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Effect of grooves on the strength of adhesivelgded joints

Abstract

The objective of this work was to study the inflaenof the macroscopic state of the
substrate surface on the strength of adhesivesjokur that, several patterns were made on
the surface of the substrates. The patterns weatett in two different ways, cleaned with
acetone or chemically treated. The substrates therebonded with two types of adhesive, a
brittle one (AV138) and a ductile one (Araldite 3)’and static and fatigue tests were carried
out. Static testing began by trying to determindcWidepth of the pattern allowed better
results for the joint strength of both adhesivese Tiext step was to test the different patterns
with the depth chosen to see which was the bestdifferent patterns were always compared
with specimens without pattern. For the fatiguastethe pattern and adhesive with the most
interesting results were used. After analyzingrawilts, it was observed that the patterns can

increase the joint strength of non treated sulesriat the case of the brittle adhesive.
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Resumo

Este trabalho teve como objectivo estudar a inflisrdo estado macroscopico da
superficie dos substratos na resisténcia de jautasivas. Para isso foram feitos varios perfis
na superficie dos substratos. Os perfis foram emédados de duas maneiras, foram limpos
com acetona ou sofreram ataques quimicos. Os atdssforam entdo colados com 2 tipos de
adesivo, um fragil (AV138) e um ductil (Araldite 28) sendo efectuados ensaios estaticos e
de fadiga. Nos ensaios estaticos comecou-se ptar tdaterminar qual a profundidade dos
perfis que permitia obter melhores resultados disténcia da junta para ambos adesivos. O
préximo passo foi ensaiar os diferentes perfis @mrofundidade escolhida de modo a
perceber qual o melhor. Os varios perfis foram serapmparados com substratos sem perfil.
Para os ensaios de fadiga foi usado o perfil easiad que apresentavam resultados mais
interessantes. Depois de analisados o0s resultaglocebgu-se que os perfis aumentam a

resisténcia da junta para substratos sem tratamentaso do adesivo fragil.
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1 Introduction

In this work, single lap joints were studied. Thype of joint is the most studied in the
literature, where there is multiple simple critevfadimensioning. The resistance of the joint
depends on several factors that are hard to qualikié the length of overlap, the plasticity of

the adhesive, the thickness of the adhesive ansltti@ce treatment.

From the beginning of the $0century to the current Z1century, a progressive
utilization of adhesives in bonding can be notickdhesives are progressively replacing the

conventional mechanical fastening systems.

Currently, structural adhesive bonding is more useglacing or used in conjunction
with the conventional mechanical fastening systems) numerous advantages over them.

Some of the characteristics of the structural agbhesare [1]:

— A more uniform stress distribution through the oected area, which allows for

greater stiffness and load transfer;

Riveted joint R ——— 4
= ﬂblm[HTminf
Non-reinforced area N
Stress distribution v
Figure 1 Stress distribution in riveted joints [1]
Bonded joint b " 4
= =
M
| T
y 1
Smaller non-reinforced area o~ ]
Stress distribution v

Figure 2 Stress distribution in bonded joints [1]
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— Improved fatigue strength in adhesively bondedtgojn

— Weight reduction and a lower cost;

— Connection of different materials in compositiondanith different coefficients of
expansion;

— Usually adhesives are the most convenient and teféeenethod to connect two
materials;

— Can make the project more flexible allowing the aseew concepts and materials;

— Creates a continuous contact between the connsat&tes.

Although adhesives have a number of advantagesnécessary to take into account the

limitations they have [1]:

— Design connections that eliminate peel, cleavagerapact loads;

1 T
=

Peel Cleavage

Figure 3 Peel and cleavage forces [1]

- Avoid localized stress and ensure an even distdbubf stress by subjecting the

adhesive to shear stress;

R — T,

l Bad Good

Figure 4 Avoid localized stress and ensure the adsige works in shear [1]

— To obtain good results, a careful surface prepamasi required,;

— Quality and security controls are hard to do;
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— Adhesives have limited resistance to extreme cmmdif such as heat and humidity

due to the polymer nature of the adhesive.

The susceptibility of most adhesives to degradatioharsh environments is the main
limitation of adhesive bonding. The humidity, temgiare and solar radiations are some

parameters affecting the durability of adhesivatmi

Adhesive joints are increasingly being used in stdal applications, hence the need for
a more detailed analysis of the structures. Thiglyars involves a choice of the most
appropriate joint geometry, the adhesives and ¢msteuction of the adhesive joints. These
choices are based on environmental conditions,sla@adl the work to which the joint is
subjected. The factors to consider are: the yi¢lthe substrate and its thickness, type and
thickness of the adhesive, the length of overlapthre surface treatment.

In single lap joints, the edges of the joint are @reas that have the highest stress
concentration. The average stress is lower tharstiless on the edges of the joint, and this
uneven distribution of stress along the adhesiyerléeads to failure normally for loads of
inferior value than the adhesive can support [2].

Figure 5 shows the difference in joint strengthdactile and brittle adhesives, depending
on the length of overlap. The joint strength ineesa initially, being higher for brittle
adhesives. But for big overlaps, it appears thatdinctile adhesives have joint strength much
higher than the brittle adhesives [3].

"""“-‘.
Ductile adhesive

Joint strengh

-
Brittle adhesive

Overlap length

Figure 5 Effect of overlap length on rupture strengh for ductile and brittle adhesives [4]
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Figure 6 shows, for a single lap joint, the diffeze of the shear stress distribution in a
joint with a brittle adhesive and a ductile adhesik is evident that there is a high stress at
the ends of the joint for the brittle adhesive angreater uniformity of stress along the joint
for the ductile adhesive. The ductile adhesivete&e advantage of all of the overlap length,
unlike the brittle adhesive, which explains why thpture strength increases almost linearly
with the length of overlap in the case of ductiihesives.

v
g
D
]
L
|
m
Q
il =m
v

(-

L ———e

Figure 6 Difference in stress distribution along tle overlap for a single lap joint. a) Brittle adhesie, b) Ductile
adhesive [5]

Another factor that should be taken into accournhéadherend yielding. For adherends
that remain elastic and a ductile adhesive, tHar&aioad of single lap joints can be predicted

using a global yielding criterion based on the sls¢éi@ss of the adhesive.

FL = 7, xw=*[(1)

FL is the joint failure loadz, is the adhesive yield shear strengthis the joint width and is
overlap length. For joints with a brittle adhesiaed elastic adherends, tMelkersen [6]
model is used and the failure occurs when the maxirshear stress at the ends of the overlap

exceeds the shear strength of the adhesive [7].

2w * [ *sinh(A 1) )
Ax L% [1+4 cosh(A=1)] (2)

FL = 7, %

Where
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G 2
- 5D
ta \E *tg

FL is the joint failure loadta is the adhesive thicknedsijs the substrate thickness,is

the adhesive shear modulls,s the substrate Young’s modulus,is the joint width,l is
overlap length and is the adhesive shear strength.

For adherends that deform plasticallylams et al [8] proposed a failure criterion

corresponding to the adherend yielding.

FL = gy, *w*ts (3)

WhereFL is the joint failure loadg, is the adherend yielding stressis the joint width

andtsis the substrate thickness.

The thickness of the adhesive layer is an importactior when it comes to structural
adhesives. An optimum thickness should be ensurethé adhesive to be able to obtain the
best performance of the joint. The thicknesses contynused and recommended by the
manufacturers are between 0.1 and 0.2 mm. It isrgxentally verified that the resistance of
a joint decreases with an increase of adhesiv&nbgs from 0.1 — 0.2 mm. For thickness less
than 0.1 mm, there is a sudden drop in resistahd¢keojoint, possibly due to the fact that

there is a risk of failure of bonding [1].

The decrease of joint strength with the increasthiockness can be explained by several

parts:

1. For high adhesive thickness, there is the riskhwbducing defects in the joint, such
as air bubbles and micro cracks;

2. At the extremities of the joint, the bending momémtreases (depending on the
thickness of the adhesive and the substrate),tmeguh a decrease in the resistance
of the joint;

3. Plastification in the case of ductile adhesivesuoscfor higher loads in high
thickness joints, but spreads more rapidly along akerlap resulting in a lower

resistance of the joint.
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The surface treatments are intended to form swsfadech are resistant and easy to wet.
The strength of an adhesive joint increases swmamtly when loose particles such as

corrosion products, paint and other contaminardsemoved from the surface.

Roughness is a parameter which affects the stresfdibnded joints, because it leads to
an increased contact area between the two sulsstateincreases the interface connections.
The substrates must present, in the area of ovealapntermediate roughness so that the
entrapment of air in the joint interface does napen. A high surface roughness may cause
an increase of stress concentration and conseglgsnéase in the resistance of the joint
because the adhesive does not fully penetrateticacavities.For metals, roughness may
increase the resistance of the joint but for sabst¢rwith a low surface energy the increase of
roughness does not have the same effect, as shpwmnto et al [9]. Figure 7 shows the

phenomenon of non-penetration of the adhesivedrtévities of the substrate.

Airentrapment

Substrates

\

Adhesive

Figure 7 Representation of possible defects on sades with high roughness

Figure 8 shows the difference between adhesive @oitkesive fracture, where the

objective of the surface treatment is to obtaiolesive rupture.
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Adhesive rupture Cohesive rupture
Adherend 1 Z Acherend 1 /( Z
'\_I &
Adhesive e Adhesive \
. . . - Cohesive rupture
Adherend 2 Adhesive rupture (interfacial) 5 AdhErend 2 onthaadkerend
Adherend 1 (
Cohesive rupture
Adherend 2 on the adhesive

Figure 8 Schematic representations of different magks of rupture in bonded single lap joints [1]

The relationship between the joint strength andstifestrate roughness depends on other
factors, and cannot be expressed only as a fundfidghe substrate roughness. Thus, it is
considered that many of the surface treatmentseappl order to generate roughness, induce
physical-chemical changes that can affect the serémergy of the substrates and wettability
[10].

The surface condition is an important factor andusth be such that the failure is
cohesive. The results from the literature show #hadugh surface increases the joint strength
up to a certain point upon which the cavities migiitoduce stress concentrations. It is
common in workshops to have metal plates with shiest due to handling. From the results in
the literature, these scratches might increasgothe strength; however this has never been
assessed. Also, the effect might be different vaitittle and ductile adhesives. The main
objective of this study is to assess the effeavétches or grooves with two different types

of adhesives.

2 Experimental details

An experimental study was planned to determineirifieence of the surface pattern on
the resistance of single lap joints. The experimaunsisted in static and fatigue tests for
various specimens with different patterns. The utgtstrength of the specimens was
compared along with the behavior of the specimereucyclic loads and conclusions were

drawn.
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2.1 Adhesive description

For the testing program two different kinds of agllies were selected. A brittle one
(Huntsman AV138 + HV998 Hardener) and a more deiaite (Huntsman Araldite 2015).

These adhesives when applied on a patterned swafa@xpected to have different behaviors.

The brittle adhesive, Araldite AV138 with Hardendy998 is a two component, room
temperature curing paste adhesive of high strewgtien fully cured the adhesive will have a
excellent performance at elevated temperatures {€2@nd has high chemical resistance. It
is suitable for bonding a wide variety of metalddas widely used in many industrial
applications where resistance to aggressive or veamwironments is required. The resin and
hardener should be mixed with a mass relation 64 (resin/hardener) until they form a

homogenous mix. The mechanical properties of tineside can be seen on Table 1.

Table 1 Mechanical properties of AV138 adhesive [11]

Shear modulus G (MPa) 1559 + 11
Shear yield stressz,,, (MPa) 25.0+0.55
Shear strength,z,. (MPa) 30.2+0.40
Shear failure strain, y (%) 5.50+0.44

Figure 9 Araldite AV138 with Hardener HV998
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The ductile adhesive, Araldite 2015 is a two congminroom temperature curing paste
adhesive giving a resilient bond. It is thixotropied non sagging up to 10 mm thickness and
has a high shear and peel strength. The mechanimaérties of the adhesive can be seen on
Table 2.

Table 2 Mechanical properties of Araldite 2015 adhége [11]

Shear modulus G (MPa) 487 + 77
Shear yield stresst,, (MPa) 179+1.8
Shear strength,z,. (MPa) 179+18
Shear failure strain, y (%) 439+ 3.4

Sloe

>
1'1

X
Tol
=T
mﬂ

Figure 10 Araldite 2015 with the tube for applicaton of the adhesive

This adhesive is applied through a dual syringeatising system and the two parts of
the adhesive are blended in the tube coming otiteofree side as a homogenous mix.
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Figure 11 Araldite 2015 with dual syringe dispensig system

2.2 Substrate material

The material used for the substrates was AA6082dtifminium. This choice was made
because the aluminium due to its low weight anddgmoechanical properties is an
increasingly used material in aerospace and auteenwidustries which are among those that
use adhesive techniques. Aluminium also helps &p lasts down in the fabrication of the
specimens because it is easier to do the patfEBnesmechanical properties of the aluminium
can be seen in Table 3.

Table 3 Mechanical properties of aluminium AA6082-Tg12]

Tensile strength,oyrs (MPa) 305.6
Yield stress,o,,, (MPa) 245.1
Elongation at failure, &, (%) 16.5
Young's modulus,E (GPa) 69.5
Shear modulus,G (GPa) 25.34
Poisson's ratio,v (-) 0.346

10
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2.3 Specimen geometry

For the tests, a specimen with a simple geometrg eo@sen. An overlap area of
24.8 * 25 mm was prepared with the various patterns. A veryghoapproximation for the
yield strength can be calculated from the overlagpiegion. Equations 4 and 5 show the
force needed to completely plastify the adhesivgiore and equation 6 shows the force

needed in order to yield the aluminium substrate.

FLOV38 . =~ Tyield,adhesive * @r€a = 25 * 24.8 x 25 = 15500 N )

adhesive

FLATGMIE 2015~ 7 1d adhesive * Area = 17.9 x 248 %25 =11098 N (5)

adhesive

Flgypstrate = Oyield,substrate * area = 245.1 x 24.8 « 3 = 18235 N (6)

Equations (4)-(6) show that there will be no adhdrgielding for the chosen adhesives
during the tensile test when a overlap area of mpprately 24.8 « 25 mm? is used. This is
important, since no deformation of the adherendukh@xist which could influence the

adhesive behavior to be studied. Figure 12 shoesshbsen joint geometry.

3mm

95mm 25mm 95mm
Width = 24.8mm

Figure 12 Joint geometry

2.4 Surface patterning

The preparation of the surface of the substrateofisextreme importance in the
implementation of a glued joint, as its resistanlepends heavily on the quality of this
operation. In an ideal bond, the substrate mughbeveakest link, however in most of the
bonded joints it is the adhesive that behaves asviéakest link. Different surface patterns

and depths were tested in tensile tests for batlesides and the best pattern and depth were

11
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then selected for the fatigue tests. Figure 13 shihw different patterns that were used and
the unprepared surface used for comparison.

00 45 45X a0 90X

Figure 13 Surface preparation patterns used and thedesignation

The manufacturing of the patterned specimens wa® a@m a Bridgeport vertical milling
machine, which was previously fitted with a lathgting bit with a 45° angle in the tool
holder.

tool holder moving table

+ specimen holder

cutting bit

(a) Scheme (b) Photograph

Figure 14 Cutting bit used for creating the patterring of the surface [13]

The patterns applied to the specimens consisted séries of grooves, which were
applied with 0°, 45° or 9@ftientations (relative to the sides of the specinzamd with depths
of 0.1 and 0.3 mm. The distance between the gromass2 mm. Figure 15 shows specimens
with a pattern of 90° and depths of 0.1 mm andn@3 compared with a specimen with no
pattern.

12
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Figure 16 shows all the patterns with a depth a@f fam that will be tested with both
adhesives.

AENNEEEEn

(a) 0% pattern  (b) 45° pattern (c) 45° crossed (d) 90° pattern (e) 90° crossed
pattern pattern

Figure 16 Different patterns with a depth of 0.1 mm

2.5 Surface treatments

The effect of the grooves was assessed under twdittmms: with and without surface
treatment. The idea was to check if the grooveslavba sufficient to have a good strength
without additional treatment. For the case of ‘remtment’ only acetone was used to clean the
substrates after the grooves were done. In the @aserface treatment, a chemical surface
treatment using chromic acid was chosen as it isfie@ that the tensile strength of
chemically prepared specimens is significantly bigihan without preparation.

It should, however, be noted that this procesairseatly being phased out of industrial
applications. Despite being a very efficient pragedit uses a large amount of toxic and even
carcinogenic chemicals. Some alternative procedanedeing currently developed which are
much less damaging to the environment. As an exantpé work ofiG. W. Critchlow [14]

13
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studied several duplex oxide layer mechanisms bstgute anodizing with chromic acid.
Various non toxic-electrolytes have been testedl [13

The chromic acid used for this work was produceith wie following composition:

- 1 liter of distilled water
- 609 OfNaZCT'207.H20

The procedure for the preparation of the specinsedsscribed below:

1. 300g of high grade sulphuric acid are dissolvet liter of distilled water.

2. The Na,Cr,0,.H,0 crystals are dissolved in the solution. This nesactis
exothermic and heats the recipient. The operatiostrbe done in a ventilated
area and the recipient must have a large operogetctiminimize the chances of
overheating.

3. The specimens are suspended on metallic wires Wilh of their length
submerged in the chromic acid solution.

4. The solution is heated up to 65°C and kept attémaperature for 15 minutes.

5. The specimens are removed and quickly rinsed \aphwater. A second rinse is
performed with distilled water to remove surfacataminants.

6. The specimens are then dried in hot air and cdyetanditioned to avoid the

reappearance of oxides.

The final result is a very clear surface, cleargvaid of any contamination. The

application of the adhesive has to be fast to atredeappearance of oxides.

2.6 Bonding

The adhesive joints were manufactured using a mihaltican be seen in Figures 17 and
18.
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Figure 17 Bottom half o uId used for the manufaturing of the adhesive joints

Figure 18 Top half of the mould used for the manufaaring of the adhesive joints

This mould allows the manufacture of 6 adhesivetgat the same time.
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Figure 19 Mould with some specimens

The adhesive thickness used was 0.2 mm, sincéstbelieved to be the best performing

thickness. This is achieved by the curing setupvshio Figure 20.

VS S S S
—_—

Figure 20 Setup used to guarantee a constant adhesithickness
Spacers with a thickness dficknessspecimen + thicknessgapesive = 3.2mm were used
in order to guarantee a constant thickness of theesive layer. The INTOCO hot-plate

hydraulic press shown in Figure 21 was used torseitie parts in place during the curing
process. The hot-plate hydraulic press uses héegbr@ssure in order to cure the adhesive.
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Figure 21 INTOCO Hydraulic Press

The steps necessary to prepare the specimensedi@ltdwing:

— Heat the tools to 80°C for easier application efitiould release agent.

— Apply the mould release agent on the mould andespac

- Apply a thin adhesive layer on the overlap beingfta so that no air is trapped
inside.

- Mount the mould.

- Insert the mould into the previously heated at 4@¢@raulic press.

— Cure the adhesive at 100°C and with a load of 209€or 1h30.

2.7 Static testing

The tensile test of a single lap joint is one @& thost common methods to characterize
an adhesive joint. The test consists in applyingds in the longitudinal direction of the
specimens until the occurrence of rupture. As carsden by the geometry of the specimen
(Figure 22), there is a misalignment of tractioncés, even when spacers are used in the
places of mooring. The test of a single lap joiah de used as a method for comparative
study of adhesives, provided that the standardizati other parameters that can affect the
outcome of the tests is ensured. The tests were dana MTS 810 machine with a test
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velocity of 1 mm/min in typical laboratory ambierdnditions (approximately 25°C and 50%

relative humidity).

[ ]
| [ ]

Figure 22 Representation of a single lap joint

2.8 Fatigue testing

The effect of the grooves might be different undgclic loads. The grooves act like
stress concentrators which may lead to a shofeeotithe specimens under cyclic loads. The
behavior under cyclic conditions is a function bé ttype of adhesive and, above all, the
geometry of the joint. Usually, the tests that @eeformed have as an objective to represent a
diagram of maximum stress vs number of cycles dipture. This diagram is called the SN
curve or Wohler curve. The solicitation frequen@s lan important role in fatigue behavior.
The maximum usable frequency is dependent on tleemidd conductivity of the par
adhesive/substrate, the method of loading and itee$ the specimen. The fixation of the
specimens must keep the specimens well alignetiaatiere is no deviation in the applied
force of more than 2%. The tests were done on & BI0 machine with a test frequency of
10 Hz to see the effect of grooves under cyclid$od hree levels of load were used (80%,
60% and 40% of the ultimate load obtained in tlaistest) and the maximum number of
cycles that a specimen could do was set to onéomitlycles. Three specimens were tested

for each load level.

3 Results

3.1 Influence of the pattern depth

3.1.1 Adhesive AV138

Tensile tests were performed in order to see thigeince of the depth of the patterns. In
these tests the patterns were applied at 90° veigithd of 0.1 and 0.3 mm. 0.1 mm is the
smallest dimension possible to machine on the aviailequipment and 0.3 mm represents
10% of the substrate thickness, reducing the st of the substrate considerably. Four
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tensile tests were done for each depth and 4 ritgrpad specimens were also tested. This
was done for both surface treatments.

The first tests were done with the specimens oldgned with acetone. This should lead
to weaker joint strength than the specimens thate whemically treated, which should
simplify the identification of the best surfacetgat depth. The results are presented in Figure
23.
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Figure 23 AV138 without chemical surface preparatia

The tests show that the patterned surface leadshtgher resistance of the joint, but no
conclusion can be made in relation to the differ@dgths since the results are very similar
between them. Figure 24 shows the fracture surfatepecimens with various depths of the
patterns.
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Figure 24 Fracture surfaces of specimens bonded WwiAV138 without chemical surface treatment. The suace
patterns from left to right are: no surface pattern, 0.1 mm at 90° and 0.3 mm at 90°

The fracture surfaces show that the specimens utighattern had adhesive failures while
the patterned ones had mixed cohesive/adhesivedail

The next step was to test chemically treated spatsmThe same number of specimens
for the different depths was tested in additioth®specimens with no pattern. The results are
presented in Figure 25.
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Figure 25 AV138 with and without chemical surface pparation (the values in percentage represent thecrease in
joint strength from ‘no treatment’ to ‘chemical tre atment’)

With chemically treated specimens, the results sti@aw the pattern with a depth of 0.1
mm has the best result. The specimen with no pattas a high increase of strength in
relation to no treatment while the pattern with eptth of 0.1 mm has a lower but still
considerable increase of strength. The increastrefgth from the no treated surface to the
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treated surface is because the failure goes fraxedntohesive/adhesive to cohesive. The 0.3
mm pattern presents very similar results with ahaiit chemical treatment. The results may
be influenced by an equilibrium between the ancigpéffect and stress concentration factors.
Figure 26 shows the fracture surfaces of specimathsvarious depths of the patterns.

Figure 26 Fracture surfaces of specimens bonded wiAV138 with chemical surface treatment. The surfacpatterns
from left to right are: no surface pattern, 0.1 mmat 90° and 0.3 mm at 90°

The fracture surfaces show that all chemicallyte@apecimens had cohesive ruptures.
The tests with AV138 adhesive show that the 0.1 depth is the best leading to a higher
resistance of the joint, especially when chemicatpted.

For joints with a brittle adhesive, théolkersen model is used for a prediction of joint
strength giving a value of 5474.98 Hquation 2)

This value is to be compared with the joint str@ngtsults when cohesive failure is
obtained which is approximately 6500 N. The modeirot be used to assess the effect of the
grooves.

3.1.2 Adhesive Araldite 2015

The first tests were done with the specimens oldgned with acetone. This should lead
to weaker joint strength than the specimens thate whemically treated, which should
simplify the identification of the best surfacetgat depth. The results are presented in Figure
27.

21



Effect of grooves on the strength of adhesivelgded joints

12500 50

9375 T
z
c
©
g 6250 -
x
©
£
(1

3125 -

0 _
0 0.1 0.3
Depth [mm]

Figure 27 Araldite 2015 without chemical surface peparation

The tests show that the patterned surface leadddwer resistance of the joint, but no
conclusion can be made in relation to the differ@dgths since the results are very similar
between them and the test uncertainty, defined hey standard deviation of the results
overlaps the mean values. Figure 28 shows theuhedurfaces of specimens with various

depths of the patterns.

Figure 28 Fracture surfaces of specimens bonded witAraldite 2015 without chemical surface treatmentThe surface
patterns from left to right are: no surface pattern, 0.1 mm at 90° and 0.3 mm at 90°

The fracture surfaces show that the rupture wagdnoohesive/adhesive for the different
specimens. The next step was to test chemicalbtedespecimens. The same number of
specimens for the different depths was tested ditiad to the specimens with no pattern.
The results are presented in Figure 29.
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Figure 29 Araldite 2015 with and without chemical arface preparation (the values in percentage represt the
increase in joint strength from ‘no treatment’ to ‘chemical treatment’)

With chemical treated specimens, the results shaivthe pattern with a depth of 0.1 mm
has the best result. The specimen with no pattasnah increase of strength smaller than the
pattern with a depth of 0.1 mm in relation to the treatment surface. The 0.3 mm depth
pattern presents very similar results with or withchemical treatment. Because of the results
of the patterns with a depth of 0.3 mm, this depdis not used again in the following tensile
and fatigue tests. Figure 30 shows the fracturtases of specimens with various depths of
the patterns.

Figure 30 Fracture surfaces of specimens bonded witAraldite 2015 with chemical surface treatment. Tle surface
patterns from left to right are: no surface pattern, 0.1 mm at 90° and 0.3 mm at 90°
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The fracture surfaces show that the rupture wassieé for the different specimens. As
with the AV138 adhesive, the depth of 0.1 mm preséme best results but the results with

and without chemical treatment are very similartfar Araldite 2015 adhesive.

The joint strength prediction using thélkersen model gives a value of 555.06 N
(Equation 2).

The failure load obtained with this model is wedlldw the experimental failure loae (
10500 N). This is because the adhesive is ductbe.ductile adhesives, the global yielding

criterion is more appropriate giving a value of 28N Equation 1).

This value is to be compared with the joint stréngtsults when cohesive failure is
obtained which iz 10500 N.

Figure 31 shows a typical load displacement cuiee curve is linear up to failure

which shows that there was not any adherend pldsfarmation during the test.
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0 0,2 0,4 0,6 0,8 1
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Figure 31 Typical load displacement curve

3.2 Influence of the pattern direction

All 5 specimen patterns were tested in these &negts. The tensile tests were done to

compare different patterns with a depth of 0.1 non both adhesives with and without
surface treatments.
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3.2.1 Adhesive AV138

The first tests were done with the specimens oldgned with acetone. This should lead
to weaker joint strength than the specimens thate whemically treated, which should

simplify the identification of the best surfacetpat. The results are presented in Figure 32.
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Figure 32 Various surface patterns with a depth 00.1 mm without chemical surface preparation bondedvith AV138

Fmax mean [N]

The tests show that the best results were obtaiitedhe crossed patterns at 45° and 90°.
This may be related to the bigger anchoring eféé¢hese patterns due to the higher affected
area. The patterns at 45° and 90° also had goodtsredmost to the level of the crossed
patterns at 45° and 90°. The test uncertaintynddfby the standard deviation of the results of
each specimen is high. Figure 33 shows the fraduréaces of specimens with different
patterns.
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Figure 33 Fracture surfaces of specimens bonded wiAV138 without chemical surface treatment. The suace
patterns from left to right are: no surface pattern, 0°, 452, 45° crossed, 90° and 90° crossed

The fracture surfaces show that the specimens utitpattern had adhesive ruptures
while the patterned ones had mixed cohesive/addésilres.

The next step was to test chemically treated spatsmThe same number of specimens
for the different patterns was tested. The resuktspresented in Figure 34.
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Figure 34 Various surface patterns with a depth 00.1 mm with and without chemical surface preparatio bonded
with AV138 (the values in percentage represent thiacrease in joint strength from ‘no treatment’ to ‘chemical
treatment’)
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The tests show that the results are all very smbktween the patterns with the test
uncertainty, defined by the standard deviatiorhefriesults of each specimen overlapping the
mean values. The specimens that were chemicalljetlepresent higher rupture strength than
the non chemically treated, but are not sensitovéhe presence of the patterns since the
results are similar between the patterns. Figurst8iws the fracture surfaces of specimens

with different patterns.

Figure 35 Fracture surfaces of specimens bonded witAV138 with chemical surface treatment. The surfacpatterns
from left to right are: no surface pattern, 0°, 45°45° crossed, 90° and 90° crossed [13]

The fracture surfaces show that all chemicallyte@apecimens had cohesive ruptures.
The chemical treatment allows the specimens toeaehinigher rupture strengths but presents
an indifference to the presence of patterns whité wo chemical treatment the presence of

patterns clearly had an effect of the rupture gjitenf the specimens.

3.2.2 Adhesive Araldite 2015

The first tests were done with the specimens oldgned with acetone. This should lead
to weaker joint strength than the specimens thate whemically treated, which should

simplify the identification of the best surfacetgat. The results are presented in Figure 36.
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Figure 36 Various surface patterns with a depth 00.1 mm without chemical surface preparation bondedvith
Araldite 2015

The tests show that the results are all very smbktween the patterns with the test
uncertainty, defined by the standard deviatiorhefresults of each specimen high. Figure 37
shows the fracture surfaces of specimens with reiffiepatterns.

Figure 37 Fracture surfaces of specimens bonded witAraldite 2015 without chemical surface treatmentThe surface
patterns from left to right are: no surface pattern, 0°, 45°, 45° crossed, 90° and 90° crossed
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The fracture surfaces show that the rupture wagdnoohesive/adhesive for the different

specimens

The next step was to test chemically treated spatsmThe same number of specimens
for the different patterns was tested. The resuktspresented in Figure 38.
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Figure 38 Various surface patterns with a depth 00.1 mm with and without chemical surface preparatio bonded
with Araldite 2015 (the values in percentage represnt the increase in joint strength from ‘no treatment’ to ‘chemical
treatment’)

The tests show that the results are all very smbkitween the patterns with the test
uncertainty, defined by the standard deviatiorhefresults of each specimen overlapping the
mean values. The results between the chemicabyetlespecimens and the non treated were
very similar. Figure 39 shows the fracture surfamfespecimens with different patterns.
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Figure 39 Fracture surfaces of specimens bonded wmitAraldite 2015 with chemical surface treatment. Tle surface
patterns from left to right are: no surface pattern, 0°, 45°, 45° crossed, 90° and 90° crossed [13]

The fracture surfaces show that all chemicallyte@apecimens had cohesive ruptures.
The results show little difference between the spens with chemical treatment and the
specimens with no treatment and between the diffgratterns.

3.3 Fatigue testing

For fatigue testing, only two types of specimensengsed: no pattern and a 90° pattern
with a depth of 0.1 mm. The 90° pattern was notois overall but showed good results and
it is easier to manufacture than the other pattpresenting savings in time and costs. The
adhesive AV138 was the only one tested becausesizghAraldite 2015 did not show any
sensitivity to the patterns. Three fatigue testeevamne for each load level for both patterns.

3.3.1 Adhesive AV138

The first tests were done with the specimens oldgreed with acetone. The results are
presented in Figures 40 and 41. In Figure 41 thd Is normalized in relation to the static
failure load.
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Figure 40 Fatigue results for specimens with no ptgrn and 90° pattern bonded with AV138 and no surfee treatment
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Figure 41 Fatigue results with unitary loads for spcimens with no pattern and 90° pattern bonded witihV138 and
no surface treatment

The tests show that the patterned specimens wadter likan the specimens with no
pattern. At 40% of the ultimate load, the patterspdcimens were close to 500.000 cycles
while the specimens with no pattern at the samel iexere only close to 50.000 cycles. The
slope of the patterned specimens is lower than dhdélbhe specimens with no pattern. This
shows that the grooves have a good effect on thavie of the specimens under cyclic

conditions
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The next step was to test chemically treated spEwmThe results are presented in
Figures 42 and 43. In Figure 43 the load is normedliin relation to the static failure load.
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Figure 42 Fatigue results for specimens with no ptrn and 90° pattern bonded with AV138 and chemicdy} treated
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Figure 43 Fatigue results with unitary loads for spcimens with no pattern and 90° pattern bonded witihV138 and
chemically treated

The tests show that the patterned specimens wigtglglbetter than the specimens with
no pattern. All the patterned specimens achiev@@01000 cycles with a load of 3621 N
while only one of the specimens with no patternieadd 1,000,000 cycles with a load of
2761 N. The slope of the patterned specimens assilghtly lower than that of the specimens
with no pattern. This shows that the grooves hawgoad effect on the behavior of the
specimens under cyclic conditions.
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Figures 44 and 45 compare the three following casegattern and no treatment, no
pattern and chemically treated and 90° pattern withireatment. The specimen with a 90°
pattern and not treated is not as good as the chéiynireated specimen with no pattern.
However, the results show the scratches or groavesalmost sufficient to obtain good

results with no any additional surface treatment.
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Figure 44 Comparison between the 90° pattern withatreatment and no pattern with and without treatment
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Figure 45 Comparison with unitary loads between th®0° pattern with no treatment and no pattern withand without
treatment
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4 Conclusions

Single lap joints with patterns were studied withd awithout surface treatment and
bonded with a brittle and a ductile adhesive. Ttrectusions that can be taken from the study
are:

1. Tensile testing showed that the depth of the pattdnat showed the best results
was 0.1 mm for both adhesives.

2. Tensile testing with the brittle adhesive (AV138pws that the surface patterns
influence the joint strength. This influence is nosticed for the specimens with
no surface treatment, with the patterned specirhensg a higher strength than
the specimens with no pattern. With the chemicatlated specimens, the
patterns still have a influence on the joint sttandput that influence is
considerably smaller compared with the specimeaisviiere not treated.

3. Tensile testing with the ductile adhesive (Arald@15) shows that the surface
patterns does not have a significant influenceherjaint strength.

4. Fatigue testing with the brittle adhesive (AV138pws that the surface patterns
have a good effect on the behavior of the specimedsr cyclic conditions. The
patterned specimens consistently endured moresittéan the specimens with no
pattern. This happened especially with the specgmathout surface treatment.

5. The surface patterns with no treatment are a gdiednative to the chemical

surface treatment using chromic acid.
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5 Future work

Despite all the work done in this study there avme points that can be assessed in

future works.

1. Study the effects of the grooves with other surtagatments.
2. Fatigue testing with adhesive Araldite 2015 to #eebehavior of the specimens

under cyclic loads.
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