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And now, the end is here 

And so I face the final curtain 
My friend, Til say it clear 

I'll state my case, of which Vm certain 
I've lived a life that's full 

I travelled each and ev'ry highway 

And more, much more than this, I did it my way 

Regrets, I've had a few 

But then again, too few to mention 
I did what I had to do and saw it through without exemption 

I planned each charted course, each careful step along the byway 

And more, much more than this, I did it my way 

Yes, there were times, I'm sure you knew 

When I bit off more than I could chew 

But through it all, when there was doubt 

I ate it up and spit it out 
I faced it all and I stood tall and did it my way 

-lyrics by G. Thibault 
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A B S T R A C T 

This thesis is devoted to structural adhesive bonding o f metals, mainly stainless steels. Adhesive 
bonding is a jo in ing method that has several advantages over other methods; it is lightweight, 
fatigue resistant and it can j o i n dissimilar materials. 

In order to be able to utilise the advantages o f adhesive bonding, an understanding o f the 
process and its results is necessary. The main concerns for successful adhesive bonding is the 
properties o f the surfaces to be bonded and the stress state in the bond when i t is loaded. 
Adhesion is a surface phenomena and an understanding o f the mechanisms that creates a good 
bond is essential for a satisfactory result. 

This thesis is concerned wi th mechanical pre-treatments o f surfaces to be bonded and the 
resulting bond strength and durability properties o f the adhesive bond. It is shown that 
mechanical treatments result in durable bond properties when compared to degreased-only 
surfaces. Surface treatment wi th laser processing was also performed, and it is shown that the 

laser cleaning of the surface increased the polar energy o f the surface by more than 20 %, and 
that the durability properties are improved. 

The surfaces produced wi th mechanical pre-treatments were characterised wi th several fractal 
algorithms, and i t is shown that some are more suitable than others for analysis o f the studied 
surfaces. It is also shown that the wetting and adhesion properties o f the surfaces can be related 
to fractal parameters. Fractal algorithms can be applied to surface topographical data as collected 
by surface profilometry methods, and a ranking of surface pre-treatments can be carried out. 

Once a good bond is achieved, i t is of interest to be able to predict the strength o f the bond. 
The complicated stress state in most bond configurations make analysis methods Hke fracture 
mechanics interesting, and this thesis present results f rom peel tests analysed wi th fracture 
mechanics methods. Furthermore, the energy release rate for two adhesives are calculated and 
presented. Single overlap joints w i th varying intrinsic adherend parameters were tested, and an 
adherend stiffness factor is introduced and related to experimental fracture data. 
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1 I N T R O D U C T I O N 

The purpose o f adhesive bonding is to j o i n two materials together. It can be a temporary, 
lightweight non-structural assembly, like Post-it-notes, or a strong bond as in an airplane wing. 
This thesis focuses upon the structural bonding o f metals. Structural adhesive bonding o f metals 
have been used since the mid 1930's and is today not uncommon, but not as common as other 
joining methods such as riveting, welding or mechanical jo in ing processes. Adhesive bonding 
is however common within the aircraft industry, where i t is used in both structural and non

structural applications. The low weight and fatigue resistance makes adhesive bonding suitable 
for other areas where light structures w i th good fatigue resistance are needed, e.g. transport 
industry. 

In order to be able to utilise the advantages o f adhesive bonding, an understanding o f the 
process and its results is necessary. The main concerns for successful adhesive bonding is surface 
properties o f the surfaces to be bonded and the stress state in the bond when it is stressed. 
Adhesion is a surface process and a thorough understanding o f the surface mechanisms that 
promote adhesion is vital. 

Historically, adhesive bonding has mostly been used for light metal alloys, such as aluminium 
and titanium alloys, wi th well-documented surface pre-treatments [ 1 , 2]. The increased usage 
o f adhesive bonding has seen many more materials being bonded, ferrous alloys and composite 
materials are now routinely bonded for structural purposes. However, surface properties of 
aluminium and titanium are not necessarily directly transferable to other materials and careful 
investigations o f the material to be bonded should always be carried out. 

Once a good bond is achieved, it can be loaded. The stress state in adhesive bonds can be very 
complex, and since adhesive are anisotropic materials, the loading mode is o f importance. 
Adhesive bonds can be found in many configurations. There are few design rules for adhesive 
bonds, and the anisotropy of adhesives make strength predictions difficult. Adhesives are always 
weakest in peel, and this should be regarded when designing adhesive joints. Traditional 
strength o f materials approaches does not always predict the strength o f an adhesive bond, and 
therefore other strength prediction methods must be used. Fracture mechanics approaches and 
finite element modelling has been shown to be successful [3, 4, 5]. 

This thesis presents results f r om investigations into mechanical pre-treatments o f surfaces and 
the resulting surface structure and adhesion properties. The topographical stmcmre of 
mechanically pre-treated surfaces are then characterised by means o f fractal algorithms. I t is 
shown that fractal characteristics o f a surface can be linked to the wetting properties o f the 
surface, and thereby to the adhesion properties. Once good bonds are achieved, attempts to 
predict bond strength are carried out, by means o f fracture mechanics. 

1.1 Problem statement 

The purpose o f the work behind this thesis was threefold: 
- T o investigate i f mechanical pre-treatments o f surfaces results in acceptable bond quality 
- H o w can the mechanically pre-treated surfaces be characterised 
-Can the strength o f the bonds be predicted 
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Mechanical pre-treatments are o f interest because o f their economic and environmental 
advantages compared to chemical pre-treatments. Mechanical pre-treatments can be easier to 
implement than chemical pre-treatments and may be carried out wi th already existing 
equipment for many manufacturing industries. 

In order to be able to control the pre-treatment process the surface needs to be characterised. 
The surface has both physical and chemical characteristics, and both are important for the 
adhesion properties o f the surface. Many surface characterisation methods can be both costly 
and complicated, so a simple, yet effective method was sought for. 

Prediction o f bond strength is necessary i f the bonds are used in structural applications. Since 
adhesive bonds are structures, not materials, conventional strength o f material approaches are 
not always suitable for prediction o f bond strength. Other methods, such as fracmre mechanics 
and finite element analysis may be more suited to predict bond strength. 

1.2 Fundamentals of adhesive bonding 

Adhesive bonding is a very old joining process, descriptions o f the use o f adhesives can be 
found in wall paintings f rom ancient Egypt. The first patent on fish based adhesives was 
brought out i n 1754 [6]. Early adhesives were made of namral ingredients, and were used for 
non-structural purposes. Stmctural adhesive bonding however is o f much later date, and can be 
said to have developed during the 20 t h cenmry, w i th the formulations o f synthetic adhesives. 
Structural bonding can be classified as when the jo in t has a load-bearing function, and without 
the adhesive the structure would fail. Sometimes we also classify adhesive bonds as functional, 
and a bond can sometimes be both stmctural and functional, but most functional bonds are o f 
non-structural type, such as conductive bonds in computer chips, sealing bonds in gaskets etc. 
Structural adhesive bonding is normally used for bonding metals, polymer composites and 
wood. This thesis is only concerned wi th the structural bonding of metal adherends, mainly 
stainless steel. 

Adhesive bonding exhibits many advantages over other jo in ing methods, and naturally also 
some disadvantages. Among advantages the following can be mentioned: 

• Joining o f dissimilar materials 
• Non-thermal process 
• Increased fatigue resistance 
• Noise and dampening effects 
• Light-weight 
• Stiffer structures 
• Design possibihties 

Disadvantages include the following: 

• Maximum usage temperatures much lower than for other joining methods 
• Difficulties in predicting jo in t strength 
• Sensitive to environmental effects 
• Absence o f common design rules 
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The absence of clear and simple design rules together w i th the vast number of adhesives 

formulations makes it laborious to implement adhesive bonding in existing engineering 
applications. 

Adhesion is a surface related process, and the properties o f the surfaces to be joined are very 

important for the final result, i.e. the strength and durability of the formed joint . A l l metal 
surfaces are oxides, produced in the manufacturing of the metal, or formed in a subsequent 
manufacturing process, such as cleaning, forming, milling etc. The chemical stmcture and the 
morphological stmcture o f the surface are both important, as they both influence the bonding 
process and hence the strength and durability o f the bond. There are six major theories about 
adhesion, all based on surface considerations. The basic theories o f adhesion all state that 

surface properties are important for a successful bond. In the joining o f surfaces a bond has to 
be produced, by interaction or attraction between the interfaces. I t can either be a physical or a 
chemical interaction, and can occur at a macroscopic or microscopic level. In most practical 
applications a bond is formed by a liquid (the adhesive) wetting a solid (the adherend), and the 
liquid is then solidified by means o f a chemical or physical process. 

These basic theories are [7, 8, 9]: 

Weak boundary layer theory: 

This theory proposes that two surfaces cannot be bonded i f they don't come in very 
close contact w i t h each other. Contaminants on the surface, such as dirt, grease and 
particles can hinder the close contact and act as weak layer, and thus prevent adhesion. 

The diffusion theory: 

Only applicable on polymer surfaces, where polymer molecules can interdiffuse and in 
that way fo rm a bond. This might be regarded more as solvent-welding o f polymers, and 
is not valid for metal adherends. I t is also not likely that this a major explanation for 
highly cross-linked or crystalline polymers, where movability o f the molecules is 
reduced. 

The electrostic theory: 

I f two metals are in very close contact, electrons can be transferred between the two 
surfaces and attractions forces wi l l be present, one example is precision gauge blocks. 
This is not applicable to bonds containing a polymeric adhesive, which is based on non-
metallic elements, and cannot therefore have shared electrons. 

The mechanical interlocking theory: 

This theory requires surfaces that are so uneven so that the uncured adhesive can enter 
cavities and then cure. The cured adhesive then forms a type o f mechanical jo in t wi th 
the adherend. This is plausible for rough or porous surfaces, such as wood, or metal 
surface w i t h very porous oxide layers, such as aluminium. There are many arguments 
against this theory [10, 11], and the better results achieved wi th rougher surfaces can be 
contributed to other effects than mechanical interlocking. A rougher surface wi l l have a 
larger surface area and the roughening method can also reduce surface impurities and 
surface debris. Some treatments also change the wetting kinetics, and can thus improve 
adhesion. 
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Physical adsorption theory: 

I f the adherend and the adhesive are in close contact, molecular forces can be present. 
The forces can be either primary valence forces or secondary van der Waals forces, or 

both. The theoretical strength o f these forces is strong enough to explain even very 
strong bonds. Secondary forces are generally suggested to be the most common form of 
forces at the joining interface [12]. Secondary forces can be dipole forces, dispersion 
forces or hydrogen forces. Polar and dispersion forces are believed to be the major 
attractive force [12], due to their relatively long bond length in comparison to the other 
secondary forces. 

It has also been suggested that acid-base relationships can explain adhesion. One o f the 
materials acts as an acid or acceptor o f electrons and the other as a base or donor o f 
electrons, and thus a bond is created. 

Chemical bonding theory: 

This theory proposes that ionic, covalent and metallic bonds can be formed between the 
adherend and the adhesive across the interface. These bonds are much stronger than 
bonds formed by secondary forces, but have a shorter bond length, and close interaction 
is necessary for the bonds to be created. The creation o f a metallic bonds demands 
metallic materials to be present in all materials to be joined, and so is not generally 
relevant for adhesive bonds. 

It is believed [12, 13] that the main adhesion mechanism may be physical adsorption together 
w i t h mechanical interlocking and chemical bonding theory. A l l of these mechanisms w i l l 
benefit f rom a large surface area. 
A bond is formed of various layers, where all o f the above mechanisms may be at work. Below 
in figure 1-1 is a simple illustration o f the layers that constitute a metal-adhesive bond and an 
explanation o f the failure mechanisms: 

Oxide 

Metal 

Figure 1-1. The layers that constitute an adhesive bond. 
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I f a jo int is stressed it may fail in the fol lowing ways: 

1. Failure o f the metal/metal oxide bond in the jo in t (metal oxide delamination) 
2. Failure o f the metal oxide/adhesive bond in the jo in t (adhesive/oxide delamination) 
3. Failure wi th in the adhesive (cohesive failure) 
4. Failure wi th in the oxide ( oxide failure) 
5. Failure o f the metal away f rom the jo in t (metal failure). 

Depending on surface and adhesive properties the bond failure can initiate at different places. I t 
is uncommon for metal/adhesive joints to fail in the metal. I f the adhesive intermolecular 
forces are weaker than the adhesive forces, the bond w i l l fail cohesively. The failure type is also 
strongly dependent on the loading situation, where some stress states initiates a certain type o f 

fracture. Peel tests almost always seemingly fail at the interface between metal and adhesive, 
but it might be oxide/adhesive delamination or cohesive failure wi thin the adhesive very close 
to the oxide surface. The fracture surfaces should therefore be carefully investigated to 
determine the fracture type. 

It is sometimes said that a cohesive fracmre is desirable but the loading situation, the surface 
properties and stmctural properties o f the whole bond must be taken into consideration. A n 
interfacial or oxide/adhesive delamination is sometimes not a sign of bad surface preparation, 
but may be an intrinsic property of the stress situation and/or o f the materials. 

One very important surface feature is surface cleanliness, i f the surfaces to be bonded are not 
clean, adhesion may be hindered and a bond cannot be formed. This is remedied by cleaning 
the surfaces before bonding. This is where it becomes difficult: - H o w clean does the surface 
need to be? —How clean is clean? —How do we assess cleanliness? - T o what level should the 
surface be clean? For a surface to be clean on an atomic layer we need to remove all foreign 
substances on the surfaces, and prevent any other molecules to adhere to the surface before 
bonding. This may be carried out in a small scale; i n a vacuum chamber wi th ion sputtering 
and other techniques that are sensitive on an atomic scale. Naturally, this cannot be applied in 
a modern manufacturing process, so we need to find other criteria for cleanliness and cleaning. 

Most adherend pre-treatment processes involve a degreasing. Surfaces can be bonded without 
any pre-treatment at all, some modem adhesives can actually incorporate dirt and oil on a 
metal surface, and still produce a sufficient bond, however, these bonds are more difficult to 
assess and may have a larger variation in strength properties. Most surface pre-treatments do 
incorporate a degreasing stage, which might be followed by a mechamcal roughening. For 
more demanding applications i t is not uncommon wi th a chemical treatment. A chemical 
treatment can clean the surface, but more importantly, is modifies the metals oxide layer to a 
layer w i t h properties beneficial to adhesion. One example is the chromic acid etching o f 
aluminium, where the etch bath modifies the original surface oxide to a thicker, more porous 
oxide layer w i th a honeycomb stmcture. I t is believed that the oxide stmcture is beneficial for 
mechanical interlocking. Some metals have oxide layers where the original surface oxide is an 
intrinsic part o f the metal properties, such as stainless steel and titanium, where the surface 
oxide governs the steels "stainless" properties, and where a modification o f the oxide layer may 
be detrimental to the integrity o f the material. 

A mechanical pre-treatment normally only cleans away particles, dirt and grease but leaves the 
basic properties o f the oxide intact. For a material like stainless steel, the oxide can be removed 
by a mechanical cleaning, but is reformed spontaneously i f the surface is in contact wi th 
oxygen. The newly formed oxide layer is cleaner than the removed layer because i t has not 
absorbed a large amount o f particles f rom the air. I f bonding is performed quite rapidly after 
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mechanical cleaning/pre-treatment the surface can be regarded as clean. This is also true for 

chemically cleaned surfaces. 

1.2.1 Cleanliness and wetting 

H o w do we then control cleanliness? One very simple, yet effective way of assessing a cleaning 
process is the water break test. The cleaned surface is wetted wi th water and i f the water 
doesn't curl up and forms beads, the surface is clean. This test is based on wetting theory, 
where a high-energy surface w i l l be wetted more easily than a low energy surface. 
Contaminants, particles and grease all lower the energy o f the surface. This test is easy to 
perform and w i l l not give any qualitative data, but can be used as a quick test method for 
cleanliness. The test is also standardised in A S T M A 380. 

Contact angle measurements are a more qualified method to characterise a surface before 
bonding. The contact angle reflects the wetting properties o f the surface, which reflects the 
adhesion properties. Contact angle measurements also give valuable information about the 
chemistry o f the surface. Differences in surface energy between surfaces can be measured wi th 
contact angle measurements where fluid drops are dropped onto a surface and the wetting 
angle is measured. This can be automated, wi th instruments utilising video cameras and 
software, and the wetting angles can easily and quickly be obtained. 

The system can be used to compare cleaning methods, and to qualitatively assess the surface 
energy o f a surface. Contact angle measurements can give specific information, such as the 
polar and dispersive components o f the surface free energy. For a qualitative analysis, several 
tests wi th different fluids must be done, and surface energy calculations can then be made. The 
polar surface energy is believed to play an important role in the adhesion process [13]. The 
contact angle also reflects surface characteristics other than chemical. It is known that surface 
roughness also influences contact angle results, the contact angle is related to a surface 
roughness factor as [14], see equation (1-1): 

where 8 t is the contact angle for a rough surface, r f is the roughness factor and 9 is the wetting 

angle for a smooth surface. 

The surface energy calculations are based on the classical Young and Dupree equations [15] 
where the dispersive and polar components o f the solid surface are calculated f rom contact 
angles f rom the fluids, together w i t h the total, polar and dispersive fluid energy components. It 
is also assumed that the different energy components are not influenced by one another and so 
may be assumed to be additive. 

The equations are based on a force balance between the l iquid and the sohd, see equation (1-2) 
and figure 1-2: 

cos 9 t = r f cos 9 a- i ) 

Y l v
 c o s e - Ysv- Y s l (1-2) 
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where 

cos 9 is the wetting angle, 

yL V is the surface tension o f the liquid (1) in equihbrium wi th its vapour (v) 

Ysv is that o f the solid (s) and 

y S L is the interfacial tension or interfacial free energy 

Y L 

Ys Y L S 

Figure 1-2. Contact angle, 0, and surface tension components. 

The following expresses the interfacial free energy [16], see equation (1-3): 

r^rsr+r^iry,J2-{rWlf ^ 

where the indexes d and p denotes dispersive and polar components o f the free energy, y, for 
the solid(S) and the liquid (L). 

Equations (1-2) and (1-3) combines to equation (1-4), [13]: 

1 + cosø YSYL 
d 

. 7, 

(1-4) 

Equation (1-4) can be used to determine the energy o f the sohd. I f the left-hand side is plotted 

against ^yP y j for several Hquids, the result should be a straight Hne i f it assumed that the 

y J and have the slope (y^ J [17]. The total 

energy o f the solid surface is then the sum o f the dispersive and polar components. Wetting 
angles can therefore be used to calculate the energy o f a sohd surface, and also its components. 
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1.2.2 Joint design 

Adhesives are materials whose strength strongly depends on the loading situation. They are not 
isotropic as steels, where the strength is almost independent o f the loading direction. Adhesives 
exhibit strongly directional varying strength properties that are also time dependant. A jo in t 
loaded in shear exhibits much higher strength than a jo in t loaded in peel, for the exact same 
adhesive. This makes jo in t design and stress configuration an important part o f the adhesive 
process. 

Adhesive joints perform best when loaded in shear, but there are adhesives that combine good 
shear strength wi th a good peel resistance. Peel fracture loads are generally lower than any 
other fracture load o f an adhesive, and loading situations incorporating peel stresses are 
generally considered to be deleterious to jo in t strength, and are to be avoided. Toughening the 
adhesive wi th nodular rubber or glass can further improve jo in t performance, and i t is not 
uncommon wi th toughened adhesives. 

Since adhesives are versatile, they can be used in many bond configurations, where the overlap 
is the most common form especially for thin sheet metal. There are several varieties o f the 
overlap configuration, e.g. the double overlap, tapered overlaps, cracked overlap, the wedge 
test and others. Adhesives can be used in butt joints, especially for gaskets and other rotational 
structures. The most common tests for assessing adhesive bond properties are described below. 

1.2.2. i The single overlap test 

1 

. 1 

1 

—if 

•• , 

w 

Figure 1-3. The single overlap test. 

This is perhaps the most common test configuration for adhesive bonds, see figure 1-3. I t is 
cheap, simple to manufacture, and in many cases similar to actual structural design. It has long 
been used to test surface pre-treatments, adhesive strength and cure cycles. The single overlap 

test w i l l not however test the jo int i n pure shear, the thickness o f the adherends wi l l give raise 
to a non-linear loading situation, and peel forces w i l l be present at the overlap edges [18]. 
These peel forces can rapidly become large i f the adherends starts to plastically deform, which 
is not an unlikely situation wi th modem strong adhesives. The test is very sensitive to adherend 
geometry and adherend material. The test is standardised i n A S T M D1002, where an overlap 
of one inch is recommended. A larger overlap and wider bond w i l l give higher strength values, 
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as w i l l a stiffer adherend. It is important that this test is not used to gain absolute numbers of 

adhesive strength properties. 

The single overlap test also forms the basis o f many fatigue and impact tests. The same 
reservation must be considered for these tests as well, and the specimen geometry and intrinsic 
adherend properties must be considered. The dependency on adherend material overshadows 
the test's capability o f discriminating jo int strength as a result o f different surface treatment, but 
can be valuable in environmental testing where the jo in t is exposed to humid and chemical 
environments. 

Test results are normally reported as failure load, and the dimensions o f the bond must be 
clearly stated. Sometimes the term "apparent shear strength" is used, and gives the fracmre 
stress, but i t is important to remember that this is only valid for that specimen geometry and 
specimen material. Strength prediction o f single overlap specimens is difficult and complex, 
especially i f plastic defonnation in both adherend and adhesive i t to be accounted for. There 
have been attempts to predict fracture loads for single overlap joints w i th fracture mechanics 
theories [19, 20] and also by using finite element modelling. 

1.2.2.2 The double overlap test 

W 

Figure 1-4. The double overlap test. 

The double overlap test, see figure 1-4, overcomes the loading eccentricity by loading the 
adhesive in a more linear manner. Bending o f the adherends is minimised, and peel stresses are 
thus reduced. This is also a plausible structural apphcation configuration, and the test can be 
used to evaluate fracture modes etc. It has the same advantages as the single overlap tests, being 
easy and cheap to manufacture and relatively easy to test. The test is standardised in A S T M 
D3528. 
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1.2.2.3 The Boeing wedge test: 

Figure 1-5. The Boeing wedge test 

This test was developed, as might be guessed, by the Boeing Corporation, and is now 
standardised in A S T M D3762, see figure 1-5. I t is easy to manufacture, and the test specimen 
can easily be moved to durability testing environments or be subjected to different 
temperatures. A wedge is inserted into the bond, and the specimen is then self stressed. The 
crack propagation is measured over time. The crack location is monitored and reported. This is 
perhaps the most common test for discriminating between surface treatments and is sensitive to 
moisture ingression and other environmental factors. 

The wedge test can be used to assess fracture energy properties o f the adhesive, properties that 

can later be used as input data in load prediction calculations and finite element modelling. 
The wedge test is loaded i n mode I , and the critical fracture energy can be writ ten as i n 
equation (1-5): 

3 • E, • h] • A 2 

G « = - ^ T 7 - ( I - 5 ) 

where 

E,= adherend elastic modulus 

h ,= adherend thickness 

A = wedge thickness 

a= arresting crack length 

12 



1.2.2.4 The peel test: 

i—I 

1 
b) T-peel test 
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c) floating roller peel test 

Figure 1-6. The peel test. 

There are several types o f peel tests, see figure 1-6, where the most common are the rigid base 

peel test (based on A S T M D 903), the T-peel test (ASTM D 1876) and the floating roller peel 
test (ASTM D 3167). The common denominator is that they all subject the bond to a peel 
stress. They can be simple to manufacture, but are often more difficult to test than single 
overlap joints and wedge specimens. The specimen normally fractures under steady state 
conditions, and the steady state load is reported, as is the fracture mode. The adherend material 
and its deformation under the test w i l l influence the load and fracture mode, for the rigid base 
peel test the fracture mode is usually interfacial, whereas i t can be adhesive for the T-peel test. 
The results f rom peel tests can be used for fracture mechanics calculations as suggested by [21], 
and also for finite element analysis. 

Peel specimens can be investigated wi th the model developed by Kinloch, Lau and Williams 
[21], applicable to workhardening adherend materials, later extended wi th a deeper analysis by 
Williams [22] that incorporates peel arm root rotation. The adhesive fracture energy is 

expressed as in equation (1-6): 

c B 

dUp 

da 

dUs 

da 

dVdt dU, db 
da da 

(1-6) 

where Ua is the external work done, Us is the stored elastic strain energy, Uit is the dissipated 

energy in tension and UJt is the dissipated energy in bending for a sample o f width B 

undergoing a crack extension da. The energy G c can then be calculated f rom this expression i f 

the different energies are known. The above equation (1-6) can be partitioned into the 

adhesive fracture energy where tensile deformation o f the peel arm occurs, but where only 

elastic bending arm is involved (G/*), and the energy dissipated in plastic bending 

IdUJda 
v db 

= G t t ) , according to equation (1-7): 

G, = Gf-Gdh (1-7) 

In an idealised case, there would be no strain in the peel arm, hence there would be no stored 
strain energy or dissipated tensile energy in the peel arm and also the bending deformations 
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would remain elastic. These conditions would be satisfied i f the peel arm possessed an infinite 

tensile modulus and zero bending stiffness, and the peel fracture energy under these conditions, 

termed Ct°°E, is given by equation (1-8) 

G c ~
£ =^O-cos0 ) (1-8) 

where P is the peel force and 0 is the angle between the substrate and the peel arm, termed the 

peel angle. When tensile deformation o f the peel arm occurs but there is no energy dissipated 

by bending o f the peel arm, i.e. dU'äJda =0, then the peel fracture energy under these elastic 

bending conditions, termed G c as noted above, is given by (1-9): 

where h is the peel arm thickness, CJ is the stress in the peel arm and £ is the strain. The 
detailed analysis for obtaining G* can be found in reference [21]. In order to determine G (, it 
is necessary to perform both the peel test and a tensile test to measure the stress versus strain 
behaviour o f the peel arm. 

1.2.2.5 Other test types 

There are many more test configurations than mentioned above. There are specific 
configurations intended for the determination of the fracture energy, or energy release rate, of 
the adhesive, e.g. the double cantilever beam test, and the tapered cantilever beam test, both 
described in A S T M D 3433. There are also test for determination o f adhesive bulk properties, 
environmental tests, temperature tests, shelf-life tests and many more. Cleavage, creep and 
impact test are commonly employed and standardised. Fatigue tests are generally based on static 
test configurations. The most common tests are described in most adhesive textbooks, and 
others can be found in standard books. 

Many textbooks give examples o f good and poor adhesive jo in t designs, i n figure 1-7 a few of 
these examples are shown. Good practice should always be supplemented wi th a thorough 
stress analysis, and i f possible w i th a finite element analysis. The structural capacities o f the 
adhesive may deteriorate w i th age and environmental loads on the joint , and therefore 
accelerated aging tests may be necessary to predict long-term behaviour. There are few design 
codes for adhesive joints, which make i t a qualified engineering task to safely predict behaviour 

and structural capacity in demanding applications. 

(l - cosØ+e)-AjgC de (1-9) 

15 



Good adhesive joint design Poor adhesive joint design 

I 

Figure 1-7. Good and poor practises in adhesive joint design. Based on [23]. 

1.2.3 Fracture modes 

A n adhesive bond can fail in several ways as described earlier. The fracture mode can tell a lot 
about the fracture process and the mechanisms during the failure. Inspection o f the fracture 

surfaces is therefore important. A cohesive fracmre is fracture wi th in the adhesive. Sometimes a 
cohesive fracture can take place very close to the interface, and microscopy may be necessary 
to determine the fracmre mode. A cohesive fracture is generally regarded as desirable; i t is 
evidence o f good adhesion and good surface preparation. For some test configurations, a 
cohesive fracmre is necessary to validate the test, e.g. for determination o f the fracture energy 
o f the adhesive. 
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An interfacial fracture is often an indication o f a poor surface preparation or environmental 
attack on the bondline. It can also be evidence o f metal oxide deterioration. I t is important to 
establish whether the interfacial fracture is wi th in the adhesive/oxide interface or w i thm the 
oxide/metal interface, so that appropriate measures can be taken. I t can be difficult to assess the 

type o f interfacial fracture, but by using SEM the type o f fracture can often be determined. 

Below are some examples o f different fracture surfaces, showing a range of fracmre types, see 

figures 1-8 to 1-12. A l l images are captured wi th a scanning electron microscope. 

20Pa 30-Söp-S S3500M «D21.ÄBW. 25 .Orø 

Figure 1-8. Completely cohesive fracture within the adhesive. 

Figure 1-9. Interfacial fracture at the adhesive'/oxide interface, with small areas of cohesive fracture. Holes 

from toughening particles can be seen. 
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Figure 1-11, Transition zone between interfacial and cohesive fracture. No adhesive can be seen at the 

metal surface, thus indicating a complete adhesive/oxide fracture. 
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Figure 1-12. Metal surface oxide on adhesive, indicating oxide/metal interfacial failure. 

1.3 Other joining techniques 

Advantages and disadvantages o f adhesive bonding must be compared to those o f other joining 
techniques, such as welding, riveting and hybrid methods. Joining of sheet metal is traditionally 
uohsed by welding or riveting, but the last decade or so, adhesive bonding and hybrid 
techniques based on adhesive bonding has increased. Welding o f sheet steel is common, well 
researched and can readily be automated for many applications. Laser welding has increased for 
matenals that have been considered difficult to weld w i t h conventional welding methods so 
that aluminium and other light alloys now can be efficiendy joined. Disadvantages for welding 

is the high temperature impact that may be detrimental to material properties, and that jo ining 
o f dissimilar matenals is difficult, although not impossible. The additional weight that the filler 
metal has can sometimes be o f concern. Spot-welding is probably the most common welding 
method for sheet stee] materials. The bond is formed by the sheet metal, and no filler metal is 
necessary. Spot-welding is easily automated and monitored, but has intrinsic weaknesses such 
as low fatigue strength and non-sealing capabilities. Riveting is a low-temperature process but 
has low fatigue resistance and gives non-sealed joints. N e w riveting methods shape the rivet 
f r om the base metal so that a sealed jo in t is achieved. Riveting wi th rivets also adds extra 
weight to the structure and this can be problematic sometimes i f a light structure is demanded. 

Hybrid techniques based on adhesive bonding include weldbonding and clinch-bonding Both 
methods are based on adhesive bonding combined wi th a more traditional jo in ing method 
Weldbonding, see figure 1-13, combines adhesive bonding wi th spotwelding, thereby creating 
a bond that is strong, wi th good fatigue properties and a sealed joint . The adhesive can be 
dispensed both before and after welding, and experience show that applying the adhesive first 
gives better results. I t can be difficult to apply the adhesive afterwards, as one has to rely on 
capillary forces drawing the adhesive into the bondline. Controlling bondline thickness is 
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another difficulty, since the thickness at the spotweld is zero, and the distance between 
spotwelds w i l l control the adhesive bondline thickness. I t has been shown that a weldbonded 
joint has a fatigue strength 25-50 % higher than a spotwelded-only jo in t [24, 25]. The method 
comprises the best f rom spotwelding and adhesive bonding, but there are still some 
disadvantages. The fatigue properties of the hybrid bond are affected by the geometric 
weakness o f the spotweld, and a weldbonded bond still has lower fatigue strength than an 
adhesively bonded joint . During the welding process, the adhesive can be damaged and bond 
properties deteriorate. This can be minimised by carefully control the welding parameters. 
Normally, welding parameters lay close to those o f welding-only for many materials. A n 
increase in welding pressure and hold times is beneficial for weldbond properties. 

Figure 1-13. Weldbonded joint 

Clinch-bonding is similar to weldbonding, wi th the difference that clinch-bonding is low-
temperature process, and i t is easier to jo in dissimilar materials w i t h clinch-bonding than 
weldbonding since no melting takes place. Shaping a rivet o f the two sheets, w i th the adhesive 
in between, forms the bond. A n example is shown i f figure 1-14. 

Weldnugget 

Adhesive 

Sheet metal 

Adhesive 

Figure 1-14. Clinch-bonded joint 
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2 M A T E R I A L S A N D M E T H O D S 

Naturally there are many factors that influence the adhesive bonding process and performance. 
In this chapter the focus is on the material and analysis methods, but there are other factors, 
however important, that w i l l not be treated in this chapter, such as process control, 
environmental testing properties and fatigue properties. 

2.1 Adherend materials 

This thesis focuses upon structural adhesive bonding o f two metals; stainless steel and 
aluminium. They normally differ in mechanical properties but both are used in applications 
wi th adhesive bonding as a primary joining method. Both aluminium and stainless steel are 
used in applications where good durability properties are requested, so it is important that 

bonds made wi th these materials also are durable. Both materials have stable surface oxides that 
spontaneously reforms i f the surface is damaged. 

2.1.1 Stainless steels 

In the beginning o f the last cenmry i t was discovered that an addition o f 13 % or more 
chromium to iron made the alloy more corrosion resistant. The addition o f nickel could 
further improve corrosion resistance and improve other properties such as formability. Stainless 
steel is today a natural choice in applications exposed to harsh environments and chemically 
demanding applications. The "stainlessness" comes from a protective layer o f oxides on the 
metal surface. The chromium in the bulk material forms a complex hydroxide/oxide in the 
presence o f 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 composition is 
chromium hydroxide/oxide [26]. I f the passive layer is damaged, the layer spontaneously 
reforms in air and most aerated aqueous solutions. The passivated layer is very thin (2-10 Å), 
dense and has a relatively good adhesion to the bulk alloy [26]. 

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 

economical factor. Stainless steel has therefore seen an increased use in the transport industry, 
building industry and household appliances. In all o f these new markets, there is a need for 
new joining methods that can be functional and structural. 

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 i n volume, and the fastest growing group is the duplex stainless steels. Each 
group is described more in detail below. Table 2-1 shows typical compositions for the major 
groups o f stainless steels. 
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' compositions of stainless steely 

Stainless steel type C, wt% Cr, wt% N i , wt% M o , wt% Other common Stainless steel type 
alloying elements 

Austenitic <0,3 8-25 0-6 T i , M n 

Ferri tic <0,3 12-19, 24-28 0-5 <5 

0 0 

Duplex <0,3 18-27 4-7 1-4 

Martensitic >0,10 11-14 0-1 0 

>0,17 16-18 0-2 0-2 

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 y-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 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, and a martensitic stmcture 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 o f stainless steels. They have a ferritic 
microstructure, w i th a B C C crystal structure. They are magnetic and have a transition 
temperature where fracture goes f rom 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 that is a mixture o f the austenitic and the 
ferritic stainless steels. The resulting properties are a combination o f both structures, and they 
are magnetic. They are the fastest growing group of stainless steels, due to economical factors 
together wi th the mechanical properties. Nickel is usually the most expensive (depending on 
wor ld prices) alloying element in stainless steel, and, as duplex steels have 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 o f the martensitic crystal structures that can be found in stainless steel, 

namely bcc martensite; Ot', and hep martensite, £. The martensitic transformation can be both 
thermally and mechanically induced, and is not yet fully understood [27]. The hep martensite 
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is not magnetic and cannot be detected by means o f magnetic investigation, X-ray techniques 
are required. Martensitic stainless steels are used as knife-materials, in applications where a 
high wear resistance is demanded, and in press plates. 

The stainless steel materials used i n this investigation was primarily an austenitic stainless steel 
AISI 304 (papers I , I I , I I I , I V and VI ) , and secondary a duplex (EN 1.4462), a ferritic (EN 
1.4512) and a martensitic grade, AISI 420 (all used in paper V I ) . 

2.1.2 Aluminiurn 

Aluminium is produced f rom the mineral bauxite, a very energy consuming process. Recycling 
o f aluminium is therefore interesting, and is now carried out on a commercial scale. 
Aluminium and its alloys are characterised by their low density (2, 7 g/cm 3) and therefore used 
in many applications where low weight is o f importance, such as the transport industry. The 
good surface properties also make aluminium alloys interesting for a wide range of products, 
such as panels, cars and aeroplanes. 

Aluminium generally shows good formability and the FCC structure makes it ductile even at 

low temperatures. One disadvantage o f aluminium is its low melting point, 660 °C for pure 
aluminium. The aluminium itself does not exhibit very good strength properties, but by 
alloying i t wi th suitable elements, the strength can be dramatically increased. Aluminium alloys 
are generally divided into solid-solution strengthened or precipitation hardening alloys. 
Precipitation hardening alloys are more sensitive to heat effects, and adhesive bonding is 
therefore a suitable jo in ing method. 

The aluminium materials that were used in this investigation was an almost pure grade of 
aluminium, grade A1050, for peel arms and an aluminium alloy, BS 5083 for rigid peel 
substrates for peel tests described in paper V . For composition, see table 2-2. 

Table 2-2. Composition for aluminium matenals 1050 and 5083. 

Material A l , Cr, Cu, Fe, M g , M n , Si, T i , Zn , V , 
w t % wt% wt% wt% wt% wt% wt% wt% wt% wt% 

1050 >99,5 - max. max. max. max. max. max. max. max. 
0,05 0,4 0,05 0,05 0,25 0,03 0,05 0,05 

5083 94,8 0,05- max. max. 4-4,9 0,4-1 max. max. max. -
0,25 0,1 0,4 0,4 0,15 0,25 

2.2 Adhesive materials 

Adhesives can be classified in several ways, the major groups being structural and non
structural adhesives. Functional adhesives can be structural but are mainly non-structural. The 
structural adhesives can grouped further into subgroups, depending on cure mechanisms, 
chemical composition or area o f use. A common classification is chemical composition, where 
the chemical type governs many of the adhesives properties. These properties can however be 
modified in many ways, and still belong to the same chemical group. 
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In table 2-3 below, the most common chemical adhesive families are summarised. The 
summary is based on [28]. 

Table 2-3. Description and features qf stmctural adhesive families. 
ADHESIVE EPOXIES POLYURE- MODIFIED CYANO ANAERO HOT 
TYPE THANES ACRYLICS ACRYLATES BICS MELTS 

Advantages High shear Good gap Good peel and One component Good No volume 
strength filling shear strengths High tensile solvent changes 

Moderate Tough No mixing strength resistance No solvents, 
peel strength 

Excellent low 
required 

Long pot life 
No mixing 100 % solid 

Wide range 
of 
formulations 
and types 

temperature 
properties 

Will bond 
dirty surfaces Good adhesion 

to metal 

Non-toxic 

Indefinite 

Good gap 
filling 

Wide range 
of 
formulations 
and types Varying cure 

cycles 
pot life 

Limitations Exact Moisture Toxic High cost Limited gap Elevated 
properties 
needed for 
optimum 
performance 

sensitive 

Short pot life 

Toxic when 
heated 

Flammable 

Limited open 
time 

Bonds skin 

Limited solvent 
resistance 

cure 

Will not 
cure in air as 
wet fillet 

application 
temperature 

Limited usage 
temperature 

Short potlife 

sensitive 

Short pot life 

Toxic when 
heated 

Poor gap filling Not 
One 
component 
types need 

recommend 
ed for 
permeable 

Poor creep 
resistance 

elevated surfaces 
curing 
temperatures 

Low 
strength 

Best feature Varieties Gap filling No mixing Strength No mixing No solvents 

Worst Short pot life Toxic Toxic Bonds skin Cure cycle Low heat 
feature resistance 

Cure Chemical Chemical Chemical, free Anionic Free radical Solidifying 
mechanism reaction reaction radical 

addition 
polymerisation polymerisati 

on in 
absence of 
oxygen 

There are a vast number o f adhesive formulations, all o f which cannot be covered i n this 
simple table, but the major groups are represented. Epoxies are probably the most common 

adhesives for stmctural purposes, mainly due to their flexibility i n formulation, and hence in 
curing. Epoxies in general also have very good strength properties. Epoxies used in the 
automobile industry are generally catered to be compatible wi th other processes; an example is 
where the adhesive cure temperature cycle is matched to the curing cycle o f the paint on the 
car, so that both curing cycles can be done at the same time. 
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2.2.1 Epoxies 

The most common adhesive for structural purposes is epoxies o f varying types. One o f the big 
advantages wi th epoxies is that they can be varied in curing time, curing temperature, colour, 
viscosity and mechamcal properties. This makes them versatile and they can be catered towards 
almost any specification. They can readily be toughened and have a large variation in both 
strength and modulus properties. Epoxies are found in both one and two-component 
formulations, where the one-component formulations are cured at elevated temperatures. 
Epoxies can be used to bond almost any material. Epoxies are generally used as liquids or pastes 
but can also be in tape, films or foam-form. Epoxies are often used wi th primers. Primers are 
generally matched to the primed surface and can be silane primers and epoxy and other 
primers. 

Epoxies are found in the automotive industry, where i t is used to bond a variety of structures, 
both subcomponents and larger components like doors and hoods. The aerospace industry also 
utilises epoxies in a number o f applications, e.g. aircraft body parts in aluminium, composites 
inside the aircraft and even in engine parts. Epoxies have a maximum usage temperature o f ca 

200 °C. 

Epoxies are also the most common adhesives for "Do It Yourself ' applications and are found 
everywhere. They are cost-effective, although wasted quantities can be large due to the 
chemical cure process, once the adhesive is mixed i t starts to cure. 

Epoxies are generally considered to be strong but brittle, however toughening modifications 
have increased the flexibility o f many epoxies and they can now have a considerable strain to 
fracture. 

2.2.2 Other structural adhesives 

Naturally, other adhesives than epoxies are used for structural bonding. The main chemical 
families mentioned above are the most commonly used adhesives; here three o f them are 
described in more detail. Hot melts and polyurethanes are not described here, hot melts are not 
often used for bonding o f metals, and is therefore not a competitor to epoxies, polyurethanes 
have excellent mechanical properties but their use is (in some countries) restricted by health 
regulations. 

Anaerobics: 

Anaerobics cure in the presence o f an active surface and the absence of oxygen. They can be 

catered towards specific apphcations, e.g. threadlocking adhesives, structural adhesives and U V -
light-curing adhesives. In structural applications i t is often used for small rigid components 
because the cured adhesive is hard and inflexible [29]. They have a similar industrial market as 
epoxies, and are also sold for D I Y purposes. 

Cyano acrylates: 

Cyano acrylates are one-component formulations that can cure by absorbed moisture, and they 
create strong bonds wi th a variety o f surfaces [30]. They are used in a multitude o f apphcations, 
but not always in structural apphcations. Cyano acrylates can also be found in unusual 
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applications, Hke medicinal adhesives to close surgical wounds, and in the development of 

fingerprints by law enforcement agencies. 

Modified acrylics: 

Modifies acrylics have a curing mechanism that is not dependent on exact mixing properties. 
NormaHy, for two-component systems, one component is applied to one surface and the other 
component to the other surface, and when the surfaces are put in contact, the curing process 
starts. Modif ied acrylics have good mechanical properties and can bond oily and improperly 
cleaned surfaces w i t h good results [31]. 

2.3 Surface treatments 

Surface treatments are a way o f altering surfaces, either in topography, i n chemistry or both. 
Surface treatments before bonding is generally done in order to achieve a surface better suited 
for bonding by being cleaner, and also by increasing the "bondability" by changing the 
physical and chemical structure. I t has been shown that some oxides produces better bonds and 
hence a chemical oxide-altering chemical treatment can affect bond properties. Chemical 
treatments are often used in demanding structural applications; successful procedures have been 
used within the aircraft industry for a long time. 

The simplest surface treatment is a degreasing wipe or rinse, where contaminants that are very 
loosely bound to the surface are rinsed o f the surface. 

2.3.1 Mechanical treatments 

Mechanical treatments are often abrasive, such as abrading w i t h an abrasive material, i.e. a 
Scotch-Brite pad or grit paper. Blasting treatments are also abrasive by means o f a media that is 
directed at the surface wi th a high velocity and both deform and abrade the surface. Blasting 
can be done in several ways; common blasting medias are sand, metal and glass. Novel blasting 
medias are water and liquid nitrogen [32, 33] that acts as other blasting medias but w i th less 
contamination o f the surface. Mechanical treatments can be easier to implement than chemical 
treatments and have a relatively small cost. Mechanical treatments can be automated and hence 
a better process control can be achieved. 

When using a mechanical pre-treatment such as blasting, it is important to control the blasting 
process as weU as the adhesive process, it has been shown that even smaU impurities in the 
blasting process can have large effects on the adhesion properties [9, 34]. 

2.3.2 Chemical treatments 

Chemical treatments come in many forms and are more often than not performed in several 
steps. I t is not uncommon wi th six or more steps for pre-treatments wi th in the aircraft industry 
[35]. Depending on the metal surface to be treated, chemicals and processes vary. Aluminium 
and titanium are often pre-treated wi th chemical processes. One o f the most common 
chemical treatments for aluminium is the chromic acid etch, or the FLP method [36], where 
the metal surfaces are etched, and this results in a completely different morphology of the 
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aluminium oxide. The metal is lowered into the warm acid bath (68 °C) for at least 30 
minutes, rinsed wi th distilled water, dried and bonded. The oxide produced is porous, and 
shows good bonding results. There are many other chemical treatments, but generally they are 
some form of etching solutions used at elevated temperatures. 

2.3.3 Hybrid treatments 

There are some pre-treatments that are difficult to group into mechanical or chemical 
treatments. One new novel technique is laser cleaning o f metal surfaces. Dir t and debris is 
removed by vaporisation as a short intense laser pulse is aimed at the surface. This has been 

shown to give good or very good bonding results [37, 38] and can be used for surfaces that are 
nor suitable for cleaning wi th other methods. Cryoblasting [33] is another novel technique for 
surface cleaning, and has the advantage o f not heating the surface to be cleaned. Both 
techniques are still expensive and may be difficult to implement at an industrial scale. 

2.4 Surface characterisation 

Since adhesion is a surface phenomenon, the surface properties o f the adherends are crucial. It 
is therefore o f interest to characterise the surface in order to be able to achieve the best possible 
bond. A surface has both physical / dimensional properties and chemical properties. I t is 
difficult to assess these distinctly different characteristics with the same methods, so both 
physical and chemical investigations may become necessary. 

2.4.1 Topography 

N o surface is completely flat, not even on an atomic scale. There are always variations in 
height across the two-dimensional structure. The surface w i l l have peaks and valleys in an 
ordered or random way, and on a micro- or macro-scale. The simplest way of characterising 
the topography of a surface is simply to view it , and characterise it as smooth, flat, wavy, 
rough, raw or other words that come to mind. A more in-dept look can be done wi th a 
microscope, and smaller details can be studied, but i t is still a subjective characterisation, which 
is hard to quantify. Metal surfaces are often characterised wi th instruments o f stylus type, where 
a diamond tip travels across the surface wi th a constant speed and its vertical movements are 
registered. This gives a representation o f the variation in height along that line. The 
measurement can be repeated to give a 3-D image o f the surface. There are also instruments 
that optically measure the surface topography o f a surface by scanning lines and combining 
them. The most common types o f stylus instruments are profilometers. A whole nomenclature 
exists to represent the surface roughness parameters that can be measured w i t h these tools. 
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Figure 2-1 above shows a typical profile f r om a metal surface measured wi th a profilometers, in 

this case a Perthometer. Parameters used in profilometry are shown in figure 2-2. 

Figure 2-2. Parameters for profilometry, Ra is the arithmetic mean deviation of the surface profile, Ry is 

the maximum peak-to-valley height, Z , is the maximum peak-to-valley height within the measuring 

length, lj. 

Another stylus instrument is the atomic force microscope, A F M . I t is not common, but can be 

available at universities and research institutes. It works on the same principle as profilometers, 

but on a smaller scale, the distances measured can be smaller than a micron. It is generally used 

to acquire 3-D images, i.e. the scan is repeated unti l an image is formed. Figure 2-3 is a typical 

AFM-scan over a metal surface. 

MM 

Figure 2-3. AFM-scan of a metal surface. This particular scan shows a stainless steel surface abraded with 

Scotch-Brite pads. 

Topography can be measured by other, more complicated means; many scanning electron 

microscopes come w i t h software that can interpret the optical information into topographical 

information. 

2.4.2 Chemistry 

Surface chemistry can be evaluated wi th different instrument techniques like varieties of SEM, 
Auger spectroscopy and other spectroscopic instruments. Normally, these techniques are more 
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expensive than topographical techniques, and the instruments not as common. Some o f these 

techniques crave a minimum thickness o f the area to be analysed. This can sometimes cause 
problems when analysing stainless steel since the surface oxide is very thin. 

Surface chemistry can also be evaluated wi th contact angle measurements, as described in 
chapter one. This technique also gives an indication o f surface roughness, since the wetting of 
a f luid on a surface is also dependent on the topography of the surface. 

2.5 Fractal analysis 

The concept o f fractal nature and fractal geometry was brought to the larger public by 
Mandelbrot i n 1982 wi th his book "The Fractal Geometry o f Nature", although the subject 
had been known before. "Monster" curves, not obeying Euclidian geometry had been 
investigated and researched earlier, but were thought not to have any natural occurrence or 

use. Since then it has been shown that a multitude o f lines, surfaces and geometries can be 
characterised as having a fractal behaviour and that we can create fractal objects in one, two 
and three dimensions. Fractal characterisation has now become an important tool i n many 

research areas, ranging f rom metal surface analysis to stock market fluctuations. Fractal 
characterisation operates over many dimensions, the trademark o f fractal behaviour. Many 
fractal object exhibit the same structure on a macro-scale as well as on a micro-scale, but this 
does not necessary define a fractal object. The use o f fractals have given the opportunity to be 

able to construct very complex surfaces and objects wi th simple equations, and also the other 
way around, to characterise complex objects wi th simple equations and numbers. Surfaces and 
profiles can be very complex to describe, and the use o f fractal characterisation has broadened 
the field o f surface analysis. 

The concept o f fractals is not always easy to understand, but Mandelbrots less strict definition 
of fractal; " A fractal is a shape made o f parts similar to the whole in some way" loosely 
describes one feature o f fractals. We find this behaviour in the leaves o f ferns, where the small 
details in the leaf looks hke the fem itself. Another example is the generated Koch-curve, 
where the structure repeats itself, see figure 2-4 where a few iterations of the Koch-curve are 
shown. 

Figure 2-4. The fractal Koch-curve, generated with fractal algorithms, showed in first, second, third, and 
sixth iteration. 
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A Euclidian flat surface has the fractal dimension 2, where as a fractal surface has a fractal 
dimension higher than 2 and less than 3. Most real surfaces are not flat, on any scale; even on 
an atomic scale the surface is "bumpy", as can be seen wi th modern tunnelling microscopes. 

There are many algorithms available for calculating the fractal dimension o f topographical data, 
collected wi th profilometers, scanning probes and other topographical instruments. These 
topographical methods all have limitations; they cannot reveal overhangs, and thus gives a 
skewed image of the real surface or profile. The data is also self-affine, i.e. i t does not scale the 
same laterally as vertically. The Minkowski plot, the root-mean-square (rms) method, the 
Hurst method, box counting, and Fourier transform methods are among the most popular 
algorithms for profiles, and can also be used for surfaces, since a surface can be seen as built up 
of profiles. There are specific surface algorithms, the area perimeter method and the Korsak 
plot can be used. The relationship between the fractal dimension for a profile and its surface is 

D Sur&ce =F> p r oa e

+l f ° r a statistically isotropic surface [39]. Calculated fractal values can differ 
between different algorithms and test samples. Some methods are more accurate in calculating 
the value o f real surfaces, and it has been shown that the highest precision is achieved for lower 
fractal dimensions, i.e. l < D p r o f i l e < l , 3 . The nature o f the topographical data can sometimes limit 
the choice o f fractal algorithm, and some algorithms are better suited to evaluate certain data. 
The work in this thesis has been carried out using five different algorithms, namely; 

• The Fast Fourier Transform (FFT) method 
• The root-mean-square (rms) method 

• The Hurst method 
• The texture method 
• The Richardson plot method 

The methods are described in more detail i n the next section, and some examples o f surfaces 

analysed w i t h the different algorithms are shown. The appended papers I I I and I V deal w i th 

fractal analysis of surfaces. 

2.5.1 Fractal algorithms 

The FFT method: 

The FFT method is quick and effective and has the added advantage o f revealing underlying 
waviness, regular patterns and noise. This noise can sometimes be removed. The fractal 
dimension, D , can be evaluated f rom plotting the power spectra i n equation (II-1) 

P(co) = Bco-ß ( I H ) 

in a log-log-plot. The fractal dimension, D , is calculated f rom equation (II-2) 

(II-2) 

where ß is the slope in the plot, (O is the frequency and B is a constant related to the magnitude 

of the fractal profile [40, 41]. The intercept in the log-log-plot, log(B), provides more 
information about the magnitude o f the sample surface. Two surfaces can have the same fractal 
dimension, D , but different intercepts, but still exhibit large differences in topography, and 
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should be characterised differently. It is therefore important that the fractal dimension, D , and 
the intercept are given when presenting fractal characteristics f rom the FFT method. 

The rms method: 

The rms or rms/variance method is practical, since i t combines traditional roughness 
measurements wi th powerful fractal analysis, and also emphasize that rms values are scale 
dependant and can only be used as qualitative measurements. The fractal dimension, D , is 
obtained f rom a log-log-plot o f the rms values versus the perimeter length values. The profiles 

and surfaces were divided into equal-sized lengths or boxes, and the variance, cr2, was 
calculated according to equation (II-3): 

(II-3) 

where B 2 is the number o f data points in one length or box, z; is the height in each point, z is 

the average height for a length or box, and < . . . > denotes an average over all non-overlapping 

lengths or boxes over the whole profile. The variance and the parameters used to define the 

power spectra for the fractal profile or surface, B and ß, are correlated as in equation (II-4): 

2 BL 
a = 

•(P+i) 

- 0 3 + 1 ) (II-4) 

In figure 2-5, a schematic log-log-plot is shown, visualising the power spectra, 

log rms 

• • • 

i i i — r 

h h h 

1 > l o g l 

L 

Figure 2-5. rms power spectra. 

The fractal dimension, D , then correlates to the slope, ß , as in equation (II-5) 

D = 2 - ß ( I I -5 ) 
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I t is only the slope, ß , that gives information about the fractal characteristics, and that part of 
the curve can sometimes be as little as 10 % of the total length. 

The Hurst method: 

The Hurst (or the R/S) method is a simple algorithm to apply on self-affme data. It was 

originally developed for time-based data by Hurst [40]. The algorithm finds the greatest 

difference, R, in a "window", T, and the difference is plotted in a log-log-plot against a 

function o f "window" width, according to equation (II-6) 

R ( r h : : x ( t , r y - x ( t , T ) ( I I . 6 ) 

where X(t , t) is the data set. Dividing R(x) w i th the standard deviation S(t) gives a 

dimensionless number that can be used to compare data sets. 

The fractal dimension, D , is given by equation (II-7) 

D = 2 - H (II-7) 

where H is the slope in the log-log-plot. The Hurst method can also be used to calculate the 

so-called roughness factor, expressed as equation (II—8) 

(I \°~2 

j (II-8) 

V* J 

where L is the upper cut-off length o f the plot, 1 the lower cut-off length, and D is the fractal 

dimension. 

The texture method: 

Fractal analysis is mosdy performed on elevation data, but can be applied to techniques wi th 
scattered light, such as optical microscopy and scanning electron microscopy because the 
scattering o f light from a surface is fractal itself. Surface image textures can thus be compared 
qualitatively, relating brightness and spatial organisation. I n this case, the brightness difference 
for a given distance is plotted against pixel distance in a log-log-plot [42]. The slope o f the 
curve is then a measure o f surface texture and does not directly relate to fractal dimension, 
however, i f the images are captured under the same light and viewing conditions, the method 
can be used to rank them. 

The Richardson plot: 

The texture method works for scattered light images of surfaces. Another way is to view the 

profile o f a surface, as captured by SEM or optical microscopy i f the resolution permits. 
Examples o f such SEM images of profiles are shown in figure 2-6 below. 
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Figure 2-6. Surface profiles as viewed with an SEM. Left hand figure is a grit blasted and right hand 

figure is a water blasted stainless steel surface. 

When the surface profile is shown this way, overhangs can be revealed. The profile imag, 

then digitised and put together into one long profile o f the whole surface length, L, an, 

then be measured wi th different sticks, £. Such a digitalised image is shown in figure 2-7. 

Figure 2-7. Digitalised image of a profile as viewed by SEM. 

33 



I f the length is plotted against £ in a log-log-plot (or Richardson plot) the fractal dimension, D , 

can be calculated f r o m equation (II-9) 

L(e)=F-e(l-D) (II-9) 

where L is the total length and F is a constant related to the magnimde. The fractal dimension 
calculated this way is sometimes called the Hausdorff-Besicovitch dimension. 

N o t all algorithms are suitable for all topographical or scattered light data. 

2.6 Summary-

I t is clear that the factors affecting an adhesive bonds quahty are many and sometimes difficult 

to assess. Bonding is a complex process, depending on many variables that i n turn are 

depending on many other variables. The loading and environmental impacts on bonds can also 

be very complex and difficult to describe or replicate. I t is therefore important to document 

the adhesive bonding process, and try to minimise variations by effective process control. 

Adhesive bonds are also difficult to inspect by non-destructive inspection, yet another reason 

for rigid process control. 

The most important factor for a successful bonding operation is cleanliness. I f a clean surface is 
not achieved, other measures w i l l have litde impact and the bond quality w i l l be at worst poor 
and at best unpredictable. 

Below in figure 2-8 is an attempt to summarise factors that affects the strength of an adhesive 
bond, both before and during testing. 

jo in t 
strength 

iKiKH Surface i 1 fet method 

Figure 2-8. Ishikawa diagram of the factors affecting an adhesive bond. 
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3 R E S U L T S 

The preparation o f surfaces and bonds, and their subsequent testing and analysis results are 
described in this chapter. Specific details may be found in the appended papers. The materials 
used have been primarily austenitic stainless steels, except for paper V where aluminium 
adherends were used, and paper V I where several groups of stainless steel were used. Material 
properties are described in chapter 2. 

3.1 Surface pre-treatments 

Several mechanical pre-treatments were used for stainless steels adherends in this study. The 
interesting advantages o f laser surface cleaning resulted in using that method for some samples. 

Following treatments were used: 
• Degreasing 

• Scotch-Brite abrasion 
• Steel brush abrasion 
• Grit blasting 
• Glass bead blasting 
• Water blasting 
• Laser cleaning 

The cleaning procedures are described in more detail in table 3-1 and 3-2. 

Pre-treatment method Typical process/result 

Degreasing 

Scotch-Brite abrasion 

Steel brush abrasion 

Grit blasting 

Glass bead blasting 

Manual wiping, 
methanol, water-break 
test 

Manual abrasion, 
random pattern 

Manual process, random 
pattern 

Semi-manual process, 
blast angle and distance 
kept constant 
Semi-manual process, 
blast angle and distance 
kept constant 

Notable data Resulting Ra, jam 

Lint-free cloth, 
water-break test 0,4- 0, 7 
Contact angle 
measurements 
New pads for each 
surface to avoid 0,2-0,3 
contamination, 
abrasion time kept 
constant 
Brush cleaned 
between 0,4 
specimens, abrasion 
time kept constant 
Blast pressure and 3,15 
blast media kept 
constant 
Blast pressure and 
blast media kept 1,6-1,8 
constant 

35 



Water blasting Fully automated N o abrasive media 

process, organised used. Al l surfaces 10,1 

blasting pattern, blast treated at the same 
angle kept constant time. 

Laser cleaning N d : Y A G laser, more Semi-manual 
details in table 3-2. process, laser 

parameters kept 
constant 

0,3 

The laser cleaning was carried out using an N d : Y A G laser in a pulsed mode. Laser parameters 
are found in table 3-2. The N d : Y A G laser was a Paragon X L Medical Laser System wi th 
mirror optics and a pulse repetition rate up to 10 Hz. 

Table 3-2. Laser parameters used for cleaning of stainless steel. 

Parameter Value 
Wavelength 1064 nm 
Spot diameter 5 m m 

Frequency 10 Hz 

Pulse energy 0,5 J/pulse 
Pulse length -10 ns 
Energy density 2, 55J /cm 2 

Power density 255 M W / c m 2 

Top effect 50 M W 

The pre-treated surfaces were then bonded. Reference surfaces were characterised using 
microscopy, profilometry, contact angle measurements and fractal methods. 

3.2 Adhesive bonding 

A l l bonding carried out in this work used epoxy adhesives. Three different adhesives were 
used, two 2-component, room temperature curing epoxies and one one-component, heat-
curing epoxy. Bondline thickness was 0,4 mm for all bonds produced, and was controlled wi th 
a wire wi th in the adhesive. After bonding, grinding and fi l ing removed excessive adhesive, and 
the bondline thickness was controlled using microscopy. Table 3-3 presents the mechanical 
properties o f the adhesives. 

Table 3-3. Mechanical properties of adhesives used. 

Adhesive Specimen 

conf igura t ion 

.Elastic 

Modulus . GPa 

Colour T y p e and cure 

Araldite 2015 
(Ciba) 

Single overlap 2,0 Beige 2-component 
R o o m 
temperature 

DP 490 (3M) Single overlap 
Wedge 

1,3 Black 2-component 

R o o m 
temperature 

ESP 110 
(Permabond) 

Peel 4 Grey 1-component 

Heat curing, 150 
C, 45 minutes 
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Curing was done according to adhesive manufacturers recommendations. For the heat-cunng 
epoxies, the temperature cycle was monitored w i t h thermocouples within the adhesive to 
ensure that the correct temperature was reached. For the room-temperature curing adhesives, 

at least one additional day was allowed before mechanical testing. 

Single overlap adherends were of dimension 160x40 and 205x40 m m wi th a varying thickness, 

1,25-4 mm. Wedge specimens were 205x40x4 m m for all tests. Rig id peel base specimens 

were 180x20x10 m m and the peel arms were 280x20x0,5 mm. 

3.3 Surface pre-treatments; strength and durability results 

The surface pre-treatments were performed in two major series. The first series compared six 

different pre-treatments w i th single overlap strength and the surface parameter R a . The 

adhesive employed was Araldite 2015. The results are given in figure 3-1 . 
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Figure 3-1. Fracture loads for single overlap specimens pre-treated with different mechanical methods. 

Adhesive Araldite 2015. Adherend thickness 4 mm. Each column is an average of 5 specimens. 

I t can be seen that a mechamcal pre-treatment increases the bond strength compared to a 
degreased-only surface. The differences between pre-treatment methods are small, but the 
interspecimen variation is smallest for the grit and glass bead blasted adherends. 
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The surface roughness parameter, R a , was measured for all surfaces, but no direct correlation to 

jo int strength could be found. The fracture surfaces were similar for all treatments, a 
combination o f interfacial and cohesive fracture. The fracture surface for the degreased-only 
surface showed more interfacial fracture. 

The second surface pre-treatment series consisted o f four different adherend surfaces; one 
degreased-only, two mechanically treated surfaces and one laser cleaned surface. T w o adhesives 
were used in this series. Single overlap and durability wedge tests were carried out. The results 
are given in figure 3-2, 3-3 and 3-4. 

0 — — s m b b _ mmm — t 
Degreased Scotch-Brite Glass bead blasted Laser cleaned 

Surface treatments 

Figure 3-2. Fracture loads for single overlap specimens pre-treated with mechanical and laser cleaning 
methods. Adhesive Araldite 2015 and DP 490. Adherend thickness 4 mm. Each column is an average 
qf 4 specimens. 

I t can be seen that the fracture load for the degreased-only surface wi th the adhesive Araldite 
2015 is much higher than the previous investigation. This is attributed to better bonding 
routines. The other pre-treatments result i n fracture loads comparable to the first investigation. 
The adhesive DP 490 is clearly stronger but w i th a slightly higher variation. The fracture 
surfaces w i th Araldite 2015 showed both interfacial and cohesive fracture, whereas the 
adherends w i t h DP 490 showed almost only cohesive fracture. 

Durability wedge tests are generally considered to be better in discriminating between surface 
treatments than single overlap joints. The wedge tests were carried out using adhesives Araldite 
2015 and DP 490, in three different environments. Those were: 

• Ambient air, temperature 20-22 C, R H 50-60 % 

• Controlled humidity chamber, R H 85%, controlled wi th a saturated salt solution 
• Wet immersion testing 
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Crack length was monitored for a month, and the type o f fracture was assessed both during 

testing and after forcibly breaking open the specimens. The results are presented in figure 3-3 

and 3-4. 
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Figure 3-3. Wedge test results for adhesive Araldite 2015. 
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Figure 3-4. Wedge test results for adhesive DP 490. 

It can be seen that the degreased-only surface performed poorly for both adhesives and the two 
moist environments. The mechanically and laser cleaned surfaces performed better, but the 
mechanically abraded surfaces performed best in all environments and for both adhesives. Table 

3-4 gives durability data and fracture type. 

Table 3-4. Durability data for both adhesives and all pre-•treatments. 

Surface treatment Araldite 2015 dry/ humid/wet DP 490 dry/humid/wet 

Degreased 38.0 / 26.2 / fractured 2.9 / 17.1 / fractured 

coh, mix, interf coh, mix, interf 

Scotch-Brite 20.9 / 17.2 / 64.2 1.1 /0.2 / 80.2 

all cohesive all cohesive 

Glass bead blasted 29.1 / 24.9 / 74.5 2.9 / 1.1 / 36.0 

all cohesive all cohesive 
Laser cleaned 17.9 / 24.3 / 51.4 0.9 / 0.3 /68.2 

coh, coh, interf coh, coh, interf 

Clearly, the mechanically treated surfaces give the best strength and durability properties for 

different environments. 

DP 490 
100 
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3.4 Surface characterisation methods and results 

The pre-treatment investigations showed that there was no direct relationship between the 

surface roughness parameter, R a , and resulting bond strength. Therefore other surface 

characterisation methods were employed. Fractal characterisation was used, as was contact 

angle measurements. I n order to be able to collect data for fractal analysis, several surface data 

collection methods were used, i.e. microscopy methods (optical, SEM, A F M ) and 

profilometry. 

Fractal analysis: 

A summary of what algorithms was used for which data type are summarised in table 3-5. 

Data collecting method Fractal algorithm 
Profilometry FFT, rms, Hurst 
A F M FFT, rms 
SEM Texture method, Richardson plot 

«QEHSLill iHSiESPi™ Texture method 

In addition to obtain the fractal dimensions o f the surfaces, the intercepts f rom the Fourier 
method on profiles were used to show the connection between the magnimde o f the surface 
and the traditional roughness parameter, Ra. The Hurst method was used to calculate the so-
called roughness factor, expressed as in equation (II-7). This roughness factor was the related to 
strength and wetting properties, see appended papers I I I and IV. 

3.4.1 Microscopy 

The surfaces investigated in this work were analysed and characterised wi th optical microscopy 
as well as scanning electron microscopy and atomic force microscopy. The microscopy data 
was later used in fractal algorithm calculations, as well as giving an understanding o f the surface 
topography different pre-treatment methods produces. SEM and optical microscopes were also 
used for investigation o f fracture surfaces after mechanical testing. 

Optical microscopy was primarily used for investigation o f surface profiles viewed f rom the 
prepared edge. The coarse topography induced by the mechanical pre-treatments was too 
rough to view in an optical microscope wi th its small depth resolution. The laser pre-treated 
surface was smooth enough to view in optical microscopy, and the deformation o f the surface 
was studied. The laser cleaned surface was believed to be plastically deformed, and optical 
microscopy, using polarised light, confirmed this, see figure 3-5. 
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Figure 3-5. Plastically deformed laser cleaned surface, magnification x600. 

Scanning electron microscopy was used for collecting data for fractal algorithms, as well as 

producing illustrative images of the surfaces. The SEM was used i n secondary electron imaging 

mode for surface analysis and in backscatter imaging mode for fracture surface analysis. In 

figure 3-6 a collection o f all treatments used i n this work are presented. 

- •• 
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a) Degreased b) Steel brush abraded 
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g) Laser cleaned 

Figure 3-6. SEM images, all treatments, same magnification, x800,for all images. 
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The atomic force microscope (AFM) was used to collect data for the fractal calculations The 

A F M investigation was performed at the Department o f Physics, Luleå University o f 
Technology, together wi th the co-author o f paper I I I and I V . In figure 3-7 the A F M scans o f 
four surfaces are shown, see appended paper I I I for scans o f other treatments. 

Figure 3-7. AFM scans of surfaces from second surface treatments series. 
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3.4.2 Profilometry: 

Profilometry was used to sample topography data for subsequent fractal analysis. Profilometry 
investigations were carried out for all adherend surfaces. The results from surface profilometry 

for pre-treatments series 2 are given in figure 3-8. Results f rom series 1 was only utilised as i n 
data for fractal algorithms. 
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c) Glass bead blasted d) Laser cleaned 
Figure 3-8. Surface profilometry results for pre-treatment series 2. 

I t can be seen that the different surface pre-treatments produce very different profiles. 

In series 1 the strength o f the bonded single overlap joints could be related to fractal dimension 
o f the surface, but only for length-scales related to optical microscopy and profilometry, see 
paper I I I . Different fractal algorithms give different fractal dimensions, but still the overall 
relation between fractal dimension and single overlap strength is qualitatively the same, except 
for fractal dimensions based on SEM input data. 

Series 2 utilised the best data collecting methods and algorithms f rom series 1, and was 
combined w i t h a contact angle measurement study. 
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3.4.3 Contact angle measurements: 

The surface chemistry was investigated for series 2 w i th contact angle measurements using an 
automated contact angle instrument, a D A T 100-Fibro system. The measurements were 
carried out in a controlled humidity laboratory w i t h 50 % relative humidity. A typical contact 
angle measurement is described in figure 3-9, where the surface and the drop can be seen. 

Contact angles are a direct measurement o f the wetting properties o f the surface, and hence o f 
the adhesion properties. In this study three different wetting fluids were used for surface 
characterisation, their properties are found in table 3-6. 

|t=0.380 B=2.96 H=1.02 V=4.07 A=69.3 ID=LA0S947 

Figure 3-9. Contact angle measurement. 

Table 3-6. Properties ofjluids used for contact angle measurements [i 6]. 

Fluid YlP Ytd y L (mN/m) 

Water 51 21,8 72,8 

Diiodomethane 0 50,8 50,8 

Ethylene glycol 16,8 30,9 47,7 

The results from the contact angle measurements are presented in figure 3-10, and figure 3-11 
shows the results o f the linear estimation o f surface energy components, calculated as described 
in chapter two. 
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Figure 3-10. Contact angle measurement results. 

Figure 3-11. Linear estimation of surface energy components for the pre-treated surfaces from series 2, see 
equation (1-4). 
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The surface energy plots were used to calculate the surface energy o f the pre-treated surfaces 
for series 2. The dispersive and the polar components of the surface energy were also 
calculated. A l l results are given in table 3-7. 

Table 3-7. Surface energy results, as calculated from surface energy plots based on contact angle 
measurements. 

Surface Ys" YsP Ys 
Degreased 33,17 4,99 38,16 
Scotch-Brite abraded 37,58 9,46 47,04 
Glass bead blasted 33,54 12,95 46,49 
Laser cleaned 31,64 6,13 37,77 

It can be seen that the Scotch-Brite abraded and the glass bead blasted surfaces has the highest 
energies (and contact angles). This corresponds well to the results f rom the durability testing 
where these two surfaces performed better than the other surfaces. 

Correlation between fractal dimension and contact angles: 

Contact angles are a direct measurement o f the wetting properties o f a surface, however, 
contact angle instruments are uncommon, so it was o f interest to l ink contact angle 

measurements to more easily obtained data. Since there is a theoretical relationship between 
contact angles and roughness factor, see chapter one, and the roughness factor can be described 
by fractal characterisation contact angles and fractal parameters can be related. 

The theoretical contact angle for a flat surface for the three wetting fluids used, was determined 
f rom experimental contact angle data, and f rom experimentally determined roughness factors. 
I f there is a relationship, the theoretical angle should be same for all fluids, wi th perhaps the 
exception o f a degreased-only fluid where dirt and debris can influence the experimental 
wetting angles. I n figure 3-12 the theoretical angle is plotted versus different fluids. 
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Figure 3-12. Theoretical contact angle 6, for a flat surface (D = 2), determined from 
experimental contact angle data and experimentally determined roughness factors. 

It can be seen that the theoretical angle is the almost the same for all fluids and surfaces, except 
for the degreased surface. This shows that the contact angles (and wetting properties) are 
related to the fractal dimension based on profilometry data for mechanically pre-treated 
surfaces. Profilometry data, analysed w i t h the Hurst method, can therefore be used to rank 
surfaces wetting and adhesion properties. 

3.5 Strength prediction 

Mechanical testing for strength prediction was done in three specimen configurations; single 

overlap tests, wedge tests and rigid base peel tests. A l l mechanical testing was performed 

according to standard test methods, unless otherwise stated. The single overlap specimens were 

used for an experimental approach to strength prediction, and the wedge and peel tests were 

performed to gain G I c , which can be used as input data for finite element modelling and 

analytical solutions. 

Single overlap specimens: 

The single overlap tests were carried out using stainless steel adherends o f different thicknesses 
and strength, bonded wi th DP 490. The series contained austenitic stainless steel adherends 
( t=l ,25, 2 and 4 mm), duplex (t=2 mm), ferritic (t=2 mm) and a high strength martensitic 
( t=l ,25 mm) adherend. The overlap length and width was in all cases 40 mm. The results are 
presented in figure 3-13. 
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Single overlap tests 

Figure 3-13 Single overlap tests results for stainless steel adherends of varying strength and thickness, 4-

A2B denotes a 4 mm thick austenitic adherend with a 2B (brushed) surface, 2-D2D denotes a 2 mm 

thick duplex adherend with a 2D (semi matt) surface, 2-F2B a ferritic adherend, and 1,25-MBA a 

martensitic adherend with a BA (bright anneal) surface. Each column is an average of 4-8 specimens. 

I t can clearly be seen that the difference i n thickness w i l l have a large influence on bond 
strength as wi l l the adherend material. Single overlap joints w i th higher strength to fracture 
had a more cohesive fracture surface than joints w i t h lower fracture strength. Joints w i th lower 
fracture strength also showed a larger displacement before fracture. I t can be complicated to 
determine the structural stiffness or compliance for a single overlap joint , especially it the 
plastic properties are to be considered. Therefore the experimental compliance was determined 
from the load-displacement values. The results are given in figure 3-14. The adherends were 
divided into three categories; austenitic adherends, 2 m m adherends (austemUc, duplex, 
ferritic) and stiff adherends (4 m m austenitic, 2 m m duplex, 1,25 m m martensitic). I t can be 
seen that the austenitic adherends show different experimental compliances, which can only be 
attributed to different thicknesses. The 2 m m group also shows varying compliances, this time 
it must be contributed to different intrinsic stiffness. The final group, the stiff adherends, all 

show similar experimental compliance, and similar fracture load. 
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Figure 3-14. Experimental compliance curves for stainless steel adherends of varying thickness and 
strength. 

The experimental compliance changes dramatically for some specimens as the test progresses. 

These specimens all failed at lower fracmre loads. I t is clear that both the intrinsic stiffness (G, 
E) and the geometrical stiffness (t) w i l l influence the single overlap strength. Therefore an 
adherend stiffness factor was introduced. The factor incorporates the different variables for this 
test series and is written as equation (III—1): 

E 

The fracture load was plotted against this factor, and a relationship shown, see figure 3-15. 
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Figure 3-15. Fracture load versus adherend stiffness factor. 

This graph may be used to predict a fracture load for specimens wi th the same overlap and 
width , although more tests are needed to determine i f the relationship is linear or polynomial. 

A lower adherend stiffness factor w i l l result in a higher fracmre load, and thus the load might 
be estimated f rom the graph. 

Wedge specimens: 

The wedge specimens can be considered as double cantilever beams w i t h a constant 
displacement. Double cantilever beams are standardised specimens for the calculation o f energy 

release rate G I c (ASTM 3433). The arresting crack is assumed to correspond to the critical 

energy release rate. Calculations were carried out according to equation (1-5), and the resulting 
energy release rate for the adhesive DP 490 was ca 600 J /m 2 , and ca 300 J / m 2 for adhesive 
Araldite 2015. 

Peel tests 

Peel test were done as rigid base peel tests, for three different angles o f the peel arms and 

bonded w i t h a 1-component epoxy, EPS 110. The fracture surfaces were investigated wi th 

scanning electron microscopy to assess failure mode, which was cohesive close to the interface. 

The aluminium adherends were pre-treated w i t h a chemical pre-treatment to ensure the best 

possible bonding, in order to be able to determine the fracture energy o f the adhesive and not 

the interface. The pre-treatment consisted o f a degreasing wipe, and then a chromic acid 

etching at 68 ° C , followed by a rinse i n distilled water. Typical peel test results are presented in 

figure 3-16 and the complete G I c results in table 3-8. 
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Figure 3-16. Typical peel test result for two specimens, note the small variation. 

The peel force versus crosshead displacement was recorded for each test. The analysis was 
performed according to equations (1-6) to (1-9) , and the results are presented in table 3-8. 

Table 3-8. GIc results for EPS 110, peel arm thickness 0,5 mm. 

Peel Load 
Angle (N) G ~ E G * G d b

 G 

J /m 2 J /m 2 J / m 2

 J / m 2 

45 245 3590 3590 2525 1065 

90 110 5500 5500 4270 1230 

135 110 9390 9390 7560 1830 

The fracture energy f rom the peel tests were later compared to a finite element analysis 
(performed by others), see paper V , and the results were somewhat i n disagreement w i th the 
experimental data. The experimental results did however agree wi th other experimental data. 
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4 C O N C L U S I O N S 

The aim o f this thesis, as stated in chapter one, was threefold: 

-To investigate i f mechanical pre-treatments o f surfaces results in acceptable bond quality 
- H o w can the mechanically pre-treated surfaces be characterised 
-Can the strength o f the bonds be predicted 

Metal adherend were pre-treated in two series wi th different mechanical pre-treatment 
methods. The adherends were then bonded wi th epoxy adhesives, and tested in single overlap 
and wedge configurations. I t is shown that the surface energy increases wi th over 20 % wi th 
mechanical pre-treatment methods and the mechanically treated surfaces shows better 
durability when tested in humid and wet conditions. Mechanical pre-treatments give small 
variations in bond strength as compared to degreasing treatments. 

The bond strength o f the mechanically treated surfaces could not be related to the roughness 

parameter, R a . However, fractal characterisation o f the surfaces proved successful, several data 

collecting methods and fractal algorithms were used. I t is shown that the Hurst and FFT 
algorithms perform best for these surfaces. Input data can be obtained by microscopy and 
profilometry methods. The fractal parameters could be used to rank the surfaces, and surfaces 
wi th a higher fractal dimension shows better bond properties, both in strength and durability 
tests. The fractal characteristics as obtained by profilometry proved to be a simple and effective 
way to rank surfaces. The fractal characteristics obtained wi th profilometry and expressed as 
roughness factor corresponds well to wetting properties as measured by contact angle 
measurements. This enables the ranking o f different surface pre-treatments by collecting 
profilometry data and processing them wi th fractal Hurst algorithm. 

Strength predictions were attempted by means o f experimental data and use of fracture 
mechanics. A n adherend stiffness factor was introduced and related to fracture load. The 
critical fracture energies o f two 2-component epoxy adhesives were determined by wedge tests 
loaded in mode I . The critical fracture energy o f a 1-component epoxy adhesive was 
determined by rigid base peel tests. The critical fracture energies can be used to predict failure 
load by means o f finite element analysis. 
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5 A B S T R A C T S A N D S U M M A R Y O F A P P E N D E D P A P E R S 

Paper I : 

Mechanical pre-treatments of stainless steel surfaces for structural adhesive 
bonding -surface effects and durability results 

M . Rang-Groth, Luleå University ofTechnology 

Abstract 
Mechanical pre-treatments of metal surfaces are becoming more important for many applications where there 

is a need to minimise environmental impact and chemical pre-treatments can be difficult to implement from 
a practical and economic point of view. In this study stainless steel surfaces are pre-treated by mechanical 

methods and their wetting and bond characteristics investigated with contact angle measurements, single 

overlap tests and durability wedge tests. Contact angle measurements are done with polar and non-polar 

fluids and the results are used in surface tension calculations. The mechanically treated surfaces have contact 
angles much lower than a degreased-only surface. In single overlap tests initial strength is similar for all 

treatments, but in durability tests the mechanically treated surfaces performs much better in all 

environments. 

Paper I I : 

The effects of Nd:YAG laser pre-treatment on the wetting and bond 
characteristics of stainless steel 

M . Ring-Groth, Luleå University ofTechnology 
I . Sarady, Luleå University ofTechnology 

C. Magnusson, Luleå University ofTechnology, Volvo Car Corporation 

Abstract 

Laser cleaning of metals prior to adhesive bonding is a relatively new and novel technique used in 

demanding applications. In this study, the wetting properties of laser cleaned surfaces were studied, as were 

the strength and durability properties of bonded joints between laser cleaned surfaces. Austenitic stainless 

steel samples were cleaned using a pulsed Nd.YAG-laser and subsequently bonded using two different 

room-temperature curing 2-component epoxies. 
Optical microscopy revealed the formation of twins and deformation bands on the laser cleaned surface. 
Contact angle measurements showed that the polar surface energy component of the surfaces increased by 

more than 20 % following laser cleaning. Single overlap tests showed good strength properties with a 
mixture qf cohesive and adhesive fracture. Durability wedge tests, performed in three different 

environments, showed improved bonding properties compared to surface simply degreased with methanol. 
Crack propagation was almost exclusively cohesive in all environments except for the wet immersion tests. 
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Paper I I I : 

Comparison of Fractal Analyses Methods and Fractal Dimension for Pre-treated 
Stainless Steel Surfaces and the Correlation to Adhesive Joint Strength 

A . Mannelqvist, Dept. o f Physics, Luleå University ofTechnology 
M . R ing Groth, Dept. of Materials and Manufacturing Engineering, Luleå University o f 
Technology 

Abstract 

The fractal dimensions qf six differently mechanically pre-treated stainless steel samples, were investigated 

using five fractal algorithms. The surfaces were analysed by profiler, atomic force microscopy (AFM), 

scanning electron microscopy (SEM) and light microscopy (LM), and thereafter adhesively bonded and 

tested in single overlap joints to test their tensile strength. All samples showed different fractal behaviour, 

depending on microscopic methods and fractal algorithms. Still, the overall relation between fractal 

dimension and tensile strength is qualitatively the same, except for the SEM images. This verifies that 

tensile strength is correlated to fractal dimension, although only, within the length scale of the profiler and 

the light microscope (— 0.5 - 100 fim). The AFM method was excluded in this comparison, since the 

limitation in the z-direction for the AFM scanner made it difficult to scan the rougher parts qf the blasted 

samples. The magnitude of the surfaces is a parameter not often considered in fractal analysis. It is shown 

that the magnitude, for the Fourier method, is correlated to the arithmetic average difference, Ra , but only 

weakly to fractal dimension. Hence traditional parameters such as Ra, tell very little about spatial 

distribution qf the elevation data. 

Paper I V : 

Prediction of adhesive properties by fractal characterisation of topographical 
stainless steel data 

M . R ing Groth, Dept. o f Materials and Manufacturing Engineering, Luleå University o f 

Technology 

A. Mannelqvist, Dept. o f Physics, Luleå University ofTechnology 

Abstract 

Stainless steel surfaces were subjected to four different pre-treatments. The surfaces were then analysed 
using surface profilometry, contact angle measurements and two fractal algorithms. Single overlap and 
durability wedge tests were performed and the results correlated to the contact angles and fractal parameters. 
The traditional roughness parameter, Ra, cannot be correlated to adhesion properties. However, it can be 
seen that a surface with a lower contact angle and higher fractal dimension also demonstrates better adhesion 
properties in mechanical testing. Fractal characterisation qf topographical surface data can therefore be used 
to qualitatively rank surface treatments. 
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Paper V : 

The peel behaviour of adhesive joints 

A.J. Kinloch 1 

H . Hadavinia 1 

B . R . K . Blackman 1  

M . Ring-Groth 2  

J.G. Williams 1 

E.P. Busso1 

l:Department o f Mechanical Engineering, Imperial College of Science, Technology and 

Medicine, London, U K . 

2: Luleå University ofTechnology, Sweden 

Summary: 

Aluminium peel arms were bonded to rigid substrates and tested in three different peel angles, 45, 90 and 

135°. The results were analysed with an analytical approach based on work of Kinloch et al. The fracture 

energy for the adhesive was determined, and it is shown that the energy is not independent of peel angle. If 

the (7max instead is based on TDCB specimen experiments and then put into the peel analysis, good 

agreement with finite element analysis using a cohesive zone model is shown. 

Paper V I : 

A fracture mechanics approach to stainless steel adhesive joints-an experimental 

study 

M . R ing Groth, Luleå University ofTechnology 

Abstract 

The common single overlap joint has a complex stress state, and it can be very complicated to predict failure 
loads for a single overlap configuration. In this paper, the strength properties of stainless steel wedge and 
single overlap specimens are studied and the critical energy release rate for mode Ifor the adhesive calculated 
from experimental data. Several single overlap configurations of different structural stiffness are tested, and 

it can he seen that the structural stiffness has a large influence on the type of fracture. An adherend stiffness 
parameter is introduced, and shows a relationship to fracture load. This can be used to predict failure load 

for other single overlap configurations with the same overlap and the same adhesive. It is also shown that 

fracture load for configurations with very high structural stiffness can be calculated based on adhesive shear 
strength. 
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Mechanical pre-treatment of stainless steel 
surfaces for structural adhesive bonding 

- surface effects and durability results 

M . Ring-Groth 
Div. of Manufacturing Engineering Systems 

Luleå University of Technology 
Sweden 

Abstract 
Mechanical pre-treatments qf metal surfaces are becoming more important for many applications where there 

is a need to minimise environmental impact and chemical pre-treatments can be difficult to implement from 
a practical and economic point qf view. In this study stainless steel surfaces are pre-treated by mechanical 

methods and their wetting and bond characteristics investigated with contact angle measurements, single 

overlap tests and durability wedge tests. Contact angle measurements are done with polar and non-polar 
fluids and the results are used in surface tension calculations. The mechanically treated surfaces have contact 

angles much lower than a degreased-only surface. In single overlap tests initial strength is similar for all 

treatments, but in durability tests the mechanically treated surfaces performs much better in all 
environments. 

Introduction 
Adhesive bonding is being increasingly used as a structural jo in ing method for many materials. 
Although traditionally used for light metals and alloys in aircraft applications, adhesive bonding 
is now being applied to other metals in many applications, such as cars, buses and trains. Since 
stainless steels are becoming more commonly used in these kinds of products. Pre-treatment of 
the surfaces to be bonded is important for structural apphcations where bond strength is 
important, but unfortunately treatments used for aluminium and titanium are not always 
direcdy transferable to stainless steels. 

Stainless steels differ f rom other metals in their surface properties, which produce their 
"stainless" character. This corrosion resistant surface stems f rom a stable surface oxide 

consisting mainly o f C r 2 0 3 [1]. The oxide forms spontaneously in the presence o f oxygen, and 
thus, i f the surface oxide is damaged it reforms rapidly, protecting it f r om corrosion. The oxide 
layer is thin (2-10 nm), dense and well adhered to the underlying bulk metal [1]. For many 
adhesive applications i t is important to alter the surface oxide o f the metal i n order to create an 
oxide suitable for bonding. For stainless steels i t is important to preserve the surface oxide so as 

to keep the corrosion resistant properties o f the material. For adhesive bonding purposes it is 
important that the surface is stable, a condition that is well fulfilled for stainless steels. 

Mechanical pre-treatments o f materials to be bonded are becoming increasingly important 
since chemical pre-treatments are not always possible/feasible because o f their cost or 
environmental impact. Mechanical pre-treatments can also be easier to apply to specific areas 
on large structures, in contrast to chemical treatments where the whole work piece must be 
lowered into treatment baths. I t is important that mechanical pre-treatments result in durable 
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bonds that can maintain their integrity over the lifespan o f the bonded assembly. This is even 

more important for stainless steels, which are often used in applications where a long service 

life is expected. 

I t has been shown [2] that blasting treatments can give durable bonds wi th stainless steels. 
Mechamcal treatments are often regarded as passive, i.e. no active chemical alteration of surface 
takes place [3]. However, mechanical treatments can change the surface chemistry, either by 
reforming the oxide layer or transferring materials from the abrasive media to the surface in the 
form of small particles, which bond to the surface. This can be counterproductive i f the 
intention is simply to remove loose particles, debris and weak boundary layers. Mechanical 
cleaning must therefore be combined wi th a rinsing/degreasing process where such particles 
can be removed. A n important effect that mechanical pre-treatments produces is an alteration 
o f the surface topography. This alteration can be complex and is not easily described. The 
surface roughness parameter, R,, is often quoted, but R , cannot be direcdy related to adhesive 

bond performance [4]. 

This paper shows the effects o f mechanical surface treatment o f stainless steel on the wetting 
properties and adhesive bond characteristics. Contact angle measurements were used for surface 
energy calculations, and the durability results compared to the wetting properties. 

Materials and methods 
A n austenitic stainless steel, AISI 304 (EN 1.4301), was laser cut into coupons wi th dimensions 
205 x 40 m m wi th a thickness o f 4 mm. The substrates were manufactured in two types: 
-wedge test specimens and 
-single overlap specimens 

The first pre-treatment was a simple degreasing wipe w i t h methanol. The second surface 
treatment was a degreasing wipe with methanol, followed by manual abrasion wi th Scotch-
Brite pads followed by a rinse w i th methanol, whilst the third treatment was a degreasing wipe 
wi th methanol, followed by glass bead blasting followed by a rinse w i th methanol. The glass 
bead blasting was done manually wi th a blasting angle o f approximately 45 degrees and a 
blasting distance of approximately 20 cm. The glass beads used were 0,149-0,250 m m in 

diameter. 

Sets o f control surfaces were subjected to contact angle measurements which were made w i t h a 
D A T 1100-Fibro system wi th three different wetting fluids. Table 1 lists the fluids and their 

surface energies. 

Table 1. Fluids used for contact angle measurements. From [5]  

Fluid YL

P Y L

d Y i - ( m N / m ) 
Water 51 21,8 72,8 
Diiodomethane 0 50,8 50,8 

Ethylene glycol 163 47,7 

After treatment the surfaces were bonded using one o f two different adhesives; Araldite 2015 
(Ciba) and DP 490 (3M). Adhesive details are given in table 2. Both adhesives are toughened, 

2-component, room-temperature curing epoxies. 
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Table 2. Adhesive details, as given by the manufacturers. 

Estimated lap shear Time to fu l l strength Young's modulus 
strength, acc. to 
A S T M DI002, MPa 

Araldite 2015 18 7 days 2 GPa 
(Ciba) (on stainless steel) 
DP 490 30 >48 hours 1,3 GPa 
(3M) (on Al-adherends) 

A bondline thickness o f 0.4mm was achieved for both adhesives and both specimen 
configurations using spacers wi th in the adhesive layer.. After bonding, the specimens were 

clamped and left to cure for a minimum of ten days. After curing, excessive adhesive was 
removed by grinding and the bondline thickness checked using microscopy. The wedge 
specimens were fitted wi th small self adhesive scales for accurate measurement o f crack growth. 
Wedge testing, to A S T M 3762, was carried out in three different environments; 
-ambient lab. air, temp. 20-22 C, relative humidity 50-60 % 
-85 % relative humidity chamber controlled by a saturated salt solution 
-wet immersion testing 

Single overlap tests were carried out according to A S T M 1002, except for the overlap length 
and width, which was 40 mm. 

Results and discussion 
Optical microscopy 

It can be seen in figure 1 that the three different surface pre-treatments produce very different 
morphologies. The degreased-only surface clearly shows the as-received structure wi th visible 
grains and a flat surface. The Scotch-Brite abraded surface shows scratches o f varying size from 
the abrasive whilst the glass bead blasted surface is heavily deformed and no signs of the prior 
surface structure can be seen. 

la) Degreased-only surface lb) Scotch-Brite abraded surface 
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Figure i. Pre-treated stainless steel surfaces. 800-x magnification. 

The surfaces were measured using profilometry instruments in order to obtain roughness 

parameters such as R , The results are shown in figure 2. The degreased surface had a l ow R, 

value o f 0.32 Jim, the Scotch-Brite abraded surface had a slightly higher R a value o f 0 35 

whilst the glass bead blasted surface had a much higher value o f 1.5 p.m. 

Degreastd 

0 S00 1000 1500 2000 2500 3000 3500 4000 

Measured length, uin 

2a) Surface profile for a degreased-only surface 
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Scotch Brite 
1 ! ! 

tyr* 

0 500 1000 1500 2000 2500 3000 3500 4000 

Measured length, (un 

2b) Surface profilefor a Scotch-Brite abraded surface. 

Glass bead blasted 

0 500 1000 1500 2000 2500 3000 3500 4000 

Measured length, urn 

2c) Surface profilefor a glass bead blasted surface 

Figure 2. Surface profiles of the pre-treated surfaces obtained with surface profilometry. 

Contact angle measurements 

During the cleaning processes the water break test was used as a quick way to check the 
cleanliness o f the surface. As would be expected, the degreased-only surface showed 
unsatisfactory results. The other surfaces showed better wetting properties. The wetting 
characteristics o f the surfaces were further investigated wi th contact angle measurements using 
both polar and non-polar fluids. The measurements were carried out at room temperature in a 
controlled humidity laboratory (50 % R H ) w i t h a D A T 1100-Fibro system; an automated 
contact angle instrument. Figure 3 shows the results for an average o f five measurements. 
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• Degreased-mean 

E SB-mean 
GB-mean 

80 — 76t8 

Water Diiodomethane Ethylen glycerol 

Fluids 

Figure 3. Contact angle measurement results. 

The degreased-only surface had the highest contact angle regardless o f which fluid was used for 
measurements. The Scotch-Brite abraded surface and the glass bead blasted surface were similar 
in their wetting properties. The Scotch-Brite abraded surface had the lowest contact angle for 
two fluids, diiodomethane and ethylene glycol, whilst the glass bead blasted surface had the 
lowest contact angle for measurements using water. 

The contact angle measurements were then used to assess the surface energies o f the pre-
treated surfaces by means o f surface tension calculations. The classic Young's equation 
describes the forces acting on a liquid drop on a solid surface as: 

y = y + y cosd (I) 
I SV I SL I LV 

where 

y s v is the surface tension of the solid (s) in equilibrium wi th its vapour (v), 

y L V is that of the liquid (1), and 

Y S L is the interfacial tension or interfacial free energy. 

The interfacial free energy is given by [5]: 

Where the indexes d and p denotes dispersive and polar components o f the free energy. 
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Formulae I and I I can be combined to give [6]: 

1 + cosö 

7, 

( p p \ 

d 

V J 
(III) 

This can be used to determine the surface energy o f the sohd. I f the left-hand side o f equation 

(III) is plotted against i^y' y j for several liquids the result should be a straight line w i th an 

y s J and a slope of I y I [7]. The total energy o f the sohd surface w i l l then be 

the sum of the polar and dispersive components. 

In figure 4 the values for the different hquid / surface combinations are plotted and the 
intercept and slope deduced f rom the graph. 

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 

( Y L V ) 1 ' 2 

Figure 4. Surface energy plots. 

Table 3 shows the resultant polar, dispersive and total surface energy values for the three pre-
treated surfaces. 

Table 3. Surface energy values calculated from contact angle measurements. 

Surface Ysd YsP Ys 
Degreased 33,17 4,99 38,16 
Scotch-Brite abraded 37,58 9,46 47,04 
Glass bead blasted 33,54 12,95 46,49 
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The mechanically treated surfaces show an increase in both polar and total energy. The 
increase in total energy is about 23 %, but the increase in polar energy is higher. The total 
energy o f the two mechanically treated surfaces are similar, although the methods are very 
different, resulting in very different morphologies and roughness parameters. 

Mechanical testing: 

Single overlap tests were carried out in order to determine the initial bond strength for the 
different surfaces. The initial bond strength did not differ significantly between surface 
treatments, however the two adhesives gave different strengths. The adhesive DP 490 gave 
bonds wi th higher strength and smaller variation. The stainless steel coupons showed litde 
plastic deformation and the fracture mode was similar for all surfaces; a mixture o f cohesive and 
adhesive fracture. 

• Mean-A2015 
• Mean-DP490 

Single overlap tests 

40 -

Degreased Scotch-Brite Glass bead blasted 

Figure 5. Single overlap test results for both adhesives. 

Durability properties were studied using wedge tests in three different environments. The 
results presented in figure 6 and 7 are the result is the average crack growth for three samples, 
where the crack growth has been measured on both sides. The crack length was measured 
using a stereo-microscope. The stainless steel coupons were quite thick, 4 mm, and no plastic 
deformation o f these could be seen. The initial crack was cohesive for all surface treatments, 
including the degreased surface. Variation between samples was small, except for the wet 
immersion tests where a large variation was observed. The variation between specimen sides 
was small. 

The bonds prepared using coupons wi th a degreased-only surfaces went f rom an initially 

cohesive crack extension to a mixture o f cohesive and interfacial fracture for the ambient air 
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tests and f rom cohesive to completely interfacial for the 85 % relative humidity and wet 

immersion tests. The adhesion must therefore be considered unstable and not resistant to water 
ingress. The two different adhesives did not differ much in crack growth behaviour for the 
humid and wet environments. The adhesive DP 490 performed much better in the ambient air 
tests, wi th a crack extension considerably lower than the Araldite 2015. 

The Scotch-Brite abraded surfaces performed well in the durability tests. The initial crack 
extension was cohesive, and the propagating cracks remained cohesive in all environments 
w i th both adhesives. The Araldite 2015 showed a longer crack extension in all environments, 
except for the wet immersion tests. The DP 490 performed well , w i t h the crack arresting 
almost immediately for the ambient air and 85 % relative humidity environments. The 
adhesion was more stable wi th the Scotch-Brite abraded surfaces than for the degreased-only 
surfaces. 

The performance o f the glass bead blasted surfaces was similar to the Scotch-Brite abraded 
surfaces, wi th initially cohesive cracks that remained cohesive in all environments and wi th 
both adhesives. Crack extension was somewhat higher for the Araldite 2015 when compared 
to the Scotch-Brite abraded surface, and similar for the DP 490, except for the wet immersion 
tests were the performance of the glass bead blasted surface was much better. 

— : — Degreased-dry 
Degreased-85 % RH 
Degreased-wet testing 

- - - • • S-B-dry 

100 

Araldite 2015 
- - - - - - S-B-% 
- - - - S-B-wet 
—•— G-B-dry 
—•— G-B-% 
—•— G-B-wet 

80 

0:00:00 333:20:00 

Time, hours 
666:40:00 

Figure 6. Wedge test results for Araldite 2015 
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3 

DP 490 

- Degreased-dry 
- Degreased-85 % RH 
- Degreased-wet testing 
- SB-dry 
• SB-% 
• SB-wet 
- G-B-dry 

G-B-% 
G-B-wet 

o 
0:00:00 333:20:00 

Time, hours 

Figure 7. Wedge test results for DP 490 

Conclusions 
Stainless steel surfaces were pre-treated using two mechanical treatments w i th a degreased-only 

surface used as a reference. The treatments resulted in very different surface morphologies, 

w i t h large differences in the roughness parameter R a . 

Contact angle measurements showed that the mechanically treated surfaces had much better 
wetting properties than the degreased-only surface. The Scotch-Brite abraded surface and the 
glass bead blasted surface show similar wetting properties. Surface tension calculations showed 
that the total energy o f the treated stainless steel surfaces increased by more than 20 %, and that 
the polar component increased even more. The glass bead blasted surface showed the highest 
increase in polar energy, f rom 5 m N / m for the degreased surface to 13 m N / m . 

The single overlap tests clearly showed that a satisfactory initial bond strength can be achieved 

using mechanical pre-treatments. The resulting fracture was a combination o f adhesive and 
cohesive fracture. The durability tests showed that mechanical pre-treatment w i l l result in 
much better adhesion when compared to a degreased-only surface. Crack growth remains 
cohesive and for one adhesive (DP 490) crack propagation stopped almost immediately i n all 
environments except in wet immersion tests. Clearly, better adhesion is achieved after 

treatment o f the surface. 
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Abstract 
Laser cleaning of metals prior to adhesive bonding is a relatively new and novel technique used in 

demanding applications. In this study, the wetting properties qf laser cleaned surfaces were studied, as were 

the strength and durability properties qf bonded joints between laser cleaned surfaces. Austenitic stainless 

steel samples were cleaned using a pulsed Nd:YAG-laser and subsequently bonded using two different 

room-temperature curing 2-component epoxies. 

Optical microscopy revealed the formation qf twins and deformation bands on the laser cleaned surface. 

Contact angle measurements showed that the polar surface energy component of the surfaces increased by 

more than 20 % following laser cleaning. Single overlap tests showed good strength properties with a 

mixture qf cohesive and adhesive fracture. Durability wedge tests, performed in three different 

environments, showed improved bonding properties compared to surface simply degreased with methanol. 

Crack propagation was almost exclusively cohesive in all environments except for the wet immersion tests. 

Introduction 

Adhesion is a surface process and the quality of an adhesive bond is highly dependent on the 
cleanliness o f the surfaces to be bonded. It is therefore desirable to remove dirt, dust and 
particles f rom metal surfaces before bonding. It can also be desirable to change or modify the 
oxide structure on the metal surface to produce a surface better suited to adhesive bonding. 
Cleaning and surface modification is generally done by the use o f chemical processes. This is 
almost always the case for demanding structural applications, and it is not uncommon to use 
chemical treatments w i th six or more steps prior to adhesive bonding in , for instance, aircraft 

applications [1]. 

W i t h the increasing use o f adhesive bonding in other industries, such as the automobile 
industry, alternative pre-treatment or cleaning methods are o f interest, especially those wi th 
lower environmental impact and costs than chemical methods. These methods include 
mechamcal, for example grit-blasting and other abrasive techniques and thermo-mechanical. 
The latter treatments group include laser cleaning and cryoblasting [2], which are novel and 
interesting methods for surface cleaning. 

Laser surface cleaning has several advantages over more traditional mechanical and chemical 

cleaning methods. These include: 
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• Non-contact cleaning application 

• Depth-sensitive 

• High potential for automation, using x-y-z-tables and robotics 

• Low environmental impact, no solvents or other consumables used 

• Very limited mechanical damage to surface 

Problems include: 

• No t suitable for large objects 

• Large initial costs 

Laser cleaning has been used wi th good results to clean delicate surfaces o f pieces o f art and 
archaeological finds [3, 4]. Laser cleaning has also been reported as a pre-treatment method for 
aluminium and steel prior to adhesive bonding and has generally given good or very good 
results. The most commonly reported types o f laser used for pre-treatment and/or surface 

cleaning are excimer lasers [5], Nd:YAG-lasers [5, 6,] and C0 2-lasers [5, 7, 8]; normally used 

in a pulsed mode. The use o f the pulsed mode ensures a controlled high-energy beam 
sufficient to interact wi th the surface without melting it , or just melting a shallow surface layer. 
The use o f short pulses also minimises conduction o f heat into the metal where it may cause 
unwanted phase transformations or precipitation o f carbides and other phases. 

In laser cleaning or surface treatment, the laser beam is used in an out-of-focus mode wi th the 
focal point well below the surface o f the part being treated, i.e. the beam interacts w i t h the 
surface well before becoming focused. For a given optical set-up, this is achieved by varying 
the working distance between the optics and the surface, changing the spot diameter. This is 
necessary since very high energy densities can cause "break-down" at the point o f focus 
whereby the beam creates a plasma in the air which prevents beam-surface interaction. 

Interaction between the unfocussed laser beam and part surface creates a photo-mechanical 
effect, whereby dirt and particles are removed by vaporisation, and the oxide layer on the 
surface is removed by ablation, see figure 1. Surface oxides are normally transparent to the laser 

beam and, although unfocussed, the energy density o f the laser is such that it w i l l not only 
vaporise particles but also the metal surface, and hence ablate the oxide layer. For most metals, 
the surface oxide layer is re-formed quite rapidly i f the bare metal surface is i n contact wi th 
oxygen. The new oxide layer that is formed w i l l be more regular and have fewer 
contaminating particles, and hence a higher surface energy. 
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Figure 1. Principle for laser cleaning. Not to scale. 

Stainless steels are being increasingly used in engineering applications. The durable nature o f 
the metal itself demand that any jo in ing process used can maintain their properties over the 
working life o f the part. Chemical and mechanical pre-treatments are commonly used prior to 
bonding stainless steels [9, 10]. O n the surface o f an austenitic stainless steels is an oxide layer 

consisting predominantly o f chromium oxide, C r 2 0 3 [11]. This oxide layer is very thin (2-10 
nm), dense and well adhered to the underlying bulk metal [11]. I f the surface has been exposed 

to air, it w i l l generally be contaminated wi th layers o f carbon and hydrocarbons. Whilst 
contaminants can be removed by mechanical methods, these w i l l seldom alter the oxide 
composition; merely abrade the oxide which is quickly re-formed. However, there is some 
evidence that abrasive surface treatment may decrease the corrosion resistance o f stainless steel 
[12]. 

When comparing different cleaning or pre-treatment methods it is important to be able to rank 
the results. This can either be done indirectly, by comparing the properties o f the resulting 
bonds, or direcdy by assessing the cleanliness o f the treated surfaces. Most pre-treatments wi l l 
change both the morphology and chemistry o f the surface. One way to quantify the surface 
properties is to use wetting tests. Here, a liquid is dropped onto the surface and the resulting 
contact angle measured. The wetting test is sensitive to changes in both morphology and 
chemistry, since the wetting angle is a function o f both surface tensions and surface roughness 
[5, 14]. I f the surface tension properties o f the hquid are known, theoretical calculations o f the 
polar and dispersive energy components can be made [13] and the total surface energy o f the 
solid quantified. The polar and dispersive components are also important, since polar forces 
fo rm the basis o f adhesion by physical adsorption [13, 15]. 

In this paper, the wetting properties and strength and durability properties o f laser cleaned 
stainless steels are investigated and compared w i t h surfaces that have been degreased using 
methanol. Single overlap joints, wedge tests and contact angles measurements have been 
carried out. 
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Materials and Methods 

The laser used in this investigation was a portable Nd:Yag-laser; a Paragon X L Medical Laser 
System wi th mirror optics and a pulse repetition rate up to 10 Hz. This particular laser is 

normally used for removing tattoos, but the fast repetition rate and the low output power 
makes it also suitable for cleaning. The interaction metal has to be short enough so not to 
cause any damage and minimise heat conduction into the metal, which otherwise could cause 
unwanted phase transformations. A n output wavelength o f 1064 or 532 nm can be selected; 
although only 1064 nm was used in these experiments. The spotsize diameter can be varied 
f rom 1,5 to 5 m m and the maximum spot diameter was used. This laser has a "top-hat" energy 
profile, distributing the output energy evenly over the entire spot. The laser parameters used 
for the experiments are given i n table 1 below. 

Table 1. Laser parameters 

Parameter Value 
Wavelength 1064 nm 
Spot diameter 5 m m 
Frequency 10 Hz 
Pulse energy 0,5 J/pulse 
Pulse length -10 ns 
Energy density 2, 55J / cm 2 

Power density 255 M W / c m 2 

Top effect 50 M W 

The substrates used were o f austenitic stainless steel, AISI 304 (EN 1.4301, yield strength 
approximately 310 MPa), wi th a thickness o f 4 mm and a width o f 40 mm. T w o types o f 
substrate were manufactured: 
• wedge test specimens (ASTM D3762), wi th a length o f 205 mm, (see figure 2) and 
• single overlap specimens w i t h an overlap length of 40 mm. 

Figure 2. Wedge test specimen, width 40 mm, length 205 mm. Not to scale. 

The beam was manually scanned over the surface and, after cleaning, the specimens were put 
in ziplock bags and bonded no more than two hours after cleaning. T w o adhesives were used, 
both two-component room temperamre curing epoxies. Adhesive details are given i n table 2. 
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Table 2. Adhesive properties, as given by the manufacturers 

Estimated lap shear strength, D1002 
A R A L D I T E 2015 (CIBA) DP 490 (3M) 

18 MPa 30 MPa 
on stainless steel adherends on Al-adherends 

Elastic modulus 
Toughened 
Time to ful l strength 

2 GPa 1,3 GPa 
Yes Yes 

7 days > 48 hours 

A water-break test (ASTM 2651, section 5) and contact angle measurements were used to 
measure the cleanliness o f the treated surfaces. The substrates were bonded, clamped and left 
to cure for a min imum of ten days before testing. A bondline thickness o f 0.4mm was achieved 
using spacers wi th in the adhesive layer. After curing, excess adhesive was removed f rom the 
specimens, bondline thickness was assessed and small self adhesive plastic scales attached to the 
wedge test specimens to allow accurate measurement o f crack growth. The wedge tests were 
carried out in three different environments: 

-ambient laboratory air, temperature 20-22° C, relative humidity 50-60 % 
-85 % relative humidity chamber, controlled wi th a saturated salt solution 
-wet testing, immersed in tap water 
The single overlap tests followed the procedure given in A S T M D1002. For comparison the 
same bonding procedures and tests were carried out on a set of substrates simply degreased 
wi th methanol. 

Results and Discussion 

Optical microscopy 
To the naked eye, an optical effect gives the impression o f a rougher surface. This is, however, 

not the case and the laser cleaning process results in a very smooth surface profile w i th an R a  

(-0,3 (lm) lower than the as-received material (R a -0,4 um). Examples o f the laser cleaned and 

degreased surfaces are shown in figure 3. The laser cleaned surface has some slight 

discoloration, although the surface still appears to be stainless in character. A simple corrosion 

test was performed by placing a treated sample in tap water and no corrosion of the surface was 

visible after two months. 
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3c) Low magnification (45x) photo of laser cleaned surface, 

showing marks from laser pulses 

Figure 2. Examples qf the laser cleaned and degreased surfaces. 

Under high magnification, the laser cleaned surface shows a highly deformed surface, see figure 

4 below A noticeable feature is the formation of twins; believed to be mainly annealing twins, 

although both deformation and annealing twins can form in stainless steel. The twins are 

located wi th in grains and have the typically straight shape of annealing twins. The formauon of 

twin boundaries is believed to be due to the thermal shock effect delivered by the laser pulse as 

a small portion o f the metal melts, the oxide layer is abladed and surface debris evaporated f rom 

the surface. 

There is some evidence to indicate that the corrosion resistance properties o f stainless steel are 

reduced when mechanical deformations of the surface occur [12]. The higher energy m the 

tw in boundaries compared to the grain boundaries is thought to cause precipitation o f carbides, 

predominantly C r 2 3 C 6 [16], which lead to chromium depletion i n the surface and hence a 

lowered corrosion resistance. 

Another type o f deformation, slip bands, are also visible on the surface. These appear to be 
deeper than the re-melted surface layer and may be due to some form of plastic deformation 
due to the mechanical shock wave resulting from the rapid vaporisation of the surface^ 

Polishing and etching has Htde effect on the appearance of the bands, which are mosdy found 
around the edges o f the area affected by individual laser pulses. The bands are more 
pronounced in the areas where the surface has been subjected to multiple, overlapping pulses. 



Wetting and contact angle measurements 

The water break tests gave, as could be expected, rather unsatisfactory results for the surfaces 
that had simply been degreased w i t h methanol. The laser cleaned surfaces, however showed 
better wetting properties. The wetting characteristics were further investigated by dynamic 
contact angle measurements using both polar and non-polar fluids. 

Contact angle measurements were made for both sets o f surfaces and the results given in table 
3. The measurements were carried out at room temperature in a controlled humidity 
laboratory (50 % R H ) , w i t h a D A T 1100-Fibro system; an automated contact angle 
instrument. 6 

Table 3. Contact angle degrees! measurements. Average o f 5 tests, standard error in brackets. 
SURFACE DE- IONISED 

W A T E R 
D I I O D O M E T H A N E E T H Y L E N E 

G L Y C O L 
Laser cleaned surface 75,2° (2,9) 46,2° (1,1) 56,3° (1,9) 

Degreased surface 

76,8° (1,6) 42,6° (0,9) 57,7° (1,2) 

As can be seen, laser cleaning improved the wetting characteristics o f the surfaces for all fluids 
except diiodomethane, a non-polar fluid. 

Contact angle measurements of the two adhesives used were not made, but o f the two 
adhesives used, the DP 490 appeared to wet the surfaces more easily during application when 
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preparing the specimens for bonding. Subjective differences between degreased and laser 

cleaned surfaces were not observed for the individual adhesives. 

The contact angle measurements were then used to determine the surface energy o f the 
surfaces by means o f surface tension calculations. The classic Young's equation expresses the 

forces acting at the circumference o f a drop o f liquid on a solid as: 

7 s v = 7 S L

+ y L v c o s e « 

where: 

Ysv is the surface tension o f the sohd (s) in equihbrium wi th its vapour (v), 

Y L V is that o f the liquid (1), and 

Ysl is the interfacial tension or interfacial free energy. 

Interfacial free energy can be expressed as [17]: 

The indexes d and p in (II) denote dispersive and polar components o f the free energy. 

Formulae I and I I can be combined to give [13]: 

1 + C O S Ö 

YLV 7 \Y 
2 
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+ 
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YL 
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The latter formula can be used to determine the surface energy o f the solid. I f the left-hand 

side o f (III) is plotted against \ f f L f ° r s e v e r a ! liquids, the result should be a straight Hne 

wi th intercept at l y \ and a slope of f ys J . The surface's polar and dispersive energy 

components can then be solved and the total solid surface energy given simply by j -

The dispersive and polar energies for the liquids used are tabulated i n table 4 below. 

Fluid Y l (mN/m) Y l " 

De-ionised water 72,8 21,8 51 

Diiodomethane 50,8 50,8 0 

Ethylene glycol 47,7 30,9 16,8 

The energies are plotted in figure 5, and the surface tension components deduced f rom the 
linear curve fit o f the graph. The linear curve fit has an R-value o f more than 0.9, confirming 

that the assumption of linearity holds true. 
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Figure 5. Surface energy plots. 

This produces the following surface energy data for the two stainless steel surfaces. 

Table 5. Surface energy data. 

Surface 
Y / YsP Ys 

( m j / m 2 ) 

Degreased stainless steel 33,17 4,99 38,16 

Laser cleaned stainless steel 31,64 6,13 37,77 

The total surface energy is around the same for both laser cleaning and degreasing, however 

the polar component is over 20 % higher. Contact angle measurements o f the laser cleaned 
surfaces could not be carried out directly after cleaning due to the laser and contact angle 
measurement equipment being located at two geographic separate locations and hence the 
measurements were done several days after cleaning. The true surface energy o f the laser 
cleaned surfaces is probably higher, since it is bound to have picked up some contamination 
f rom the air during storage and transport. I t is difficult to assess the true surface energy directly 
after cleaning, but other researchers [18] have shown that an as received surface stored in air 
can gain up to 3 nm of organic contaminants and the surface energy be lowered by as much as 
100%. 
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Single overlap tests 

The single overlap tests showed slightly higher initial bond strength for the laser-cleaned 
surfaces. The test results are given in table 6 below. 

Table 6. Fracture load results from single overlap tests overlap, length and width 40 mm.  

C L E A N I N G A R A L D I T E 2015 DP490 
Laser cleaning 25,5 k N (+-4 %) 36,7 k N ( + - 4 % ) 

Fracture surface mostly cohesive Fracture surface mostly cohesive 

Degreased only 25,2 k N ( + - 7%) 34,8 k N (+-7%) 

Mixed fracture surface Mixed fracture surface 

Perhaps the most important result f rom the overlap tests is that the strength variation is smaller 
for the laser cleaned surfaces which indicates that it is a more rehable cleaning process than the 
degreasing. 

The fracture surfaces o f the laser cleaned single overlap test pieces were more cohesive than 
those of the degreased surfaces. The fracture is interfacial at the overlap edge, and i t appears 
that the fracture started when the adherend began to deform plastically. This is not uncommon 
for metal-to-metal single overlap specimens, the test method clearly influences the resulting 
fracture surface. Some plastic deformation of the metal specimens took place; this being more 
pronounced on the specimens bonded wi th DP 490. This shows that the initial bond has a 
high interfacial shear strength and that the bond fails in peel. 

Durability wedge tests 

The wedge test results shown below in figures 6 and 7 are based on the average crack growth 
data for three samples. The crack growth was measured on both sides o f the specimen using a 
stereo microscope. The initial crack was completely cohesive for both surface treatments and 

both adhesives. The adherends were 4 m m thick and no plastic deformation o f the adherends 
took place. The variation in crack growth was largest for the specimens tested in a wet 
environment, w i th a variation o f circa 20 %. Smaller variations were observed for the 
specimens tested dry and for the specimens tested under 85% relative humidity. In both cases, 
crack growth varied by less than 10 % between specimens. Wi th in a single specimen the crack 
growth was very consistent; although there was some variation for the specimens bonded using 
Araldite 2015. 
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Figure 6. Results from wedge tests. Adhesive DP 490 
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Figure 7. Results from wedge tests. Adhesive Araldite 2015. 

For the degreased surfaces, the crack growth went f rom being initially cohesive to a mixture o f 
cohesive and interfacial growth for the dry tests and f rom cohesive to interfacial for the 
specimens tested in 85 % relative humidity and wet immersion. The adhesion is unstable, and 
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clearly not resistant to humidity and water immersion. The specimens bonded wi th Araldite 
2015 and tested in 85 % relative humidity showed a lesser crack growth than the specimens 

bonded wi th the same adhesive and tested in dry air. 

The samples w i t h a laser cleaned surface exhibits mosdy cohesive crack growth, w i t h small 
elements o f interfacial fracture. Any interfacial crack growth was very localised which indicates 
that the laser cleaned surface had more consistent bonding properties than the surfaces simply 
degreased wi th methanol. The specimens tested in water showed more interfacial crack growth 

than the specimens tested in 85 % relative humidity. 

Crack growth for both surfaces was greatest i n the wet immersion tests; the degreased 

specimens failing prematurely after between 4-24 hours in water. 

For both surface treatments the bonds using Araldite 2015 showed more interfacial cracking 

and, for the combination o f a degreased only surface and wet immersion, the fracture was 

completely interfacial and rapid. 

The performance o f the different adhesive systems and surface treatments are ranked in table 7 

below. 

Table 7. Crack growth, ranking, best to worst: 

DP 490: 

1. Laser cleaned- dry testing 
2. Laser cleaned- 85 % R H 
3. Degreased- dry testing 
4. Degreased - 85 % R H 
5. Laser cleaned-wet testing 
6. Degreased-wet testing 

A 2015: 
1. Laser cleaned- dry testing 
2. Laser cleaned- 85 % R H 
3. Degreased- 85 % R H 
4. Degreased- dry testing 
5. Laser cleaned-wet testing 
6. Degreased-wet testing 

Forcibly separating bonded specimens after conditioning in the three test environments 

resulted in a cohesive fracture surface for all specimens; even those that had been conditioned 

in water for a month. 

Conclusions 

Laser cleaning was used as a pre-treatment on stainless steel samples subsequently bonded using 
two different room temperature curing toughened epoxies. The bonds showed good initial and 
long term properties compared to samples simply degreased wi th methanol. 

Single overlap tests showed that a good bond can be achieved when the surface is cleaned 
using a pulsed N d : Y A G laser. Specimens degreased w i t h methanol showed lower fracture 
strength and had higher inter-sample variation than the laser cleaned specimens. The fracture 
mode o f the single overlap specimens did not differ markedly between the two surface pre-
treatments; the fracture surface being a mixture of adhesive and cohesive failure. I n all cases, 
the fracture started at the edge of the overlap wi th an interfacial fracture surface. The 
specimens appear to fail due to peel induced stresses when the adherend starts to deform 
plastically. The initial interfacial strength o f the bond would therefore appear to be stronger 
than the cohesive properties o f the adhesive. 
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Water break tests and contact angle measurements showed that surface wetting properties are 
improved more by the laser pre-treatment than by degreasing wi th methanol. The increased 
resistance to crack growth exhibited by the bonded laser treated samples is almost certainly due 
to better cleaning and an increase in polar surface energy resulting f rom the process. The polar 
component o f the surface energy o f the stainless steel increased more than 20 % wi th laser 
cleaning. It was not possible to perform contact angle measurements w i th the two adhesives 
used, but the DP 490 wetted the surfaces more easily during apphcation when preparing the 
specimens for bonding. 

The durability (wedge) test showed that bonded laser cleaned surfaces exhibited much lower 
crack extension than samples that were simply degreased wi th methanol before bonding in 
environments ranging f rom ambient air to wet tests. The type o f fracture observed in the 
wedge tests indicates that the bond created between laser cleaned surfaces is more stable and 
less prone to water ingress than the bond between methanol degreased surfaces. Some 
differences in crack propagation behaviour o f the two adhesives used were observed. The 
samples bonded wi th the stronger adhesive showed less crack propagation in all tests 
environments, and the cracks that did occur were more often cohesive in namre. 
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Abstract 

The fractal dimensions qf six differently mechanically pre-treated stainless steel samples, were investigated 
using five fractal algorithms. The surfaces were analyzed by profiler, atomic force microscopy (AFM), 

scanning electron microscopy (SEM) and light microscopy (LM), and thereafter adhesively bonded and 

tested in single overlap joints to test their tensile strength. All samples showed different fractal behavior, 

depending on microscopic methods and fractal algorithms. Still, the overall relation between fractal 
dimension and tensile strength is qualitatively the same, except for the SEM images. This verifies that 

tensile strength is correlated to fractal dimension, although only, within the length scale of the profiler and 

the light microscope (~ 0.5 - 100 fern). The AFM method was excluded in this comparison, since the 

limitation in the z-direction for the AFM scanner made it difficult to scan the rougher parts of the blasted 

samples. The magnitude of the surfaces is a parameter not often considered in fractal analysis. It is shown 
that the magnitude, for the Fourier method, is correlated to the arithmetic average difference, Ra , but only 

weakly to fractal dimension. Hence traditional parameters such as Ra, tell very little about spatial 
distribution of the elevation data. 

Introduction 

The complex bonding properties of an adhesive and a substrate can be explained by theories 
such as physical adsorption, chemical bonding, electrostatic attraction, mechanical interlocking 
and weak boundary layer theory [1]. Different surface treatments o f a substrate may introduce 
electric dipoles on the surface resulting in increased Van der Waals forces, the removal o f weak 
layers, and increased surface roughness. 

The change in surface roughness and geometry may lead to increased mechanical interlocking, 
surface area, and wettability. The correlation between surface roughness and adhesive strength 
is not well understood, and surfaces possessing equal surface roughness and surface area can 
have different adhesive strength. One explanation is that the strength o f a single jo in t is not 
related to bonded area. By inserting non-bonding material (polypropylene) into the single jo in t 
laps. Wang et al. [1], showed weak or no correlation between bonded area and adhesive 
strength. This behavior can be explained by the stress distribution wi th in the joint , where the 
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adherent, wi th often a low Young's modulus compared to the substrate, w i l l experience the 
greatest stress at the edges o f the joints [1]. 

Measuring and characterizing surface roughness plays an important role in many fields o f 
material science, and there have been many attempts to quantify and unify the measurements 
of surface roughness. Traditional methods such as standard deviation, slope and curvature are 
easy to understand and calculate but can only be used for qualitative investigations as they 
differ by scale of measurement. They also tell little about the spatial distribution o f the 
topography. 

The use of fractal geometry, wi th concepts as self-similarity and self-affinity, introduced by 
Mandelbrot, has changed and broadened the characterization o f surfaces and profiles and o f 
many phenomena and processes. Unlike Euclidean geometry, fractal geometry has a dimension 
that is non-integer and independent o f the scale o f measurement. The fractal dimension, D, is 
restricted by 2 < D < 3, while Euclidean (flat) surfaces have D = 2. For real surfaces, the 
fractal dimension is naturally limited to a certain range o f length-scales. However, metal 
surfaces treated wi th processes such as corrosion and blasting show scale invariance in many 
decades and can be characterized by fractal analyses. Even machined surfaces, intended to 
mimic smooth Euclidean geometry, show chaotic behavior that can be characterized by fractal 
geometry [2], 

I t has been reported that the fractal dimension of a Fe-alloy surface depends on the exposure 
time to a corrosive solution [3]. Other studies by Shigeyasu et al. [4] concluded that grit blasted 
pre-treated steel surfaces posses fractal characteristics, and that maximum adhesive strength was 
correlated to maximum fractal dimension. They also concluded that fractal dimension varied 
wi th the blasting angle, in contrast to the arithmetic average difference, Ra, that stayed almost 
constant. 

The contact angle, 0„ a property connected to adhesion and wettability, was shown by Hazlett 
[5] to be correlated as: 

where L is the upper l imit o f fractal behavior, / is the lower hmit, D the fractal dimension and 

8 the contact angle for a flat surface. The factor (L/l)D~2 is defined as the roughness factor and 

correlate the contact angle for a flat surface w i th a fractal surface. I t is also assumed that; 

(i) Z is much larger than the molecule size. 

(ii) L is much smaller than the diameter o f a l iquid droplet 

(iii) the interfacial tension of a solid is isotropic and independent o f crystal orientation [6]. This 
relation is o f course only valid for angles where the right-hand side o f the equation is smaller 
then unity. For adhesives having a contact angle less than 90° (i.e. most o f them), the 
wettability wi l l increase in proportion to the fractal dimension. I n contrast, for surfaces having 
a contact angles greater than 90°, the wettability w i l l decrease in proportion to the fractal 
dimension. Shibuichi et al. [7] reported a contact angle larger than 170°, without fluorination 

treatments, for fractal alkylketene dimer surfaces, w i t h a fractal dimension of D =2.30, 

compared to a contact angle o f 109 ° for a flat surface (D=2). 

(1) 
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This paper compares different fractal analyses methods for pre-treated steel surfaces and 
correlates fractal dimension to tensile strength for single overlap joints. The samples were 
treated by five erosion treatments, brushing or blasting and the surfaces were evaluated wi th 
different microscopic methods and fractal algorithms. The fractal analysis is motivated by that a 
superposition o f random set o f events and/or power-law distributions w i l l generate fractals [8], 
an assumption that should be valid for the pre-treated steel samples at certain length-scales. 

1 Fractal analysis 

There are numerous algorithms available to calculate the fractal dimension f rom elevation data 
obtained f rom profilers, interferometers, scanning probe microscopes (SPM) and other 
topographical methods. A l l these methods produce single valued profiles, which can not reveal 
overhangs and are self-affine rather than self-similar. Self-affine data does not scale the same 
laterally as vertically, as the self-similar Koch curve shown in many fractal textbooks. 

Among the most popular algorithms for self-affine profiles are the Minkowski plot (a variation 
o f the Richardson plot), variance methods (root-mean-square, rms), Hurst, structure function, 
box counting, integrated fast Fourier transforms, and the regular fast Fourier transform method 
[8-13]. 

These methods can also be apphed to surfaces since they can be seen as built up o f profiles, as 
for SPM images. But there are, however, also specific surface algorithms such as the area-
perimeter method and the Korsak plot that can be used[8]. The relationship between the 

fractal dimension obtained f rom a profile and its surface is D s u r 6 c e = D p r o f i I e + l for a statistically 
isotropic surface [14]. Many algorithms have been tested on simulated fractal profiles and 
surfaces to test their precision and accuracy [8,15], and it is clear that the calculated fractal 
values varies between the different algorithms and test samples. The highest precision has, 
however, been shown for lower fractal dimensions, i.e. 1 < D < 1.3 for profiles and 
2 < D < 2.3 for surfaces [8,16,17]. There have also been attempts to calibrate these algorithms 
on simulated surfaces [16], but the question remains: how well does the simulated surface 
coincide wi th the real surface? Real surfaces may be anisotropic, include noise and mixed 
random and ordered processes. They may also have a hmited scale invariance and fractal 
behavior, making some of the fractal algorithms more suitable to use. 

1.1 Fractal analysis of S E M and L M images 

Fractal analysis o f a surface is usually performed on surface elevation data, l imiting the use o f 
scattering techniques such as SEM and L M . However, the scattering o f light f rom a fractal 
surface is itself fractal, and the images may be characterized by texture methods, relating 
brightness and spatial organization, making i t possible to compare image textures qualitatively. 
We have used a texture method described by Russ [8] where the brightness difference for a 
given distance is plotted versus pixel distance in a log-log plot. The slope o f the curve is an 
indicator o f surface texture, and does not direcdy correspond to the fractal dimension. 
However, under the same light and viewing conditions qualitative data can be used to range 
the surfaces. 

A less convenient method is to cut the sample in slices and view the profiles wi th a SEM (or 
L M i f the resolution permits). Since the profiles or contours are not single valued, neither of 
the fast Fourier, rms method, or the Hurst method could be used. However, by digitizing the 

-3 -



profile pictures and adding them together to one profile, the total length, L , o f the profile can 

be measured for different measuring sticks, £. I f the length is plotted versus £ in a log-log plot, 

(so-called Richardson plot), the slope and hence the fractal dimension, D, can be calculated 

f rom 

L(e) = F-ell-D\ (2) 

where F is a constant, related to the magnitude o f the profile. The obtained fractal dimension 
is equal to, the so-called, Hausdorff-Besicovitch dimension. 

1.2 Fractal analysis of profiles and A F M images 

To evaluate topographic data f rom the profiler, we have chosen the fast Fourier transform 
method, a rms method and the Hurst method. These methods, excluding the Hurst method, 
have also been apphed to A F M images. 

The Fourier method is fast, straightforward and has the advantage of revealing underlying 
waviness, regular patterns and noise that sometimes can be removed. 
The fractal dimension, D, can be evaluated f rom plotting the power spectra 

P(co)=B(o~ß (3) 

in a log-log plot. The fractal dimension, D , is calculated f rom D = (5-ß)/2, where ß is the 

slope, CO is the frequency and B is a constant related to the magnitude o f the fractal profile 

[19,20]. 

The intercept in the log-log plot, log(B), provides valuable information about the magnitude 

of the sample surface. T w o surfaces w i th the same fractal dimension but w i th different 
intercepts can exhibit large differences in topography, and should be characterized differentiy. 
Therefore, both the fractal dimension and intercept should be used to characterize a surface. 
This explains why traditional roughness measurements, as for example Ra or the rms value, 
cannot be used alone, since these are both linked to the magnitude and to the spatial 
distribution o f the topography. 

Ra and rms for a profile, y, are defined as: 

i ~ 
-yV (5) 

.respectively, where y is the profile average and N is the number o f data points in the set. 

Church [18] has derived the relationship between the rms/standard deviation, O"2, and the 

parameters used to define the power spectra for a fractal profile, B and ß. The relation is: 
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where L is the total length o f the measured profile. This equation emphasizes that the 
rms/standard deviation values are scale dependent. Other parameters, such as the topothesy, 
have been suggested to characterize the magnitude. The topothesy is defined as: 

2 r ( - ß ) c o s ( - ß 7 t / 2 ) ' { > 

where A is the mean distance between two points having a slope o f one radian [3]. This 
distance can be short, often less than the resolution o f the instrument or the atomic spacing o f 
the sample. A physical interpretation o f the results could therefore be difficult to give, hence 
limiting the usability o f the technique. 

The rms/ variance method is useful since it combine traditional roughness measurements w i th 
fractal analyses, and emphasize the fact that rms/variance values are scale dependent and can 
only be used as qualitative measurements. The fractal dimension is obtained f rom the log-log 
plot o f the rms/variance values versus the perimeter length or box size. In this study we divide 
the profiles or the surfaces into equal-sized lengths or boxes, and calculate the variance or the 
square o f the rms, a2, as: 

/ 1 o2 - ,\ 
c r 2 ( 5 ) = ^ — l ( Z , - Z f J (8) 

where E& is the number of data points in one length or box, z[ is the height in each point, ~z is 

the average height for a length or box, and <. . .> denotes an average over all non-overlapping 

lengths or boxes covering the total profile or surface. The fractal dimension o f a profile 

correlates to the slope as D —2-ß for the variance, and as D = 2-2ß for the rms values. 

The Hurst (or the R/S) method is a simple and straightforward method to apply on self-affine 
profile data. Hurst developed the method when studying the Nile River and problems related 
to water storage, and i t was originally designed for time based data [19]. The method finds the 

greatest difference, R(T), wi thin a "window", X, and displays the difference in a log-log plot as 
a function o f "window" width, according to 

^ ) = , < T < T X ( ^ - 1 <

m ; n

< T X ( 4 T ) , (9) 

where X(t,T) is the data set. By dividing R(t) by the standard deviation, S(T), the R/S value 
wi l l be a dimensionless number that can be used to compare different phenomena and data 
sets. The slope, H , w i l l give the fractal dimension according to D = 2 - H. A drawback, 
however, w i th this method is that transient noise may hide "real" data. Although, when tested 
on simulated isotropic noise free profiles the Hurst method proves to be one o f the more 
accurate methods [8]. 
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1.3 Summary of methods 

The following microscopic methods and fractal algorithms were used to derive the fractal 
dimensions f rom the samples: 

Microscopic method Fractal Algorithm 
Profiler Fourier, rms and Hurst 
A F M Fourier, rms 
SEM Texture, Richardson 
L M Texture 

Also: 

• The intercepts f rom the Fourier method on profiles were used to show the connection 

between the magnimde and the Ra value for the surfaces. 

• The Roughness factor was calculated f rom the Hurst method on profiles and correlated to 
tensile strength. 

2 Experimental 

2.1 Preparation o f stainless steel surfaces and subsequent bonding 

The most commonly used materials in metal adhesive bonding are aluminum alloys and other 
light alloys. A n increased use o f adhesive bonding as a joining method, is however, seen for 
ferrous alloys, e.g., stainless steel. Stainless steel has unique surface properties among the ferrous 
alloys as the surface spontaneously forms a stable oxide in any oxidizing media, such as air or 
water. I f the surface is also mechanical treated there w i l l both be a change in morphology and 
chemical composition o f the surface, depending on the technique involved. Different abrasive 

media can transport material to the surface and thus influence the composition o f the newly 
formed passive layer. The most obvious difference wi l l , however, be the change in 
morphology and hence the surface roughness. The material used in this investigation was a 
common austenitic stainless steel, AISI 304 wi th an ordinary surface quality. 

Six degreasing and mechanical treatments were utilized, degreasing being the simplest. Then a 
variety o f abrasive techniques were employed. The treatments are given in table 1, together 
wi th typical data. O n a macro-scale, the brushing and Scotch-Brite techniques do not alter the 
surface much compared to a non-treated surface. 

Pre-treatment method 

Degreased by wiping w i t h 
isopropanyl alcohol 
Peg) 

Typical process/ result Notable data 

Manual wiping, waterbreak test Lintfree cloth was used, 
waterbreak test used as a 
measure o f cleanliness 

Abraded w i t h Scotch-Brite 
pads 
(Sct) 

Manual process, random 
pattern 

New pads for each surface, 
so not to transfer particles 
between samples. Same 
abrasion time for all 
samples. 
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Abraded w i t h a steel brush 
(Ste) 

Sandblasted 
(Gn) 

Glass bead blasted 
(Gla) 

Water blasted 
(Wat) 

Manual process, random 
pattern 

Semi manual process, blast 
angle kept constant 

Semi manual process, blast 
angle kept constant 

Fully automated process, 
organized blasting pattern, 
angle kept constant 

Brush cleaned between 
surfaces. Same abrasion 
time for all samples. 
Surfaces cleaned manually, 
blast pressure and grit 
media kept constant. 
Surfaces cleaned manually, 
blast pressure and grit 
media kept constant. 
No abrasive media used. 
Water blasting equipment 
could be programmed, and 
all surfaces were treated at 
the same time. 

The adherents were bonded wi th a room temperature curing 2-component epoxy, Araldite 
2015 (Ciba-Geigy). Adhesive properties can be found in table 2. The manufacturer 
recommends a curing time of at least 24 hours. AU joints were cured for at least 96 hours 
before testing. 

Tensile strength at Tensile modulus Cure time, Tensile Typical lap shear strength on 

23 ° C strength > 10 MPa stainless steel, cure 16 h /4 0 °C 

The joints were assembled as single overlap joints, w i th an overlap width o f 40 mm, and a 40-
m m overlap. The adherend thickness was rather large, 4 mm, to minimize bending effects 
during the tensile lap shear test. A bondline thickness o f 0.4 m m was used. The adhesive layer 
thickness was controlled wi th a spacing wire wi th in the adhesive joint . Excess adhesive in the 
fo rm o f spews or fillets was not taken away, but measures were taken so that each joint had 
roughly the same excess amount before clamping and curing. 

The joints were tested according to A S T M D1002-94, w i th the exception o f test piece size 
and the results are shown in figure 1. The visible type o f failure ranged from almost fully 
cohesive (water blasted) to almost completely interfacial (degreased). It can clearly be seen that 
any abrasion technique w i l l have a positive influence on joint strength as measured by single 
lap shear tests. The type o f abrasion does not seem to have any major influence on the strength 
o f the joint . However, the grit blasting abrasion technique does give the highest strength wi th 
the least variation. Results similar to this have earlier been reported, and it has been shown that 
the type o f abrasion influences durability tests. This was not investigated in this study. 
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Figure 1. Fracture loads (kN)for mechanically pre-treated adherents and their Ra values (ßm). 

3 Results and discussion 

3.1 Profiler 

3.1.1 Fourier method 

A l l profiles where taken wi th a Pherten profiler, using a standard scan length o f 4 m m and 

5760 data points, resulting in a resolution o f 0.394 Urn. Each sample was scanned three umes 

in two directions, 90° to each other, to reveal anisotropy, and the averages in fractal dimension 

were calculated. Figure 2 presents the variation i n fractal dimension and tensüe strength for the 

six samples, using the Fourier method. 
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Figure 2. Tensile strength versus fractal dimension, for the six surface treated samples, calculated using the 

Fourier method on profiles. The abbreviations are according to table 1. The data are for the two directions, 

90° to each other, and for the average of them. Tlie length of the horizontal bars reflects the directional 

differences in fractal dimension. 

The water blasted sample shows an extensive difference in directionality compared wi th the 
other samples. I t has a low fractal dimension in the 0° direction, comparable to the fractal 
dimension o f the degreased surface, and a high fractal dimension in the 90° direction. These 
directional differences in surface roughness are also visible to the eye. 

The assumption that tensile strength and fractal dimension are related may explain why the 
water blasted surface shows a lower tensile strength than expected f rom the figure. I f the stress 
field in the jo in t is mainly pointing in the direction o f the lower fractal dimension, the joint 
w i l l be less supportive than it would for the perpendicular direction wi th a higher fractal 
dimension. 

As seen in figure 3, nearly all o f the Fourier plots exhibited discrepancies at higher frequencies. 

These higher frequencies o f "bumps" had to be removed to give reasonable fractal values (D ~ 

1.0). The reason for these "bumps" is presumably the nature o f the scanning procedure as the 

reciprocal o f the frequency are in the order o f the tip size, 1.5-2.5 Urn. 

Figure 3 also shows the difference i n linearity between the profile methods and the difficulty to 
determine the fractal range. Three typical log-log plots f rom the grit blasted sample are shown. 
The plots are normalized so neither the slope nor the intercept concede wi th the original log-

log plots. 

- 9 -



arb. units 

Figure 3. Three typical log-log plots for the three methods on 5670 pixel long profiles. 

3.1.2 Rms method 

The rms method was not as simple to use, as i t was difficult to outline a distinct fractal region 
w i t h constant slope. Some typical rms plots are shown in figure 4. I t has also been pointed out 
that the rms method could have a lower and an upper cutoff length close to each other. 
Sometimes as litde as 10 % o f the plot may show a fractal behavior [14], making i t difficult to 
determine the natural fractal cutoff. 
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Figure 4. Typical log-log plots for the rms method illustrating the differences in intercept and slope and the 

difficulty to determine a fractal region for some qf the samples. 

However the results in figure 5, show that the rms method gives a higher fractal dimension, 
1.20-1.60, compared to the Fourier method, 1.10-1.35, and the relationship between tensile 
strength and fractal dimension is not distinct. The grit blasted sample also showed a low value 
compared to the other samples and the directional differences for the water blasted sample, 
seen by the Fourier method, were not revealed wi th the rms method. 
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Figure 5. Tensile strength versus fractal dimension, for the six surface treated samples, calculated using the 
rms method on profiles. The abbreviations are according to table 1. The data are for the two directions, 

90° to each other, and for the average of them. The length qf the horizontal bars reflects the directional 
differences in fractal dimension. 
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3.1.3 Hurst method and the roughness factor 

The Hurst method shown in figure 6 gave a mixed result between the Fourier and the rms 
method, still qualitatively connecting fractal dimension to tensile strength. The steel-brushed 

sample also showed some extraordinary directional differences, while the glass blasted sample 
showed a higher relative fractal value than the other methods. However, the surfaces showed 
distinct fractal regions in the log-log plots, reducing the uncertainty in picking out the slope. 
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Figure 6. Tensile strength versus fractal dimension, for the six surface treated samples, calculated using the 

Hurst method on profiles. Abbreviations are according to table 1. The data are for the two directions, 90° 

to each other, and for the average qf them. The length qf the horizontal bars reflects the directional 

differences in fractal dimension. 

The roughness factor, (L / / ) D ~ 2 i n equation 1, was calculated f rom fractal dimension and cutoff 
lengths (upper and lower limits for fractal behavior). The cutoff lengths varied between 1 - 8 0 

Llm for the samples and the calculated roughness factors are compared to tensile strength in 
figure 7. Qualitatively, the relation to tensile strength is roughly the same as in figure 6, hence 
relating the roughness factor (and wettabüity) to tensüe strength o f the surface. However, the 
change i n wettabüity for the samples was not tested. As a remark to the cutoff length for the 
fractal behavior, there have been suggestions that the correlation length could be used to 
determine the upper hmit. This is, however, not correct as the correlation length, i.e. the 
distance between successive crossings o f a profile through some set level, turns out to be an 
artifact o f the measurement procedure rather than a characteristic o f the surface [21]. 
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Figure 7. Tensile strength versus the roughness factor, calculated with the Hurst method on profiles, shown 

for the average of the two directions. 

3.1.4 Intercept for the Fourier method 

The relationship between the intercept in a log-log plot (the magnitude) and the Ra values 
f rom the six samples is clearly seen for the Fourier method in figure 8. N o such relationship is 
seen for the fractal dimension, showing that Ra tells very little about spatial distribution o f 
elevation data. The same behavior is observed for the rms method in figure 4, although the 
actual intercept is not shown in the plot. Figure 4 also shows the importance of giving both 
intercept and fractal dimension to characterize the surfaces, as two samples having the same 
slope but different intercept, show different topography. 
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Figure 8. The correlation between arithmetic average deviation, Ra, and the intercept with the y-axis 

(magnitude) for the Fourier method. 

3.2 Light microscopy and S E M 

The simplest method for evaluating surface treated samples is probably the use o f a light 

microscope, as the technique uses no special sample preparation. Images, wi th a magnification 
of 200 times, o f the six samples are shown in figure 9. Figure 10 shows the relationship 
between tensile strength and texmre calculated f rom the L M images. Every value is an average 
of four images. The texture values correspond to the slope i n the log-log plot o f the average 
pixel brightness difference versus distance. Almost the same relationship between fractal 
dimension and tensile strength can be seen here as for profiles, especially for the Hurst method. 
This method is an easy and fast method to qualitatively compare different surfaces. 
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Figure 9. Light microscope images of the six samples, magnification 200 times. 
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Figure 10. Tensile strength versus texture from light microscopy images, magnification 200 times. 

The same analysis on SEM images, taken w i t h 800 and 2000 times magnification, showed htde 

fractal behavior and no relation to tensüe strength. This is not surprising, as the images do not 

look fractal at that length-scale. The six samples, imaged by SEM at 800 times magnification, 

are seen in figure 11. 
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S t e e l 

Figure il. SEM images of the six samples, 800 times magnification, backscattered electrons. 

3.3 S E M profiles and Richardson plot 

The samples were cut i n slices and polished. Six to ten consecutive profile pictures, w i t h a 

magnification o f 3000 or 15000 times, were taken i n the SEM and digitized. The pictures 

were threshold to obtain distinct black and white probles, and added together to form one 

single profile. Figure 12 shows one example of a profile f rom the water blasted sample and the 

corresponding scaling behavior. 

- 16-



8.9 

gl 1 i 1 1 1 1 1 1 ! i 
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 

Figure 12. One example qf the scaling behavior for a profile cut from the Waster blasted sample. In the 

inset six consecutive SEM images are added together and threshold to get a distinct profile. D = 1.188. 
Intercept = 9.0942. 

The profile lengths were measured by a computer program, for different measuring sticks, and 
plotted in Richardson plots. The fractal dimensions were calculated and plotted versus tensile 
strength in figure 13. The degreased, scotch, scrubbed and glass blasted sample showed a 
similar relation between fractal dimension and tensile strength as for the profiler and L M 
images. The water and grit blasted sample deviated slightly and the steel brushed sample 
showed a very low fractal dimension, lower than for the degreased sample. The explanation is 
probably that six to ten pictures, for each sample, are not statistical sufficient to give a good 
description o f the overall surface and that a poor choice o f profiles may severely alter the result. 
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Figure 13. Tensile strength versus fractal dimension for the Richardson method on SEM profiles. Note 

the different scale for D compared to the figures of profiler data. 

The method is quite time consuming and not as convenient as the other methods. However, 

the fractal values should be close to the real fractal dimension for the profiles, i f statistical 
sufficiency could be accomplished. The reason is that D is calculated according to the 
definition o f fractal dimension and that SEM profiles reveal "overhang" and other intricate 
structures, which cannot be seen by scanning or scattering techniques. I t should also be easy to 
extract an upper and lower fractal cutoff that could be used together w i t h the fractal dimension 

to decide the roughness factor. The change in wettabüity or contact angle could then be 
calculated f rom equation 1. 

3.4 Atomic force microscopy 

A Nanoscope I I (Digital Instruments) equipped w i t h a 15 Urn scanner and standard pyramidal 
S i 3 N 4 tips, was used to coUect topographic images o f the surfaces. Due to the limited vertical z-
range of the piezo tube scanner, only the smoother samples as the degreased and brushed 
samples, were flat enough to be scanned. However, areas o f the blasted samples could be 
scanned, i f the most flat platelets caused by the blasting process were chosen. This gave not a 
statistical representation o f the sample surface, but at least the nano-structure for the platelets 
could be investigated. We used scan sizes between 5000x5000 nm 2 and 15000x15000 nm 2 . Six 
typical A F M images are shown in figure 14. 
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Figure 14. AFM surface plots qf the six samples. Notice the crater caused by the glass blasting process and 
the difference in image sizes. 

The methods showed no connection between fractal dimension and tensile strength and the 
fractal behavior, for the rms method, was low compared to the Fourier method. This suggests 
that the rms method is more vulnerable to erroneous data than the Fourier method, figure 15. 

30.0 

20.0 

10.0 

Gri 

Wat, ^pct^ 

Gla 
Ste 

• Fourier 

* rms 

— i i 

Deg 

2.000 2.100 2.200 2.300 

D 
2.400 2.500 

Figure 15. Tensile strength versus fractal dimension calculated from AFM images, using the Fourier 

method and the rms method. The fractal dimensions were calculated from 4-6 images and the bars reflect 
the difference between the two methods. 

The surface roughness o f the brushed samples may be a mixture o f two or more physical 
processes at that length-scale, rolling and brushing, giving rise to a mixture in fractal 
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dimension. However, comparing the result wi th the other samples, using the Fourier method, 
suggests that all samples at that length-scale, may be the result o f (Brownian) random processes, 
as they are close to 2.5 in fractal dimension. The reason for values lower than 2.5, is probably 
due to the scanning tip biasing the fractal dimension. This has been shown on simulated 
surfaces, where fractal dimensions calculated f rom A F M images are underestimated for the 
structure function and rms method, especially for higher fractal dimensions and when the tip 
dimensions is comparable w i th the magnitude o f the surface roughness [14]. 

4 Summary and Conclusions 

We have investigated the relationship between fractal dimension, evaluated by five fractal 

algorithms, and the tensile strength for six surface treated steel samples. Four surface analysis 
methods, profiler, A F M , SEM and L M were used to collect profiles and image data. The 
fractal dimension varied considerably between the different methods and length scales, but the 
overall relation between fractal dimension and tensile strength was qualitatively the same, 
except for the SEM images. The A F M was excluded in this comparison due to scanning 
limitations. 

When looking at profile data, the Fourier method and the Hurst method showed a high 
correlation between fractal dimension and tensile strength, wi th an offset i n fractal dimension 
o f 0.25 between the methods. Moreover, the roughness factor (related to wettability), 
calculated f rom the Hurst method, showed a correlation to tensile strength. So did the rms 
method, but the result was less clear. The SEM profiles turned out to be fractal, but their 
fractal dimensions did not correlate to tensile strength. Further, the Ra-parameter was shown 
to correlate to the magnitude o f the surface, and not to fractal dimension, hence demonstrating 
that Ra tells little about the spatial distribution o f the elevation data. 
When looking at image data, only the texture values f rom the L M images could be related to 
tensile strength. The SEM images showed only weak fractal behavior. 

Our results prove that tensile strength is correlated to roughness, although only at the length 

scale o f the profiler and the L M method (0.5 - 100 Urn), and that fractal analysis is necessary to 
extract this correlation. Traditional parameters, such as Ra and rms, fail to quantitatively 
characterize the surface roughness and that surface roughness at different length-scales 
contribute differentiy to the adhesion process and to the tensile strength. Therefore, 
microscopic methods have to be carefully chosen as they probe different length scales. 
However, since the steel treated samples showed relatively equal tensile strengths, only 
qualitative conclusions, connecting fractal dimension and tensile strength could be made. 
Therefore, the challenge for the future is to use calibrated fractal methods and to manufacture 
surfaces w i t h distinct fractal parameters, hence, quantitatively correlating fractal dimension and 
magnitude to tensile strength. 
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Abstract 
Stainless steel surfaces were subjected to four different pre-treatments. The surfaces were then 

analysed using surface profilometry, contact angle measurements and two fractal algorithms. Single 

overlap and durability wedge tests were performed and the results correlated to the contact angles and 

fractal parameters. The traditional roughness parameter, Ra, cannot be correlated to adhesion 

properties. However, it can be seen that a surface with a lower contact angle and higher fractal 

dimension also demonstrates better adhesion properties in mechanical testing. Fractal characterisation 

qf topographical surface data can therefore be used to qualitatively rank surface treatments. 

Introduction 

The use o f adhesive bonding as a structural joining method is steadily increasing in many 
industrial applications. Formerly a joining method for demanding aircraft applications, it 
is now being used in apphcations where a light, fatigue-resistant jo in ing method is 
important. This has created the need for less complicated bonding procedures than those 
used in aircraft applications, but that still produces good bond results. Pre-treatment 

methods and bonding procedures for aluminium and titanium are well known, but these 
can not necessarily be direcdy transferred to other metals such as steel and stainless steels. 
Stainless steels are employed in many transport applications such as trains and buses, 
because o f their good life cycle and impact properties. 

The mechanisms behind the phenomena of adhesion has been explained by many 
theories, such as physical adsorption, mechanical interlocking, weak boundary layers, 
chemical bonding and electrostatic attraction'. Adhesion is a surface phenomenon and 
the surface properties o f the substrate to be bonded are o f great importance in achieving 
a good result. Surface pre-treatments are recommended for all bonding procedures and 
are believed to improve adhesion by enhancing several o f the mechanisms mentioned 

above. Mechamcal pre-treatments are often used for cleaning metals due to their 
attractive economic and ecological properties. Mechamcal pre-treatments are generally 
believed to increase adhesion by increasing the available surface area and enhancing 
topographical stmcture. 
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Contact angle measurements can be used to characterise a surface before bonding. The 
contact angle reflects the wetting properties o f the surface and can also give valuable 
information about the chemistry of the surface, such as polar and dispersive components 
of the surface free energy. The polar surface energy is believed to play an important role 
in the adhesion process2. The contact angle also reflects surface characteristics other than 
chemical ones. It is known for example, that surface roughness also influences contact 

angle results. 

Measurements and characterisation of surface roughness plays an important role in 

materials science and, when studying adhesion, can be a valuable tool for comparing 

different surface treatments. It is however difficult to direcdy relate surface roughness to 

adhesion properties; although it is believed that micro-roughness relates to adhesion 

strength3. A rougher surface, characterised by a higher value, can show a lower bond 

strength than a surface wi th a smoother surface. 

As traditional surfaces parameters poorly describe or rank surfaces according to their 
bonding ability, attempts have been made to use the concept o f fractal geometry and 
fractal analysis4 to characterise the surfaces. One advantages o f these techniques is that the 
fractal dimension (restricted to 2 < D < 3 for a surface) is scale invariant and relates to the 
spatial distribution o f the topography. In comparison, traditional roughness parameter as 

root-mean-square (rms), R a etc., are scale-dependent and closely related to the 

magnitude o f the roughness3. No t all surfaces are fractal, but many metal surfaces 
subjected to corrosion, etching and blasting show scale invariance over many orders o f 
magnitude. Even machined surfaces, intended to mimic smooth Euclidean geometry 
(D=2), demonstrate chaotic behaviour at certain length scales and can be characterised by 

fractal geometry 6 ' 7 ' 8 . 

I t has been shown that9 the contact angle for a fluid on a surfaces is related to fractal 

dimension according to 

( L f ~ 2 

cos?, = — cos{?) (1) 
J J 

where 9 t is the contact angle for a fractal surface, L is the upper cut-off length o f fractal 

behaviour, 1 is the lower cut-off length and 9 is the contact angle for a flat surface (D=2) . 

In other words, a surface w i t h a higher fractal dimension compared to a "flat" surface 

w i l l have a greater wettability ( for 9 < 90°) and, most likely, adhere better even though 

the contact angle is both a function o f both surface roughness and surface chemistry 1 0. 

For adhesive bonds, both initial and long term properties are important. I f i t were 
possible to predict, or at least rank, the effect o f different surface pre-treatments on 
strength and durability, for instance by a simple profilometer investigation, which is 
more common than contact angle instruments, subsequently analysed wi th fractal 
algorithms, it would simplify and shorten the process o f testing and verifying different 

pre-treatments. 

This paper analyses different pre-treated stainless steel surfaces, investigated by 
profilometer and atomic force microscopy (AFM), and compares surface parameters such 
as contact angle and fractal dimension wi th bonding properties. The bonding strength is 

tested in single overlap joints and in wedge tests (durability) and is correlated to contact 
angle and fractal dimension, using fractal algorithms such as Hurst and the Fast 
FourierTransform (FFT) method. 
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Materials and Methods 

Surface treatments and adhesive bonding: 

Stainless steel coupons 205*40 mm, wi th a thickness o f 4 m m were cut by laser. The 

surfaces to be bonded were subjected to four different surface treatments, namely: 

-Degreased w i t h methanol 

-Scotch-Brite abraded 

-Glass bead blasted 

-Laser surface cleaned 

These four surface treatments were chosen because o f the different topography 

characteristics that they produce, as well as being relatively low cost and wi th little 

environmental impact. The experimental details of the surface treatments can be found 

elsewhere 1 1 ' 1 2 . 

SEM micrographs o f each surface (Figure la-d), magnified 800 times, clearly show the 
different morphologies generated by the four treatments. The original surface as seen in 
the degreased sample shows a rather flat surface wi th clearly visible grains. The abraded 

surfaces are clearly altered; individual grains are no longer visible and for the Scotch-
Brite abraded surface, grooves and scores can be seen. The bead blasted surface shows 
clear signs o f mechanical deformation and there is no trace o f the original surface The 
laser treated surface appears smoother and a wave Uke pattern can be seen on the surface. 
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lc) Glass bead blasted surface Id) Laser cleaned surface 

Figure 1. SEM micrographs of surf aces after treatment, magnification 800 times for all micrographs 

Following treatment, the coupons were bonded into two different joint configurations; 
wedge joints and single overlap joints w i th an overlap o f 40 mm. T w o adhesives, 
Araldite 2015 (Ciba) and DP 490(3M), were used; both are 2-component, room 
temperature curing epoxies, , w i t h toughening particles. A bondline thickness of 0,4 m m 
was achieved using a wire wi th in the bond. After curing, excess adhesive was removed, 
bondline thickness checked, and testing performed. The wedge tests were carried out in 
three different environments; -ambient lab air, - i n a humidity chamber wi th 85 % 
relative humidity controlled by a saturated salt solution, -immersed in water. Crack 
growth was monitored over a period o f one hour to one month using a 
stereomicroscope. The single overlap tests were performed according to A S T M D1002. 

However, a non standard overlap and wid th of 40 m m were used. 

Surface analysis: 

Al l four surfaces were characterised using a Perthometer profilometer. Six scans were 
made for each sample, i n two directions perpendicular to each other. For all surfaces 
except the laser cleaned surface, the scanning direction made little difference to the 

surface profilometry results. Each scan consisted of seven parts and the first and last were 
ignored. The cut-off length was 0.8 mm, and the total recorded scan length was 4.0 mm. 
Al l the data was stored digitally for later evaluation using fractal algorithms. 

The surface topography o f the treated surfaces was investigated to verify the results f r o m 

the SEM and profilometer measurements using an atomic force microscope (Nanoscope 

II-Digital Instruments), w i t h a scantling area of. T w o different scan sizes (150x150 Llm 

and 5x5 Urn2) were used to investigate the fractal dimension at different length scales. 

Figure 2a-d show the scan results, w i t h the smaller scan incorporated in upper right hand 

comer o f the graph. The A F M scans agree well w i th the SEM micrographs. 
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2c) AFM scan of the glass head blasted surface. 2d) AFM scan of the laser cleaned surface. 

Figure2) AFM scans of all treated surfaces, scanning area 150x150 ßm2 and 5x5 ßm2. The smaller scan 

is incorporated in the upper right corner of the larger scan. 

The four pre-treated surfaces were also characterised by wetting tests, where the contact 

angles o f three different fluids ( water, diiodomethane, ethylenglycerol) were measured. 

The contact angle tests were performed using a Fibrodat 1100, an automated contact 

angle measurement system. 

Fractal analysis: 
In this paper two fractal algorithms, the Hurst method and the Fast Fourier Transform 

(FFT) method have been used. The Fourier method is effective, straightforward and has 

the advantage o f revealing underlying waviness, regular patterns and noise that sometimes 

can be removed. 
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The fractal dimension, D, can be evaluated by plotting the power spectra 

P(co)=Bo)~ß (2) 

in a log-log plot. The fractal dimension is calculated as D = (5-ß)/2, where ß is the 

slope, CO is the frequency and ß is a constant related to the magnitude o f the fractal 

p rof i l e 1 3 , 1 4 . The intercept in the log-log plot, log(B), provides valuable information about 

the magnitude o f the sample surface and is closely linked to traditional roughness 

measurements, for example R a or the rms value5. 

The Hurst method, also called the R/S method, was originally developed for time-based 

data13, and is applicable to self-affine data such as profile data or other single valued data. 

The method finds the largest difference, R(t) wi thin a "window", X, according to; 

where X(t,t) is the data set. I f R(t) is divided by the standard deviation, S(T), the result is 
a dimensionless number that can be used to compare different data sets. When plotted in 
a log-log diagram the fractal dimension, D , correlates to the slope, H , as D = 2 - H . 

Results and Discussion: 

Surface data and contact angles: 

The surface profilometry plots are shown in figure 3 below. The Revalues range f rom 

0.3 Um to 1.52 Jim. The laser cleaned surface is the smoothest and the glass bead blasted 
the roughest. Also included in the surface profilometry plots are the contact angles 
measured wi th diiodomethane, as well as the fractal dimensions f rom FFT and Hurst 
algorithms. The complete results f rom the contact angle measurements are found in 
figure 4. The contact angle measurements are not only a function o f surface roughness, 
but also o f surface chemistry and the polar and dispersive surface energy components o f 
the wetting f lu id which i n turn are influenced by the polar and dispersive components o f 
the surface. The basic trend for all measurements is, however, still the same for all fluids. 
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R=0.320 

D =1.35 

0 500 1000 1500 2000 2500 3000 3500 4000 
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3a) Degreased surface 3b) Scotch-Brite abraded surface 
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Figure 3. Surface profilometry results, including Ra, DFFT and DHursl and the contact angle for 
diiodomethane. 

The Ra—value for the degreased and the Scotch-Brite abraded surface is similar, but their 

contact angles are very different. The Scotch-Brite abraded surface and the glass bead 
blasted surface have the lowest contact angles, which are quite similar for the two 
surfaces. 
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Figure 4. Contact angles for water, diiodomethane and ethylen glycerol on four pre-treated 
surfaces (average of 5 measurements). 
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Mechanical testing: 

Single overlap tests were carried out in order to determine the initial strength of the 
adhesive bond. Three sets o f samples were tested for each configuration, and the results 
shown in figure 5. The DP 490 consistently exhibits a much higher strength than the 
Araldite 2015 whilst the variation wi th in each set is small. The variation between the 
treated surfaces bonded wi th the same adhesive is not significant apart f rom the laser 
treated surface w i th adhesive DP 490 where the strength is consistently higher than for 
the other treatments. The single overlap test does not discriminate very well between 
surface treatments since the test configuration tend to reflect the strength properties o f 
the adherends and not the bond. 

• Mean-A2015 I 
• Mean-DP490 I 

36,7 

Degreased Scotch-Brite Glass bead blasted Laser cleaned 

Surface treatments 

Figure 5. Results from single overlap tests according to ASTM D1002, overlap 40x40 mm with 

adhesives Araldite 2015 and DP 490. 

The wedge tests is better at discriminating between surface treatments and is often used 
as a screening test for surface treatments3. The wedge samples were tested in three 

different environments and the results shown in figure 6 below. The crack growth was 
monitored wi th a stereomicroscope, and the crack mode was registered for each 
measurement. 
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Figure 6a) Araldite 2015 

wedge durability test results 
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Figure 6b) DP 490 

wedge durability test results 

It can clearly be seen that the wet immersion tests result in far more crack growth than 
the other test environments for all surface treatments and for both adhesives. The joints 
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bonded wi th DP 490 generally exhibit less crack growth; w i th almost no crack growth in 
both dry and humid conditions for all surfaces except the degreased surface. I t is 
interesting that almost all the tests show less crack growth i n humid conditions than in 

dry conditions. Whilst crack growth is an important parameter, the type o f fracture must 
also be taken into account, see also table 2. Only the Scotch-Brite abrade surface and the 
glass bead blasted surface had cohesive fracture surfaces. The laser cleaned surface had 
some interfacial features for the humid test environment, whilst the degreased surface 
shows a large amount of interfacial failure for all tests except the dry tests. 

Fractal analysis: 

The fractal dimension, D , calculated f rom the surface profiles analysed using FFT and 
Hurst algorithms are shown in table 1. The two methods w i l l only give qualitative 
values, as they are not calibrated, but agree reasonable well in all cases except for the 
glass bead blasted sample and to a lesser extent for the Scotch-Brite abraded sample. 
However, the bead blasted sample seems to vary i n both fractal dimension and upper cut 
o f f length, which indicates that the surface is more isotropic and not as easily 
characterised. The roughness factor (eq. 1), relating the contact angle for a fractal surface 
wi th the contact angle for a flat surface, was also calculated using the Hurst method. 

Table 1. Fractal dimension, D , calculated using FFT and Hurst methods on profiles and 
fractal dimension, D , calculated using the FFT method on A F M scans and the roughness 
factor calculated f rom the Hurst method. *Note that D < l l r f =D r , r n f i l e +1  

Surface Dp.-oHt! Roughness factor 
*^AFM5 

FFT Hurst Hurst 
Degreased 1.26 1.26 1.77 2.10 2.33 

Scotch-Brite abraded 1.35 1.48 4.07 2.19 2.43 

Glass bead blasted 1.25 1.51 5.48 2.16 2.36 

Laser cleaned 1.36 1.35 3.35 2.19 2.33 

The fractal dimension given by the two algorithms used on profiles is consistent for the 
degreased and laser cleaned surfaces, but deviate for the Scotch-Brite abraded and glass 
bead blasted surfaces. This may be due to the anisotropy o f the surfaces and differences in 
the fractal algorithms. Hurst has previously been shown to be the more accurate 
method 1 5 and should also be more sensitive to single large peaks and valleys, which are 
more prominent in a heavily deformed surface such as the glass bead blasted surface. The 
fractal dimension calculated f r o m the A F M scans differ for the two scan lengths and is 
explained by the surface pre-treatments having different effects on different length scales. 

Moreover, the fractal dimension f rom the larger A F M scans is lower than the values f rom 
the profilometry. This is believed to be caused by both the scanning method (different 
scanning tips) and the difference in calculating the fractal dimension, where the fractal 
dimension f rom the A F M images is calculated from an average o f 400 scan hnes 
compared to a single hne for each profilometry profile. However, the results indicate that 
single profilometry profiles can be used to reveal fractal properties but that care must be 
taken to amsotropy and method. 
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Correlation between fractal dimension and adhesion properties: 

I t is difficult to relate durability data f rom the wedge test directly to fractal dimension, 
since the durability data does not lend itself easily to quantification. However, the 
wetting properties, or contact angle measurements are a good measure of the attainable 
adhesion and measurements are easily quantifiable, even i f the adhesion properties are 
not solely related to the wetting properties as expressed wi th contact angle 
measurements. 

Using equation 1, the experimental contact angles for each f luid and the experimentally 
determined roughness factors can be used to calculate the theoretical contact angle, ? , 
for a flat surface wi th D = 2 . This theoretical contact angle value should be the same for 
all surface treatments; although a slight deviation for the degreased surface may be seen 
since dust and particles can influence the contact angle. The theoretical contact angle for 
a flat surface is plotted in figure 7 against the different fluids used for contact angle 
measurements. As can be seen, the scatter is small, except for some of the values for the 
degreased surfaces. This indicates that equation 1 is applicable for these surfaces and that 
the roughness factor is related to contact angle. 

Since the durability results are difficult to quantify into a single number, and then 
quantitatively relate to fractal dimension or roughness factors, a qualitative ranking was 
done. In table 2 the final crack growth data is presented for both adhesives and all test 
conditions. In addition to the numerical data, the fracture mode is also given. 

Table 2. Resulting crack growth data, mm. 

Surface treatment Araldite 2015 DP 490 Roughness 
dry/humid/wet dry/humid/wet factor 

Degreased 38.0 / 26.2 / fractured 2.9 / 17.1 / fractured 1.77 
Scotch-Brite 20.9 / 17.2 / 64.2 1.1 /0.2 / 80.2 4.07 
Glass bead blasted 29.1 / 24.9 / 74.5 2.9 / 1.1 / 36.0 5.48 
Laser cleaned 17.9 / 24.3 / 51.4 0 . 9 / 0 . 3 / 6 8 . 2 3.35 

interfacial interfacial 

I t can clearly be seen that the surfaces that have the highest roughness factor and fractal 
dimension, D , have the best durability properties as far as crack growth and the fracmre 
mode is concerned. The adhesion properties, as reflected by the mechanical testing, is 
also reflected in the topographical surface data analysed using fractal algorithms. The 
roughness factor calculated f rom surface profilometry data could therefore be used to 
predict the contact angle o f a surface and hence rank its wetting and adhesion properties. 

Conclusions: 

Mechanically treated and degreased stainless steel surfaces were investigated using surface 
profilometry, atomic force microscopy, contact angle measurements and fractal analysis. 
The surfaces were bonded and tested in two adhesive jo int configurations. The results o f 
the tests were then correlated to the surface characteristics. 

The treated surfaces show very different morphologies and traditional surface parameters, 

such as R.,, do not correlate well w i th the adhesion properties seen in the adhesive bond 

tests. Instead, contact angle measurements can be used to predict adhesive properties and 
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it is clear that some surfaces are more "wettable" than other surfaces. However, since 
fractal parameters can be related to contact angle, then for chemically similar surfaces; 
contact angle measurements can be substituted wi th simple profilometry measurements 

and subsequent fractal analysis. Single overlap and durability wedge tests also show higher 
strength and better durability properties for surfaces wi th a lower contact angle and 
higher fractal parameters, which confirms the result. Fractal characterisation of surface 
profilometry data can therefore be used to compare different surface treatments and 
qualitatively rank and predict their wetting and adhesive properties. 
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Introduction 
A main problem in interpreting the results from the peel test is understanding the role o f plasticity 
and how it contributes to the measured peel energy o f the joint . In the present paper, the peel test 
has been studied using analytical and numerical modelling approaches. The analytical approach is 
based on the work o f Kinloch et al. (1). In their analysis the adhesive fracture energy, G (, was 
obtained for elastic-perfectly plastic (EPP), bilinear work hardening (BWH) and power law work-
hardening (PWH) peel arm bonded to a rigid substrate based using an energy-balance approach, but 
allowing for root rotation at the peel front. The numerical method is based upon a finite element 
analysis (FEA) using a 'cohesive zone model' ( C Z M ) , where cohesive elements based on a traction 
versus separation law have been introduced along the interface o f the adhesive and the peel arm. 
This results in a continuum description o f the interface l inking the adhesive and the peel arm. The 

traction versus separation law is described by the adhesive fracture energy, Gc, and a stress term, o"m„. 
This theoretical FEA C Z M approach has been applied to several types o f bonded joints: an elastic-
beam test specimen and the elasto-plastic peel test. The results have been compared wi th the 
experimental measurements. 

Experimental 
A peel arm of almost pure aluminium (grade 'A1050') was bonded to aluminium-alloy substrates 
(grade 'BS5083') using a single part, rubber-toughened epoxy adhesive, 'ESP110' from Permabond, 
which had a Young's modulus o f 4GPa. The substrates had dimensions 180mm x 20mm x 10mm 
and the peel arms had dimensions 280mm x 20mm x 0.5mm. Prior to bonding, the substrates were 
degreased wi th acetone and then were subjected to a chromic-acid etch (CAE) pre-treatment for 30 

minutes at 68°C. The substrates were rinsed, dried and then coated wi th adhesive. Prior to forming 
the joint , stainless-steel wires o f diameter 0.4mm were laid across the bond-line at each end o f the 
jo in t to control the bond-line thickness. Also, a single PTFE film was apphed to the substrate at one 
end to create the initial crack. The joints were formed, placed in a j i g , which applied an even 

pressure to the joints, and were then cured in an oven for 45 minutes at 150°C. After curing, any 
excess adhesive was removed f rom the edges of the joints, the bond-line thickness was checked for 
consistency and the joints were bolted to the peel test rig as shown in Figure 1. The test rig 
incorporated a linear-bearing trolley, enabling the peel arm to remain under the grips at all times 

during the test. Peel angles o f 45°, 90° and 135° and a test rate o f lOmm/min were employed for 
these tests. The locus o f failure was visually assessed as being at the adhesive/peel-arm interface. 
Uniaxial tensile tests were also performed on samples o f the peel arm material. 
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Figure 1. Schematic of peel test 

Analytical Model 
Background 
Kinloch et al. (1) have shown that in the peel test, the value o f the adhesive fracture energy, G t , may 
be expressed as: 

0 B 

dUex dUs dUdt dUdb 

da da da da 
(1) 

Where Uex is the external work done, Us is the stored elastic strain energy, Udl is the dissipated 
energy in tension and UJt is the dissipated energy in bending for a sample o f wid th B undergoing a 
crack extension da. Thus, the adhesive fracture energy, G c, can be deduced f rom equation (1), 
provided the different energy terms may be deduced. The above equation can be partitioned into 
the adhesive fracture energy where tensile deformation o f the peel arm occurs, but where only 
elastic bending arm is involved (G/*), and the energy dissipated in plastic bending (dUJh/da =G*): 

GC = G?-Gdb (2) 

In an idealised case, there would be no strain in the peel arm, hence there would be no 

stored strain energy or dissipated tensile energy in the peel arm and also the bending deformations 

would remain elastic. These conditions would be satisfied i f the peel arm possessed an infinite 

tensile modulus and zero bending stiffness, and the peel fracture energy under these conditions, 

termed GC°°E, is given by: 

G r £ = | ( l - c o s 0 ) (3) 

Where P is the peel force and 6 is the angle between the substrate and the peel arm, termed the peel 

angle. When tensile deformation o f the peel arm occurs but there is no energy dissipated by 
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bending o f the peel arm, i.e. dU /da =0, then the peel fracture energy under these elastic bending 

conditions, termed G'h as noted above, is given by: 

Gf = | ( l - c o s 9 + £ ) - A j 0

£ f f d e (4) 

Where h is the peel arm thickness, <7 is the stress in the peel arm and £ is the strain. The detailed 
analysis for obtaining G* can be found in reference (1). In order to determine G t, i t is necessary to 
perform both the peel test and a tensile test to measure the stress versus strain behaviour of the peel 
arm. 

Results 

The peel force versus crosshead displacement was recorded digitally for each test, and data f rom the 

45° and 90° tests are shown in Figures 2 and 3. Following an initial peak at crack initiation, an 
approximately constant force was recorded for peeling the arm f rom the base. This value o f force 
was used to determine the adhesive fracmre energy, Gc, using the analytical approach outlined 

above, via a computer program developed at Imperial College. The values o f the various parameters 
determined f rom using the analytical derivation are summarised in Table 1. As may be seen, the 
contribution f rom plastic bending o f the peel arm (the term G") is very large, and hence large 
corrections need to be applied to the measured peel energies in order to extract the value o f the 
adhesive fracture energy, Gc-

Table 1: The value of the adhesive fracture energy G c 

Peel 
Angle 

Load 
(N) 

J / m 2 

G * 

J / m 2 

G d b 

J / m 2 J / m 2 

45 245 3590 3590 2525 1065 

90 110 5500 5500 4270 1230 

135 110 9390 9390 7560 1830 
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Figure 2: Comparison between FEA CZM prediction and experiments: 45° peel test. 

Finite Element Modelling 
Introduction 
The analysis o f both brittle and ductile crack growth by using a 'cohesive zone model' (CZM) has 
gained considerable attention. Tvergaard and Hutchinson (2,3) have used a C Z M to predict crack 
growth in homogeneous solids and along interfaces. More recendy, Chen et al. (4) have used a 
C Z M to study the delamination of composites. In this approach, once the parameters o f the fracture 
separation law are identified, the C Z M can be employed to predict the relationship between crack 
advance and applied stress. 

Let u„ and u, be the normal and tangential component o f the relative displacement o f the crack faces 

across the interface in the zone where the fracture process occurs. The terms <5„c and 8't assign the 

critical values o f these displacements. A single parameter, A, based on these displacement is defined 

by. 

5 ; «5; 

such that the traction drops to zero at A = l . In the present analysis, the traction versus separation law 
used i n the C Z M has been defined by a cubic polynomial (Figure 4). In this model the area under 
the polynomial is taken to be equivalent to the adhesive fracture energy, G t. I n earlier work (2,3) i t 
was shown that by adopting the above approach the work o f separation is equivalent to Gc, 
regardless of the combination of normal and tangential displacement taking place in the separation 
zone; and there are no significant effects due to any mode-mix variations in the peel test. 

The ' A B A Q U S ' finite element software was used for the computations. A t the interface special 4-

noded linear interface user elements were used. 

T D C B Test: Elastic Case 
The C Z M has been applied to the Tapered Double Cantilever Beam (TDCB) specimen. The beam 
was made f rom aluminium alloy and adhesive was again the 'ESP110' epoxy. The value o f the 
adhesive fracture energy, G c, was measured to be 1090J/m 2for a cohesive failure through the centre 
of the adhesive layer. N o w , i t was found that using the pairs o f values of either G c=1090J/m 2 and 
crm i K=50MPa, or G c=1090J/m 2 and <Tm„=10MPa, for the separation law parameters then the 
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measured load for crack growth could be very accurately modelled. However, only the former pair 

o f values accurately modelled the initial stiffness o f the T D C B specimen upon being loaded. It is also 

noteworthy that the yield stress of the adhesive, measured in uniaxial tension, was 50MPa. Thus, a 

value o f cTm(„=50 MPa was taken for the subsequent modelling studies on the peel test. 

Peel Test: Elasto-plastic Case 
In a previous study, Hadavinia et al. (5), a re-zoning method to analyse the peel test was used. In 
that method the analysis gave a unique solution for an elastic peel arm. However, when an attempt 
was made to analyse the elasto-plastic peel arm problem, it was found that the steady-state value of 
the predicted peeling load depended on the number o f elements released in each step. The C Z M 
approach has therefore been adopted to try to overcome this problem. 

A FEA C Z M analysis has been performed for the 45° and 90° peel test configurations. The 0.5mm 

thickness aluminium peel arm and the 10mm thick aluminium-alloy substrate were modelled as 
elasto-plastic isotropic work-hardening materials, w i th a Young's modulus o f 66.6GPa, and Poisson's 
ratio of 0.3. The true stress versus true strain data for the peel arm material was obtained from 
uniaxial testing. The 0.4mm thickness ESP 110 adhesive was modelled as a bi-linear kinematics 
work-hardening material wi th a yield stress of 50MPa, Young's modulus o f 4.0GPa, and Poisson's 
ratio of 0.4. Due to large elastic-plastic deformations o f the peel arm, an updated-Lagrangian was 
applied. The solution was developed incrementally and Newton's method was used to solve the 
equilibrium equations at any time. 

Using the FEA C Z M apporach, the predicted mechanical behaviour of the peel test was found to 

depend upon the two parameters which govern the separation law: the adhesive fracmre energy, G (, 

and the stress o"m„. Indeed, i t was found that for a given peel test configuration, a unique pair of 

values o f G c andcT^, which predicted the load versus displacement curve in agreement w i th the 

experimental results, did not exist. For example, w i th G=750J/m 2 and o" m „=20MPa an identical 

peel load versus displacement curve was predicted to that using G £=650J/m 2 and o"m<tt=25MPa, and 

also to that using G =400J/m 2 and CTm„=50MPa. Further, these pairs of values were such that all 

these predicted curves were in excellent agreement wi th the experimental results. 

However, f rom the above work on the T D C B specimen and the above comments, it is believed 

that the value o f Omalc=50MPa is the most appropriate value to employ. Hence, taking O"ma:t=50MPa, 

then the appropriate value o f Gc f rom the 90° peel test is 400J/m 2. Indeed, the good prediction for 

the 90° peel test data using G=400J/m 2 and CTm„=50MPa is shown in Figure 3. Clearly, the next 

step is to use the values o f G £=400J/m 2 and O"m„=50MPa to predict the peel load for the 45° peel 

test. The outcome is shown in Figure 4, and the steady-state peeling load is relatively accurately 

predicted, although i t is slighdy underestimated by about 7%. In the case o f the 135° peel test, the 

prediction o f the measured peel load is good, but is overestimated by about 15%. 
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90° Peel Test 
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Figure 3: Comparison between FEA CZM prediction and experiments: 90° peel test. 

Figure 4: Cubic polynomial CZM traction versus separation law. 

Thus, f r om the above FEA C Z M modelling studies, it would appear that a value o f G £ o f about 
400J/m 2 is appropriate f rom the numerical modeUing of the peel test. This may be compared to the 
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value o f about 1090J/m 2for G £ f rom the experimental measurements, and the FEA C Z M modelling 
work, using the T D C B specimen. 

Conclusions 
The analytical approach has been very successful for modelling the failure o f bonded beams and peel 
tests in past work (1). However, compared wi th the current peel tests, the degree o f plastic 
deformation in these previous bonded joints was relatively limited, and hence the correction terms 
needed were not too large in value. 

In the present studies, the correction term (e.g. Gib) is relatively large in value and the value o f G ( is 
not independent o f the peel angle employed for the tests. 

The use o f a finite-element analysis (FEA) model (5) has again been shown to be comparatively 
straightforward in the case o f an elastic fracture problem. In the current work, use has been made o f 
a cohesive zone model (CZM) , and for a linear-elastic fracture-mechanics T D C B specimen a value 
of G £=1090J/m 2 has been measured, and modelled satisfactorily. For the elasto-plastic peel problem, 
a way forward has been suggested and the value o f G c so deduced is about 400J/m 2 for the 45°, 90° 
and 135° peel tests. 

I t is o f interest to note that the value o f G £ f rom the analytical analysis o f the peel tests is o f a similar 
order as that f rom the T D C B tests. However, it should be noted that the peel specimens failed 
visually along the adhesive/peel arm interface, whilst the T D C B specimens failed cohesively along 
the centre of the adhesive layer. Hence, on intuitive grounds one might expect the value o f G £ f rom 
the peel tests to be significantly lower than that determined f rom the T D C B specimen, as was 
observed in the case o f the values o f Gc deduced using the FEA C Z M analysis of the peel tests. 

Further work is clearly needed to see i f a characteristic, geometry-independent value o f G £ can 
indeed be extracted f rom these peel tests which involve a great deal o f plastic deformation o f the 
peel arms; and, i f so, how this value o f G £ compares w i th that determined f rom the conventional 
linear-elastic fracture-mechanics T D C B tests. 
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Abstract 

The common single overlap joint has a complex stress state, and it can be very complicated to predict failure 

loads for a single overlap configuration. In this paper, the strength properties of stainless steel wedge and 
single overlap specimens are studied and the critical energy release rate for mode I for the adhesive calculated 

from experimental data. Several single overlap configurations qf different structural stiffness are tested, and 

it can be seen that the structural stiffness has a large influence on the type of fracture. An adherend stiffness 

parameter is introduced, and shows a relationship to fracture load. This can be used to predict failure load 
for other single overlap configurations with the same overlap and the same adhesive. It is also shown that 

fracture load for configurations with very high structural stiffness can be calculated based on adhesive shear 
strength. 

Introduction 

There is no simple way of predicting the strength o f an adhesive bond. The stress and strain 

simation can be very complex, and the number of factors that wi l l affect bond strength is large. 
A n adhesive bond is really a system or structure, consisting o f the adhesive itself, the adherends, 
the interface, the adherend surfaces and the geometries o f the materials. Adhesive bonds are 
not seldom designed wi th mle o f thumbs approaches or by conventional strength o f materials 
approaches. These methods often lead to an underestimation o f the bond strength, or more 
dramatically, predicts the wrong type o f failure, making the jo in t fail prematurely. Finite 
element analysis has also been used, often successfully and correlates well to jo in t performance. 
Finite element analysis can however be time-consuming, and material in-data needs to be 
accurate for accurate predictions o f jo int behaviour. The finite element solution does only 
apply to the given set o f parameters. 

Fracture mechanics has been suggested to be a more appropriate way to design adhesive bonds. 
Successful predictions have been carried out for several test configurations, mosdy mode I 
specimens [1 , 2], some o f which are standardised in A S T M D 3433. These methods predict the 
critical energy release rate o f the adhesive, and the release rate is a material property o f the 

adhesive rather than a structural property. Calculated fracture energies correspond well to joint 
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fracture [3], and some researchers have also shown good correlation to finite element analysis 
results [4]. Other researchers argue that fracture mechanics is not applicable on adhesive 
systems [5, 6], since fracture mechanics generally is used to gain specific material properties 

instead o f structural behaviour. 

M o d e m adhesives are generally toughened and rather ductile, and thus, one o f the 
fundamental criteria for application o f fracture mechanics is not fulfilled, i.e. the assumption 
that the crack tip is sharp. There are models that corrects for non-sharp crack tips, the Dugdale 
model is commonly used for polymers. The question whether to use linear elastic fracture 
mechanics (LEFM) or an elastic-plastic analysis depends on the assumptions made for the 
specific problem. Many use LEFM, and find that i t correlates well to jo int fracture [7]; others 
use elastic-plastic fracture mechanics [8], because o f the large deformations in the adhesive 
layer, and sometimes i n the adherends as well , and finds that this correlates well . 

The key question is i f one wants to be able to predict intrinsic adhesive material properties or 
the performance of the stmcture that an adhesive bond constimtes. There are some indications 
that fracmre mechanics may be possible to use to predict structure behaviour [9, 10] by 
calculating the energy release rate and mode ratio for structures or specimen configurations o f 
sandwich types, i.e. single overlap shear bonds, double overlap bonds and cracked lap shear 
bonds, based on experimentally determined fracture toughness. 

The most common adhesive system configuration encountered in practice is the single overlap 
jo in t . It is also one o f the most common configurations in testing o f adhesive structures. I t is 
cheap, easy to test and there are a lot o f data available for comparison. I t is however not easy to 
analyse the stress situation in the bond, but the complexity o f the bond makes i t representative 
for many structural applications and loading situations. Carefully chosen single overlap 
configurations can be used to predict structural behaviour, i f the failure mode can be predicted 
f rom the single overlap tests. 

This paper presents results f rom a study of wedge test specimens, used to gain the critical 
fracmre energy for the adhesive in mode I loading. Different configurations o f the single 
overlap test were tested to fracture, to see i f a relationship between intrinsic and geometrical 

parameters and fracture load could be established. 

Materials and methods 

The adherend material used in this investigation was stainless steel. Stainless steel can be 

divided into four major groups, w i t h varying strength properties. A l l o f these groups were 
utilised here, so to give several stiffness options for the same adherend thickness. In table 1, 
material properties and geometries are presented. 
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Material Surface finish Thickness, mm Elastic modulus, 
GPa* 

0,2 % proof stress, 
MPa* 

Austenitic, grade 2B 1,25 195 310 
AISI 304L brushed 
Austenitic, grade 2B 2 195 310 
AISI 304L brushed 
Austenitic, grade 2B 4 195 310 
AISI 304L brushed 
Austenitic, grade B A 1,25 195 310 
AISI 304L Bright anneal 
Duplex grade, E N 2D 2 200 540 
1. 4462 semi matt 
Ferritic grade, E N 2B 2 220 340 
1.4512 brushed 
Martensitic grade, B A 1,25 220 1320 
AISI 420 Brijghtjmneal 
•Mechanical properties supplied by Avesta-Sheffield AB and Uddeholm Strip 

The adhesive used was a toughened epoxy, DP 490 (3M), wi th material properties as presented 
in table 2. This adhesive has earlier been found suitable for bonding o f stainless steel adherends 
[11]. 

JTjiWeJJWW^ (3M) as given by the manufacturer. 

Estimated lap shear 30 MPa 

strength on 

aluminium adherends 
Shear modulus 481 MPa 
Elastic modulus 1,316 GPa 
Poisson's ratio 0,365 
Time to ful l strength, 7 days 
room-temperature 
cure 

The adherend surfaces were subjected to a simple cleaning, a degreasing wipe w i t h methanol, 
followed by a methanol rinse. The adherends were then bonded into two specimen 
configurations: 

• Single overlap joints, overlap length and width 40 m m 
• Wedge specimens, bond dimensions 205x40 mm, and only performed for adherend 

thickness 4 m m to avoid plastic deformation o f the adherends 

The bondline thickness was controlled wi th wires wi th in the bond and was 0,4 m m for both 
specimen configurations. After bonding, the specimens were clamped and cured for at least ten 

days, in ambient air, temperature ca 20-22 °C and a relative humidity o f 40-55 %. After 
curing, excess adhesive was removed by grinding and the bondline thickness ascertained using 
microscopy. The wedge specimens were fitted wi th small self adhesive scales for accurate 
measurement o f crack growth. The single overlap tests were performed according to A S T M 
D1002, except for specimen width and overlap. The wedge tests were performed according to 
A S T M D 3762. 
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A wedge specimen can be regarded as a double cantilever beam w i t h constant displacement, 
loaded in mode I . The critical energy release rate can be expressed as [12]: 

A-a 

where 
E,= adherend elastic modulus 

h,= adherend thickness 

A = wedge thickness 

a= arresting crack length 

and G is expressed in J /m 2 . 

The wedge tests were part o f a larger series, studying the effects o f mechanical pre-treatments, 
and the best performing treatments were used as basis for the critical fracture energy 
calculations. The wedge thickness was 3, 25 mm. 

Results and discussion 

The wedge specimens were loaded in ambient air conditions, and the crack arrested almost 
immediately after initiation, growing no more than a few mm in a month's time. The crack 
propagation was cohesive in the adhesive layer for all specimens. Forcibly separating the 
specimens after testing resulted in a cohesive fracture surface. The critical energy release rate of 
the adhesive was calculated according to (I) and was found to be: G I c = 595 J /m 2 . 

The single overlap specimens are loaded in mixed mode conditions, the ratio o f which differs 
wi th structural stiffness. The test was performed according to A S T M D1002, w i th a crosshead 
speed of 1,3 mm/minute. The mean values presented in figure 1 represents eight samples of 
each configuration. A summary o f the single overlap tests is shown in figure 1. The 

interspecimen variation is small. 
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Single overlap tests 
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4-A2B 1.25-A2B 2-A2B 2-D2D 2-F2B 1,25-MBA 

Adherend 

Figure 1. Results from single overlap tests for all configurations. 

The load-displacement curves are presented in figure 2, 3 and 4. The austenitic 1,25 m m 
adherend wi th a bnght annealed surface did not differ in behaviour f rom the austenitic 
specimen wi th a 2B surface, and the results for the bnght annealed surface is therefore not 

presented individually. I t can clearly be seen that the different specimen configurations result m 
very different load-displacement curves. Figure 2 shows three different specimen thicknesses. 
The 4 m m thick specimen was tested in larger grip-to-grip distance, other than that the 

specimen configurations were identical. The 4 m m thick adherend results in a considerably 
higher fracture load, and less displacement o f the specimen. The fracture was cohesive in the 
adhesive over the whole surface. The 1,25 m m adherends show a large displacement and a low 
fracture load The fracture was mostly interfacial wi th some areas o f cohesive fracture, the 2 
m m thick adherends show a fracture load in between the two others, and a small displacement. 

Austen i t i c a d h e r e n d s 

2 3 
Disp lacement , m m 

Figure 2. Load-displacement curves for austenitic adherends. 
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Figure 3 shows results f rom adherends o f equal thickness, 2 mm. The only variable here is the 
intrinsic mechanical properties o f the adherends. I t can clearly be seen that the duplex material, 
exhibiting a higher yield stress, results in a higher fracture load and the displacement is smaller. 
The ferritic adherends result in the lowest fracture load and the largest displacement. It is clear 
that although the structural configuration o f the bond is identical, the intrinsic material 
properties o f the adherends w i l l influence the bond to a large extent. The duplex adherends 
have a fracture surface that is almost completely cohesive in the adhesive, whereas the 
austenitic and the ferritic adherends have fractures that are almost completely interfacial wi th 
some cohesive areas. The amount of cohesive fracture was larger for the austenitic adherends. 

2 m m a d h e r e n d s 

•Duplex, 2 mm 
- Austenitic, 2 mm 
- Ferritic, 2 mm 

2 3 4 
D i s p l a c e m e n t , m m 

Figure 3. Load-displacement curves for 2 mm thick adherends. 

Three o f the test configurations were considered to have a larger stiffness than the other 
configurations, depending on adherend thickness or intrinsic material properties. Al l these 
specimens exhibit a high load to fracture, very small displacements and cohesive fracture 
surfaces. The fracture load is similar, although the thickness o f the adherends differs. 

Stiff adherends 

-Martensitic, 1,25 mm 
-Austenitic, 4 mm 
-Duplex, 2 mm 

2 3 4 
Displacement , m m 

Figure 4. Load-displacement curves for martensitic, duplex and thick austenitic adherend. 



Clearly, the compliance or inverted stiffness o f the specimens differs, and so influences the 
fracture mode and the fracture load. The compliance, and hence the fracture energy, o f a 
stmcture can be difficult to solve analytically, especially i f i t changes wi th time as the adherends 
deform both elastically and plastically. Modem adhesives can also exhibit large strains before 
failure, thus complicating the solution further. 

The experimental compliance o f a structure can be determined f rom load-displacement data, 

and is simply 8/P. The experimental compliances for the different configurations are presented 
in figure 5, 6 and 7. It can clearly be seen that some configurations experience a dramatic 
change in structural compliance. These configurations have fracture surfaces wi th a smooth, 
interfacial fracture, starting at the end o f the overlaps, finally failing cohesively when the 
interfacial cracks meet. This indicates a peel induced failure. Configurations wi th little or small 
change i n compliance have fracture surfaces that are almost completely cohesive in the 
adhesive, more indicative o f shear failure (mode I I ) . This is not unreasonable since the stiff 
adherends minimise bending, and hence critical peel stresses may not develop at the edge of 
the overlaps. This can explain the much higher failure loads for the stiffer bond structures, 
since this adhesive performs much better in shear than in peel. 

Austenitic adherends 

0.3 , 

t= 4 mm 

0 5 10 15 20 25 30 35 40 

Load, kN 

Figure 5. Experimental compliance versus load for austenitic adherends. 

7 



2 mm adherends 

0.07 

•Duplex, 2 mm 
•Austenitic, 2 mm 

Ferritic, 2 mm 

15 20 25 

Load, kN 
35 40 

Figure 6. Experimental compliance versus load for 2 mm adherends. 

Stiff adherends 

0.07 

•Duplex, 2 mm 
• Martensitic, 1, 25 mm 
Austenitic, 4 mm 

15 20 25 

Load, kN 

Figure 7. Experimental compliance versus load for stiff adherends. 

A l l adherends except the martensitic material exhibited some plastic deformation, more 
pronounced for the configurations wi th lower stiffness. Adherend yield clearly lowers the 
strength o f the configuration, and thus lowers the apparent shear strength o f the adhesive. The 
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only configuration without plastic deformation, the martensitic adherend, can more likely give 

the true shear strength o f the adhesive. 

To be able to compare the different configuration variables, an adherend stiffness parameter 

was introduced, written as: 

E 

t o 

where E is the elastic modulus for the adherend, t is adherend thickness and O" is the yield 

strength o f the adherend material. 

Plotting the fracmre load versus the stiffness parameter results in figure 8. For this adhesive a 
prediction of the failure load should be possible. Note that the overlap length has been kept 
constant, and that this graph can only be used for the same overlap length. The relationship 
between fracture load and overlap length is not linear and should be investigated for each 
stmcture. Fracture load predictions for very stiff adherends can be based on the adhesive shear 
strength, and predictions for adherends wi th a lower structural stiffness must incorporate the 
possibility of peel induced failure. The curve in figure 8 does incorporate the peel induced 
failure and may be used for fracture load predictions. The critical fracture energy for mode I 
loading situations can be used in fracture mechanics and finite element analysis. 

0 : 1 

0,1 0,2 0,3 0,4 0,5 0,6 

E / ( t o ) 
y 

Figure 8. Fracture load per unit width versus configuration variables for single overlap joints. 
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Conclusions 

The critical fracture energy o f the adhesive DP 490 has been measured for mode I loading, and 
is ca 600J/m2. 

Single overlap joints w i th different stiffness configurations were tested and their experimental 
compliances are presented. It can be seen that configurations wi th a sharp increase in 
compliance results in interfacial fracture, indicative of peel induced failure. Configurations wi th 
little variation in experimental compliance seem to failure in shear, and wi th much higher 
fracmre loads than those o f the configurations wi th sharply increasing compliance. The fracture 
surfaces o f the tested configurations vary w i th structural stiffness; stiffer configurations have 
more cohesive fracmre than configurations wi th a lower stiffness. 

A n adherend stiffness parameter is introduced, and plotting that against fracture load per unit 
width results in a relationship that can be used to predict failure load for configurations w i th 
the same adhesive and same overlap. 
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