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The truth is out there 
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Abstract 

The thesis concerns aspects of new joining methods for stainless sheet steel. Weldbonciing and 
adhesive bonding was investigated. The hybrid technique of weldbonding is a combination of 
spotwelding and adhesive bonding. To achieve a good bond, it is important to pre-treat the 
surfaces to be bonded. Seven different mechanical pre-treatments were investigated for stainless 
steel surfaces that were later adhesively bonded and tested according to ASTM D1002. The 
results from the pre-treatment investigation was later used for manufacture of weldbonded 
joints. The weldbonded joints were submitted to fatigue testing, and compared to spotwelded 
joints of the same configuration. It was found that weldbonded joints had twice the fatigue 
strength of identical spotwelded joints. During the course of investigation of surface pre-
treatments, it was noted that intrinsic mechanical properties of the metal substrates have a 
profound effect on the resulting bond strength. An investigation ofjoint stiffness related to 
joint strength was performed, and it was seen that yield strength has a large effect on resulting 
bond strength. 

Keywords: stainless steel, adhesive bonding, weldboncfing, fatigue testing, surface properties, 
mechanical pre-treatments, epoxy adhesives, single over-lap joints 
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Introduction 

Joining of different materials is an important feature of many materials processing and 
production industries. The increased demands on lighter and stronger joints require new 
joining methods in structural applications, mainly for metals but also composites of all types. 
This thesis discusses two new joining methods for stainless steel sheets. They both have the 
advantage of being lightweight and fatigue resistant. These new methods both depend on 
adhesive bonding, a joining process that has been around for the last 5000 years, but has not 
until recently been adopted for structural purposes. 

This thesis aims to increase the understanding of adhesive bonding and weldbonding as joining 
methods for structural purposes. Both adhesive joints and weldbonded joints have been 
manufactured and tested in different loading situations. The influence of surface conditions on 
bond strength has been investigated. Fatigue tests have been performed and analysed for 
weldbonded joints. Joint stiffness has been investigated with respect to strength for adhesive 
bonds. 

Stainless steel 

At the beginning of this century it was discovered that the addition of 13 % or more 
chromium to iron made the alloy corrosion resistant. It was also found that he addition of 
nickel could further improve corrosion resistance and improve other properties such as 
formability. Today stainless steel is a natural choice in applications exposed to harsh 
environments and chemically demanding applications. The "stainlessness" comes from a 
protective layer of oxides on the metal surface. The chromium in the bulk material forms a 
complex hydroxide/oxide in the presence of oxygen, this is called passivation and the layer is 
called a passive layer. Other alloying elements can also contribute to the passive layer, but the 
main component is chromium hydroxide/oxide [1[2]. If the passive layer is damaged, it 
spontaneously reforms in air and most aerated aqueous solutions. The passivated layer is very 
thin ( down to 10 fii), dense and has a relatively good adhesion to the bulk alloy. 

The good surface properties also makes stainless steel interesting for applications were a 
reduced need for surface preparation such as cleaning, painting and maintenance is a strong 
economic factor. Stainless steel has therefore seen an increased use in the transport industry, 
building industry and household appliances. In all of these markets there is a need for new 
joining methods that can be functional and structural. 

Types of stainless steel 
Stainless steels can typically be divided into four major groups, namely austenitic, ferritic, 
duplex and martensitic stainless steel depending on their microstructure at room temperature. 
These groups have quite different mechanical and chemical properties. The austenitic group is 
by far the largest in volume, and the fastest growing group is the duplex stainless steels. Each 
group is described in more detail below. Table 1 shows typical compositions for the major 
groups of stainless steels. 
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Table 1. Chemical compositions of stainless steel rouvs. 
Stainless steel  
type 

C,  wt% Cr, wt%  Ni,  wt%  Mo,  wt% Other common 
alloying elements 

Austenitic <0,3 16-26 8-25 0-6 Ti,  Mn  
Ferritic <0,3 12-19, 

24-28 
0-5 
0 

<5 
0 

Duplex <0,3 18-27 4-7 1-4 
Martensitic >0,10 

>0,17 
11-14 
16-18 

0-1 
0-2 

0 
0-2 

The microstructure resulting from the alloying elements can be described in a Schaeffler-
DeLong-diagram. The Schaeffler-DeLong-diagram was originally used for prediction of 
structures after welding, i.e. rapid cooling, but has proved useful for classifying stainless steels 
according to alloying elements also for processed and thermally treated materials. 
Figure 1 shows a Schaeffier-Delong-diagram. The chromium equivalent, Cr„p„, and the  Ni-
equivalent, Ni.„1„, used on the axis of the diagram can be expressed as: 

Cree= %Cr+1,5 %Si+%Mo 
Nieq,,=%Ni+ 30(%C+%N)+0,5(%Mn+%Cu+%Co)  

i-equivalent 

Figure 1 . The Schaeffier-Delong-diagram, based on [3].  

More information about stainless steel and their properties can be found in [4, 5, 6]. 
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Austenitic stainless steels 
The austenitic stainless steels are the largest group in production and consumption. They have 

an austenitic microstructure, due to alloying elements that stabilise the austenitic 7-phase down 
to room temperature. The austenitic stainless steel structure exhibits many of the traits found in 
FCC structures, such as good formability and a tough behaviour at low temperatures. 
Austenitic stainless steels workharden, i.e. they have an increased yield strength when they are 
coldworked. This is utilised in many applications, and the material can be bought in a cold-
drawn form. Austenitic stainless steels can also undergo a mechanically induced phase 
transformation, after which a martensitic structure can be found locally. Austenitic stainless is 
the only stainless steel that is nonmagnetic. They are used in many applications, most common 
to the non-scientist might be cutlery, medical equipment and kitchen sinks. Austenitic stainless 
steels are also used in chemical storage tanks, pulp industry, cryonic applications, buses, trains, 
buildings and even spacesuits. 

Ferritic stainless steels 
The ferritic stainless steels are the second largest group of stainless steels. They have a ferritic 
microstructure, with a BCC crystal structure. They are magnetic and have a transition 
temperature where fracture goes from tough to brittle over a limited temperature span. Ferritic 
stainless steels are mainly used in high temperature applications due to their good resistance to 
oxidation and intergranular corrosion. 

Duplex stainless steels 
The duplex stainless steels have a microstructure which is a mixture of the austenitic and the 
ferritic stainless steels. The resulting properties are a combination of both structures, and they 
are magnetic. They are the fastest growing group of stainless steels, due to economical factors 
together with the mechanical properties. Nickel is usually the most expensive (depending on 
world prices) alloying element in stainless steel, and, as duplex steels have a low nickel content, 
the price can be low. 

Martensitic stainless steels 
The martensitic stainless steels have a chromium and nickel content that may imply that they 
are not necessarily "stainless". The martensitic structure is achieved through quenching, and 
results in one or more of the martensitic crystal structures that can be found in stainless steel, 
namely bcc martensite, a', and hcp martensite,  E.  The martensitic transformation can be both 
thermally and mechanically induced, and is not yet fully understood [6]. Martensitic stainless 
steels are used as knife-materials, in applications where a high wear resistance is demanded, and 
in press plates. 

Adhesive bonding 

The first documented use of adhesives date back to 4000 BC. Descriptions of the use of 
adhesive can be found in wallpaintings from Egypt. The first patent on fish based adhesives was 
brought out in 1754 [7]. Early adhesives were made of natural ingredients, and used for non-
structural purposes. With the evolution of polymers at the beginning of this century, an 
explosion of synthetic adhesives came, and with that, the first adhesives for structural bonding. 
Structural bonding can be classified as when the adhesive has a load-bearing function, and 
without the adhesive, the structure would fail. Adhesive bonding is a joining method with 
several advantages over more common methods, such as welding. Adhesive bonding can be 
used for joining dissimilar materials, and the adhesive can be chosen so that no thermal 
treatments are necessary. Joints can be made stiffer, with simpler designs, resulting in a light 
structure. This is already implemented in aircraft industry, where adhesive bonding long has 
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been used as a structural joining method. The disadvantages of adhesive bonding include low 
tolerance to high temperature situations, and difficulties in predicting joint strength. The vast 
number of adhesives for structural purposes, together with the absence of clear and simple 
design rules makes it difficult to implement adhesive bonding in existing engineering 
applications. 

Adhesives can be classified in a number of ways; type of cure mechanism, chemical 
composition or area of use. The most common types of adhesives for structural purposes are 
described in table 1 below. 

Table 1. Structural adhesives - a summary [8]. 

ADHESIVE 
TYPE 

EPDXIES  POLYURE-  
THANES 

MODIFIED 
ACRYLICS 

CYANO 
ACRYLATES 

ANAERO-
BICS 

Advantages High shear 
strength 
Moderate peel 
strength 
Wide range of 
formulations 
and types 

Good gap 
filling 
Tough 
Excellent low 
temperature 
properties 
Varying cure 
cycles 

Good peel 
and shear 
strengths 
No mixing 
required 
Will bond 
dirty surfaces 

One 
component 
High tensile 
strength 
Long pot life 
Good adhesion 
to metal 

Good solvent 
resistance 
No mixing 
Nontoxic 
Indefinite pot 
life 

Limitations Exact 
properties 
needed for 
optimum 
performance 
Short pot life 
One- 
component 
types needs 
elevated 
curing 
temperature 

Moisture 
sensitive 
Short pot life 
Toxic when 
heated 

Toxic 
Flammable 
Limited open 
time 

High cost 
Bonds skin 
Limited 
solvent 
resistance 
Poor gap 
filling 

Limited gap 
cure 
Will not cure 
in air as a wet 
fillet 
Not 
recommended 
for permeable 
surfaces 
Low strength 

Best feature Varieties Gap filling No mixing Strength No mixing 

Worst feature Short pot life Toxic Toxic Bonds skin Cure cycle 

Adhesion is a surface sensitive phenomenon, where two materials need to come in close 
contact. Six theories have been brought forward to explain adhesion[9][10]: 

The weak boundary layer theory: If two surfaces are clean, they can form strong adhesive 
bonds. This is due to bonding forces between adhesive and adherend. This might be disrupted 
by contaminant layers, such as dirt, oil, particles and other elements on the clean surfaces. The 
contaminants lowers the surface energy of the surfaces to be bonded. Today some adhesives 
are capable of absorbing some contaminants, such as lubrication oil. This is the result of  tailor-
made  adhesives for such industries as car manufacturing where extensive cleaning procedures 
are incompatible with competitive manufacturing. The weak boundary theory proposes that a 
bond cannot be formed if the surfaces do not come in contact for bonds to be formed. 
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The diffusion theory: This theory describes how polymer molecules interdiffuse, so as to 
form bonds with each other. Examples are solvent-welding of polymers, where the 
interdiffusion results in the disappearance of the old boundary. This is not applicable to metal 
adhesive bonds. 

The electrostic theory: If two metals are in close contact, electrons can be transferred 
between the two surfaces and attraction forces will be present. This is not applicable to bonds 
containing a polymeric adhesive, such adhesives are based on non metallic elements, and can 
therefore not have electrons that can be shared. 

The mechanical interlocking theory: This theory requires surfaces that are so uneven that 
the adhesive can enter cavities in the uncured condition, and then cure. The cured adhesive 
then forms a type of mechanical joint with the metal. Strong adhesive bonds have been 
achieved with aluminium, when surface pre-treatments have created porous honeycomb oxide 
structures, and mechanical interlocking is believed to have some effect here. Roughening of 
surfaces is also carried out sometimes with the belief that mechanical interlocking will take 
place. 

Physical adsorption theory: If the substrate and the adhesive are in close contact, molecular 
forces can be present. These van der Wags forces, both polar and dispersion forces, will be 
present in all adhesive bonds. The strength of these forces are adequate to explain joint 
strength even for very strong bonds, even if the forces themselves are weaker than chemical 
bonds such as ionic or covalent bonds. 

Chemical bonding theory: This theory proposes that ionic and covalent bonds can be 
formed between the substrate and the adhesive across the interface. It is suggested that 
chemical bonding is formed for some coupling agents used on glass. 

All of these theories will benefit from a large surface area of the substrate, whether one wants 
to explain adhesion by physical adsorption or mechanical interlocking. It is believed that 
physical adsorption may be the main mechanism of adhesive bonding, together with 
mechanical interlocking and chemical bonding [9]. 

Surface considerations 
Since adhesion is believed to be due to molecular and chemical bonds together with 
mechanical interlocking, the surface properties of the surface to be bonded are considered to 
be very important if a good bond is going to be achieved. An increase in surface area will be 
beneficial for bond strength, as will cleanliness. The oxides present on all metal surfaces can 
also improve or deteriorate bond properties. Over the years, many surface pre-treatments have 
been investigated for a number of metals and alloys [11, 12], and there are generally no simple 
rules for pre-treatments. They can vary dramatically depending on application and metal. It is 
not uncommon for pre-treatments procedures to have eight or more steps for aluminium 
surfaces used in aeroplanes, while a solvent wipe may be all that is necessary when bonding a 
low carbon sheet steel. The main factor here is cleanliness, as the surfaces to be bonded must 
be clean. The definition of clean may vary. 
Pre-treatments can be either mechanical, chemical or a combination of both. Chemical pre-
treatments have dominated when bonding for structural strength, but economical and 
ecological impact has favoured mechanical treatments. Chemical treatments can include 
etching, vapour cleaning, re-creation of oxide surfaces with chemicals and increased 
temperatures. 
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Mechanical treatments can be abrasive methods such as blasting in various forms, shot peening, 
polishing. Chemical pre-treatments usually show better results in durability tests, where the 
adhesive is exposed to humidity and other substances that are generally considered harmful for 
polymers. Both mechanical and chemical pre-treatments can alter both surface topography and 
surface chemistry and also remove material such as oxides, worked layers or dirt which might 
be considered as weak layers with little or no adhesion to the surface. There are also some new 
pre-treatments methods that might be characterised as thermal, namely corona discharges, 
plasma cleaning and laser treatment. 

Surface considerations for stainless steels 
Surface pre-treatments for aluminium and low carbon steels are not necessary directly 
transferable to stainless steels. Stainless steels have, as mentioned earlier, an oxide layer that is 
very dense, with a good adhesion to the underlying metal. The oxide is stable in air and most 
oxidising environments. Pre-treatments reported recently are mostly chemical [13, 14, 15], 
with some mechanical treatments being reported[16]. This thesis considers only mechanical 
treatments, but as mentioned earlier, a mechanical treatment can also alter surface chemistry. 

Joint design for adhesive bonds 
Once the surface is clean, and has the desired surface topography and chemistry, bonding with 
the selected adhesive should present no problems. It is important that the joint design has been 
carefully investigated to maximise the bond properties. Adhesive joints perform best when 
loaded in shear, although some adhesives are known for combining relatively high shear 
strengths with a good peel resistance. Toughening of the adhesive with nodular rubber or glass 
spheres can further improve joint performance. Loading situations involving peel are generally 
considered to be deleterious to joint strength, and should therefore be avoided. 

Figure 2 shows some joint design examples: 
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Good adhesive joint design 	 Poor adhesive joint design 

• 

   

•  

 

Figure 2. Good and poor practises in adhesive joint design. Based on[17]. 

Joint testing 
Adhesive joints can be tested in a number of ways. The most common test is the single overlap 
joint test. There is also the double overlap test, the Boeing wedge test, peel test, and many 
more, see figures 3-6. Many of these tests are standardised. 

The single overlap test: 
This joint configuration is very cheap, simple to manufacture, and is in many cases similar to 
actual life design by using a single overlap. It has long been used to test surface pre-treatments, 
adhesives, cure cycles etc. The single overlap joint will however not test the joint in pure 
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shear, the thickness of the aciherends will give a non linear loading situation, and peel forces 
will be present at the end of the overlap. The test is described in ASTM D1002. The test is 
very sensitive to test geometry and adherend material.  

b  

 

Figure 3. The single overlap joint. 

The double overlap test: 
This is a configuration with three substrates, to overcome the non linearity of the single 
overlap test and therefore not as sensitive to adherend material as the single overlap test. It is 
also cheap, easy to manufacture and relatively easy to test. The test is described in ASTM 
D3528.  

 

b  

 

Figure 4. The double overlap joint. 

The Boeing wedge test: 
This test was developed, as might be guessed, by the Boeing corporation, but is now 
standardised, ASTM  D  3762. It is very easy to manufacture, and the test configuration can 
easily be moved to durability testing environments or be subjected to different temperatures. 
A wedge is inserted between two adherends, and the crack propagation is measured. 
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Figure 5. The Boeing wedge test. 

Peel testing: 
There are several peel test. The floating roller peel test and the T-type peel test are described 
in figure 6 below. An adhesive with very good shear properties may perform very poorly in 
peel, and that will then decide joint properties. 

    

Flexible adherend 

  

    

Rigid adherend 

  

    

    

Figure 6. Peel tests. 

Other tests: 
There are many other tests for adhesive joints. Cleavage, creep and impact test are commonly 
employed and standardised. More adhesive joint tests and tests of adhesive materials can be 
found in section 15.06 of "Annual Book of ASTM Standards". Manufacturers of adhesives 
generally supply adhesive material bulk data, together with apparent shear strength for some 
substrates and joint configurations, usually from single overlap tests. 

Fatigue properties and testing: 
Adhesives generally perform very well in fatigue situations. The large bond area distributing 
the load, together with a high stiffness make adhesive bonds very competitive in fatigue 
situations. The ability to dampen vibrations and noise is also very valuable in such applications 
as cars, trucks and busses. 

Fatigue testing is generally carried out with single overlap specimens, but double overlap and 
other tests can be employed as well. 
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Spotwelding 

Spotwelding has long been an efficient way of joining overlapping sheet steels. It is cheap, 
readily automated and has no additional filler material involved. It is controllable with modem 
welding equipment where parameters can be monitored and quality controlled. Drawbacks are 
the difficulties of disassembly for maintenance or repair, additional weight compared to a butt 
joint and fatigue strengths are low due to the notch introduced by the joint geometry itself. 

The welding process 
Spotwelding is a resistance welding process, where joining of two facing surfaces is achieved 
through the heat generated at the joint interface by the resistance of the work to the flow of 
electric current. Force is always applied before, during and after current flow, to ensure good 
contact of the surfaces, and in some cases to forge the metal in the post heat stage. The newly 
created joint produced at the electrode site is called a weld nugget. The welding process must 
first develop sufficient heat to create a confined volume of metal into liquid phase, the metal 
then cools under pressure until the weld nugget has adequate strength to hold the pieces 
together. The current and the pressure must be adequate to form a weld nugget, but not so 
high that weld metal is expelled from the welding zone. It is also of importance that the time 
for nugget formation is minimised in order to prevent excessive heating of the electrode faces. 
Excessive heating can bond the electrodes to the work piece, not only destroying the piece, 
but also shortening electrode life. Because of the need for limited heat time and the need for 
nugget formation, welding currents must be very high. If the welding current is too high, the 
heat distribution can be very undesirable, causing surface melting on the top surfaces of the 
work piece. Heat is generated at all surfaces in the process, but only at the facing base metal 
surfaces is welding heat required, and the heat in all other locations should be minimised. This 
is achieved by locating the greatest resistance at the facing surfaces. The electrodes are water 
cooled, whereas the heat generated at the weld nugget formation site is more slowly dissipated 
into the base metal. Therefore the rise of temperature will be more rapid in the contact zone 
between the two base metal surfaces, and the weld nugget develops as small areas of contact, 
expanding quickly, forming the nugget. The most important factors in spotwelding are [18] 
• the weld current 
• the weld time 
• the welding pressure 
The weld current, time and pressure are intimately related, and a change in one will require 
change in another to achieve a weld nugget with the same properties as before the change. 
Uncontrollable factors such as power support variations can cause deterioration of the weld 
nugget properties, and must be carefully controlled, this can be achieved with many modem 
spot welding control units. 
Factors such as electrode shape, electrode contact area, electrode strength, base metal surfaces 
properties and base metal composition are also of importance. A surface with uneven surface 
properties, such as irregular oxide layers, dirt and oil causes variations in contact area and hence 
resistance. A clean surface will produce a more uniform result. The weld nugget can be 
contaminated with dirt from the surface and properties will deteriorate. The electrical 
resistivity will naturally influence resistance heating, a metal with good conductivity, the heat 
will be transferred away from the intended weld nugget formation site and be dissipated into 
the base metal. 

The welding cycle for spot welding basically consists of four phases: 
• Squeeze time: This is the time where pressure is applied, but no weld current is present. 
• Weld time: The time that current is applied, in a single-impulse weld. 
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• Hold time: The time where pressure is still applied after last cycle of weld current has ceased 
to flow. 

• Off time: The time between welding of work pieces, where work pieces can be moved, 
this is generally only stated for repetitive welding cycles. 

In addition to these phases, other phases can be added. Some examples are: a preheating cycle 
to minimise heat gradients, pre-compression force to establish contact between work pieces 
and electrodes, forging, quenching and temper phases to achieve desired nugget properties. 
Both direct current and alternating current equipment can be used for spotwelding, when high 
welding currents are desired it is more common to use direct current because the load can be 
balanced on a three power line and power losses can be reduced. The use of a direct current 
power supply can also enable the programming of the rate of current rise and fall [18]. 

The current can be programmed in pulses instead of a single-impulse, and this is normally 
done for thick sheet steels, where control of the heating rate at the interface is desirable. The 
current pulses are alternated with an intermediate cool time. 

Surface considerations for spotwelding: 
A clean surface is beneficial for spotwelding, giving uniform surface properties resulting in 
uniform weld nugget properties. Loose particles, oil and dirt should be removed. For stainless 
steels with their thin, uniform oxide layer it is generally thought that a solvent or vapour 
degrease will give sufficient results [18]. 

Spot-weld parameters for stainless steels: 
Some stainless steels might be susceptible to carbide precipitation at elevated temperatures. 
Such precipitations can lead to a decreased intergranular corrosion resistance. If chromium 
carbides are formed, a local depletion of chromium will be present. As mentioned earlier, 
chromium plays an important role in the corrosion resistance of stainless steels. Other 
precipitations, such as other carbides and intermetallic phases can deteriorate mechanical 
properties such as fracture toughness[6]. Short weld times can produce spot-welds without 
carbide precipitates. 

Stainless steels have good mechanical properties even at elevated temperatures, and might 
therefore require high welding pressures to ensure good contact. Stainless steels are not good 
conductors of heat, and this combined with their high thermal expansion coefficient might 
lead to distortion and warping of the work piece if heat input is not controlled and kept to a 
minimum[18]. 

Joint design for spot-welded joints: 
Joint design for spot-welds mainly concerns the assembly of the joint. The design must be such 
that it allows the work piece to be welded in standard machines. In all cases spot-welded joints 
are made up of two or more pieces of equal or unequal thickness. The low fatigue properties 
that are associated with spot-welds are due to the joint configuration, where a notch is present 
at the end of the weld nugget the moment it is formed. This crack initiation results in fatigue 
strengths that are approximately 10 % of the static strength [19]. Forging of the weld nugget 
during the final stages in the weld cycle can induce compressive stresses that might slow down 
crack initiation, but fatigue strengths will still be low. 
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Weldbonding 

Weldbonding is the combination of resistance welding and adhesive bonding. It was developed 
in the former Soviet-union to improve fatigue properties in spot-welded aeroplane structures. 
The bond can either be formed by 
• applying the adhesive first and then the spot-weld, or by 
• spotwelding first and applying the adhesive afterwards 
The first technique has proven to give more consistent results, although it makes the spot-
welding more difficult. The second method must rely on capillary forces to distribute the 
adhesive. Weldbonding has often been used when spot-welded constructions need to improve 
their fatigue strength, but can also be used in constructions where adhesive bonding is the 
primary method, and one wants to reduce the need for fixtures for the curing process. The 
addition of a spotweld to an adhesive structure also enhances joint stifffiess, and thereby joint 
properties. 

Weldbonding improves the fatigue life of the spot welded structure by the addition of adhesive 
in the joint. The load is more evenly distributed, there is a larger load bearing area and the 
susceptability for crack propagation decreases in the spot-weld since the crack must propagate 
through the adhesive as well. Adhesive materials are known for their good fatigue properties 
and a weldbonded joint will typically have a fatigue strength between that of a pure adhesive 
joint and that of a spot-welded only joint [20]. The addition of adhesive also makes the joint 
dust proof and reduces noise and vibrations in the bond, thanks to its stiffer structure. 

Parameters for weldbonding: 
The weldbonding process will be influenced by all the parameters affecting the combined 
processes. These factors are summarised in figure 7 below. The adhesive process is believed to 
be the most crucial process for joint performance in weldbonded joints. 

Thickness 	 Surface 	 Test method 
Pretreatment 

Figure 7. Parameters affecting weldbonded joint pepeormance. 
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Surface considerations for weldbonded joints: 
The surface to be adhesively bonded must meet the same requirements as for a pure adhesive 
bond. Surface pre-treatments are therefore essential, and can be performed as for an adhesive 
bond. Surface pre-treatments that are beneficial to adhesive bonding is also beneficial to spot-
welding, and therefore the requirements for surface considerations for spot-welded bonds are 
met. 

Joint properties of weldbonded joints 

The joint properties of weldbonded joints are, naturally, a combination of both joining 
methods. The joint will be stiff; and have very good fatigue properties. The stress situation 
influences joint performance, so the joint design should be adjusted to the load situation. A 
weldbonded joint will not be as sensitive to peel stresses as an adhesive joint, and not as 
sensitive to fatigue stresses as a spotwelded joint. The joint will only perform satisfactory if the 
pre-treatment has been sufficient. The pre-treatment must be assessed for every separate 
application. Care must be taken when it comes to durability, and tests should be performed in 
relevant loading environments. 

Conclusions 

Adhesive bonding and weldbonding are new methods for joining stainless steel sheets. Pre-
treatment should be analysed for best joint performance, and the stress situation should be 
carefully investigated in order to maximise joint performance. Surface pre-treatments are 
important to achieve a good adhesive joint, whether the joint is used in an adhesive joint or in 
a weldbonded joint. Both joining methods will exhibit good fatigue properties. Peel stresses are 
detrimental for adhesive joint properties, a weldbonded joint will not be as sensitive to peel 
stresses. 

The use of adhesive bonding and weldbonding in engineering applications is at present not 
extensive. This is due to lack of simple design criteria, the structures achieved with these two 
joining methods are complex when it comes to stress analysis. The stress analysis shows that 
several types of stresses are present in these joints, and all types of stresses must be investigated 
in respect to joint performance. Joint performance is a function of materials, materials 
combination, stress situation, geometry and test configuration. 

The apparent complexity of these processes should not deter engineers from implementing 
them in production applications. The excellent fatigue properties, the possibility of light-
weight structures, reduction in noise and vibrations together with the possibility of automation 
should be incentive enough to consider these methods as an interesting alternative for the 
joining of sheet steels. 

Summary of papers 

Paper A, "Weldbonding of Stainless Steel-An Introduction" 

This paper gives a general introduction to weldbonding, fatigue properties of adhesively 
bonded, spotwelded and weldbonded stainless steel joints; factors affecting joint strength are 
discussed. 
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Paper  B,  "The Fatigue Properties of Weldbonded Stainless Steel" 

This paper describes the preparation of weldbonded stainless steel joints and the testing of their 
fatigue properties. Two test specimen configurations were used, a flanged single overlap 
specimen and a cross tension test specimen. It is shown that weldbonded joints have better 
fatigue properties for both test configurations compared to spot-welded only joints. It is also 
shown that an eventual expulsion of either weld metal or adhesive will influence joint 
properties only if the expulsion reduces bond area parallel to loading direction. 

Paper  C,  "Adhesive Bonding of Stainless Steel; the influence of surface conditions 
on bond strength" 

Cleaning and mechanical pre-treatments were investigated for adhesive bonding of thick 
austenitic stainless steel. The treatments included degreasing, abrasion with Scotch-Brite  
cleaning pads, abrasion with steel brush, grit blasting, glass bead blasting and waterblasting. The 
treatments resulted in very different surface characteristics, but the difference in bond strength 
was not as big as could be expected. Any treatment with abrasion will result in much better 
joint properties than a degreased only surface. This is believed to due to the creation of a new 
oxide layer on the stainless steel surface. Mechanical interlocking can also be improved. 

Paper  D,  "The Influence of Joint Stiffness on Strength of Adhesive Bonds in 
Stainless Steel" 

Joint stiffness is a combination of intrinsic and geometrical stiffness. Joint stiffness strongly 
influences the stress situation in the adhesive joint, and therefore influences joint performance 
and failure load. Four different stainless steel materials, together with two surface finishes and 
joint designs were adhesively bonded with a toughened two-component epoxy adhesive and 
tested in single overlap tests. The experimental results were compared to those from a number 
of published theoretical models. Failure load predictions based on adherend yield strength are 
shown to be closest to experimental results, indicating that joint performance is governed by 
adherend yield. The yielding of the adherend leads to large plastic strains in the adhesive. The 
Joints fails through adhesive plastic strain, induced by adherend yield. A concept of strength 
ratio where adherend strength is related to adhesive strength is introduced. It is shown that 
joints with a low strength ratio may be designed according to adherend properties, whereas 
joints with a higher strength ratio may be designed according to adhesive properties if they fail 
without plastic deformation. 
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Weldbonding of Stainless Steel: An Introduction 
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1. Introduction  

Weldbonding is the combination of resistance spotwelding and adhesive bonding. The 
process was developed in the 1950's in the USSR to improve the fatigue life of spot-
welds. The technique was first used by the aerospace industries but has subsequently 
become a useful tool in the car industry. 

This paper begins by discussing spotwelding and adhesive bonding separately before 
combining them in a review of the weldbonding process, concentrating on the joining 
of stainless steel. 

2. Spotwelding 

The production of localised lap welds or spotwelds can be carried out by a number of 
techniques including: Electrical resistance spotwelding, ultra sonic and laser welding [11 
Of these, resistance spotwelding (RSW), see fig. 1, is by far the most common and is the 
one used in combination with adhesives for weldbonding. 

Fig. 1. Resistance spotwelding 121 
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Important parameters in RSW include: 

Electrode force 
Electrode size 
Electrode shape 
Weld time 
Cooling time 
Weld current 

The size of the weld nugget produced is a function of the rate of heat generation of the 
interface of the workpieces and of the local thermal conduction conditions. Depending 
on sheet thickness and type, a range of parameters are chosen for a satisfactory result. 
Grong [3] has developed a model of the process which works on the assumption that all 
the heat is generated instantaneously at the interface of the two overlapping plates. This 
assumption explains the formation of a weld nugget that connects the sheets, and forms 
the bond. 

RSW has long been used as an easy and cost effective joining method for sheet materials. 
Joint design has become standardised in terms of spot diameter to sheet thickness and 
overlap length. Poor fatigue properties are, unfortunately a feature of resistance spotwelds. 
Cracks are spontaneously initiated immediately after welding, due to shrinkage of the 
molten metal upon cooling. A number of techniques have been developed to suppress the 
propagation of these cracks. They include: Annealing during or just after welding, and 
cold deformation of the weld to introduce compressive stresses which inhibit crack 
opening. These methods have had only a limited amount of success. 

Although the RSW process is well understood for mild steel, there is a growing interest 
in using the technique for joining stainless steel components. In the case of stainless steel 
the presence of oxide films at the interface of the workpieces increases the preweld 
resistance of the joint and has a large influence on the heat input to the area [4]. 

2.1 Failure mechanisms in spotwelds 

The subject of failure mechanisms in spotwelds has been extensively researched and a 
number of models exists which describe the stress fields in and around the weld nugget 
[5, 6]. As cracks are initiated during the welding process it is generally believed that the 
fatigue performance of spotwelds depends almost entirely on the propagation behaviour 
of these cracks. The tensile strength of the weld is not thought to have a strong influence 
on the fatigue strength. Fatigue failure of the weld occurs by one of the two processes 
depending on the stress levels involved: At high stresses plug failure is usually 
experienced( see fig. 2a) and at low stresses the weld tends to failure along the weld 
interface(see fig 2b). 
Apart from the stress level, the failure mechanism is also determined by the following 
parameters: 
a) type of stress imposed (tension or cross tension)  
b) joint geometry (sheet thickness, weld size etc.)  
c) the mechanical properties of the weld, the Heat Affected Zone (HAZ) and the parent 
material. 
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Fig.2 a) and  b).  Failure mechanisms in spot welded stainless steel joints. a) plug failure and  b)  

interfacial failure. 

In summary spot welding is a well established manufacturing method which produces 
welds with acceptable tensile strength but rather poo fatigue properties. 

3. Adhesive bonding 

The engineering use of adhesives has, in the past, concentrated on non load bearing 
applications, where joint sealing or the joining of unusual material combinations has 
been required. Over the past decade however, the development of higher strength 
adhesives has led to their use in structural joints. For metal joining, the two most 
commonly used adhesives are toughened epoxy and acrylic resins. 

The bonding of stainless steel generally requires pre-treatment of the work-piece 
surfaces. Chemical pre-treatment give the best results but presents problems from a 
health and safety point of view. Mechanical pre-treatments are therefore preferred even 
though the resulting joint strengths are generally inferior. 

Adhesive joints have excellent fatigue properties as compared to spotwelds as figure 3 
demonstrates. 
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[7]. 

The bonds also have higher tensile shear strengths than spotwelds as can be seen in fig. 4. 
On the negative side however, adhesive bonds have very low resistance to loads which 
tend to peel the joint apart.  

I 	
I 	

I
I 	

I 	
i
i
 
	

i
t  

A
ro

ld
it
e

  
A

V
  1

5
6
6
 

A
ro

ld
it
e

  
A
V

 15
6

6
+

 s
p

o
t 

w
e
ld

 

g  
» 
I 

rl 

A
ro

l d
ite

  A
V

  
2

9
+

  H
V

9
9

7
  

+  
sp

ot
  w

e
ld

 

A
rd

di
te

  
A

V
 1
2
9
  •
  H

V
  9

9
7

  

A
ro

ld
it
e

  A
y  

1
0

3
 +  
H

Y
  9

9
1  

+  
sp

ot
  w

el
d

 

S
po

t  
w

el
d 

0 

>- 
‹r 

'6 
7. 

Fig. 4. Tensile shear strengths of adhesive joints, weldbonded and spot welded joints in steel [8]. 

Adhesives used are generally of the following types [9]: 

Epoxies 
Polyurethanes 
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Modified acrylics 
Cyanoacrylates 
Anaerobic adhesives 

All of these are chemically cured. Epoxies can be toughened by introducing rubber 
particles, thus enhancing the capacity for strain in the otherwise very brittle adhesive. 

The adhesion mechanism to the stainless steel is not fully understood, but is believed to 
be a combination of mechanical locking and chemical bonding, with a higher emphasis 
placed on the chemical bonding mechanism[10]. The adhesion depends not only on the 
material, but also on surface pre-treatments, adhesive thickness, amount of moisture, 
type of adhesive etc. The adhesive thickness or gap width can be controlled by placing 
glass beads or pieces of wire within the joint. 

4. Weldbonding 

Weldbonding is a method which combines the best mechanical features of spotwelding 
and adhesive bonding. For adhesive users the technique simplifies the curing stage since 
no fixtures are needed for the period when the adhesive develops handling strength, and 
for spot weld users the technique gives a joint with better mechanical properties and a 
sealed joint line. 

The bonds created are similar to normal spotwelds but the joint is constrained by the 
adhesive at the interface (see fig. 5 ). The adhesive is not present in the area surrounding 
the spot weld, since the heat generated between the stainless steel sheets bums the 
adhesive in that area. 

Fig. 5. Inteü-ace of weldbonded joint in stainless steel. 
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The technique for producing a weld bond in metals is as follows: 

a) metal surface preparation  
b) adhesive application  
c) spotwelding  
d) adhesive curing 

Alternatively the adhesive can be added after welding but this has generally been found 
to give inferior results[8]. Capillary forces can not distribute structural adhesives in a 
satisfactory way, and the adhesive thickness and distribution can not be controlled. 

The resultant joint has a higher tensile shear strength and fatigue resistance than a single 
spot weld (see fig 3,5 and 6). In addition to this the weld supports the adhesive joint by 
inhibiting cleavage and peel, which, as was mentioned earlier, are the most common 
forms of adhesive bond failure. 
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Fig. 6. Fatigue strength of spotwelded and weldbonded joints[11]. 

Although weldbonding was developed for the joining of mild steel sheets and aluminium 
sheet components, there is a growing interest in using the technique for stainless steel 
bonding. Interest is now turning towards stainless steel as an excellent material for 
lightweight vehicle applications, such as buses and rail cars. The high Young's modulus 
together with a corrosion resistant surface with little or no need of paint and 
maintenance can compete with lighter materials such as aluminium.The search for a 
cost-effective and relatively simple joining method with good fatigue performance has 
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initiated the interest in weldbonding of stainless steel sheets. The weldbonding process 
can be easily automated and therefore quality controlled by simple means. 

Research is presently underway to analyse the effect of the presence of adhesive material 
during the welding process and the effect of the heat on the surrounding adhesive. 
However, it is clear from the above discussion that weldbonding of stainless steel sheets 
is a technique with advantages for a number of industries. 
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The Fatigue Properties of Weldbonded Stainless Steel Joints 

M. Ring-Groth*, J. Powellt and C.  Magnusson*  

*:  Luleå  University of Technology, 971 87  Luleå,  Sweden 
Laser Expertise Ltd, Nottingham, England 

Abstract: 

Weldbonding of stainless steel with an epoxy adhesive has been investigated with respect to 
fatigue life. Factors affecting joint strength have been identified and summarised. The 
weldbonded joints were mechanically pretreated, and weldbonded as flanged single-overlap 
and cross-tension specimens. The results were compared with spotwelded specimens of 
identical configuration. The weldbonded specimens have better fatigue properties than 
spotwelded specimens. 

Introduction 

Weldbonding is a technique whereby spotwelds can be strengthened and stiffened by 
surrounding them with an adhesive bond. Two methods of incorporating the adhesive into the 
joint can be used: a) pre application, where adhesive is applied to the faces to be joined before 
they are pressed together by the spot welder (The weld takes place before the adhesive sets) 
and  b)  post application, where adhesive is introduced into the joint after spot welding. 

Post-application of the adhesive is difficult to achieve in practice as the adhesives involved have 
a generally high viscosity. Pre-application is therefore most commonly used even though it 
has two intrinsic disadvantages 1) The adhesive in the area of the spotweld becomes chemically 
degraded and can contaminate the weld. 2) Some adhesive is explosively ejected from the weld 
zone creating an area where there is no adhesive bond. As we shall see later in this work, the 
direction in which the expulsion takes place has a considerable effect on the bond fatigue life. 

Although weldbonding was developed in the 1950's it is only in recent years that the process 
has been investigated for joining stainless steel. Earlier work on mild steel and aluminium alloys 
[1, 2] identified that surface preparation of the metal before application of the adhesive has a 
profound effect on bond strength. Some work has been reported regarding pretreatments of 
stainless steel for adhesive bonding [3, 4, 5]. 

For the purposes of this investigation a preliminary set of tests was carried out to identify 
which of a number of surface treatments resulted in the strongest adhesive-only joints. After 
identifying a suitable surface preparation it was then used in the production of the samples to 
be fatigue tested after weldbonding. Other factors will also influence the resulting bond 
strength but the adhesive bond properties will have the largest influence, compared to other 
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parameters. Figure 1 below summarises factors affecting the resulting strength for weldbonded 
joints. 

Experimental work and results 

a) Tensile tests of adhesive-only joints 

The preliminary surface preparation tests were carried out on samples of the geometry showed 
in figure 2. 

4 mm 

Figure 2. Single overlap specimen 
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The sample material was austenitic stainless steel grade 304 (18 wt% Cr, 9 wt%  Ni,  max 0,025 
wt%  P,  0,04 wt%  C,  0,001 wt% S) with a thickness of 4 mm. The overlap area was 1600 mm2. 
The adhesive was a room temperature curing epoxy: Araldite 2015. The adhesive thickness of 
0,4 mm was controlled by introducing a strand of piano wire into the joint. 

The surface preparation methods investigated were: 
1) Unprepared (as received) 
2) Degreased 
3) Steel brushed 
4) Scotch-Brite  abraded 
5) Gritblasted (alumina) 
6) Glass bead blasted 
7) Water blasted 

The results of the tensile test carried out on a number of each type of sample are given in 
figure 3. 

Figure 3. Results from tensile tests of suace preparations 

The results presented in figure 3 are the subject of further work by the present authors [6]. In 
the context of this paper however, it is sufficient to identify that any mechanical abrasion of the 
as received surface results in an increase in tensile strength of the adhesive bond by 30-40 %.  

b)  Fatigue testing of weldbonded joints. 

Fatigue tests were performed on 4 mm thick adherends of grade 304. The weldbonded fatigue 
specimens were gritblasted, rinsed in water and degreased with methanol prior to bonding, 
based on results from the adhesive tests. It was not possible to control the thickness of the 
adhesive layer because it is compressed during the production of the spotweld. The welding 
data is presented in table 1. Once again the adhesive was Araldite 2015. The samples were of 
single overlap type, modified with flanges to give greater stiffness to the joint area as shown in 
figure 4. 
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Table 1. Parameters for 4 mm stainless steel: 
1 squ: 10 Cool: 1  Puls:  2  Puls:  0 
Squ: 10 PrBW: 0 Heat: 30 PoHe: 0 
FPD-: 0 FPD-: 0 Cool: 0 Cool: 50 
%  C:  36  %C:  36 FPD-: 0 Hold: 10  
Puls:  0 Slop: 0 Qenc: 0 Wait: 0 
Preheat: 0 %  C:  60 %  C:  36 TOFF: 10 

All parameters controlled through a weld sequence unit (Sciaky). 

   

50 
	

64 nun 

— — — — — — — — — —  

9-10 nun 

Figure 4. The geometry of single overlap flanged samples, thickness 4 mm. 

Flanged samples results-shear loading 

Table 2 presents the results of the shear loading fatigue testing of 4 mm thick flanged 
specimens. The samples were tested for 107  cycles and continuously monitored for changes in 
bond stiffness. A loss of 25 % or 50 % of the original stiffness was recorded along with the 
number of cycles required to achieve this reduction. A frequency of 50 Hz was used and all 
fatigue testing was performed in ambient air. 

Table 2.  Results of shear  loadin atz ue  testin  
Specimen Adhesive/weld-  

nugget 
expulsion 
direction 

p  
MAX' 

#cycles to 
25% stiffness 
loss 

#cycles to 
50% stiffness 
loss 

Successful 
completion 
of 10 cycles 

Tensile 
strength 

1 Perpendicular 7 OK 33,5 kN 
2 Perpendicular 7 OK 
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3 Perpendicular 8 OK 
4 Perpendicular 8 OK 
5 Perpendicular 8 OK 35.0 
6 Perpendicular 8 OK 35.0 
7 Perpendicular 8 OK 35.0 
8 Perp.+parallel 8 220  K  1,879  K  

9 Perpendicular 9 OK 
10 Parallel 9 OK 
11 Perp.+parallel 9 1,280  K  1,458  K  
12 Perp.+parallel 9 412  K  678  K  
13 Parallel 9 4K 550K 

14 Perpendicular 10 
15 10 36,7 
16 Perp.+parallel 10 127K 1,524  K  
17 Parallel 10 250  K  445  K  

18 Parallel 11 OK 
19 Perpendicular 11 1,547  K  2,858  K  
20 11 140K 624K 
21 Parallel 11 187K 372K 
22 Parallel 11 62  K  200  K  

23 Perpendicular 12 1,018  K  1,236  K  
24 Parallel 12 44  K  182  K  

25 Parallel 13 5,569 K 5,612 K 
26 13 76K 185 K 

27 15 184K 212K 
28 Perpendicular 15 850  K  1,176  K  

Table 2 shows that there was a range of performance of samples exposed to identical loading 
situations from 7 kN to 15 kN. A number of general results are clear from table 2. 
a) Statistical analysis identified that the fatigue strength for 10-  cycles was 8,5 ± 0,7 kN with a 

95 % confidence. This is more than double the result of 4 kN obtained by Linder [7] when 
investigating simple spot welding of the same specimen configuration.  

b) The tensile strength of the bonds were approximately 35 kN.  
c) The direction of adhesive expulsion during spot welding has a considerable influence on 

bond fatigue strength. If the expulsion direction is perpendicular to the load direction the 
bond has a better fatigue strength than if the direction is parallel to the load. Figure 5 shows 
the two types of expulsion routes. Figure 6 shows the fatigue curves for the two samples 
shown in figure 5. 
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a) Perpendicular to loading direction 	b)  Parallel to loading direction 
Figure 5. Types of expulsion routes. 
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a) Perpendicular to loading direction 	b)  Parallel to loading direction 
Figure 6. Fatigue curves for the samples shown in figure 5. 

Cross specimens-peel loading 

Fatigue tests were also carried out on cross tension specimens, see figure 7. These samples will 
test the bond for peel strength. The specimens were manufactured from austenitic stainless 
steel, grade  AIS!  304. The specimens were pretreated and bonded as the tensile test specimens, 
i.e. gritblasted, waterrinsed and cleaned with methanol, and bonded with Araldite 2015. 
Welding parameters were the same as for the tensile test specimens, see table 1. 
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Figure 7. The geometry of cross tension samples, thickness 4 mm. 

Results cross tension specimens - peel loading 

Table 3 presents the results of the cross tension fatigue testing of 4 mm thick specimens. The 
samples were tested for 107  cycles and continuously monitored for changes in bond stiffness. A 
large change in bond stiffness indicates a loss of total bond area, whether it be in the 
weldnugget or the adhesive bond. Monitoring of 25 or 50 % stiffness loss was not possible for 
this test configuration. A frequency of 50 Hz was used and all fatigue testing was performed in 
ambient air. 

Some of the samples were considered as "run-throughs", i.e. successful completion of 10 
cycles. A few of those samples were later fractured to confirm that no crack propagation had 
occurred. Those joints were investigated regarding bond area and adhesive/weldnugget 
expulsion. The expulsions were categorised into two types, a graphic description can be found 
in figure 8. Some specimens had very little expulsion, but some adhesive was found to have 
been affected by the heat, and such specimens were categorised to have a central expulsion. 
The expulsion can not be described in reference to the loading direction as for the flanged 
shear tested specimens, since loading does not take place in the bond area plane, but 
perpendicular to the plane. 
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Figure 8. Definition of expulsion direction. 

Table 3. Results of cross tension fatigue testing 

Specimen Adhesive/weld-  
nugget expulsion 

type 

p  ‘ 
1111  

#cycles to 
failure 

Successful 
completion 
of 10 cycles 

Bond area 

1 2 2 OK* 70% 
2 2 2,25 OK* 70-80 % 
3 Small 1 2,5 5,658  K  60 % 
4 1 2,5 OK* 60% 
5 Small 1 2,5 OK* 100 % 
6 Small 1 2,5 OK* 60-70 % 
7 1 2,5 OK* 100% 
8 2 2,75 708  K  50 %, gas 

bubbles 	_ 
9 2 2,75 858K 100% 

10 Small-central 2,75 3,085K 60 % 
11 Small 1 2,75 6,786  K  60 % 
12 Small 1 3 3,645  K  80 % 
13 1 4 1,328K 50% 
14 2 5 302K 60% 
15 None 5 539  K  70 %, gas 

bubbles 
*These samp es were subsequently fractured for examination 
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The numbers in table 3 gives the following results 

a) Statistical analysis identified that the fatigue strength for 10 cycles for cross tension 
specimens was 2,58 ± 0,14 kN with a 95 % confidence. This should be compared to 
spotwelded samples of identical configuration that had a fatigue strength of 1,93± 0,14 kN 
for 10' cycles with a 95 % confidence [7].  

b) Adhesive or nugget expulsion direction does not influence the results as much as for tensile 
loaded specimens. Specimens subjected to high loads fractures even if the expulsion is very 
small, or if it is diagonal, see specimen 13-15. Specimens subjected to lower loads might 
endure 10 million cycles although they have severe expulsions. 

Discussion 

Weldbonding of stainless steel with an epoxy adhesive has been investigated with respect to 
fatigue life. The epoxy adhesive results in quite good initial static strengths with only a 
mechanical pre treatment. 
It is clear that weldbonded specimens of stainless steel have better fatigue properties than 
spotwelded specimens of identical material and configuration. It is also clear that the 
weldbonding process can be difficult for thicker sheet steel, with adhesive or nugget expulsion 
as a consequence. These types of expulsions have not been observed for thinner sheet material 
of the same stainless steel grade and adhesive [8]. The thickness of the sheet steel demands 
longer welding times and higher currents, all resulting in a higher thermal input that will 
influence the adhesive in a negative way. The stiffness of the steel sheets will also influence the 
nugget formation and its tendency to have expulsions. For the flanged specimens the direction 
of that expulsion will however only affect the joint properties if the expulsion reduces bond 
area in the direction of loading. This is a natural consequence of an existing crack initiation in 
an area that is subjected to peel stresses. A central expulsion or an expulsion perpendicular to 
loading direction will result in a crack in an area where stresses are low, and crack propagation 
is unlikely to occur. The principal stress distribution is shown in figure 9. 

Shear 
stress 

F e— 

F 

Figure 9. Stress distribution in a shear loaded weldbonded joint. 

For the cross tension specimens that are subjected to peel loads, expulsion seems to influence 
the fatigue life somewhat differently. Maximum peel stresses will be found at the corners of the 
joint, and if an expulsion is present there, it might act as a crack initiation, and consequently 
lead to premature fracture. Figure 10 describes the stress distribution for a peel loaded 
weldbonded specimen. 
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P 

P 
	

P  
Figure 10. Stress distribution in a peel loaded weldbonded joint. 

An eventual expulsion will have varying influence on fatigue properties on weldbonded joints 
depending on which loading situation is present. 
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Abstract 

Adhesive bonds were prepared using stainless steel in the as received condition and the 
strengths of the bond was compared to similar bonds made on mechanically abraded samples. 
Methods of abrasion included; Scotch-Brite  , steel brush, grit blast, glass bead blast and water 
blast. It was discovered that any mechanical abrasion improved bond strengths by 70-90 %. 
The bond strength was not related to the abraded surface roughness. Contaminants on the as 
received material surface are thought to be the reason behind poor bond strength for non 
abraded samples. 

1. Introduction 

Over the past few decades adhesive technology has developed to the level where structural 
adhesive bonds between metal components are widely used. The original use for this 
technique was the bonding of aluminium alloys but more recent applications have involved 
low alloy steels and titanium alloys. In all these cases surface pre-treatment of the metal in 
question has been found to have a profound effect on eventual joint strength [1, 2]. The 
automotive industry is presently interested in the extension of adhesive bonding to the joining 
of stainless steels. It is the aim of this work to analyse the influence of the surface condition of 
the stainless steels on the eventual bond strength. 

All metal-adhesive bonds can be assumed to be made up of a number of layers as shown in 
figure 1. 

Oxide  

Metal 

Figure 1. The layers which constitute a metal-adhesive bond. 
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If such a joint is stressed it may fail in any of the following ways: 

I. Failure of the metal/metal oxide bond in the joint. (metal/oxide delamination) 
II. Failure of the metal oxide/adhesive bond in the joint. ( Adhesive/oxide delamination) 
III. Failure within the adhesive. ( Cohesive failure) 
IV. Failure within the oxide. ( Oxide failure) 
V. Failure of the metal away from the joint. (Metal failure) 

An adequate pretreatment will result in a good bond between the oxide surface and the 
adhesive, and the joint will be most likely to fail by metal/oxide delamination for materials 
with oxide layers that are weakly bonded to the metal. 

This need not necessarily be the case for stainless steels, which were originally developed to 
have a fully dense, very thin (2-10  nm)  surface oxide layer which has good adhesion to the 
metal substrate. It is this type of protective oxide layer which gives the material its "stainless" 
property. The following work presents the results of an experimental program reviewing the 
influence on joint strength of six surface preparations. 

2. Experimental work 

The stainless steel used for all samples was AISI 304 with a thickness of 4 mm. The surface 
preparations used were as follows: 

a) As received surface (2B)  
b) Degreased by wiping with isopropanyl alcohol  
c) Abraded with Scotch-Brite  pads  
d) Abraded with a steel brush  
e) Sandblasted 
I) Glass bead blasted  
g)  Water blasted 

After surface preparation the steel pieces were bonded with a two component epoxy, Araldite 
2015 (Ciba-Geigy) and cured for four days. The joints were then tensile tested according to 
the standard for adhesive joints (ASTM D1002). In this case the overlap length and sample 
width were both 40 mm. Additional examinations involved surface profilometry together with 
optical and electron microscopy. 

3. Results and discussion 

Figure 2 gives the results of the tensile tests and demonstrates clearly that mechanical cleaning 
of the as received metal surface increases the fracture strength of the eventual bond by between 
70 and 90 %. Degreasing without mechanical cleaning increases the bond strength by only ten 
percent. 
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Figure 2. Average tensile strength and range of results for 3-5 samples of each type of surface preparation. 

Of the five mechanical cleaning methods investigated here grit blasting gave the best results. 
The other four methods gave rise to rather similar bond tensile strengths. This being the case it 
is clear that the increase in bond strength is not related to the surface roughness imparted by 

the cleaning method. Table 1 shows that water blasting generated a surface with an  Ra  
roughness far greater than those produced by steel brushing or Scotch-Brite  abrasion but the 
bond tensile strengths associated with the three preparation methods were within 2 % of each 
other. Figure 3 clarifies the roughness indices used in table 1. 

Table 1. Profilometry results. 

SURFACE  R, 	(gm)  R,  (Pm) Rz (gm) 
As received 0, 82 6, 8 5, 4 
As received-degreased 0, 67 8, 2 5, 0 
Scotch-Brite  0, 24 2, 4 1, 9 
Steel brush 0, 36 2, 7 2, 2 
Grit blasting 3, 15 30, 4 19, 0 
Glass bead blasting 1, 81 14, 9 10, 1 
Water blasting 10, 13 59, 7 48, 5 

Cut-off distance 0,8 mm. 
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1 	 1 
= 	fly(x)Idx 	R, = —

n (i + z2  +....+  i)  

Figure 3. Clarification of the terms  Ra,  Ry  and  R.  used in table 1. 

Figure 4 makes it clear that eventual bond strength is also not related to the morphology type 
of the abraded surface. The two surfaces compared in figure 4 have entirely different 
appearances and roughness but produced bonds of almost the same strength. 

a) Scotch-Brite  abrasion, 800x 	 b)  Water blasting, 800x 
Figure 4. A comparison between the suace finishes achieved by Scotch-Brite  abrasion and water blasting. 
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The overall conclusion from the above results is that some mechanical abrasion of the as 
received surface is beneficial to bond strength but the type of abrasion is not important. 
Abrasion has two effects on the surface of any metal: 

a) It removes the surface layer 
and  
b) it produces a new surface with a different morphology. 

In the case of adhesive bonding of Al, Fe or Ti alloys the major use of surface abrasion is to 
remove the surface layer of relatively loose oxide material which would be the weak link in 
the eventual bond. To discover whether or not this is the case for stainless steel we need to 
look at how the as received surface is produced. The production of the as received 2B surface 
of the steel investigated here involves the following steps: 
-hot rolling 
-pickling 
-cold rolling 
-annealing 
-pickling 
-cold rolling for surface finish 

This series of treatments produces a surface of the type shown in figure 5. 

Figure 5. An electron micrograph showing the distinct morphology of a 2B surface. 
Magnification 800. 

Morphologically the surface consists of raised areas with flattened tops joined by rougher 
"valleys". The chemistry of the surface is determined by the pickling processes. The primary 
function of the pickling is the removal of scale and debris accumulated during the rolling 
process. The acids employed for this process generate a complex oxidised surface of the type 
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shown in figure 6. This type of surface is very similar to oxide surfaces generated in air or 
water although some research [3, 4] indicates that the pickled surface has a lower metallic ion 
content. A newly generated surface created after mechanical treatment will also have less 
contamination than its pickled and cold rolled counterpart. 

Hydroxides, thickness approx. 1,5  nm  

Oxides, thickness 34  nm.  

Chromium depleted layer, 34  nm  

Base metal 

Figure 6. The layers of oxide which constitute the surface of the as received material. 

Fracture surface examination 
All the fracture surfaces generated by the tensile testing were characterised by a mixture of 
ductile fracture across the adhesive, cohesive failure and brittle fracture across the adherend 
surface, as shown in figure 8. 

Figure 8. The % of adhesive/oxide delamination observed on the fracture surfaces. (In each case the 
remainder of the fracture surface experienced cohesive failure within the adhesive.) 

A comparison of figures 8 and 2 reveals that there is a correlation between bond strength and 
the percentage of oxide/adhesive delamination on the fracture surface. The indication is that 
mechanical treatment of the surface reduces the percentage of oxide/adhesive delamination 
and thus improves the bond strength. The implication is clearly that the as received surface 
forms an inferior bond with the adhesive. The range of surface morphologies and roughnesses 
produced by the mechanical treatments indicate that the problem is unlikely to be related to 
the physical appearance of the surface. 

The differences in bond strength shown in figure 2 are therefore likely to be associated with 
the surface chemistry of the as received sheet. This proposal is supported by the work of other 
authors [5] which demonstrated similar bond strengths after chemical etching and mechanical 
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roughnening. At the moment it is unclear whether the poor bond capabilities of the as 
received surface are due to surface contamination or a specific type of oxide surface. It seems 
most likely that a layer of surface contamination is the problem and the present authors are 
investigating this. 

4. Conclusions 

• Mechanical abrasion of an as received surface stainless steel sheet improves the strength of 
adhesive bonds by between 70 and 90 %. 

• The type of mechanical abrasion employed does not dramatically affect the bond strength 
but grit-blasting does give the best results. 

• Simple degreasing with isopropyl alcohol increases bond strength by only 10 %. 

• The bond strength is not related to the roughness of the surface. 

• It seems likely that the poor bond strength of the as received material is due to the presence 
of surface contaminants which are not completely removed by isopropyl alcohol degreasing. 
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Abstract 

This paper discusses the influence of geometrical and intrinsic properties on joint strength and fracture mode 
for adhesively bonded stainless steel joints. Different existing models for predicting failure load are 
compared to experimental results. A stress analysis for the adhesive in the joint has also been pefformed 
using finite element techniques. It is clear that joint stiffness, yield strength and second moment of area (I) 
can all affect joint pefformance and the type offracture experienced. An increase in stiffness will decrease 
rotation of a single overlap joint as well as minimising adherend yield. This induces less plastic strain in 
the adhesive, and the joint will fracture at a higher load as a result of shear stress instead of peel stress or 
strain induced failure. 

1. Introduction 

The joint stiffness of adhesive joints will have an influence on bond strength since the 
properties of the joint, both geometrical and intrinsic, will contribute to behaviour during load 
and subsequent failure. Stiffness can be expressed in different ways, perhaps the most common 
is by stating the second moment of area (I) of the joint ( a geometrical description), or by 
combining the elastic modulii( an intrinsic description). Whether these are good solutions for 
adhesive joints will be discussed later but clearly no method has been generally accepted. The 
stiffness of the joint, together with the test method used to characterise its strength will give 
results that are only valid under test conditions which might be far from actual life-conditions. 
The single overlap-joint test, (ASTM D1002-72) has for many years been used as a standard 
test to discriminate between adhesives, adherends, treatments and sometimes for generating 
absolute numbers for adhesive strength. Several authors [1, 2] have suggested that this test is 
not sufficient as an adhesive joint standard test, due to its inability to incorporate mixed mode 
stresses and that reported results are strongly influenced by geometrical factors. The test has also 
been used to report numbers for adhesive bond strength without reporting adherend 
thicknesses, which will invalidate the results. As we will see in this article, adherend thickness 
has a strong influence on joint strength when using the single overlap joint test. Work reported 
earlier[3] by the authors suggest that the test is not even valid for discrimination between 
different surfaces in the same material. 
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The development of adhesives has generated many strong, stiff adhesives with good strength 
properties. Toughened adhesives can also endure large plastic strains. The adhesives may be so 
strong that the adherend may yield before the joint fractures, even with stiff metal adherends. 
This implies that the adhesive no longer limits joint properties, but a combination of adhesive 
and adherend properties will influence joint performance. It is therefore of importance to 
analyse how the adherend can affect joint properties and investigate the possibility of joint 
fracture induced by both adherend and adhesive behaviour. 

2. Experimental work 

The most common stainless steels are of the austenitic family. However, a number of other 
stainless steels exist, all with their own unique composition and hence surfaces with their own 
unique physical and chemical properties. Schematically stainless steels can be divided in to four 
major groups, namely austenitic, ferritic, duplex and martensitic grades. Yield and tensile 
strengths can vary considerably between these groups. Common steels from all four groups 
were chosen for this investigation. In addition, two different surface finishes were investigated 
for austenitic steels, so that an investigation of the surface obtained by different production 
routes could be incozporated into the study. Also for the austenitic group additional joints with 
flanges which increase the stiffness without altering the thickness or yield strength were 
investigated. 
The materials, their composition and their surface finishes are presented in table 1 below and 
the mechanical properties can be found in table 2. 

Table 1. Chemical composition and surface finish of stainless steel grades. All data supplied by 
the  manufacturers(Avesta-Sheffield  and  Uddeholm Stri .  
Designation Grade Surface 

finish  
% 
C 

% 
Ni  

% 
Cr  

% 
Mn 

% 
Mo  

% 
Si  

% 
N 

% 
P  

% 
S 

AISI 304L Austenitic matt 0,0 9 18, - - - - 0,025 0,00 
surface, 2B 3 5 1 

AISI 304L Austenitic Bright 0,0 9 18, - - - - 0,025 0,00 
annealed, 
BA 

3 5 1 

EN 1.4512 Ferritic 2B 0,0 - 12,  - - - - - - 
= ASTM 2 0 
409 
EN 1.4462 Duplex semibright, 0,0 5,5 22, - 3,0 - 0,1 0,025 - 
= ASTM 2D 2 0 7 
S 31803 
AISI 420 Martensitic 2B 0,2 0,4 13,  0,45 - 0,4 0,025 0,00 

1 2 15 

Paper  D 
	

2 



Ring  Groth,  M. et al.; "The Influence of Joint Stiffness on the Strength of Adhesive Bonds in Stainless 
Steel" 

Table 2. Mechanical properties. 
Material 0,2 % proof 

stress, 
MPa 

Ultimate tensile 
strength, MPa 

Hardness, 
Vickers 

Young's 
modulus of 

elasticity, GPa 
Austenitic, AISI 304L- 
2B 

- 	310 620 210 195 

Austenitic, AISI 304L- 
BA 

310 620 195 195 

Ferritic, ASTM 409 340 540 142 220 
Duplex, ASTM S 
31803 

540 780 266 200 

Martensitic, AISI 420 780 980 569 220 

All mechanical properties data was supplied by the manufacturers, except the hardness 
numbers. The hardness values are an average of five measurements. 
The materials above were cut into coupons, to be used for single overlap joints(see figure 1 for 
dimensions). 8 joints of each material was made. Dimensions for the flanged single overlap 
joints are found in figure 2. 
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Figure 1. Dimensions of single overlap joints 
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Figure 2. Dimensions offlanged single overlap joints. 

Adherend thicknesses of 1,25 mm and 2,0 mm were tested except in the case of the martensitic 
adherend which was not available at a thickness of 2,0 mm. Table 3 gives details of adherend 
thicknesses and the second moment of area (I) which is of course greatly increased in the case 
of the flanged specimens. 

Table 3. Thicknesses and type of adherends. 
Material Thickness, mm I, mni4  

Austenitic, AISI 304L-2B 1,25 6,51 
Austenitic, AISI 304L-BA 1,25 6,51 
Martensitic, AISI 420 1,25 6,51 
Austenitic, AISI 304L-2B-flanged 1,25 10758 

Austenitic, AISI 304L-2B 2 26,67 
Ferritic, ASTM 409 2 26,67 
Duplex, ASTM S 31803 2 26,67 
Austenitic, AISI 304L-2B-flanged 2 16465 

The surface prebonding cleaning was kept to a minimum to preserve the as received surfaces. 
Gentle cleaning with a lintfree cloth and isopropanol alcohol was followed by cleaning with 
acetone. The adhesive used was a toughened, room temperature curing two-component 
epoxy, DP 490 (3M). All bonding was done manually. Bond line thickness was controlled 
with piano wire within the joint, the wire was 0,4 mm in diameter. The joints were left to 
cure for ten days. The ambient temperature was 23  C  and the humidity was approximately 40 
%. Excess adhesive at the end of the joints (so called spews or fillets) were removed by 
grinding. 
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The tensile tests were performed in a servo-hydraulic Dartec machine with a loading cell of 50 
kN. The gauge length was kept constant. Crosshead speed was, according to ASTM D1002-
72, 1,3 mm/min. 

3. Results 

Results from the tensile tests are presented in figures 3 and 4. Visual examination of the failed 
joints revealed that all single overlap adherends had experienced plastic deformation to varying 
degrees. The plastic deformation was most pronounced for thinner adherends with lower 
mechanical properties. The flanged overlap joints were not plastically deformed and had a 
different type of fracture surface to the single overlap specimens. 

Fracture loads-1,25 mm adherends 

40 

35 

30 

25 

20 

15 

10 

5 

0 

DAustenitic 28 

o Austenitic BA 

0 Martensitic BA 

DAustenitic 2B-flanged 

    

Figure 3. Results from tensile tests of specimens with t= 1,25 mm. 

Figure 4. Results from tensile tests of specimens with t= 2 mm. 

The mean apparent shear strength was calculated and is shown in table 4 and 5. Figure 5 and 
table 6 compares data for austenitic adherends. 
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Table 4. Mean a arent shear stren  h  1,25 mm adherends bond area 1600 mm2. 

Material Mean apparent shear 
strength, MPa 

Standard deviation 

Austenitic, AISI 304L-2B 13,07 0,26 
Austenitic, AISI 304L-BA 12,54 0,21 
Martensitic, AISI 420 23,92 0,67 
Austenitic, AISI 304L-2B-flanged 20,06 2,0 

Table 5. Mean apparent shear strength, 2 mm adherends, bond area 1600 mm2. 
Material Mean apparent shear 

strength, MPa 
Standard deviation 

Austenitic, AISI 304L-2B 16,1 0,68 
Ferritic, ASTM 409 16 0,98 
Duplex, ASTM S 31803 22,9 0,94 
Austenitic, AISI 304L-2B-flanged 23,39 2,13 

Figure 5. Results from tensile tests with  aus  tenitic adherends. 

Table 6. Mean apparent shear strength for austenitic adherends, bond area 1600 mm2. 

Material Mean apparent shear strength, 
MPa 

Standard 
deviation 

Austenitic, AISI 304L-2B - 1,25 mm 13,07 0,26 
Austenitic, AISI 304L-BA - 1,25 mm 12,54 0,21 
Austenitic, AISI 304L-2B - 2 mm 16,1 0,68 
Austenitic, AISI 304L-2B -1,25 mm- 
flanged 

20,06 2,0 

Austenitic, AISI 304L-2B - 2 mm- 
flanged 

23,39 2,13 

Load displacement curves were recorded during testing. Representative curves for each 
specimen configuration are presented in figure 6. Extensive yielding of the joint took place for 
most of the materials. 
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Figure 6. Load-displacement curves for all joints. 

Figure 6 shows three distinct groups; 
• one group with low failure load and extensive displacement during testing, these are the 

thin austenitic adherends 
• one group with medium failure load and displacement, these are the thicker austenitic 

adherend, the ferritic adherend and the flanged 1,25 rrun austenitic adherend. 
• one group with very high failure loads, and almost no displacement, here we see the 

martensitic adherend, the duplex adherend and the flanged austenitic 2 mm adherend. 
The linear portion of the load-displacement curve was investigated, and the joint yield point 
estimated. The joint yield points for all samples are given in table 7. 

Table 7. Experimental joint yield point 
Material Estimated joint yield 

point, IcN 
Theoretical yield load for 
adherend 

Austenitic 2B- 1,25 min 13,5 15,5 
Austenitic BA-1,25 mm 13 15,5 

Austenitic 2B-1,25 mm- 
flanged 

23 20,5 

Austenitic 2B-2 mm 21 24,8 
Ferritic 2mm 24 27,2 

Austenitic 2 mm-flanged 31 32,8 
Duplex 2 min 36 43,2 
Martensitic 1,25 mm 38 39,0 

The estimated joint yield points lie very close to the yield points of the steel adherends. The 
load displacement curves are representative of the whole joint, but joint behaviour in most of 
the cases seems to be controlled by adherend properties. The toughened epoxy used in the 
adhesive bonds can endure large plastic strains without fracture, and the joint can experience 
severe plastic deformation without failure of the adhesive. The strength of the adherend 
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compared to the strength of the adhesive will determine the load that the joint can endure 
during single overlap tests without yielding of adherend or adhesive. The ratio between 

adherend strength and adhesive strength was calculated and is given in table 8, where  Gy  is 

adherend yield stress, Tadh  is adhesive shear stress, A, is adherend cross section area and A, is 
adhesive bond area. 

Table 8. Ratio adherend strength/adhesive strength. 
Material Strength ratio 

(6). *A1 )/( Cad', *A.) 
Austenitic 2B- 1,25 mm 0,32 
Austenitic BA-1,25 mm 0,32 

Austenitic 2B-1,25 mm-flanged 0,42 
Austenitic 2B-2 mm 0,51 
Ferritic 2mm 0,56 

Austenitic 2 mm-flanged 0,68 
Duplex 2 mm 0,89 
Martensitic 1,25 mm 0,80 

The group shown in figure 6 with low failure load and extensive displacement have an 
adherend/adhesive strength ratio of about 0,3 whereas the high load, low displacement group 
has a strength ratio about 0,8. The middle group has a strength ratio of about 0,6. 

Single overlap joints 
Fracture in the single overlap joints without flanges appears to have started, as would be 
expected, at the ends of the joint. Peel stresses are higher here and stress singularities can be 
present especially in the absence of fillets. Fracture has then propagated along the 
adhesive/adherend interface and joined in the middle where fracture has propagated through 
the adhesive at roughly 45 degrees. See figure 7 for a visual explanation. 

Figure 7. Schematic view offracture. 

Fracture surfaces and fracture behaviour was very similar for the different configurations, with 
the exception that the stronger joints did not experience the same amount of bending as the 
weaker joints. The adherend was clearly plastically deformed in all cases. This is to be expected 
after viewing the load-displacement curves. 

All non-flanged single overlap fracture surfaces were similar in appearance. All exhibited 
adhesive failure at the ends of the fracture surface and cohesive and interfacial failure within 
the adhesive in the centre of the bond area. The piano wire used as spacer did not seem to 
influence failure. Figure 8 shows a fracture surface from one of the austenitic adherends, with a 
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bright annealed surface. The cohesive zones can clearly be seen, as can the adhesive failure 
zones. 

dhesive failure 

Interfacial failure within the 
adhesive and cohesive 
failure 

Area corresponding to 
adhesive failure on the 
other joint half 

Figure 8. Fracture suüace of single overlap austenitic adherend. 

Flanged single overlap joints 
The flanged single overlap joints did not exhibit measurable plastic deformation after testing. 
This is supported by the load-displacement curves in figure 6. The fracture surface shows that 
the fracture was cohesive. A fracture surface from a flanged specimen can be found in figure 9. 

Figure 9. Fracture surface  offlanged austenitic adherend. 

4. Stress and failure load considerations 

The single overlap joint has long been used for adhesive testing. It is easy to manufacture and 
relatively easy to perform the test itself It is however, not easy to predict joint performance in 
real life conditions from single overlap test results. The stress configuration in the joint is 
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complex, and both shear and peel stresses are present. With modern high strength, low 
ductility adhesives one must also take into account the possibility of adherend failure before the 
adhesive fails. The discussion below is valid for a single overlap joint with adherends of equal 
thickness. Equations I and II predict failure load from adhesive performance, while equations 
III-X  incorporates adherend performance. 

The most simple analysis considers the adherends to be rigid, i.e. they will not yield, and the 
adhesive is assumed to deform in pure shear. For a joint with overlap length 1, overlap width  b  
and shear strength of the adherend as t, the failure load for these conditions will be given by: 

p•1•b 	 (I)  

In this case the stress in the adhesive is taken to be uniformly distributed along the overlap 
length. If one assumes that the adherends are elastic, i.e. they can be deformed, and that the 
adherend/adhesive interface does not fracture, the stresses in the adhesive will be in form of 
differential shear. Volkersens work with an adhesive deformed only in shear and the adherends 
deforming only in tension results in the following prediction of failure load, with T, as the 
adhesive shear strength, overlap length 1, overlap width  b,  adherend thickness t, adhesive 
thickness t3, adherend Young's modulus  E  and adhesive shear modulus  G: 

p.„. 2 • b-2• 11 t3E 	tanh 
it
t 

2G 	
G/2 
Ett,  

The analyses above does not take into account the fact that forces applied to the single overlap 
joint are not aligned. The thickness of the adherends and the adhesive will result in a bending 
moment acting on the joint. If the adherend bends, the joint can rotate. Such a rotation will 
change the direction of the load line, which will render the situation non-linear, since an 
applied load will no longer result in a proportional displacement. Goland and Reissner [4] 
introduced a bending moment factor,  k,  so that rotation could be taken into account. This 
model neglects the adhesive layer thickness. Their second approximation is valid for metal to 
metal bonds, and the bending moment factor is written as:  

k„  =[1+ 215. tan1419/2Vil 	(III) 

with  

0 — I 
.1

31)(1.— v2) 

bEt 3 
	 (IV) 

with overlap length 1, overlap width  b,  adherend Young's modulus  E,  adherend Poisson's ratio  
n  and adherend thickness t. 

The bending moment factor is used in the following equation, expressing the bending 
moment, M, at the end of the overlap as: 

M„=k•P•-
2 
	

(V) 
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with  P  as the applied load. Alternative bending moment factors have been developed, Hart-
Smith's and Zhao, Adams and Paviers are shown below (13 still has the same form). 

=[1 + ø + 92/6] 1  

and 

kz =[1+0]-1  

These factors and the derivations together with the original Goland and Reissner equations are 
treated extensively in [5]. If the bending moment factor is assumed to be 1, we have a worst 
case scenario where the adherend is approaching its yield strength due to bending moment and 
tension, and with elastic theory, we can express P,„ ( including the tensile stress) as 

ay  •b •t 
Pmax  VIII  = 	4  (VIII)  

With a bending moment factor less than 1, the expression takes the form 

cry  •  b  • t 

= 1+3k 

with adherend yield strength CS)  and  b  and t as before. A calculation with these equations will 
take the bending moment and rotation into account. 

Another fracture load criteria is a load where the adherend yields, and is expressed as:  

P 	=ay  •b•t 	 (X)  

Joint failure can also be considered as when the adherend fractures, expressed as:  

P 	=crf  •b•t 	 (XI) 
Equations I, II,  VIII, X,  XI and iterations of IX with the three different bending moment 
factors were calculated for the materials in the experimental set-up in this investigation. It was 
seen that less than 10 iterations made the result converge. This convergence is demonstrated in 
figure 10. 

(VII)  
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Figure 10. Iterations of Pmax with bending moment factors kci„, klls  and  k,.  

The results calculated from I, II,  VIII,  IX,  X  and XI were normalised with respect to the 
experimental fracture load, and then plotted against yield strength. The results are shown in 
figure 11. The notations on the x-axis refers to the single overlap specimens in the 
experimental investigation. The numbers refer to adherend thickness (e.g. A1,25; Austenitic 
1,25 mm thick). 

A1.25 A2.00 F2.00 02.00 M1.25 

Figure 11. Comparison of different analytical solutions of 

Figure 11 shows that using adherend yield, equation  X,  as a criteria for fracture comes closest 
to the experimental results of this investigation when looking at all single overlap bonds. 
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On the other hand equation  X  underestimates the joint strength for thin, austenitic adherends. 
This is probably due to the fact that weak adherends of this sort undergo considerable plastic 
deformation and therefore work-harden before failure. 

It can also be noted that all the bending moment factor solutions are quite similar for this 
experimental set-up, with Hart-Smith's being closest to the experimental results. It is only for 
the martensitic adherend that the different bending moment factors give results that 
substantially differ from each other. 

The second closest fit to the experimental results is from the shear stress theory proposed by 
Volkersen (equation II), incorporating adhesive differential rather than just pure shear 
(equation I). The Volkersen solution underestimates joint strength for stiff adherends with high 
yield strengths, such as the duplex adherend with an adherend thickness of 2,0 mm and the 
martensitic adherend with an adherend thickness of 1,25 mm. Using adherend fracture as a 
fracture criteria tends to overestimate the strength of the bond. Naturally the adherends will 
yield before fracture and hence influence stresses and strains in the bond, thereby causing joint 
failure before adherend ultimate strength is reached. 

Stress analysis with  FE-software 

Finite element based software can determine stresses in adhesive joints. One such program is 
SAAS, or Stress Analysis for Adhesive Structures, developed at University of Surrey. This 
program cannot predict failure load for a specific configuration but can determine stresses for 
some joint configurations, among them the single overlap joints. The software was used to 
analyse the stresses in the adhesive for the different combinations of materials and thicknesses 
used in the experimental investigation. Peel and shear stresses at experimental fracture loads 
were computed for the single overlap specimens, and the results are shown in figure 12, 13 and 
14. 

Peel stresses at fracture load-all materials 

Overlap 

Figure 12. Results from peel stress analysis with SAAS. 
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Peel stresses at fracture load, overlap 0-10 mm-all materials 
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Figure 13. Close up offigure 12. 
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Figure 14. Results from shear stress analysis with SAAS. 

The analysis predicts very high peel stresses at the end of the overlaps for all materials. The 
software does not take adherend yield into consideration and can therefore underestimate peel 
stresses in the less stiff adherends since it calculates peel stresses from the bending moment 
acting on the joint. Yielding of the adherend material will result in higher peel stresses, due to 
the rotation of the joint. The higher peel stress as a consequence of joint rotation is only 
present at the end of the loading. It should be noted that approximately 1 mm into the 
overlap, peel stresses are very similar for all adherend materials and thicknesses, although the 
load is very different. 

The analysis with the SAAS software also predicts higher shear stresses in the stiffer adherencis, 
this was also predicted by the analytical solutions. Fracture surface examination of the single 
overlap joints could not clearly explain this result. 
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5. Discussion and conclusions 

Experimental discussions 
From the results presented in section 2, we can clearly see that intrinsic and geometrical 
properties have a large influence on bond strength. Other factors, such as different surfaces, do 
not appear to have such a large influence. When we compare the two different austenitic 
surfaces it can be seen that any differences lay within the statistical variance. However, an 
increase in adherend thickness from 1,25 to 2 mm will increase fracture load from 21 to 26 
kN.  

The mechanical properties of the adherends also influences bond strength. The martensitic 
adherend with a very high yield and ultimate tensile strength results in a very high bond 
strength and very little plastic deformation of the adherend during the single overlap test. 
Other adherends with lower yields strengths were in some cases severely deformed during 
testing detrimentally influencing the stress configuration in the joint by increasing the peel 
stress that the joint is subject to. The large deformation of the adherend also introduces large 
plastic strains in the adhesive. The fact that plastic deformation of the adherend occurred in all 
single overlap joints means that the yield strength of the steels had been exceeded prior to 
fracture. This implies that the very unsophisticated method of cleaning the surfaces used still 
gave an acceptable initial joint strength. The experimental results show that an increase in 
stiffness by increasing I of the joint will affect both fracture load and fracture mode. The 
fracture load depends not only on the stiffness, but also of the loading situation that the stiffness 
will give rise to. However, it can clearly be seen that an increase in stiffness will increase the 
strength of the joint. 

Stress analysis discussion 
Of the theoretical models compared here it is not surprising that the analytical adherend yield 
solution comes closest to the experimental results. If a sufficient bond has been achieved and 
the adhesive shear strength is high, fracture will be determined by adherend performance. If 
the adherend yields, rotation will occur and peel stresses will be present at the end of the 
overlap. The yielding will also increase the strain in the adhesive, and the joint fractures as a 
result of either peel stress or adhesive strain failure. The bending moment factors ( equation 
III,VI and  VII)  do not predict failure load accurately for this experimental set-up. It can be 
seen that the bending moment factors give quite similar results, especially for low yield strength 
adherends (see fig. 11). 

The SAAS analysis predicts quite similar peel stresses just inside the joint overlap end, although 
the loads for the different materials are not similar. The analysis also predicts higher shear 
stresses in stiffer joints, this is plausible and is validated by the fracture surfaces from the flanged 
specimens, which all had a fracture surface indicating fracture by cohesive failure. 

An adherend/adhesive strength ratio was introduced, see table 8, and the type of fracture varies 
with that strength ratio. A joint with a ratio between 0,3-0,6 fractures with plastic deformation 
of the adherend and the adhesive fractures due to large plastic strain, whereas a joint with a 
strength ratio of 0,8 or more fractures with very little plastic deformation, and is thought to fail 
due to adhesive shear stress. 
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Conclusions 

• Differences in surface properties of different grades of stainless steel will not have an effect 
on adhesion properties when investigated with the single overlap joint test. 

• A high yield strength in the adherend material will benefit joint properties. A high yield 
strength will delay plastic deformation and rotation of the adherend, and hence reduce peel 
stresses and adhesive strains in the joint. 

• A stiffjoint will be less sensitive to fracture induced by peel stresses or adhesive strain, and 
will therefore have a higher fracture strength than a joint of the same material with a lesser 
geometrical stiffness. Stiffening can be achieved by producing joints with flanged or non-flat 
cross sections. 

• Comparison of different analytical models to experimental results shows that a model 
predicting failure load from adherend yield strength comes closest to experimental results for 
stainless steels with an adherend/adhesive strength ratio between 0,3-0,6. 

• A combination of an analytical solution together with a stress analysis program and 
experimental results can be used for predicting joint performance and fracture mode for 
joints with a strong adhesive on a strong adherend. 

• Preliminary single overlap tests can be used to predict whether the present combination of 
geometry and materials will lead to fracture by shear, peel or adhesive strain for later stress 
analysis and prediction ofjoint strength. 

• Adhesive joints in stainless steels with a strength ratio of 0,3-0,6 with toughened epoxies 
may be designed according to adherend properties. 

• Adhesive joints with a strength ratio exceeding 0,8 should be tested for type of fracture and 
may be designed according to adhesive properties. 
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Notations and symbols 

adherend thickness 
t, 	adhesive thickness 
1 	overlap length  
b 	overlap width 
• adhesive shear strength 
• load at failure  
P applied load  
E adherend Young's modulus  
G adhesive shear modulus  
k 	bending moment factor 
O 	bending moment factor variable 
• Poisson's ratio, adherend  

Mo 	bending moment at overlap end 

adherend yield strength 

Gf 	 adherend ultimate tensile strength 
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