1b. The
attachment ears are subjected to a variety of loads when the wells are installed to the floor, for
instance normal stress, shear stress and peel stress. These load cases are acting mainly when the
wells are cast into the floor. Ones the casting compound has solidified, the attachment ears have
fulfilled their purpose. However, regarding the time from which the products are manufactured
until the day they are cast into the floor there is no relevant information available. During this
time they can be subjected to environments with moisture and changes in temperature. This can
be one day, but also several years. Thus, it’s important to investigate long-term effects of these
environments to simulate worst case scenario. The ears have a contact area of 25x20mm.

Figure 2.1a. Well with the attachment ear encircled with red (AB Furhoffs rostfria, 2017). Figure 2.1b.
Attachment ear, encircled in figure 2.1a.

The second application is the steel ring attached to the telescoping ring, see Figure 2.2. It forms
a part of a standard well from AB Furhoffs rostfria. This application is also welded together
today. In this project it will be bonded with adhesives and subjected to a watertightness test.
This is to ensure that the wells and drains bonded using adhesives are watertight, a crucial
criteria for the products.
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Figure 2.2. Steel ring attached to the telescoping ring (AB Furhoffs rostfria, 2017).

The long-term effect of moisture, water and chemicals are poorly investigated and are a crucial
aspect in AB Furhoffs rostfria stainless steels products. The products the company produces are
throughout their life cycle exposed to moisture, water and chemicals. Chemicals like surfactants
and NaCl. The temperature can vary from -30 to over 100°C. Viana, et al., (2017), have been
investigating the effects by using a double cantilever beam test (DCB) or mode 1 test, see Figure
2.3, and aging in three different temperatures and the effects of saltwater. The research was
focused on the automotive industry. In this project a Single Lap-joint (SLP), see Figure 2.4,
was tested using mode 2, see Figure 2.3. Mode 2 gives a good understanding of the strength of
the joint, however, mode 1 is more crucial to a joint then mode 2. The difference in mode 1 and
2 is that mode 1 concentrates the stress to a small area causing failure at lower levels of force.
The reason why mode 1 is not tested is due to the thickness of the steel plates. The plates are
only 1.25mm thick and therefore the risk for the plates to fail before the adhesive is
predominant. The focus in this project is the adhesive joint.
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Figure 2.3. Fracture modes I and II (Twisp, 2008).

Figure 2.4. Single lap-joint.

Calvez, Bistac, Brogly, Richard and Verchère, (2012) wrote, when a SLP test is performed it’s
crucial that adhesive failure mode is avoided. Adhesive failure mode is the separation of the
interface between the stainless steel and adhesive, see the encircled area in Figure 2.5. A
cohesive failure mode is to prefer. Cohesive failure mode is when the adhesive fails rather than
the adhesion, see the rest of Figure 2.5. Cohesive failure is an advantage because of the shear
stress distribution that is non-uniformly within the joint. Due to the non-uniformity of the shear
stress distribution the sides are most critical for elastic deformation and may well lead to
rupture. This is illustrated in Figure 2.6 which presents the stress distribution on a SLP.
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Adhesive failure
and the stainless
steel surface can
clearly be seen.

Figure 2.5. Adhesive failure is encircled and the steel surface can clearly be seen. Cohesive failure is the zone
around the circle. The picture is taken perpendicular to the surface and the width of the surface is 25mm.

Figure 2.6. Stress distribution on single lap joint (Calvez, Bistac, Brogly, Richard and Verchère, 2012).

2.6 Effects of water
So why is water so crucial to the lifetime of an adhesive bond? The answer is not in the adhesive,
there are adhesives that can withstand water. The problem is how good the adhesion is because
the contact between the adhesive and the adherend are never complete. As mentioned
previously the minimum distance between the adherend and adhesive is 5Å. Since there are no
smooth surfaces on any material known today the attention is turned to the adhesive. How well
can the adhesive fill all the surface irregularities is therefore the key to the strength of an
adhesive joint. First the surface tension of the adhesive must be lower than the adherend. Then
the adhesive must wet all of the surface of the adherend. The molecules in adhesives are roughly
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2 − 3Å and the length of the molecule chains can be many thousands time longer. The uncured
adhesive consist therefore of many molecules chains, and when applied to the surface the
adhesive only partly fills all the irregularities which is illustrated in Figure 2.7a. Water have
smaller molecules, roughly 1Å, and can therefore penetrate the interface between the adhesive
and the adherend, see Figure 2.7b. This is also the result in the article by Mubashara, Ashcroft,
Critchlow and Crocombe (2009) where aged joints failed in the interface between the adherend
and adhesive compared with their dry specimens which failed cohesively. According to Nobel,
(1991) there are two ways for water/moisture to penetrate the adherend:
•

The adhesive absorbs moisture, which can then be collected in the microscopic voids in
the boundary layer to the joint surface.

•

Direct migration of incompletely filled boundary layer.

Figure 2.7a. Adhesive fills only partially the surface. Figure 2.7b. 𝐻𝐻2 𝑂𝑂 have penetrated the interface (freely
interpreted from Nobel, 1991).

If the adhesion does not occur correctly due to the surface irregularities the adhesive will not
merge the surface, this is illustrated in Figure 2.8a. To avoid irregularities and create a strong
adhesion a low viscosity primer can be used to saturate the surface. A low viscosity primer fills
the irregularities and creates a smoother surface which the adhesives can bond to, this is
illustrated in Figure 2.8b. It will make it more difficult for water to penetrate the surface
interfaces. This will create a stronger and longer lasting bonding.
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Figure 2.8a. Without primer that fills the irregularities and the adhesive partly fills the surface. Figure 2.8b.
With primer that enables the adhesive to better bond to the surface (freely interpreted from Nobel, 1991).

There are some models that can be used to estimate the water absorption of adhesives. The
simplest is Fick's Law which describes diffusion. This however assumes that there are no
interactions between the absorbed water molecules and the polymer chains. In many cases,
however, the simple Fickian model does not represent the absorption process and tends to
overestimate water concentration, such cases are called non-Fickian or anomalous (Ameli,
Datla, Papini and Spelt, 2010).
The rate at which the water is absorbed and the maximum water uptake depend on
environmental factors, such as the relative humidity, temperature, the thickness and on the stress
state of the adhesive. Ameli, et al., (2010) developed a Sequential Dual Fickian model (SDF)
to calculate the water uptake of adhesive joints. Their result shows that the SDF model can be
used to predict the water concentration distribution in adhesive joints exposed to environments
of changing temperature and relative humidity under the assumption of negligible interface
diffusion. This leaves the interface unattended and no investigation on the strength of the joint
was conducted.

2.7 Approximation of aging and strength
AB Furhoffs rostfria’s products have no time warranty but are expected to last for decades. The
most accurate way to test this is by using real time experiments. However that’s not possible,
the development costs will be too high and the product is likely to be out of date when the
testing is completed. In order to simulate long-term uses of products one can implement
accelerated decomposition under controlled forms. It gives an approximation of the lifetime of
a product. The key word here is approximation, accelerated aging uses extrapolation and
linearity to determine expected lifespans. The basics for accelerated aging is the fact that
degradation is faster at higher temperatures. The method with accelerated aging is used by
Viana, et al., (2017) and a simplified method is presented in Nobel, (1991).
The effects of accelerated aging can be approximated by applying Arrhenius equation, see
equation (1). k is the reaction speed, R is the universal gas constant, T the absolute temperature,
A is the frequency factor that describes the probability that the molecules will collide in the
correct position and E is the activation energy. It uses the definition that decomposition
accelerates at higher temperatures thus the same degradation mechanism is active at both the
test temperature and operating temperature (Berggren, Jansson, Nilsson and Strömvall, 1997).
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𝑘𝑘 =

𝐴𝐴𝑒𝑒 −𝐸𝐸
𝑅𝑅𝑅𝑅

(1)

Arrhenius equation is very simple but is remarkably accurate for the problems that the aging of
materials presents. It uses extrapolation and linearity to determine lifespans which assumes that
degradation of materials are linear over time. This have been proven to provide good
approximations. In order to create an Arrhenius diagram, there is a need for extensive testing at
different temperatures, something that is not possible in this project due to the lack of time. It’s
however possible to create a simplified approximation by testing at only one temperature, this
will be used in this project (Berggren, et al., 1997).
Based on Arrhenius equation (1) an accelerated aging factor (AFF) can be derived, see equation
(2). The equation was developed by Westpak (2017).
𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑄𝑄10 (𝑇𝑇𝐴𝐴𝐴𝐴−𝑇𝑇𝑅𝑅𝑅𝑅 )/10

(2)

Where 𝑄𝑄10 is aging factor, 𝑇𝑇𝐴𝐴𝐴𝐴 is Accelerated Aging Temperature and 𝑇𝑇𝑅𝑅𝑅𝑅 is Ambient
Temperature.
To determine the Accelerated Aging Time (AAT) equation (2) is inserted in equation (3):
𝐴𝐴𝐴𝐴𝐴𝐴 =

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (𝑅𝑅𝑅𝑅)
𝐴𝐴𝐴𝐴𝐴𝐴

(3)

Equation (3) will be used to approximate the Accelerated aging time (Westpak, 2017).
However, more comprehensive material studies have shown that for complex aging processes
Arrhenius equation is insufficient. The results from these studies shows that aging curves show
non-Arrhenius behavior. One of the studies that investigated this is Celina, Gillen and Assink
(2005), their results shows that curvature exists in aging processes and that a better lifetime
prediction could be made by estimating a low temperature process activation energy or allowing
for a second rate dependence instead of forcing a straight line extrapolation. In Gillen, Bernstien
and Derzon (2004), they compared laboratory aging with 24-year field aging of
polychloroprene rubber materials. Their results show that the activation energy is not constant
throughout the aging time and that curvature accurse. In Arrhenius equation, the activation
energy is expected as constant.
To determine if the joint have an acceptable strength after aging the strength of the joint can be
approximated with the equation (4) for shear stress τ (Lundh, 2000). The equation only takes
into consideration the area, A, of the joint and the load, F, that is acting on the system. That
leaves for example the environment the joint is subjected to and aging unattended that affects
the joint over time.
𝐹𝐹

𝜏𝜏 = 𝐴𝐴

(4)

It is therefore difficult to estimate the lifetime and material properties of adhesives over time
and in different environments. The safest way is to age and test adhesive joints in the
environment they are anticipated to be exposed to.
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Nobel, (1991) lists the factors that have the greatest impact on an adhesive strength over time:
•

Which materials are bonded?

•

How is the material pretreated?

•

Which adhesive is used?

•

What is the operating environment?

•

What is the loading situation?

•

What is the temperature?

•

How is the adhesive joint designed?

•

How is the adhesive applied?

As this chapter has revealed, there are many factors affecting the properties for an adhesive
joint over time. It’s impossible to exactly decide how the joint will behave over time with
today’s knowledge. The methods and theories that have been presented gives a good
approximation, but requires extensive testing and collecting of data.

2.8 Technologies
In this section a more general knowledge of the various technologies used in this thesis is
presented. The areas that will be explained are: adhesion, adhesives, tape, welding, stainless
steels and pretreatment.

2.8.1 Adhesion, Adhesive, Tape
Adhesives have been used since ancient times although it has been escalating the last 60 years
or so. Carvings in Thebes dating back 3300 years shows the gluing of a thin piece of veneer to
a plank of sycamore. Even earlier in the palace of Knossos in Crete, wet lime was the binder
for chalk, iron ocher and copper blue frit pigments with which the walls were painted (Skeist,
1990). Today, as mentioned before, adhesives are used in many industries such as automotive
and aerospace. The benefits and the obstacles have also been mentioned but to understand
adhesion and adhesives it’s good to thoroughly explain the definition.
Adhesion is the interaction that develops between two dissimilar bodies when they are in
contact with each other. Thus, adhesion is a multidisciplinary science dealing with the
chemistry and physics of surfaces and interfaces as well as the mechanics of deformation and
fracture of adhesive joints (Skeist, 1990).
Adhesive is a material that can join two different surfaces and withstand forces that are acting
on the bodies to separate them. The surfaces of the two bodies that are joined is called
adherends. Skeist (1990) have a more philosophic definition of an adhesive but still accurate:
“Adhesives are social substances. They unite materials, creating a whole that is greater than the
sum of its parts. They are small in volume compared to the metals, glass, wood, paper, fibers,
rubber and plastics that they join together; but just as enzymes, hormones and vitamins are
required for individual well-being, the adhesives are recognized as essential to the health of our
industrial society” (Skeist, 1990).
Mechanical bonding techniques such as welding, soldering and brazing have been used with
success for many years in manufacturing and construction. They create a strong and reliable
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joint if constructed properly. But the use of adhesives to bond the materials have made its marks
and are today a common and effective alternative due to its benefits in fatigue, stress distribution
and lower manufacturing costs (Gilles, 2006). The big difference is that the filler material for
adhesive bonding is a plastic instead of a metal. Adhesive bonding can also usually be done
without heating the material, which is an advantage when joining metals since the metals can
buckle when heated. The distance between the molecules in the materials to be bonded and the
adhesives molecules cannot be more than about 5Å in order to be able to transfer loads. To
achieve adhesion the adhesive needs to wet the surface. This can only happen if the adhesive
have lower surface tension than the adhesion surface. The adhesive must also harden into a
solid material (Nobel, 1991).
Tape is a material which has adhesives on one side or both sides of it, the last is called doubled
coated tape. It has the same principle as adhesive, joining two different surfaces of bodies to
withstand forces that are acting to separate the bodies. Unlike the adhesive, the tape adhesive
deforms slowly and doesn’t solidify at all. Tape adhesive is a very slow flowing liquid that
slowly applies in the roughness of the surface. Therefore, it is easy to remove the tape when it
has just been applied, unlike when it has been applied for a while (Nobel, 1991).

2.8.2 Welding
One of the most common methods for joining metals or thermoplastic materials is welding. It
uses heat to melt together the base materials and it’s also common to add a filler material. The
filler material together with the melted base material forms a joint which is usually stronger
than the base material. Welding creates a strong and tough joint that can withstand many
environments and loads. The disadvantage of welding stainless steel is the formation of oxides
and weld heat on the surface leading to change in the microstructure affecting both physical
and chemical properties. Oxide must be removed so that the steel remains corrosion resistant.
This can be done by pickling. The pickling method removes mill scale, weld heats, residues
from grinding wheels, abrasive belts, any iron impurities, abrasives etc. from the stainless steel
surface. Pickling uses a mix of water, hydrofluoric acid and nitric acid to remove the rest
products and restore the stainless surface. After pickling and rinsing with abundant water the
corrosion resistance of the stainless steel construction is restored (Hällman, 2013).

2.8.3 Stainless steel
According to the British stainless Steel Association the stainless steel were invented by Harry
Brearley in 1912. The British metallurgist was instructed to solve the problem of corrosion in
the British cannon barrel. In one experiment, he found that an iron-chromium alloy didn't
corrode (Brittish Stainless Steel Association, 2017).
Stainless steel has chromium (Cr) as main alloying element and a chromium content higher than
about 11%, according to the European standard EN 10088. A thin protective continuous film
of mainly chromium oxide (𝐶𝐶𝐶𝐶2 𝑂𝑂3 ) that protects the underlying steel against further oxidation.
This film of chromium oxide has a thickness of 20 − 30Å. If the oxide layer of stainless steel
with a chromium content of about 12% or more penetrates, for example by scratching, the
active steel in the scratch can corrode in moist environments. However, if the steel is alloyed
with a higher chromium content, about 15%, the steel can re-passivate in moist environments.
By increasing the chromium content of the stainless steel the chemical resistance increases, but
it is also increased with decreasing carbon (C) content. Therefore, stainless steel generally has
a carbon content under 0.25%. Too high carbon contents can lead to a depletion of chromium
when chromium carbides (e.g.𝐶𝐶𝐶𝐶23 𝐶𝐶6) are formed (Karlebo, 2014).
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Stainless steels also consist of other alloying elements, beside Cr and C, which gives stainless
steels their properties. Like Molybdenum (Mo) that are used to avoid pitting and Nickel (Ni)
used to obtain an austenitic structure in a widely temperature range. It is not unusual that
stainless steels comprise much of these alloying elements. To obtain good heat resistance,
substrates like Cr and Ni can be used in large quantities. Stainless steel can consist of a lot of
different alloying elements. For retaining the steel properties of the stainless steel these alloying
elements are lower than the iron content in the material (Brittish Stainless Steel Association,
2017).

2.8.4 Pretreatment
Poor adhesion may sometimes occur, despite all adhesion theories are fulfilled. The cause is
usually not the adhesives, but probably an adhesive failure between the adhesive and the joined
surface. The adhesive itself is probably intact. This type of failure is caused of a wrong
pretreatment (Karlsson, 1994).
Although a surface is believed to be clean it can consist of oxide, grease and dirt. The surface
which is regarded as polished can have a profile depth of several hundred Ångströms. This can
be compared with properties of an alpine landscape between peaks and valleys. It is therefore
important to make the surface as clean as possible to obtain a good adhesion (Karlsson, 1994).
Some common pretreatment technologies are:
•

Washing.

•

Washing and mechanical pretreatment.

•

Washing and chemical surface conversion.

•

Washing and mechanical pretreatment followed by chemical treatment.

Pretreatment can be economically expensive and environmentally hazardous. Therefore, it’s
important that correct pretreatment technology is used to generate the best outcome. Adhesive
bonding of stainless steels have been tested in two experiments where pretreatment where used
to improve the adhesion. In Morais, Pereira, Teixeira and Cavalerio, (2007) the steel was first
sandpapered and cleaned with acetone and in Pereira and Morais, (2003) the steel was also
sandpapered and then cleaned with Loctite 7063. Both methods are easy to perform and gives
a good result. These simple methods for pretreatment are also confirmed by Wanga, Hub and
Lua, (2017). Their preliminary results show that grid-blasted steel surface with pre-coating is
sufficient, which implies thorough substrate surface cleaning on site is not necessary for
adhesive bonding. For example ultrasonic cleaning only gave an 8% improvement compared
to grid-blasting. This can be useful for many structural applications when chemical etching and
ultrasonic cleaning cannot be used due to the limitation of equipment and work environment on
site. This goes hand in hand with the request from AB Furhoffs rostfria to use a simple
pretreatment-method.
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2.9 Tensile test
To determine the strength properties of importance for a structural product a tensile test is
suitable. A test piece is clamped at each end and pulled apart at constant speed until failure.
This is done under controlled tension and the constant speed is preselected. The test is used to
anticipate how materials will perform under different loads, control the quality of a material
and to choose the best material for an application. The test can determine properties for example
yield strength and tensile strength (Karlebo, 2014). Yield strength is the tension at which the
material starts to show plastic deformation. Tensile strength is the tension where fracture
occurs. The tensile testing machine that will be used in this project is an Instron machine 8872,
which is a floor model fatigue testing machine system of InstronTM. The machine can be seen
in Figure 2.9.

Figure 2.9. Tensile testing machine Instron 8872.

2.10 Overview
In chapter 3, the experimental method is explained in detail. In this chapter the choice of
material is presented, followed by the experimental procedure. In the experimental procedure,
the specimen fabrication and the test procedure are further explained. In the following chapter,
chapter 4, the results of the experiment are presented and followed by the discussion, conclusion
and future research.

15

University of Skövde

Department of Engineering Science

3 Method
The material for the project have been selected together with AB Furhoffs rostfria, Henkel
Norden AB and 3M Svenska AB and are further explained in the material part of the thesis.
After the materials have been selected the steel plates and steel ring with telescoping ring has
been joined together with adhesives and tape. Regarding the steel plates, twelve different
combinations are tested, six of twelve are subjected to accelerated aging and the reaming six
are tested without being subjected to anything except room temperature. By doing this, a
comparison between un-aged steel plates with aged steel plates can be made to determine the
effects of temperature and chemicals. Regarding the steel ring and telescoping ring the same
procedure is done, where three of six samples are subjected to accelerated aging. In the
experimental part the specimen fabrication and the test procedure are explained in detail.

3.1 Material selection
An important part in this project is the choice of materials. The material for this project is
divided into four different categories: stainless steel, adhesives, tapes and pretreatment. In this
section, an explanation of the choice of materials is to be presented.

3.1.1 Stainless Steel EN 1.4301 and EN 1.4404
The stainless steels that are being investigated in this project are two austenitic stainless steels
with the designation EN 1.4301 and EN 1.4404. Austenitic stainless steel is used because of its
high ductility and toughness properties. According to Talonen, Hänninen, Nenonen and Pape,
(2005) austenitic stainless steels are one of the most commonly used steels because of their
excellent corrosion resistance, mechanical properties and weldability. EN 1.4301 and EN
1.4404 are widely used in engineering application such as chemical, paper and food industry.
These steels are also popular in household wares, architecture and transportation (Matweb,
2017).
EN 1.4301 and EN 1.4404 stainless steels are the most commonly used by AB Furhoffs rostfria.
For this project EN 1.4301 comes in two different versions, one called EN 1.4301/2B which is
a cold rolled, heat treated, pickled and skin passed stainless steel plate. The second one called
EN 1.4301/DP20 is a grounded 2B-plate. The reason why different stainless steels and versions
of them are tested is to compare if the adhesive bonds better or worse to different stainless
steels.
EN 1.4301 have a Cr composition of 18.1% and a Ni level of 8.0%, for more details regarding
the material see Appendix B. General material properties for EN 1.4301 are Young’s
modulus 200𝐺𝐺𝐺𝐺𝐺𝐺, Tensile strength 600𝑀𝑀𝑀𝑀𝑀𝑀, Yield strength 210𝑀𝑀𝑀𝑀𝑀𝑀 and Poison’s ratio 0.3
(Matweb, 2017).

EN 1.4404 is also a 2B-plate but it consist of a higher level of Ni (10%) and Mo than EN
1.4301, this resulting in an acid-proof stainless steel, for more details see Appendix B. EN
1.4404 general material properties are Young’s modulus 200𝐺𝐺𝐺𝐺𝐺𝐺, Tensile strength 570𝑀𝑀𝑀𝑀𝑀𝑀,
Yield strength 220𝑀𝑀𝑀𝑀𝑀𝑀 and Poison’s ratio 0.3 (Matweb, 2017).
EN 1.4301 is used for the tensile test and EN 1.4404 is used for the watertightness test. The
wells that are being tested in the watertightness test are manufactured by a subcontractor to AB
Furhoffs rostfria.
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3.1.2 Adhesive
The adhesives company Henkel Norden AB have given a recommendation of two different
technologies of adhesives that meets the predetermined criteria’s. The criteria’s that follows
are:
•

Safety for the users, which means that the adhesives can be handled without additional
ventilation or additional safety equipment. And also no need for additional approval
from the Swedish Work Environment Authority.

•

The adhesives also need to be environmentally friendly, causing no harm to the water
and areas around the adhesives.

The two different technologies that meets these criteria’s and are recommended are one silicone
adhesive and one silane-modified polymer (SMP). These technologies are available as one-part
and two-part adhesives. Because of the requirements from AB Furhoffs rostfria for short curing
time, it is decided to use two-part adhesives. Thus, one-part adhesives harden from the outside
in with the help of air moisture, which takes about a week to harden for an area of 20x20mm.
Two-part adhesives are curing faster because of a chemical reaction that occurs when the two
different substrates are mixed together (Henkel Norden AB, 2017). The choice of adhesive for
the project is:
•

Loctite SI 5615 two-part silicone adhesive.

•

Teroson MS-9399 two-part silane-modified polymer.

3.1.2.1 Loctite SI 5615
According to Henkel Norden AB Loctite SI 5615 is a black two part, fast cure silicone with
excellent bond strength to glass, metal and ceramics. General characteristics for silicone
products are that they have a good adhesion to the most materials, good resistance against high
temperature and moisture. Some disadvantage for silicon products are that they only can handle
low strength and are not paintable (Loctite, 2014). In Appendix B a technical data sheet with
more information can be seen.

3.1.2.2 Teroson MS-9399
According to Henkel Norden AB Teroson MS 9399 is a white two part industrial silanemodified polymer that cures independent of air / humidity. General characteristics of silane
modified polymers are that they have a good adhesion to most materials, good resistance to
moisture, are paintable and are generally stronger than silicones. Some disadvantages for silane
modified polymers are that they have a lower resistance to temperatures than silicones (Loctite,
2014). In Appendix B a technical data sheet with more information can be seen.

3.1.3 Tape
The adhesive tape for this project is recommended by H. Olofsson (Personal communication, 8
mars 2017) at Göhlins Maskin och Verktyg AB, a subcontractor to 3M Svenska AB. The chosen
tape is called 3M VHB GPH, which is a grey conformable double coated acrylic foam tape with
a soft foam and a high initial tack. The tape has a good resistance against temperature and to
both peel stress and shear stress. It's easy to apply and has good sealing properties. The tape is
available in three different thicknesses 0.60, 1.10 and 1.60mm which are providing different
properties for the tape. The thickness of 1.10mm is decided to be used because of its average in
dynamic shear and normal tensile capacity, unlike the other two thicknesses that are focused on
one factor. For 0.60mm the dynamic shear factor is significantly higher than the normal tensile
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factor and the opposite for the 1.6mm with a lower dynamic shear but a higher normal tensile
factor (3M, 2017). The curing time is important and the tape reaches 50% in strength within 20
minutes and has optimal strength within 72 hours. The curing process can be accelerated with
heat. The choice of tape for the project was 3M VHB GPH-110GF. In Appendix B a technical
data sheet with more information can be seen.

3.1.4 Pretreatment
H. Jacobson (Personal communication, 7 February 2017) at Henkel Norden AB recommended
a primer to be used before applying adhesive, this is also recommended by (Nobel, 1991). Since
AB Furhoffs rostfria will use as little as possible of surface treatment before applying the
adhesive it was decided together with Henkel Norden AB that only an isopropanol-based primer
will be used. The primer name is Terostat 450. This primer is an alcohol-based solution
designed for cleaning of non-absorbent surfaces. It contains active ingredients that improve the
adhesion of elastic adhesives and sealants on surfaces where adhesion is normally elusive.
Terostat 450 is used for cleaning the surface and is necessary to improve the adhesion of elastic
adhesives and sealants on metal, plastic and coated surfaces (Henkel Norden AB, 2017). In
Appendix B a technical data sheet with more information can be seen. According to 3M there
is no need for using a primer before the tape is applied but the surface is recommended to be
cleaned with isopropanol.

3.2 Experimental procedure
In this part the specimen fabrication and test procedure is presented.

3.2.1 Specimen fabrication for tensile test
Thirty-six steel plates of each version of EN 1.4301, 2B and DP20, was laser cut by AB Furhoffs
rostfria, see Figure 3.1. The size of the steel plates is 150x25x1.25mm. For each specimen, two
plates are used. The project test is focused on two types of steels, three types of adhesives and
aged or not aged. The aging environment are described in detail in section 3.2.3. This results in
twelve different combinations as can be seen in Table 1. Three equal specimens designated a,
b and c for each test are manufactured to achieve an average result, giving a total of thirty-six
specimens to be tested and examined.

Figure 3.1. Steel plates 150x25x1.25mm a) EN 1.4301/2B b) EN 1.4301/DP20.
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Table 1. Test combinations for tensile test. Each test consist of three specimens a, b and c.

Combinations
Test no.
1
2
3
4
5
6
7
8
9
10
11
12

Adhesion material
Loctite SI 5615
(Silicone)
Loctite SI 5615
(Silicone)
Teroson MS-9399
(SMP)
Teroson MS-9399
(SMP)
3M VBH GPH
(Tape)
3M VBH GPH
(Tape)
Loctite SI 5615
(Silicone)
Loctite SI 5615
(Silicone)
Teroson MS-9399
(SMP)
Teroson MS-9399
(SMP)
3M VBH GPH
(Tape)
3M VBH GPH
(Tape)

Stainless steel
EN 1.4301/2B (Cold
rolled)
EN 1.4301/2B (Cold
rolled)
EN 1.4301/2B (Cold
rolled)
EN 1.4301/2B (Cold
rolled)
EN 1.4301/2B (Cold
rolled)
EN 1.4301/2B (Cold
rolled)
EN 1.4301/DP20 Cold
rolled, polished)
EN 1.4301/DP20 Cold
rolled, polished)
EN 1.4301/DP20 Cold
rolled, polished)
EN 1.4301/DP20 Cold
rolled, polished)
EN 1.4301/DP20 Cold
rolled, polished)
EN 1.4301/DP20 Cold
rolled, polished)

Environment
80°C, NaCl,
Grovfix
Room
temperature
80°C, NaCl,
Grovfix
Room
temperature
80°C, NaCl,
Grovfix
Room
temperature
80°C, NaCl,
Grovfix
Room
temperature
80°C, NaCl,
Grovfix
Room
temperature
80°C, NaCl,
Grovfix
Room
temperature

Pretreatment
Terostat 450
Terostat 450
Terostat 450
Terostat 450
Isopropanol
Isopropanol
Terostat 450
Terostat 450
Terostat 450
Terostat 450
Isopropanol
Isopropanol

The steel plates are examined visually to secure that no deformation or irregularities has
occurred. Before the adhesive is applied to the stainless steel plates the surface is cleaned and
pretreated with the recommended isopropanol-based primer. After the pretreatment, the
adhesive is applied as a cross, see Figure 3.2, which enables the adhesive to flow over the whole
contact surface. According to H. Jacobson (Personal communication, 21 mars 2017) at Henkel
Norden AB this method results in the best adhesion. The stainless steel plates are then pressed
together using single lap modeling with an area of 25x20mm. This is the same area that the
attachment ears have as contact area to the wells. If it showed after the tensile test that the
adhesives had not bonded over the entire area of 25x20mm, Adobe Photoshop was used to
determine the new area. A photo of the contact area was taken and to determine the new area
Adobe Photoshop calculated a percentage difference of the number of pixels the adhesive had
against the surrounding areas in the photo. The contact area is of great significant to determine
the correct shear strength, see equation 4. The steel plates are pressed together using hand force
so that an adhesive thickness of about 0.5mm is obtained, see Figure 3.3. The thickness is
measured using a caliper. da Silvaa, Carbasa, Critchlowb, Figueiredoa and Brownc (2009)
article states that the lap shear strength decreases as the adhesive thickness increases.
Campilhoa, Moura, Banea and da Silva (2014) also point out that a thin adhesive layer is
recommended to obtain the highest lap shear strength. The specimens cures fast, around 10
minutes, before they can be moved. A fast curing time is something that AB Furhoffs rostfria
had as a criteria in the beginning of the project. The joined steel plates are then left to cure at
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room temperature for 12 days before subjected to accelerated aging. The reason for this is that
the accelerated aging was not accessible immediately after the adhesives were applied.

Figure 3.2. Adhesive applied as a cross on a stainless steel plate and then joined together with two stainless steel
plates over an area of 20x25mm.

Figure 3.3. Steel plates joined together using adhesive with thickness of 0.5mm and single lap modeling over an
area of 20x25mm.

The same procedure is used to fabricate the tape specimens, the only difference is in
pretreatment. The surface of the stainless steel plates are cleaned with isopropanol according to
recommendations from 3M (2017), see Appendix D for user instruction. First one side of the
tape is applied, see Figure 3.4, and then pressed with hand force in order to obtain an even
distributed adhesion. In the next step the two stainless steel plates are pressed together, see
Figure 3.5 and cured in room temperature. The specimens that are taped can be moved directly
after the steel plates is pressed together but are left to cure for 12 days due to the limited access
of accelerated aging. All joined steel plates are left to cure the same amount of time so that they
are comparable.
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Figure 3.4. Tape applied to stainless steel over an area of 20x25mm.

Figure 3.5. Steel plates joined together with tape using a single lap modeling over an area of 20x25mm.

3.2.2 Specimen fabrication for watertightness test
The same way as for the bonded steel plates, the steel ring and telescoping ring are cleaned with
isopropanol-based primer and then joined together using adhesives. As seen in Figure 3.6 the
adhesive is applied around the telescoping ring, and then the steel ring is applied and pressed
together with an even pressure over the entire joint using hand force. Figure 3.7 shows the steel
ring and telescoping ring bonded with adhesive. Before the tape is applied, the steel ring and
telescoping ring are cleaned with isopropanol, according to instructions from the manufacture.
The tape is cut into a circle with 10mm as width and then applied to the telescoping ring, see
Figure 3.8Figure 3.6. Figure 3.9 shows the steel ring and telescoping ring joined together with
tape. The bonded products are left to cure for 12 days before being subjected to accelerated
aging.
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Figure 3.6. Adhesives being applied around the telescoping ring.

Figure 3.7. Steel ring and telescoping ring joined together with adhesive.
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Figure 3.8. Tape with a width of 10mm applied to the steel ring.

Figure 3.9. Steel ring and telescoping ring joined together with tape.
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3.2.3 Test procedure
When the adhesive bonding process is finished, six of twelve specimens are subjected to the
accelerated aging. The accelerated aging, in this case, consists of aggravated conditions of water
and temperature to accelerate the aging time of materials. The method was used in Viana, et al.,
(2017) with NaCl and water. In this project the method with aggravated conditions of water and
temperatures will be used by implementing the test and method for accelerated aging shown in
Nobel (1991) page 12. The test will be modified by adding NaCl and chemicals to simulate the
correct environment for AB Furhoffs rostfria products. The bonded steel plates and bonded
steel rings with telescoping ring are submerged in water mixed with NaCl and a coarse cleaner
for industrial environments called PLS Grovfix with tensides and a pH value of 11.5. The
ovenware is filled with two liters of water and then 70ml of NaCl is added, which is 3.5% of
two liter, to simulate sea water. 4ml of Grovfix is added according to recommendations from
PLS. The water temperature is 80±2℃ and measured with a digital thermometer with an
accuracy of ±0,6℃. The specimens are placed in an ovenware along with water in a heat
furnace, see Figure 3.10. The temperature and water levels are checked on daily. The joints are
submerged in the accelerated aging bath for 15 days. By applying equation (2) and (3) with 15
days of accelerate aging at temperature of 80℃ the real-time aging is approximated to 25
months.

Figure 3.10. Ovenware with steel plates and wells placed in heat furnace.

Thereafter, all specimens are subjected to a tensile test to compare the effects of water,
temperature and chemicals. The project have set a limit of minimum 5% in increase/decrease
of the results from the tensile test to acknowledge that the joints have been affected by aging.
This to compensate for the potential source of error that the temperature variation in accelerated
aging and the approximations from equation (2) and (3) entails. In the literature research a
similar project regarding the tensile test is found, it was conducted by Boutar, Naimi, Mezlini
and Ali, (2016), there test-method for tensile testing is used in this project. All tests are carried
out under monotonic loading at room temperature with a cross-head speed of 2 mm/min. In
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order to ensure that the tensile test method was correct, four tests samples were tested in the
machine before the actual test was conducted. This was also done to ensure that the tensile
testing machine worked properly. A minimum of three specimens for each surface condition
are tested to achieve an average result. Figure 3.11 shows an example of how the specimens are
clamped to the tensile testing machine. Since the plates are joined using an overlapping method,
two extra plates are used to align the bonded steel plates, see Figure 3.12. In Figure 3.12 the
standard-clamps that are used can also be seen.

Figure 3.11. Specimens clamped to the tensile machine.
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Figure 3.12. Extra plates to align the steel plates and the clamps.

After each test, the failure load and failure displacement is recorded and the fractured surfaces
is examined visually to determine whether the failure is adhesively or cohesively. From the
tensile test, Load-Displacement curves are obtained and converted to Shear StrengthDisplacement curves.
To ensure that the joints are watertight a watertightness test is performed. The bonded
telescoping ring and steel ring are tested using the fixture in Figure 3.13 and submerged in water
to examine if the joints were watertight, Figure 3.14. Both aged and un-aged specimens are
tested to determine if the accelerated aging is affecting the joint and/or if the joint leaks from
the beginning.
Air is used to ensure that the adhesive is watertight. The test uses an air-pump connected to a
fixture as can be seen in Figure 3.13. The well is completely sealed at both ends with the fixture
and the only possible way for air to leak is through the adhesive joint. If the joint leaks, air
bubbles will appear in the water. The watertightness test for this project is custom designed for
AB Furhoffs rostfria. Therefore, the test is conducted in AB Furhoffs rostfrias facilities. The
test is performed according to SS-EN 1253-1:2015(E) section 5.8.2 Watertightness for bodies
and extensions. The standard is used for testing weld joints but can be used for adhesives as
well. It states that the floor gully assembly with the outlet closed and all side inlets sealed, shall
be subjected to hydrostatic pressure beginning from 0kPa and up to 10kPa. The test shall be
deemed to have been passed if, for the duration of 15min, no water leaks through the body
walls, welds or joints. See Appendix C for the standard document.
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Figure 3.13. Fixture for watertightness test.

Figure 3.14. Fixture submerged under water for watertightness test (The bright object in the lower center part of
the picture is a reflection from the celling lamp).
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4 Results
In this part the results from the tensile test and watertightness test are presented. The results are
compared in order to analyze the effects of water, temperature and chemicals for the different
combinations. The watertightness test of the wells, will show if the joint is leaking or not.

4.1 Tensile test
As mentioned in section 3.2.1 all test combinations that have been made includes three equal
specimens to achieve an average result, see Table 1 for test combinations. Each specimen is
represented in the Load-Displacement curve and Shear Strength- Displacement curve with a, b
and c (a is represented with red, b is represented with blue and c is represented with green).
From the tensile test a Load-Displacement curve is obtained, the curve is linear until failure.
The non-linear behavior in the ending is due to the adhesive behavior which doesn’t have a
direct failure. The contact areas are presented in each section and if they are not 25x20mm they
are determined using Adobe Photoshop and the new area is taken into account when calculating
the shear strength using equation (4). A Shear Strength-Displacement curve is presented for
each test. The failure surfaces for one of the two bonded steel plates are shown and it’s
determined if it’s an adhesive or cohesive failure. The failure surface is mirrored, therefore,
only one surface is presented.

4.1.1 Test 1 aged 2B-Loctite SI 5615 (Silicone)
Test 1 is an aged joint with stainless steel 2B and Loctite SI 5615. In Figure 4.1 the LoadDisplacement curves are presented. The curves shows that 2B steel plates bonded with Loctite
SI 5615 have a maximum load capacity of 0.3-0.6kN and fail completely when the displacement
is 2.5-3.4mm.

Figure 4.1. Load-Displacement for aged EN 1.4301/2B (cold rolled)-Loctite SI 5615(Silicone). 1a, 1b and 1c are
representing specimens with the same material combination to obtain an average result.
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All specimens from test 1 failed cohesively and show significant shear cracks, see Figure 4.2.
The difference in load for which the adhesive fails is due to the fact that the contact areas are
not the same, see Figure 4.2. Also, joint 1c has adhesive that overlap, see area marked with red
in Figure 4.2, which makes it more difficult for cracks to occur. Stress distribution in a joint is
described in Figure 2.6. This is the reason why 1c can handle a greater shear strength than 1a
and 1b. There is also differences in displacement, 1c fails at 2.6mm rather than 3.2-3.4mm as
in the case for 1a and 1b, Figure 4.3. The reason can be that the joint for 1c builds up a greater
force and then fails more rapidly than the other joints.

Figure 4.2. Fracture surfaces for test 1 aged EN 1.4301/2B (cold rolled)-Loctite SI 5615(Silicone), red area
show overlapping. 1a, 1b and 1c are representing specimens with the same material combination to obtain an
average result.

The contact areas are approximated for each specimen, for 1a the area is 522𝑚𝑚𝑚𝑚2 , for 1b the
area is 447𝑚𝑚𝑚𝑚2 and for 1c is 525𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 1 can be
seen in Figure 4.3. From the Shear Strength-Displacement curves it can be seen that the strength
of the Loctite SI 5615 is from 0.68MPa to 1.16MPa.
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Figure 4.3. Shear Strength-Displacement for test 1 aged EN 1.430/ 2B (cold rolled)-Loctite SI 5615(Silicone).
1a, 1b and 1c are representing specimens with the same material combination to obtain an average result.

From the results of test 1 it can be seen that the surface treatment is sufficient thus all failures
are cohesively. The area of the joint is of great significant thus the load causing failure is lower
with smaller area, also the design of the joint affects thus 1c with overlapping adhesives has a
higher shear strength. When taking into account that the area is different the shear strength of
the joint has an average of 0.87MPa.

4.1.2 Test 2 un-aged 2B-Loctite SI 5615 (Silicone)
Test 2 is an un-aged joint with stainless steel 2B and Loctite SI 5615. In Figure 4.4 the LoadDisplacement curves are presented. The curves show that 2B steel plates bonded with Loctite
SI 5615 has a maximum load capacity of 0.4-0.7kN and fail completely when the displacements
are 2.4-3.0mm.
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Figure 4.4. Load-Displacement for test 2 un-aged EN 1.4301/2B (cold rolled)-Loctite SI 5615(Silicone). 2a, 2b
and 2c are representing specimens with the same material combination to obtain an average result.

All specimens from test 2 fails cohesively and show significant shear cracks, see Figure 4.5.
The difference of load which the adhesive fails are due to the fact that the contact areas are not
the same, see Figure 4.4. Also, joint 2a has adhesive that overlap, which makes it more difficult
for cracks to occur, see red market area in Figure 4.5. Stress distribution in a joint is described
in Figure 2.6. This is the reason why 2a can handle a greater shear strength than 2b and 2c.
There are also differences in displacement, 2a fail at 2.4mm, rather than 2.8-3.0mm as in the
case for 2b and 2c, see Figure 4.6. The reason can be that the joint 2a builds up a greater force
and then fail more rapidly than the other joints.

Figure 4.5. Fracture surfaces for test 2 un-aged EN 1.4301/2B (cold rolled)-Loctite SI 5615(Silicone), red area show
overlapping. 2a, 2b and 2c are representing specimens with the same material combination to obtain an average

result.
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The contact areas are approximated for each specimen, for 2a the area is 500𝑚𝑚𝑚𝑚2 , for 2b the
area is 343,15𝑚𝑚𝑚𝑚2 and for 2c is 399𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 2 can
be seen in Figure 4.6. From the Shear Strength-Displacement curves it can be seen that the
strength of the silicone adhesive is from 1.22 to 1.40MPa. An average shear strength of
1.29MPa is obtained from test 2.

Figure 4.6. Shear Strength-Displacement for test 2 un-aged EN 1.4301/2B (cold rolled)-Loctite SI
5615(Silicone). 2a, 2b and 2c are representing specimens with the same material combination to obtain an
average result.

From the results of test 2 it can be seen that the surface treatment are sufficient thus all failures
are cohesively. The area of the joint are of great significant thus the load causing failure is lower
with smaller area, also the design of the joint affects thus 2a with overlapping adhesives has a
higher shear strength. When taking into account that the area are different the shear strength of
the joint is similar and an average shear strength of 1.29MPa.

4.1.3 Test 3 aged 2B-Teroson MS-9399 (SMP)
Test 3 is an aged joint with stainless steel 2B and Teroson MS-9399. In Figure 4.7 the LoadDisplacement curves are presented. The curves shows that 2B steel plates bonded with Teroson
MS-9399 have a maximum load capacity of 1.0-1.2kN and fail completely when the
displacement is 2.1-2.3mm.
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Figure 4.7. Load-Displacement for test 3 aged EN 1.4301/2B (cold rolled)-Teroson MS-9399(SMP). 3a, 3b and
3c are representing specimens with the same material combination to obtain an average result.

From test 3 all failures are cohesively and show significant shear cracks as can be seen in Figure
4.8. The contact areas are approximated for each specimen, for 3a the area is 513𝑚𝑚𝑚𝑚2 , for 3b
is 483𝑚𝑚𝑚𝑚2 and for 3c is 432𝑚𝑚𝑚𝑚2 . The shear strength when failure occurs are nearly the same.
All joints show signs of overlapping which makes it more difficult for cracks to occur, see red
marked area in Figure 4.8. Stress distribution on a joint is described in Figure 2.6.

Figure 4.8. Fracture surfaces for test 3 aged EN 1.4301/2B (cold rolled)-Teroson MS-9399 (SMP), red areas
show overlapping. 3a, 3b and 3c are representing specimens with the same material combination to obtain an
average result.
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Shear Strength-Displacement curves for test 3 can be seen in Figure 4.9. From the Shear
Strength-Displacement curves shows that the shear strength of the SMP are from 2.342.39MPa.

Figure 4.9. Shear Strength-Displacement for test 3 aged EN 1.4301/2B (cold rolled)-Teroson MS-9399 (SMP).
3a, 3b and 3c are representing specimens with the same material combination to obtain an average result.

From the results of test 3 it can be seen that the surface treatment are sufficient thus all failures
are cohesively. The shear strength of the joints are similar and have an average shear strength
of 2.37MPa.

4.1.4 Test 4 un-aged 2B-Teroson MS-9399 (SMP)
Test 4 is an un-aged joint with stainless steel 2B and Teroson MS-9399. In Figure 4.10 the
Load-Displacement curves are presented. The curves shows that 2B steel plates bonded with
Teroson MS-9399 have a maximum load capacity of 1.1-1.25kN and fail completely when the
displacement is 1.2-1.3mm.
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Figure 4.10. Load-Displacement for test 4 un-aged EN 1.4301/2B (cold rolled)-Teroson MS-9399(SMP). 4a, 4b
and 4c are representing specimens with the same material combination to obtain an average result.

From test 4 all failures are cohesively and show significant shear cracks as can be seen in Figure
4.11. The contact areas are approximated for each specimen, for 4a the area is 500𝑚𝑚𝑚𝑚2 , for 4b
the area is 574𝑚𝑚𝑚𝑚2 and for 4c is 487𝑚𝑚𝑚𝑚2 . In test 4 there are some overlapping in 4a and 4b,
however they are small and it shows no affect thus all tests show nearly the same shear strength,
see red marked area in Figure 4.11. Stress distribution in a joint is described in Figure 2.6.

Figure 4.11. Fracture surfaces for test 4 un-aged EN 1.4301/2B (cold rolled)-Teroson MS-9399 (SMP). Red
areas show overlapping. 4a, 4b and 4c are representing specimens with the same material combination to obtain
an average result.
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Shear Strength-Displacement curves for test 4 can be seen in Figure 4.12. The Shear StrengthDisplacement curves shows that the shear strength of the SMP is from 2.23-2.38MPa.

Figure 4.12. Shear Strength-Displacement for test 4 un-aged EN 1.4301/2B (cold rolled)-Teroson MS-9399
(SMP). 4a, 4b and 4c are representing specimens with the same material combination to obtain average result.

From the results of test 4 it can be seen that the surface treatment are sufficient thus all failures
are cohesively. The shear strength of the joints are similar and have an average shear strength
of 2.34MPa.

4.1.5 Test 5 aged 2B-3M VHB GPH (Tape)
Test 5 is an aged joint with 2B and 3M VHB GPH. In Figure 4.13 the Load-Displacement
curves are presented. The curves shows that 2B steel plates bonded with 3M VHB GPH have a
maximum load capacity of 0.20-0.31kN and fail completely when the displacement is 13.015.0mm. The Load-Displacement curves shows similarities with an S-curve were the load
rapidly increases because the tape fails cohesively. Then the adhesive starts to fail adhesively
and the curve levels out and reaches its maximum before a rapid failure.
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Figure 4.13. Load-Displacement for test 5 aged EN 1.4301/2B (cold rolled)-3M VBH GPH (Tape). 5a, 5b and 5c
are representing specimens with the same material combination to obtain an average result.

From test 5, all specimens fail both cohesively and adhesively. The areas with adhesive failure
are market with red in Figure 4.14. As mentioned in section 2.5, adhesive failure often occurs
at the sides, this is also the case in all three specimens in test 5. 5c fails the most adhesively and
it affects the shear strength the most, thus it have the lowest shear strength. 5b fail the least
adhesively and has the highest shear strength.

Figure 4.14. Fracture surfaces for test 5 aged EN 1.4301/2B (cold rolled)-3M VBH GPH (Tape), red areas show adhesive
failure. 5a, 5b and 5c are representing specimens with the same material combination to obtain an average

result.

37

University of Skövde

Department of Engineering Science

The contact areas are approximated for each specimen, for 5a the area is 475𝑚𝑚𝑚𝑚2 , for 5b the
area is 550𝑚𝑚𝑚𝑚2 and for 5c 516𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 5 can be
seen in Figure 4.15. From the Shear Strength-Displacement curves it can be seen that the shear
strength of the tape is 0.20-0.31MPa.

Figure 4.15. Shear Strength-Displacement for test 5 aged EN 1.4301/2B (cold rolled)-3M VBH GPH (Tape). 5a,
5b and 5c are representing specimens with the same material combination to obtain an average result.

From the results of test 5 it can be seen that aging have affected the adhesion thus all test fail
partly adhesively. This affects the strength of the joint as can be seen in the shear-strength
curves. The shear strength of test 5 has an average value of 0.26MPa.

4.1.6 Test 6 un-aged 2B-3M VHB GPH (Tape)
Test 6 is an un-aged joint with 2B and 3M VHB GPH. In Figure 4.16 the Load-Displacement
curves are presented. The curves show that 2B steel plates bonded with 3M VHB GPH have a
maximum load capacity of 0.23-0.32kN and fail completely when the displacement are 11.514.0mm. The Load-Displacement curves for un-aged test shows no signs of an S-curve, this is
because the tape, for the un-aged test, fails cohesively.

38

University of Skövde

Department of Engineering Science

Figure 4.16. Load-Displacement for test 6 un-aged EN 1.4301/2B (cold rolled)-3M VBH GPH (Tape). 6a, 6b
and 6c are representing specimens with the same material combination to obtain an average result.

From test 6, 6b failed partly adhesively which are marked with a red circle in Figure 4.17. As
mentioned in section 2.5, adhesive failure often occurs at the sides, this is also the case in test
6b. The area which 6b fails adhesively is small and shows no affect in the shear strength curves.
6a and 6c fails entirely cohesively, also in Figure 4.17. By looking at figure 4.17 and especially
6a it looks like the failure is partly adhesively but close examination show that the adhesive
from the tape is still bonded to the stainless steel surface.

Figure 4.17. Fracture surfaces for test 6 un-aged EN 1.4301/2B (cold rolled)-3M VBH GPH (Tape), red area
show adhesive failure. 6a, 6b and 6c are representing specimens with the same material combination to obtain
an average result.
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The contact areas where approximated for each specimen, for 6a the area is 514𝑚𝑚𝑚𝑚2 , for 6b
the area is 504𝑚𝑚𝑚𝑚2 and for 6c 500𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 6 can be
seen in Figure 4.18. From the Shear Strength-Displacement curves it can be seen that the shear
strength of the tape is from 0.48-0.59MPa.

Figure 4.18. Shear Strength-Displacement for test 6 un-aged EN 1.4301/2B (cold rolled)-3M VBH GPH (Tape).
6a, 6b and 6c are representing specimens with the same material combination to obtain an average result.

From the results of test 6 it can be seen that the adhesion are good for 6a and 6c, but one of the
specimens, 6b, fail partly adhesively. However the area is small and has no effect on shear
strength. The shear strength of test 6 has an average of 0.53MPa.

4.1.7 Test 7 aged DP20-Loctite SI 5615 (Silicone)
Test 7 is an aged joint with stainless steel DP20 and Loctite SI 5615. In Figure 4.19 the LoadDisplacement curves are presented. The curves show that DP20 steel plates bonded with Loctite
SI 5615 have a maximum load capacity of 0.6-0.77kN and fails completely when the
displacement is 2.1-2.6mm.
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Figure 4.19. Load-Displacement for test 7 aged EN 1.4301/DP20 (cold rolled and polished)-Loctite SI
5615(Silicone). 7a, 7b and 7c are representing specimens with the same material combination to obtain an
average result.

All specimens from test 7 fails cohesively, see Figure 4.20. The difference in load which the
adhesive fails are due to the fact that the contact areas are not the same, see Figure 4.20. 7c has
a curve that is similar to previous curves were overlapping occurs, however, all specimens from
test 7 shows signs of overlapping, see red marked area in Figure 4.20. No obvious reason can
be presented since all specimens from test 7 has overlapping and the same thickness.

Figure 4.20. Fracture surfaces for test 7 aged EN 1.4301/DP20 (cold rolled and polished)-Loctite SI 5615(Silicone) Red
areas show overlapping. 7a, 7b and 7c are representing specimens with the same material combination to obtain

an average result.
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The contact areas where approximated for each specimen, for 7a the area is 575𝑚𝑚𝑚𝑚2 , for 7b
the area is 512,5𝑚𝑚𝑚𝑚2 and for 7c is 575𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 7
can be seen in Figure 4.21. From the Shear Strength-Displacement curves it can be seen that
the strength of the silicone adhesive is from 1,08𝑀𝑀𝑀𝑀𝑀𝑀 to 1,34𝑀𝑀𝑀𝑀𝑀𝑀. An average shear strength
of 1.19MPa is obtained from test 7.

Figure 4.21. Shear Strength-Displacement for test 7 aged EN 1.4301/DP20 (cold rolled and polished)-Loctite SI
5615(Silicone). 7a, 7b and 7c are representing specimens with the same material combination to obtain an
average result.

From results of test 7 it can be seen that the surface treatment is sufficient thus all failures are
cohesively. The area of the joint is of great significant thus the load causing failure is lower
with smaller area. When taking into account that the area are different the shear strength of the
joints are similar and have an average shear strength of 1.19MPa.

4.1.8 Test 8 un-aged DP20-Loctite SI 5615 (Silicone)
Test 8 is an un-aged joint with DP20 and Loctite SI 5615. In Figure 4.22 the Load-Displacement
curves are presented. The curves show that DP20 steel plates bonded with Loctite SI 5615 have
a maximum load capacity of 0.36-0.83kN and fail completely when the displacement are 2.32.7mm.
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Figure 4.22. Load-Displacement for test 8 un-aged EN 1.4301/DP20 (cold rolled and polished)-Loctiet SI 5615
(Silicone). 8a, 8b and 8c are representing specimens with the same material combination to obtain an average
result.

All specimens from test 8 fail cohesively and show significant shear cracks, see Figure 4.23.
The difference of load for which the adhesive fails are due to the fact that the contact areas are
not the same, see Figure 4.23. Joint 8a has adhesives that overlap which makes it more difficult
for cracks to occur, see red marked area in Figure 4.23. Stress distribution in a joint is described
in Figure 2.6. This is the reason 8a can handle a greater load than 8b and 8c. There are also a
difference in displacement, 8a fails at 2.3mm rather then 2.6-2.7mm as in the case for 8b and
8c. The reason can be that the joint for 8a builds up a greater force and then fail more rapidly
than the other joints. 8b show some signs of overlapping but it’s small and has no effect, see
red marked area in Figure 4.23.
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Figure 4.23. Fracture surfaces for test 8 un-aged EN 1.4301/DP20 (cold rolled and polished)-Loctite SI 5615
(Silicone), red areas show overlapping. 8a, 8b and 8c are representing specimens with the same material
combination to obtain an average result.

The contact areas are approximated for each specimen, for 8a the area is 575𝑚𝑚𝑚𝑚2 , for 8b the
area is 331,15𝑚𝑚𝑚𝑚2 and for 8c is 375,25𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 8
can be seen in Figure 4.24. The Shear Strength-Displacement curves shows that the shear
strength for the silicone are from 1.12-1.44MPa.

Figure 4.24. Shear Strength-Displacement for test 8 un-aged EN 1.4301/DP20 (cold rolled and polished)-Loctite
SI 5615 (Silicone). 8a, 8b and 8c are representing specimens with the same material combination to obtain an
average result.
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From the results of test 8 it can be seen that the surface treatment is sufficient thus all failures
are cohesively. The area of the joint are of great significant thus the load causing failure is lower
with smaller area, also the design of the joint affects thus 8a with overlapping adhesives have a
higher shear strength. When taking into account that the area are different the shear strength of
the joints has an average shear strength of 1.32MPa.

4.1.9 Test 9 aged DP20-Teroson MS-9399 (SMP)
Test 9 is an aged joint with stainless steel DP20 and Teroson MS-9399. In Figure 4.25 the LoadDisplacement curves are presented. The curves show that DP20 steel plates bonded with
Teroson MS-9399 have a maximum load capacity of 1.0-1.2kN and fails completely when the
displacement are 2.1-2.4mm.

Figure 4.25. Load-Displacement for test 9 aged EN 1.4301/DP20 (cold rolled and polished)-Teroson MS9399(SMP). 9a, 9b and 9c are representing specimens with the same material combination to obtain an average
result.

From test 9 all failures are cohesively and shows significant shear cracks as can be seen in
Figure 4.26. The contact areas are approximated for each specimen, for 9a the area is 506𝑚𝑚𝑚𝑚2 ,
for 9b the area is 544𝑚𝑚𝑚𝑚2 and for 9c is 525𝑚𝑚𝑚𝑚2 . All joints have nearly the same overlapping
and results in the all most the same curves and shear strengths, see red marked area in Figure
4.26. Stress distribution in a joint is described in Figure 2.6.
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Figure 4.26. Fracture surfaces for test 9 aged EN 1.4301/DP20 (cold rolled and polished)-Teroson MS-9399
(SMP), red areas show overlapping. 9a, 9b and 9c are representing specimens with the same material
combination to obtain an average result.

Shear Strength-Displacement curves for test 9 can be seen in Figure 4.27. The Shear StrengthDisplacement curves show that the shear strength of the SMP is from 2.04-2.23MPa.

Figure 4.27. Shear Strength-Displacement for test 9 aged EN 1.4301/DP20 (cold rolled and polished)-Teroson
MS-9399 (SMP). 9a, 9b and 9c are representing specimens with the same material combination to obtain an
average result.

From results of test 9 it can be seen that the surface treatment is sufficient thus all failures are
cohesively. The shear strength of the joints are similar and have an average shear strength of
2.15MPa.
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4.1.10 Test 10 un-aged DP20-Teroson MS-9399 (SMP)
Test 10 is an un-aged joint with DP20 and Teroson MS-9399. In Figure 4.28 the LoadDisplacement curves are presented. The curves show that DP20 steel plates bonded with
Teroson MS-9399 have a maximum load capacity of 0.98-1.1kN and fails completely when the
displacement are 1.5-2.0mm.

Figure 4.28. Load-Displacement for test 10 un-aged EN 1.4301/DP20 (cold rolled and polished)-Teroson MS9399 (SMP), red areas show overlapping. 10a, 10b and 10c are representing specimens with the same material
combination to obtain an average result.

From test 10 all failures are cohesively and show significant shear cracks as can be seen in
Figure 4.29. The contact areas are approximated for each specimen, for 10a the area
is 514𝑚𝑚𝑚𝑚2 , for 10b the area is 452𝑚𝑚𝑚𝑚2 and for 10c is 460𝑚𝑚𝑚𝑚2 . 10c have more overlapping
than 10a and 10b which affects the shear strength, see red marked area in Figure 4.29. Stress
distribution in a joint is described in Figure 2.6.
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Figure 4.29. Fracture surfaces for test 10 un-aged EN 1.4301/DP20 (cold rolled and polished)-Teroson MS9399 (SMP), red areas show overlapping. 10a, 10b and 10c are representing specimens with the same material
combination to obtain an average result.

Shear Strength-Displacement curves for test 10 can be seen in Figure 4.30. The Shear StrengthDisplacement curves show that the shear strength of the SMP are from 1.99-2.43MPa.

Figure 4.30. Shear Strength-Displacement for test 10 un-aged EN 1.4301/DP20 (cold rolled and polished)Teroson MS-9399 (SMP). 10a, 10b and 10c are representing specimens with the same material combination to
obtain an average result.

From results of test 10 it can be seen that the adhesion is sufficient thus all failures are
cohesively. 10c have more overlapping which can be seen in the shear strength curve, this also
affects the displacement where 10c fails more rapidly. The shear strength of the joints are
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similar and have an average shear strength of 2.10MPa.

4.1.11 Test 11 aged DP20-3M VBH GPH (Tape)
Test 11 is an aged joint with DP20 and 3M VHB GPH. In Figure 4.31 the Load-Displacement
curves are presented. The curves show that DP20 steel plates bonded with 3M VHB GPH have
a maximum load capacity of 0.08-0.10kN and fails completely when the displacement are 13.014.0mm. The Load-Displacement curves show similarities with an S-curve were the load
rapidly increases because the tape fails cohesively. Then the adhesive starts to fail adhesively
and the curve levels out and reaches its maximum before a rapid failure.

Figure 4.31. Load-Displacement for test 11 aged EN 1.4301/DP20 (cold rolled and polished)-3M VBH GPH
(Tape). 11a, 11b and 11c are representing specimens with the same material combination to obtain an average
result.

From test 11, all specimens fail both cohesively and adhesively. The areas with adhesive failure
are marked with red in Figure 4.32. As mentioned in section 2.5, adhesive failure often occurs
at the sides, this also the case in all specimens in test 11. 11b and 11c fails the most adhesively
and it affects the shear strength the most thus 11a has the lowest shear strength. 11a fails the
least adhesively and has the highest shear strength.
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Figure 4.32. Fracture surfaces for test 11 aged EN 1.4301/DP20 (cold rolled and polished)-3M VBH GPH
(Tape), red areas show adhesive failure. 11a, 11b and 11c are representing specimens with the same material
combination to obtain an average result.

The contact areas are approximated for each specimen, for 11a the area is 480𝑚𝑚𝑚𝑚2 , for 11b
the area is 500𝑚𝑚𝑚𝑚2 and for 11c is 575𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 11
can be seen in Figure 4.33. From the Shear Strength-Displacement curves it can be seen that
the shear strength of the tape is from 0.16-0.22MPa.

Figure 4.33. Shear Strength- Displacement for test 11 aged EN 1.4301/DP20 (cold rolled and polished)-3M
VBH GPH (Tape). 11a, 11b and 11c are representing specimens with the same material combination to obtain
an average result.
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From results of test 11 it can be seen that aging has affected the adhesion thus all joints fail
partly adhesively. This affects the strength of the joint as can be seen in the shear-strength
curves. The shear strength of test 11 have an average of 0.18MPa.

4.1.12 Test 12 un-aged DP20-3M VBH GPH (Tape)
Test 12 is an un-aged joint with DP20 and 3M VBH GPH. In Figure 4.34 the LoadDisplacement curves are presented. The curves show that DP20 steel plates bonded with 3M
VHB GPH have a maximum load capacity of 0.21-0.27kN and fails completely when the
displacement are 11.5-12.0mm. The Load-Displacement curves for un-aged specimen show
little signs of an S-curve, this is because the tape mostly fails cohesively. 12b that fail the most
adhesively of test 12 show some indications of an S-curve but it’s very little.

Figure 4.34. Load-Displacement for test 12 un-aged EN 1.4301/DP20 (cold rolled and polished)-3M VHB GPH
(Tape). 12a, 12b and 12c are representing specimens with the same material combination to obtain an average
result.

From test 12, 12a and 12b fails partly adhesively, see area marked with a red circle in Figure
4.35 and 12c fails entirely cohesively. As mentioned in section 2.5, adhesive failure often occurs
at the sides, this also the case in test 12a and 12b. The contact areas are approximated as equal
and set to 500𝑚𝑚𝑚𝑚2 . The effects of adhesive failure are clearly shown thus 12c fails entirely
cohesively and has the highest shear strength, 12b fail the most adhesively and has the lowest
shear strength.
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Figure 4.35. Fracture surfaces for test 12 un-aged EN 1.4301/DP20 (cold rolled and polished)-3M VBH GPH
(Tape), red areas show adhesive failure. 12a, 12b and 12c are representing specimens with the same material
combination to obtain an average result.

The contact areas are approximated for each specimen, for 12a the area is 525𝑚𝑚𝑚𝑚2 , for 12b
the area is 550𝑚𝑚𝑚𝑚2 and for 12c is 525𝑚𝑚𝑚𝑚2 . Shear Strength-Displacement curves for test 12
can be seen in Figure 4.36. The Shear Strength-Displacement curves shows that the shear
strength of the tape is from 0.39-0.50MPa.

Figure 4.36. Shear Strength- Displacement for test 12 un-aged EN 1.4301/DP20 (cold rolled and polished)-3M
VBH GPH (Tape). 12a, 12b and 12c are representing specimens with the same material combination to obtain
an average result.
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From results of test 12 it can be seen that the surface treatment is good but two of the specimens,
12a and 12b, fail partly adhesively. This affects the strength of the joint as can be seen in the
shear-strength curve. 12c fail entirely cohesively and have the highest shear strength. The shear
strength of test 12 have an average shear strength of 0.48MPa, thus the failure that occurred
entirely cohesively have a higher shear strength of 0.52MPa.

4.2 Final result of tensile test
Test 1 and 2 are 2B steel plates and test 7 and 8 are DP20 steel plates bonded with Loctite SI
5615 (Silicone), see Table 1 for more details regarding the tests. 2B-Silicone joints have been
affected by aging as can be seen in Figure 4.37. The shear strength in the 2B-Silicone joint have
decreased from 1.29MPa to 0.87MPa which is a reduction of 32.5%, all failures were cohesively
which points to a sufficient surface pretreatment. There is also a difference in displacement
were an increase from 2.7mm for un-aged specimens to 3mm for aged specimens at which
failure occurs. The increase is 10% and shows that the joint becomes more flexible over time.
The DP20-Silicone joint have only decreased from 1.25MPa to 1.19MPa which is a reduction
of 4.8% in shear strength, see Figure 4.37. All failures were cohesively which points to a
sufficient surface treatment. There is also a small difference in displacement, a decrease from
2.5mm for un-aged specimens to 2.4mm for aged specimens. The decrease is 4% and it’s
difficult to determine if it will affect in the long-term because the small difference in percentage.
The changes in DP20-Silicone are less than 5%, therefore it is difficult to determine if the joint
have been affected by aging and the environment of water, temperature and chemicals. The
changes in 2B-Silicone however are over 5% for both shear strength and displacement showing
that the joint have been affected by aging and the environment of water, temperature and
chemicals.
Test 3 and 4 are 2B steel plates and test 9 and 10 are DP20 steel plates bonded with Teroson
MS-9399 (SMP), see Table 1 for more details regarding the test. The shear strength in Figure
4.37 shows that SMP is not affected by aging. 2B-SMP increased from 2.26MPa to 2.37MPa
an increase of 4.8% in shear strength. The fact that the joint increased in shear strength can be
caused by the temperature during the aging that made the adhesive to cure better. All failures
were cohesively which points to a sufficient pretreatment. There is also a difference in
displacement were an increase from 1.3mm for un-aged specimens to 2.2mm appeared for aged
specimens at which failure occurs. The increase is 40% and the results shows that the joint
becomes more flexible over time.
DP20-SMP decreased in shear strength from 2.20MPa to 2.15MPa which is a reduction of 2.3%
in shear strength, see Figure 4.37. DP20-SMP also had exclusively cohesive failure which
points to a sufficient surface pretreatment. There is also a difference in displacement were an
increase from 1.7mm for un-aged specimens to 2.3mm for aged specimens at which failure
occurs. The increase is 26% and the results shows that the joint becomes more flexible overtime.
Both 2B-SMP and DP20-SMP have changes in shear strength that are less than 5%, therefore
it is difficult to determine if the joints have been affected by aging and the environment of
water, temperature and chemicals. However, the changes in displacement is both over 5%
showing that the joint becomes more flexible over time.
Test 5 and 6 are 2B steel plates and test 11 and 12 are DP20 steel plates bonded with 3M VBH
GPH (Tape), see Table 1 for more details regarding the test. The results in Figure 4.37 shows
that aging and the environment have affected the joints. 2B-Tape decreased in shear strength
from 0.52MPa to 0.26MPa, a reduction of 50%. All the aged joints failed partly adhesively
pointing at the environment of water, temperature and chemicals affected the adhesion and
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contributed to a loss in shear strength. There is also a difference in displacement were an
increase from 13.0mm for un-aged specimens to 14.0mm for aged specimens at which failure
occurs. The increase is 7% and the results shows that the joint becomes more flexible over time.
DP20-Tape decreased in shear strength from 0.45MPa to 0.18MPa, a reduction of 40%, see
Figure 4.37. Two of three un-aged joints failed partly adhesively showing that adhesion was
not sufficient from the beginning. All the aged joints failed partly adhesively pointing at the
environment of water, temperature and chemicals affected the adhesion as well and contributed
to a loss in shear strength. There is also a difference in displacement were an increase from
11.7mm for un-aged specimens to 13.7mm for aged specimens at which failure occurs. The
increase is 15% and the results shows that the joint becomes more flexible overtime. Both 2BTape and DP20-Tape have changes in both shear strength and displacement over 5% showing
that the joints have been affected by aging and the environment of water, temperature and
chemicals.

Comparison Un-aged/aged result in average Shear Strength
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Figure 4.37. Comparison of un-aged/aged result in average shear strength for EN 1.4301/2B and EN
1.4301/DP20 bonded to silicone, SMP and tape.

Three tests were determined to be affected by aging and the environment of water, temperature
and chemicals, these were 2B bonded with Loctite SI 5615, 2B bonded with 3M VBH GPH and
DP20 bonded with 3M VBH GPH. All of these had a reduction of at least 5% in shear strength
caused by aging. The three remaining tests have changes that are less than 5%, which is too
little to determine if there actually is a change. To determine the lifetime of each joint subjected
to environment with water, temperature and chemicals, extrapolation is used. Extrapolation is
an approximation and the results should be used with caution.
Figure 4.38 shows the expected lifetime for 2B bonded with Loctite SI 5615, the joint has
decreased to 0.05MPa in shear strength within 75 months, which is equal to 6 years and 3
months.
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EN 1.4301/2B bonded with silicone
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Figure 4.38. Decreasing shear strength in EN 1.4301/2B-Silicone joint caused by aging.

Figure 4.39 shows the expected lifetime for 2B bonded with 3M VBH GPH, the joint has
decreased to 0MPa in shear strength within 50 months, which is equal to 4 years and 2 months.
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Figure 4.39. Decreasing shear strength in EN 1.4301/2B-Tape joint caused by aging.

Figure 4.40 shows the expected lifetime for DP20 bonded with 3M VBH GPH, the joint has
decreased to 0MPa in shear strength within 50 months, which is equal to 4 years and 2 months.
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Figure 4.40. Decreasing shear strength in EN 1.4301/DP20-Tape joint caused by aging.
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4.3 Watertightness test
The result from the watertightness test shows that Teroson MS-9399 is watertight for both aged
and un-aged tests. 3M VBH GPH shows that aging has affected the joint and the aged joint
leaks while the un-aged joint is watertight. Loctite SI 5615 is watertight for the aged joint but
remarkably leaks for the un-aged test. Closer examination of the un-aged joint shows that the
adhesive area is smaller were it leaks compared to the rest of the joint. Figure 4.41 shows the
joint and it can clearly be seen that the area is smaller were the leaking appeared. Both tests
with tape and silicone which leaked, failed in the interface between the telescoping ring and the
adhesive. Both the steel ring and telescoping ring are made of the same material but the
telescoping ring is pressed to shape. If this has impact is unclear and is recommended to
investigate in future work. A summary of the results from the watertightness test is shown in
Table 2.

Figure 4.41. Encircled area shows were the joint leaks.
Table 2. Summary of the results from the watertightness test.
Adhesive

Un-aged

Aged

Teroson MS-9399

Watertight

Watertight

Loctite SI 5615

Leaked

Watertight

3M VBH GPH

Watertight

Leaked
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5 Discussion
In this section follows an evaluation of the assumptions, the results and potential sources of
error. This is conducted by dividing the discussion into subsections, areas that are being
discussed is specimen fabrication, test procedure, the effect of aging and how the project affects
technology, society and the environment. This is followed by a conclusion, recommendations
for AB Furhoffs rostfria and a section with future work.

5.1 Specimen fabrication
In the literature study the biggest concerns are the interface between the adherend and the
adhesives. The difficulties with stainless steel is its hard surface and thin oxide layer. The results
show that there is no problem for the adhesives to bond to the stainless steel surface as all
failures are cohesively in test 1, 2, 3, 4, 7, 8, 9 and 10. But the tape show signs of not bonding
as well to the surface, tape bonded to both 2B and DP20 steel plates in test 5, 6, 11 and 12 fails
partly adhesively.
From the beginning of the specimen fabrication of the adhesive samples, there was a clear
manufacturing approach. Unfortunately, certain factors were not in the awareness during the
process. Factors like total filling of the determined area and exact thickness of the adhesive.
Henkel Norden AB participated in the fabrication process and instructed how the adhesives
should be applied. Their bonding process is not as accurate as it must be in an experiment
process. The method didn’t secure that all joints obtained the same properties. Of course, this
is something that should have been thought about before the fabrications process. Methods that
could have been used are for example applying a lot of adhesive and then remove the cured
overlapping, using a fixture to get the correct properties, use weights to get the same adhesive
thickness. One scientific article that has a good documented specimen fabrication is Boutar, et
al., (2016). Their method included a fixture and weights to ensure that all of the specimens had
the same properties. Their work is however discovered too late in this project but is
recommended to be used in further similar studies. However, the method used in this project is
more similar to a manufacturing process and show AB Furhoffs the importance of using a
method that ensures that all joints obtains the same properties.
The two adhesives that have been tested also had different curing properties when applied. The
silicone adhesive cures faster than the SMP adhesive. This affects the fabrication because the
silicone will not coat the whole surface area because it cures during the process when the
silicone is applied. This may be the reason why the waterightness test with silicone fails for the
un-aged specimen. It can be clearly seen in Figure 4.41 that the area is different throughout the
joint, and the joint fails at the smallest area.
The SMP didn’t cure during the applying process and coated the whole surface better. However,
both adhesives need at least 10 minutes of curing time before the bonded specimens can be
moved carefully. To control the curing time better and achieve a faster result, heat can be used
to accelerate the curing time. From our own experience fabricating the samples, SMP was easier
to apply and handle. The result and our reflections show the importance of having a
standardized method for adhesive bonding.
The specimen fabrication of the taped sample is easier and faster than the adhesive. Another
advantage of the tape is that it can be punched in the right size for the required application.
From our own experience of fabricating all the samples, tape is the easiest to apply. Also the
curing time is important, the tape samples can be moved carefully immediately after fabrication
while the adhesives samples would fail if moved directly after fabrication. The tape reaches
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50% in max strength within 20 minutes and has optimal strength within 72 hours. The curing
process can be accelerated with heat.

5.2 Test procedure
The goals for the test procedure are to subject the joints to accelerated aging and test the strength
using a tensile test. The accelerated aging didn’t turn out as first assumed in the project but an
alternative procedure was used. The reason why the first assumed method using a laboratory
aging bath is not used is because the right equipment couldn’t be delivered in time. Therefore,
an alternative method using a similar techniques is used, see section 3.2.3, however not as
advanced. The difference in methods are that the used method do not have circulation of water
and air. The lack of circulation in the water may lead to changes in concentration of chemicals
within the water in the ovenware and also temperature. It also excluded the test of oil in the
water since a circulation is needed to achieve emulsion. The lack of circulation of the air within
the heat furnace may lead to changes in relative humidity. The changes in relative humidity and
temperature has occurred when checking on the temperature and water levels. The difference
in results using an alternative method for accelerated aging cannot be determined but is believed
to have had an impact and it’s something that should be taken into account at future work.
The method and equations for approximating the accelerated aging time versus the real time is
an approximation and the results are to be used with great caution. A more extensive testing as
described in the section 2.7 should be used for more accurate results. However, the results that
are obtained from this project show that water, temperature and chemicals have affected some
of the combinations. This is an important result which guides future research and gives AB
Furhoffs rostfria an indication of which combinations that are possible to continue with in more
tests on existing products.
The tensile test is performed as expected with methods that have been used in other scientific
experiments for single lap modeling and adhesives test for shear strength. The results from the
tensile test shows that the test is carried out properly since all the fracture surfaces shows
significant signs of shear cracks. One potential error for the tensile test can be the alignment of
the specimen. Inaccurate alignment may have caused forces to act in the normal direction of
the steel plates causing a small similarity with modus 1. However the significant shear cracks
that appears in the failure surfaces for the cohesive failures show that the alignment is sufficient.
Examination of the fracture surfaces is conducted visually and there was no need to use
microscope. The fracture surfaces could easily be determined because there is a significant
difference in adhesive or cohesive failure.
The watertightness test was successful using the SS-EN 1253-1:2015(E) section 5.8.2 and it is
recommended to be used in further similar studies.

5.3 Effects of aging and water, temperature and chemicals
From the literature search it is clear that water, temperature and chemicals would propose a
great risk for the adhesive joints. Loss in strength and adhesive failure are two of the things that
can affect the most. This is also proven to be true in the experiment conducted in this project.
All tests are in some way affected by water, temperature and chemicals. All adhesives fail
cohesively which points to a sufficient surface pretreatment and the adhesives have good
adhesion to the stainless steel surface. Aging and environment don’t affect the surface interface
which is one of the biggest concerns for the project. Aging and environment have however
affected the joints in other ways. A reduction in shear strength and an increase in viscous can
be seen for the silicone that are bonded with 2B steel plates in test 1 and 2. The silicones that
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are bonded with DP20 steel plates in test 7 and 8 don’t show signs of loss in strength but are
becoming more viscous. SMP don’t show signs of loss in strength when bonded to either 2B or
DP20 as seen in test 3, 4, 9 and 10. It did however show signs of becoming more viscous. From
the watertightness test it can be seen that the SMP is not affected by the aging. This is indicating
that the joint is watertight overtime. The silicone leaked for the un-aged test but was watertight
for the aged test, the reason why is not clear but signs of difference in area for the un-aged test
can be seen. The area were the joint leaked was smaller than the rest of the joint. The
watertightness test was only performed once and only one well was tested for each aged and
un-aged test. If several wells had been tested for each test it might have shown that the leak was
a misguiding result. The reason why only one well was tested was due to lack of space in the
heat furnace.
Tape is affected the most in this experiment by water, temperature and chemicals. It can be seen
in test 5 that tape bonded to 2B plates fails cohesively when not subjected to water, temperature
and chemicals indicating that the surface pretreatment is sufficient. But when subjected to
water, temperature and chemicals in test 6 the tape bonded with 2B fails partly adhesively. This
shows that the interface has been affected. The adhesive failure have occurred at the sides were
tensions are high according to Figure 2.6, but one reason that also can affect is diffusion as is
described in section 2.6. The water and chemicals have only affected the outer areas of the joint
and affects the interface. The joint also lost in strength and the tape is becoming more viscous.
For DP20 bonded with tape in test 11, failure is partly adhesively even before subjected to
water, temperature and chemicals. This shows that surface pretreatment and/or adhesion is not
sufficient from the beginning and gives indications that DP20 and tape is not a possible
combination from a mechanical point of view. When the tape is subjected to water, temperature
and chemicals in test 12, the joints fails even more adhesively and has loss in strength and is
becoming more viscous. The adhesive failure can be caused by the high tensions at the sides
according to Figure 2.6 but also by diffusion as described in section 2.6. The water and
chemicals have only affected the outer areas of the joint. The tape also fails the watertightness
test as aged specimen’s leaks in the interface and un-aged specimens are watertight. This
indicates that the joint is not watertight over time.
When determining the lifespan for the combinations, this project has not fully succeeded. When
studying Arrhenius equation and similar methods it is clear that a more extensive experiment
and testing is needed. Factors as activating energy for each adhesive and testing over a variety
of temperatures are needed to obtain more reliable information regarding aging. This do not
mean that the project has not provided important data, knowledge and an indication on which
combinations of pretreatment, adhesives, tapes and stainless steel that can be used by AB
Furhoffs rostfria.

5.4 Technology, Society and Environment
From the start of this project environment is essential. All adhesives, tapes and pretreatments
that are evaluated and used are abbreviated environmentally friendly and harmless in use. Also
by giving an option to reduce the use of welding a reduction in use of energy consumption can
be achieved in the production. It also saves energy in transportation as adhesives are lighter
than a weld joints. By avoiding welding many hazardous factors can be avoided, such as
breathing in weld smoke, eye damage caused by welding blisters, burns and redness caused by
UV radiation. Additional hazardous work such as pickling can also be avoided. A progress in
technology is also achieved since the use of adhesive presents the possibility to bond different
materials and thereby enable an optimization of the product.
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6 Conclusion
This project aims to present a possible combination for bonding stainless steel using adhesives
or tape. The following conclusions can be drawn:
(1) Loctite SI 5615 and Teroson MS-9399 bonded to both 2B and DP20 fails cohesively.
This indicates good adhesion, sufficient pretreatment and resistant to aging.
(2) The tape failed partly adhesively which indicates that the adhesion and surface
pretreatment is not sufficient. Also a difference in 2B and DP20 can be seen where tape
fails more adhesively when bonded to DP20.
(3) Regarding mechanical properties, Teroson MS-9399 is the strongest and are the least
affected by aging and the environment of water, temperature and chemicals. 3M VBH
GPH is the weakest and are affected the most by aging and the environment of water,
temperature and chemicals.
(4) For more detailed results regarding approximation of aging a more extensive experiment
is necessary. More research regarding activation energy and testing at more
temperatures is necessary.
(5) Teroson MS-9399 is watertight for both un-aged and aged tests. Loctite SI 5615 failed
in the un-aged test but are watertight for aged tests. The reason may be the difference in
area caused by the low viscous of the adhesive. 3M VBH GPH fails for the aged test
and is watertight for the un-aged test indicating that aging have affected the joint.

7 Recommendations for AB Furhoffs rostfria
In this section a recommendation for AB Furhoffs rostfria is presented.
In this work it has been found that Teroson MS-9399 bonded to both 2B and DP20 are two
possible combinations for adhesive bonding of stainless steel. Using a simple pretreatment with
Terostat 450 results in a good adhesion. From a mechanical perspective the Teroson MS-9399
is the strongest and has been the least affected by aging and the environment of water,
temperature and chemicals. It shows no signs of decreasing in strength when subjected to aging.
It is fairly easy to handle but thus it is a two-component adhesive and starts to cure when the
components are being mixed, the application process is limited to a few minutes and then the
application equipment needs to be changed. This can also affect the properties of each
individual joint on a single construction. Say for example that ten attachment ears are to be
bonded to a construction, then they need to be bonded within a small amount of time to have
the same properties. The construction can’t be moved directly and the joints need to cure for at
least 10 minutes before it can carefully be moved. If the adhesive is to be implemented in the
production an approved method for applying the adhesive is needed. A standard method that
minimize the waste of adhesive and adhesive equipment is recommended. Also a standard
method for securing the joints to the construction while the joints are curing is needed.
Teroson MS-9399 shows no signs of aging and has good mechanical properties over time, 3M
VBH GPH shows that it’s an option for short term construction. 3M VBH GPH bonded well to
2B but the adhesion to DP20 is weak. The tape is the weakest, reaching only 20% of the strength
of Teroson MS-9399. Tape is also affected by aging and the environment of water, temperature
and chemicals. But from a production perspective the tape is the best to work with. It is easy to
apply and the joints need little time to cure, making it possible to move the construction almost
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directly. Thus the joint needs time to cure completely and reaches 50% of optimal strength
within 20 minutes and full strength within 72 hours. Tape can also be ordered in standard cut
sizes which makes applying fast and easy. For tape to be implemented in production an
alternative surface pretreatment is recommended to be tested, thus adhesion using pretreatment
Isoporpanol was not sufficient.

8 Future work
The literature study for this project shows that a more extensive experiment is needed to achieve
a better approximation regarding accelerated aging and to better understand how the adhesives
behave over a longer time. One variable that is interesting for future work is activation energy.
Arrhenius equation defines activation energy as linear which is not always true, based on the
previous research indicates that it’s non-linear. Performing test at variety of temperatures is also
recommended. Other environments in the accelerating bath, a test with oil is a recommendation.
The adhesion between tape and the stainless steel surface is not sufficient and a different surface
pretreatment is recommended to be tested. Also the use of heat when applying the tape is
something that can help the adhesion. Heat can also be used to accelerate the curing time for
the adhesives and create a stronger joint.
A redesign of existing products is also required to get the best out of the adhesives. Also a
standardized working method and production process is something that is relevant to investigate
in future work.
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Appendix A: Time planning
The initial planning for project ABSS can be seen in Figure A. 1.

Figure A. 1. Initial planning project ABSS.
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The final planning for the project can be seen in Figure A.2. It looks almost the same as the
initial one, with some changes for accelerated aging and preparation of samples. When the
project started there was a wish to start the accelerated aging process as fast as possible. But
there was a lot of problems to get the required aging bath in time. Sadly, when the aging bath
finally was ordered it was too late for using it for the project. Therefore, a different solution for
accelerated aging was required to be discovered. The only changes the new solution had for the
project were that the tensile test was conducted in two days instead of one day for dividing the
work load. Despite this changes, there was no problem to finish everything in time. Some small
changes are made in the final time plan due to faults in the planning for the course.
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Figure A.2. Final planning project ABSS.
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Appendix B: Technical data sheets

Figure A.3. Technical data sheet for stainless steel EN 1.4301.
68

University of Skövde

Department of Engineering Science

Figure A.4. Technical data sheet for the stainless steel telescoping ring EN 1.4404.
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Figure A.5. Technical data sheet for the stainless steel ring EN 1.4404.
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Figure A.6. Technical data sheet for Loctite SI 5615.
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Figure A.7. Technical data sheet for Loctite SI 5615.
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Figure A.8. Technical data sheet for Loctite SI 5615.
.
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Figure A.9. Technical data sheet for Teroson MS-9399.
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Figure A.10. Technical data sheet for Teroson MS-9399.
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Figure A.11. Technical data sheet for 3M VBH GPH.
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Figure A.12. Technical data sheet for 3M VBH GPH.
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Figure A.13. Technical data sheet for Terostat 450.
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Appendix C: Standard for watertightness test

Figure A.14. Standard for watertightness SS-EN 1253-1:2015(E).
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Appendix D: User instruction

Figure A.15. User instructions for 3M VBH GPH.
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