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Preface 

Just after the summer of 2005 I was invited at TNO Built Environment and Geosciences 
in Delft for a meeting to talk about the possibilities of an intemship at TNO for finishing 
my study Architecture, Building and Planning at the Eindhoven University of Technology. 
The subject of my graduation project would be an investigation tosome long-term effects 
on adhesive layers, and my interest in it aroused immediately. 
lt was agreed that at the start of the project the scope would be very braad, and that 
later on I would choose a more specific subject to write my report about. 
And that is what you are reading right now. 
In the beginning of my internship, I started with a literature survey about adhesives and 
long-term effects like creep, fatigue and environmental effects. This literature survey is 
described in an additional report [3]/ 
After that, I focused more on fatigue and on two type of adhesives. A flexible adhesive 
for which no accurate predietien model existed, and a morestrong adhesive for which 
the environmental effects not yet were taken into account in a predietien model for 
fatigue. Later on, the focus was only on the flexible adhesive, because for this adhesive, 
I could combine fundamental and experimental research . 

A new predietien model was needed, therefore a literature study was performed. In order 
to obtain some missing parameters, experiments were executed. Those experiments 
took place in the Pietervan Musschenbroek Iabaratory in Eindhoven. 

I would like to thank a number of people who helped me during my graduation project. 
First of all my committee of course: 
Ir. Dianne van Have (TNO Built Environment and Geosciences, TU/e), 
prof. ir. Frans Soetens (TNO Built Environment and Geosciences, TU/e), 
dr. ir. IJsbrand vanStraalen (TNO Built 'Environment and Geosciences), 
and ing. Erik Botter (TNO Built Environment and Geosciences). 
During the project, they supported me a lot, and helped me with all the problems I 
encountered .. 
I would also like to thanks my other colleagues at TNO Built Environment and 
Geosciences at Delft, for the pleasant environment I worked in all the time. Especially I 
would like to thank Kees van Gemert for helping me making the specimens. 
From the Pietervan Musschenbroek Iabaratory in Eindhoven, I thank Theo van de Loo, 
ing. Martien Ceelen and ing. Eric Wijen for helping me during the experiments, they gave 
me a lot of support and it was very nice to work there. 
And last but not least, I would like to t1hank all my friends and family fortheir support and 
interest in my project. I can imagine it was not always easy to understand what I was 
doing, but all the time they kept interested. 

I hope you enjoy reading of this report as much I enjoyed making it! 
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1 Introduetion 

Earlier research on adhesively bonded joints, done by Jaap Strik [1] at TNO and 
Eindhoven Univarsity of Technology, ledtosome interesting points for further research. 
One tried to describe the fatigue behavier of two types of adhesives with da/dN- G 
curves. For the investigated epoxy adhesive, one found that the da/dN - G curve could 
be used for making calculations to predict the lifetime of the adhesive. 
However, for the flexible MS Polymer adhesive, this model was nat conservative and 
accurate for low cycle fatigue. Predietiens made did nat correspond with experiments. 
See also tigure 1-1. 

10.000 

1000 
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100+---~~~----~------~----~~--~~ 

100 1.000 1 0.000 1 00 .000 1.000.000 1 0 .000.000 

Nr 

Figure 1-1: Comparison between the predietien modeland the tests Jaap Strik perfomed [1] 

In this report the focus is on the following subject: 

There is no accurate model for predicting the fatigue life and crack growth in flexible 
adhesives. 

So in this investigation, the following purpose is aimed for: 

Develop a model that more accurately can describe the fatigue behavior of ffexible 
adhesives. 



First a literature study was made to find a model that probably more accurately could 
describe the behavior seen on aarlier experiments. This literature study is described in a 
preliminary report A [3]. The rnadeis found are presented in chapter 2, and a decision is 
made what would be the best model to continue the further investigation. 
In chapter 3, this model is more described in detail, and adapted to the flexible adhesive 
used in the investigation. 
Chapters 4 and 5 are about the experiments that have been done in order to determine 
the va lues of the material parameters tor the model. The experiments are described 
more in detail in preliminary report B [12]. and the maasurement data tor the 
experimentscan be found in preliminary report C [15]. 
In chapter 6, the way to produce a da/dN- G curve tor this kind of modelin9 is shown. 
Chapter 7 shows how the da/dN - G curves can be used to make life time predictions 
Conclusions are drawn in chapter 8, and recommendations are given in Chapter 9. 
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2 Literature study on damage modeling 

2. 1 Introduetion 
Since the beginning of engineering design, preventing failure has been of course an 
important issue. lt has even become a more important issue, when safety and reliability 
gained in importance, and when the use of as less material as possible increased in 
significance. 
A construction has to resist all the torces it will be subjected to. One uses safety factors 
tor unforeseen load situations and material flaws. Often, the yield limit is used as a 
failure criterion, this means that no permanent deformations will occur under design 
loads. But mainly si nee the beginning of the 201

h century, one started to design buildings 
in which safety and reliability became more important, like nuclear installations. Also the 
use of as less material as possible increased in significance. So one had to design more 
accurate. That is why one wanted to know more about the specific behavier of materials, 
not only subjected to permanent loads, but also subjected to other loads. When do 
materials start to fail, how does the fracture processlook like, what are the residual 
strengthand the remaining service life of a component during fracture? 
This led to the development of the fracture mechanics theory. Starting from an idealized, 
dominant flaw in the material, the crack growth can be predicted. Later on, additional 
theories have been developed for predietien the direction of a crack growth, the behavier 
under creep and fatigue, and other aspects of the fracture process. 
The introduetion of computers, made it possible to extend all the theories. lt was 
possible to design with less simplification, and more accurate predictions became 
possible. People also started to get inspired to develop a new approach for modeling 
fracture, where non-linear material behavier could be implemented. This led to the 
development of a fundamentally different type of modeling, the so-called damage 
mode/ing. 

Fracture in damage modeling is the ultimate consequence of a material degradation 
process. Damage variables describe the lossof material integrity. A crack is then 
represented by that part of the material domain in which the damage has become 
critica!. In that part, the material cannot sustain any more stresses, and stressesthen 
are redistributed. In a relatively small region in front of the crack tip, deformation and 
damage growth then will be concentrated. In this process zone, the growth of damage 
determines in which direction and at what rate the crack will propagate. [2] 

In earlierresearch at TNO [1], it was found that classica! fracture mechanics could not 
describe accurate the fracture processof flexible adhesives. That is why a literature 
study has been done to the theory of damage. 
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2.2 Damage mechanics 
This is a summary of the theory presented in [2]. 
Damage rnadeling introduces damage variables that describe the loss of material 
integrity. The value of the damage variabie D in a certain point is a measure of the 
number and size of defects in a small volume at a certain point in time. 
Consider tigure 2-1. 

Figure 2-1: Damage variabie as a representation of micro structural defects 

The damage variabie D has a value between 0 and 1. When D = 0, there is no damage 
and the material properties are the sa me as those of the virgin materiaL This is in region 
Oo. 
Consider tigure 2-2. In region Qd there is some damage, but the damage is not critica!. 
Here: 0 < D < 1. In the region Oe. D = 1 and the damage is critica!, hereall the 
mechanica! integrity and strength have been completely lost. 

Figure 2-2: Damage distribution in a continuurn 

Different models are developed that deal with damage mechanics. The following models 
will be discussed: 

1. Gradient enhanced damage rnadeling (paragraph 2.3); 
2. Nonlocal multiscale fatigue rnadeling (paragraph 2.4 ); 
3. Cohesive zone rnadeling (paragraph 2.5); 
4. Cohesive-decohesive zone rnadeling (paragraph 2.6). 
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A more detailed summary of the four rnadeis is given in an additional report, preliminary 
report A [3]. 

At the end of this chapter, in paragraph 2. 7, the most appropriate theory fortherest of 
this investigation is chosen, and that choice will be explained. 

2.3 Gradient enhanced damage modeling 
Gradient enhanced damage rnadeling is also described in [2] and [3]. The following is a 
summary of that theory. 
Gradient enhanced damage modeling modifles the continuurn farmuiatien by introducing 
spatial interaction termsin the constitutive model by using gradients. Those gradients 
have a smoothing effect on the deformation and damage fields. So they preclude 
localization in a plane. This is done by defining the damage variabie explicitly at the level 
of the micro structural elements. The growth of the damage variabie then depends on 
the average deformation in that element. This means that the growth of damage in a 
certain point (x) is no langer governed by the local equivalent strain ('i (x)), but by the 
average of 'i on the volume ne(x): 
In other words: the damage in a certain point is nat langer alocal damage, but the 
average of the damage in the vicinity of that point. So by this, the continuurn farmuiatien 
is modified in such a way that a larger degree of smoothness is ensured. 

The damage for fatigue can be described as: 

(2.1) 

a, C, and {3 are material parameters, and a is also depended on the way of loading. N is 
the number of cycles. 
The fatigue life (N,, D = 1) is: 

(2.2) 

This model especially is suitable for quasi-brittie materials and fatigue fracture . 

5 



2.4 Nonlocal multiscale fatigue modeling 
For this paragraph, the theory from [4] and [5] is used. 
Because of the fact that accumulation of damage, and the resulting macro crack 
initiation and crack propagation is relatively slow, compared to the rapid fluctuations of 
the displacements within each cycle, there is a disparity in time scales. This disparity 
introduces multiple time coordinates. 

1. A macro-chronological scale denoted by the intrinsic time coordinate t; 
2. A micro-chronological scale denoted by the fast time coordinate r. 

Because of the fact that two scales are used in this model, the original boundary value 
problem is decomposed into coupled macro-chronologicaland micro-chronological 
boundary value problems. This results in the decompositions of the kinematics 
conditions, of the equilibrium equations, the constitutive relations and the initial boundary 
conditions. 

Verification studies of the local multiscale fatigue model against cycle-by-cycle 
simulations were conducted for brittie materialsas for ductile materials. 

2.5 Cohesive zone modeling 
Cohesive zone modeling is described in [6]. 
This method describes the fracture process as a progressive separation across an 
extended crack tip that is resisted by cohesive tractions. These cohesive tractions are a 
tunetion of the relative displacement of the crack faces that close smoothly at the leading 
edge of the zone. With increasing separation, these traction torces first will reach a 
maximum, and then eventually will decrease to zero. There are different types of 
cohesive zone models (CZM), the basics will be discussed in this paragraph. 
In cohesive zone modeling, the most important parameter is the traction. Traction 
separation laws (T(ó)) describe the behavior of the materiaL Each material has its own 
traction separation law. Some examples of how such a traction separation law looks like 
are show in tigure 2-3. 

I 
5 0 

sep 

Figure 2-3: Some examples of traction separation laws 
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2. 6 Cohesive-decohesive zone modeling 
Most information in this paragraph is a summary of [7]. 
This model differs from continuurn damage mechanics. This is interfacial damage 
mechanics: the study of damage growth between two surfaces. The material is nat a 
continuum, but it is a continuous distribution of disconnected normal and tangential 
nonlinear springs that are connecting the two surfaces. Consider figure 2-4. 

Thin adhesive 
P layer 

p 

Upper lamina 

z 
% 

~ 
-=;;;> 

'/ 

Lowerlamina 

.t 
r= O 

+ 

p 

~ 

p 

Springs Upper lamina 

% 
$~ % 

'/ 

Lowerlamina 

Upper and lower surfu.ce ofidealized 
interfu.cial surfu.c e 

Figure 2-4: ldealized representation of a continuous distribution of springsin a resin-rich layer 

Disconnected springs are springs that are nat connected to each other; each spring is 
independent. In contrast to continuurn damage mechanics, in this model it is allowed for 
two material points to coexist in the same location of the body. Another difference is that 
work in this model is written in terms of traction and displacement jumps (the same as in 
CZM), in contrast to stresses and strains in continuurn damage mechanics. 
The principle of the cohesive-decohesive zone model is shown in figure 2-5: 

Free 
surfaces 

Crac.k ~ip 

CohesiYe
decohesi-.-e zone 

(a) ll.~terfacial crack in a plane 

c 

Figure 2-5: Cohesive-decohesive zone model 

T 
J c 

T 

(b) Tractioo-relaw:e dü.placement e."'iponet~

iul coostirutiYe law 

At point C in figure 2-5, there is no traction, and also no displacement jump. Between B 
and C, traction increases, and there is some displacement jump. 
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Between B and A, material degradation occurs, traction decreases, and the 
displacement jumps increases. The points A, B and C in tigure 2-5a correspond with 
points A, B and C in tigure 2-5b. 
The ditterenee between the cohesive-decohesive zone model, and the cohesive zone 
model described earlier, is that in the cohesive-decohesive zone model unloading can 
be accounted for. 
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2.7 
• 

• 

• 

Conclusions 
Gradient enhanced damage modeling seems to be a good method to describe 
the behavier that has been seen during experiments or flexible adhesives, and is 
a good way to describe fatigue behavior. A big disadvantage of this model is that 
it can be hard to determine some additional material p~rameters, like the fatigue 
strength exponent and the fatigue strength coefficient. This model also only has 
been used for quasi-brittie materials so far. 
The nonlocal multiscale fatigue modeling can describe

1 
failure accurate, but you 

need a finite element computer program to solve all th~ additional equations. See 
tigure 2-3. The additional equations follow trom the fadt that this model uses 
multiple time scales. Verification studies of the local multiscale fatigue model 
against cycle-by-cycle simulations were conducted forl1brittle materials as for 
ductile materials; 
The cohesive zone model uses springs to model damage, crack initiatien and 
crack growth. This modellooks a lot like the behavier we observed during 
experiments. Consider tigure 2-6. 

Figure 2-6: Picture from test 

The black circles show material that has not failed yet. One can easily imagine 
these are springs. T o be perfectly clear, what can be seen in the red box is a 
plastic sheet, which was used to initiate a crack at that point. So that is no 
adhesive. The cohesive model has an additional advantage: it seems relatively 
easy into use, especially compared to the other models; 

• The cohesive-decohesive model even comes closer t]
1 
reality, because unicading 

can also be accounted for. 

Henceforth, the cohesive-decohesive model will be used in th s research for modeling 
the behavier of flexible adhesives, especially in the case of fa igue loading. 
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3 Cohesive-decohesive zone model or flexi bie 
adhesives 

In this chapter, the theory of the cohesive-decohesive zone model will be further 
described in detail. [7,8] 

3. 1 Theory cohesive-decohesive zone model 
We assume delamination [9] is the way the adhesive layer fai s. Consider tigure 3-1. On 
the lleft, yot!J can see a picture taken during an experimental tJst on a flexible adhesive 
layer under fatigue loading. On the right, you can see what d 11amination looks like. One 
can see that the real-life case corresponds with the theory. 

/ Upperlamina 

Lowerlamina 

Upper and lower surfu.ce ofi ealized 
interfucial surfu.ce 

Figure 3-1: a) is a picture trom an experiment, b) is the theory of dela] ination 

The interlaminar stresses responsible tor delamination in a m terial are shown in tigure 

3-2. I 

3 

Interface 

Figure 3-2: Interlam i nar stresses 
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lt is assumed that the normal interlaminar stresses T3 = a33, the shear interlaminar 
stresses T1 = a31 and T2 = a32. The maximum normal interfacial strength is T3c , and the 

maximum shear interfacial strengths are T.,c and T2c. Sounder pure Mode I, Mode 11 or 

Mode 111 (consider figure 3-3), damage will start when 7j exceeds T/. 

I 11. 

Figure 3-3: Failure Modes 

Under mixed-mode, delamination can start before each traction component reaches its 
maximum interfacial strength. A multi-axial stress criterion then can be used: 

(3.1) 

(T3 ) means that T3 is T3 when T3 > 0, and is 0 when T3 ~ 0. 

This means that it is assumed that when the material is compressed, cracking can not 
occur. 

This only counts for mode I loading, because of the fact that if T3 is negative, a totally 
different situation occurs. Then the adhesive layer will be subjected to compression, 
instead of tension. 
lf the traction force in mode 11 or mode lil is negative, then the situation stays the same, 
only the load works in the opposite direction. 
Te is the effective normalized traction. e is a real number 2: 2, and it determines the 

shape of the three-dimensional failure surface ( consider tigure 3-4 ). 

The processof delamination starts when Te is 1. When that point is reached, damage 

occurs. Before that point, in an idealized material, damage can not occur. 
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(a) IJ= 2 (b) 11= 8 

Figure 3-4: The influence of 6 

Delamination propagates when the energy release rate (G) e9uals its critica! value under 
pure 1\tlode I, Mode 11 or Mode 111 fracture. For mixed mode, the same applies as for 
crack nucleation, delamination growth might also occur befare any of the energy release 
components reaches its critica! value. In that case, the power law criterion (Whitcomb, 
1984) can be used: 

(3.2) 

A1 = A2 =A3 = a I 2, and those are material parameters that def ne the shape of the failure 
locus for the progression of fracture . Consider also figure 3-5.1 

(a) a= 2 

Figure 3-5: The influence of a 
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In delamination, single bands (springs) will undergo damage, and when the damage 
becomes critica!, the bond will rupture. Failure off the spring then occurs, and the crack 
will grow. The behavier of such a spring is a material property, and is described by a 
cohesive-decohesive law. Two general examples will be discussed in the next sections, 
a bilinear law and an exponential law. 
The bilinear law is probably to simple tor adhesives, so the exponential law will be used 
later on. 
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3.1.1 

T 

Single bond rupture with a bilinear law 

(a) Re\·er~ible law 

T 

Tc -----.!\ /: 
/ I 

l i 
/k : \ 

/ 
l (1-d) k 

! 
L---~------~--~ ~ 

.Ó.c 

(b) Ine-.-ersible Law 

Figure 3-6: Bilinear traction-displacement jump law 

In tigure 3-6 a bilinear traction-displacement law is shown. With increasing spring 
stretching l:J.., the traction T attains a maximum value Tc at l:J..c, then decreases, and finally 
becomes zero. The spring will undergo damage at that point, l:J..p . So at Tc. damage will 
initiate. l:J..p I l:J..c = r, the brittleness parameter. tJ.. is also called the displacement jump. 
The bilinear constitutive law is given as: 

T(.ó. ) = (1- d)k!:J. 

~ ~ 

d is a damage function, where 0 S: d S: 1 . 

k = T, I I:J. , , the initia! spring stiffness. Consider tigure 3-6. 

The effective spring stiffness is (1- d)k. 

When d = 0, the spring is intact. 

When d > 0, damage accumulates in the spring, and when d = 1, no force is 

transferred in the spring, so d = 1 simulates a ruptured spring. 

The workof rupture of the spring is Ge. and is given as the area under the force
stretching law: 

(3.3) 

(3.4) 

A value of r close to one simulates brittie rupture. The larger r, the more ductile the 
spring will rupture. 
Ge is responsible for the growth of damage, as shown before. The other parameters 

needed to describe the damage evolution progress arerand the damage tunetion d. 
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3.1.2 Single bond rupture with an exponentiallaw 

0.8 

0.6 

Til;. 

0.4 

0.2 

--~ 

0 

0 2 3 4 5 

Figure 3-7: Exponential traction-displacement jump law 

For a nonlinear, exponential spring, the traction displacement law can be written as: 

(3.5) 

"X= L\ I L\c, and Tc is the maximum spring force at~- f3 E IR+, and acts as a brittleness 

parameter. The higher {3, the more brittie fracture will be. In this case, the spring is not 
damaged yet. 

The area beneath the traction-displacement jump chart gives the work of rupture tor this 
kind of springs. A more accurate description of Ge can be found in Appendix I. 

The sameparameters as in the bilinear law have to be specified: maximum spring force 
Tc. the workof rupture Ge. and the brittleness factor {3 in this case. 

Equation (3.5) only accounts tor a reversible process. When damage occurs, one 
speaks of an irreversible process, because of the tact that damage can't be restored. 
For an irreversible process equation (3.5) has to be expanded with the damage factor d: 

T(l1) ~ T,l\: exp[ 2- (j.P; d )-dJ (3.6) 
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Damage is irreversible, so it increases in time, and always has to be positive. 
So the growth of damage can be described as: 

t+lil d = max(l 1 d t+ot"~P) 
' ' , 

For {3 = 1, the next traction-displacement curve can be drawn (figure 3-8): 

Figure 3-8: Traction-displacement jump curve as a re lation of the evolution of damage 

(3.7) 

Point 1 to 6 represent a possible loading-unloading cycle of a spring. At point 1, the 
spring is not stretched. When the spring is stretched (point 2), a cohesive traction force T 
develops to resist separation. At point 3, T reaches its maximum value Tc. Then, 
damage starts. The spring is further stretched, damage accumulates and the force T 
decreases gradually. At point 4, the spring will be unloaded and is assumed to contract 
to point 5 in this model. When the spring then is loaded again, it will fellow the same path 
back to point 6 (the path of the damaged traction separation law), and continues 
following the original constitutive law. The spring will be further stretched, to its 
maximum where traction force T vanishes, and the spring will fail. Th is will more in detail 
being discussed in paragraph 3.1.5. 

For the irreversible process, you need parameters Tc. Ge. the brittleness factor {3 in this 

case, and the damage tunetion d . 
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3.1.3 Exponential constitutive laws for single mode loading 

\ s- . -

' ... \ 

I -p 0 
~ 

Figure 3-9: Traction components at the interfacial midsurface 

Take into consideration figure 3-9. T3 and l:J.3 count for Mode lloading, T1 and l:J.1 for pure 
Mode llloading, and T2 and l:J.2 count for pure Mode lllloading. One can normalize the 
traction components 7j and the displacement jump components l:J.i by their critica! values 

( T/ and 11c1 ), as fellows: 

(3.8) 

Under pure Mode lloading, there is only movement of the surfaces s+ and s· in the 
direction of X3. So: l:J.1 = 0, l:J.2 = 0 and l:J.3 :f. 0. Upper surface S+ cannot move below lower 
surface s·, they only can make contact. They will also not damage each other. That is 
why the constitutive law (3.6) for pure Mode I delamination is slightly modified as fellows: 

(3.9) 

K is an interpenetration factor (<! 0) to magnify the repulsive factor T3. That repulsive 
factor prevents interpenetration of the upper surface and the lower surface. 
For f3 = 1, the effect of Kon the traction-displacement curve can be shown in figure 3-10. 
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Figure 3-10: Traction-displacementjump law for pure Mode I and f3 = 1 
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For pure Mode llloading, the upper surface s+ can slide in the positive direction of r1 

relative to the lower surface s- (consider figure 3-13), or s+ slides in the negative 
direction of r,, relative tos·. 

Anyhow, for pure Mode 11 loading tJ.1 -:f. 0, tJ.2 = 0 and tJ.3 s 0. The tangential traction T1 

resists the sliding displacement jump tJ.1, and that is why the constitutive law from (3.6) 
for pure mode llloading is modified as fellows: 

(3.1 0) 

The traction-displacement jump curve for (3=1 under pure Mode llloading is shown in 
figure 3-11 : 
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Figure 3-11: Traction-displacement jump curve for mode 11 where 13 = 1 
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I 

For pure Mode 111 loading, tJ.1 = 0, tJ.2 -:f. 0 and tJ.3 s 0. The same conditions as for pure 
Mode llloading count for pure Mode lllloading, so the adapted constitutive law is: 

(3.11) 
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Summary: 

• Pure Mode 1: 

2- ~~ I d -d 

[ 
fl-IP ) J 

• Pure Mode 11: r; = r;c~ 1 exp 
1 

f3 

2- ~~ I d -d 

[ 

(1- lp ) J 
• Pure Mode 111: T2 = T2c~2 exp 

2 
f3 

The critica! energy release rates are obtained as fellows: 

• Pure mode 1: GJc = lf!T3c ~c3 

• Pure mode 11: G11c -lfiT'1'S; 

• Pure mode lil: G111, = lf!T'2c ~c2 

'1/ can be found in Appendix I. 
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3.1.4 Exponential constitutive laws for mixed mode loading 
Different constitutive laws for mixed mode loading exist. Three are discussed here: 

1. The Power Constitutive Law (paragraph 3.1.4.1 ); 
2. The General Power Constitutive Law (paragraph 3.1.4.2); 
3. The B-K Constitutive Law (paragraph 3.1.4.3). 

In these constitutive laws, the different laws for pure single mode loading are coupled by 
an exponential tunetion ei. These exponential functions are different for each 
constitutive law. 

3.1.4.1 Power Constitutive Law 

The exponential tunetion ei for the Power Constitutive Law is: 

(3.15) 

JJ is the mixed mode parameter, and it couples the normalized displacement jumps for 
the different modes: 

(3.16) 

a is a material parameter that defines the shape of the failure surface for the onset and 
the progression of delamination. 

The damage variabie is given as: 

(3.17) 

With these additional equations, the final ferm for the Power Constitutive Law of the 
mixed mode constitutive laws is obtained as fellows: 

(3.18) 

The critica! energy release rate for the initiatien of damage for each constitutive law is 
always t1he same, and will be presented after the different constitutive laws are 
presented. Equation 3.28 at the end of this chapter shows the general ferm for the 
critica! energy release rate. 
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3.1.4.2 General Power Constitutive Law 

This law uses some slightly different additional equations. 
The exponential tunetion ei for the General Power Constitutive Law is: 

(
2-(JJP /d .)-dJ 

8 . = exp 1 1 1 

J f3 ' j = 1,2,3 (3.19) 

The mixed mode parameter Jl is: 

j = 1,2,3 (3.20) 

(3.21) 

The damage variabie is given as: 

t+& d . = max(1 'd . t+& ufl) 
J ' J' rl ' 

0d= 1, and j = 1,2,3 (3.22) 

The final form of the General Power Constitutive Law for the mixed mode constitutive 
laws are the following: 

(3.23) 
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3.1.4.3 The B-K Constitutive Law 

The B-K Constitutive Law is named after Benzeggagh and Kenanel who formulated this 
law. 
The exponential tunetion ei for the B-K Constitutive Law is: 

e, = ~ exp(z-{p';d)-dJ 
82 =81 

83 =vel= ve2 

v = Guc I G1c = Gmc I G1c I and f] is a material parameter. J1 couples the normalized 
displacement jumps as fellows for this law: 

The evolution of damage is: 

t+& d = max(l, 'd, 1+& fJfJ) I 

(3.24) 

(3.25) 

(3.26) 

(3.27) 

lf ei from equation (3.24) is substituted in the General Constitutive Power Law (3.23) 1 the 
B-K Constitutive Law is obtained. 

The critica! energy release rate for the initiatien of damage fora constitutive law is: 

G = c (3.28) 

All the above laws are written for three-dimensional situations. A two-dimensional 
situation is obtained by deleting Mode lllloading out of the laws. That is done by deleting 
all the terms containing subscript "2". 
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3.1.5 Fatigue life predietien 
In a fatigue cohesive-decohesive zone model the damage parameter d has to be 
modified to take into account dissipated energy within a loading-unloading cycle. 
Consider figure 3-12. 

T 

L"nloading path 
l 

l 

Figure 3-12: Energy dissipated due toa loading-unloading cycle 

An evolution law in termsof the number of cycles (N) and their amplitudes is also more 
practical. Hence, the evolution of damage is postulated as follows: 

• For loading: 1 !-:..<1+& !-:.. 

I+& d = max(1,1 d, 1
+& !-:..) 

• For unloading: 1 !-:..>'+& !-:.. 

(3.29) 

n and A are material parameters associated with fatigue crack growth data. A is directly 
associated to the crack growth rate. 
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~----------~· t 

Figure 3-13: Damage accumulation due to loading-unloading cycles of a spring 

Consider tigure 3-13. 
When a spring is loaded between a minimum stretching value ~min and a maximum 
stretching value ~max . then the damage growth rate a bout the N1

h -cycle can be 
approximated with: 

8d;::::: dN+I -dN =À(~ - ~ . )" 
8N (N + 1)- N max mm 

(3.30) 

For making the damage model, weneed to modulate a spring. Therefore, weneed to 
know: 

• Tc, the traction force at which damage wil I initiate; 
• ~. the elangation at Tc; 
• {3, the brittleness factor; 
• d, the damage factor at any given time; 
• K, the interpenetration factor. 

The influence of {3 has been shown in tigure 3-7, and the influence of Kis shown in tigure 
3-10. 

The behavior of a spring tor different values of d, where {3 = 1 is shown in tigure 3-14 on 
the next page. 
As can be seen, on d = 1, there is na damage. When d > 1, there is damage, and the 
maximum traction force decreases in comparison with the initial maximum traction force 
Tc. The elangation at which the new maximum traction force occurs, increases. In other 
words : When a spring is elongated, a traction force will be bui1ld up in that spring. At a 
certain elongation, the spring starts to get damaged. Less force is required to damage 
the damaged spring any further. That is because the surface, which can offer resistance 
to further damage, is smaller, due to the previous damage. This is also shown in tigure 
3-14. 
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Figure 3-14: The influence of the damage parameter on a spring 
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Figure 3-15: The growth of damage 

Consider figure 3-15. Damage will only grow when the loading force (T) is more than or 
equal to the maximum traction force Tc. So in the case offigure 3-15a, damage will not 
grow. In the case of a damaged spring (figure 3-15b }, the maximum traction force is 
lower than in the case of an undamaged spring, and damage now can grow for the same 
loading force as in tigure 3-15a. 
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4 Experiments on flexible adhesives 

In the first paragraph, I will investigate which parameters have to be determined by the 
experiments. In paragraph 4.2, I will describe how those parameterscan be obtained. 
Paragraph 4.3 is about the difficulties that can occur by executing the test. 

4. 1 Parameters to be determined 
For fatigue life prediction, the following counts as is shown in chapter 3: 

"For making the damage model, weneed to modulate a spring. Therefore, weneed to 
know: 

• Tc. the traction force at which damage will initiate; 
• ~. the elangation at Tc; 
• ~. the brittleness factor; 
• d, the damage factor at any given time; 
• K, the interpenetration factor." 

Tc and ~are material parameters. These material parameters ditter tor each mode. 
The brittleness factor ~ is also a material parameter, but this parameter always stays the 
same and can be obtained trom curve fitting in the traction-separation law. 
This can also be seen in the different constitutive laws (paragraph 3.1.4.1, 3.1.4.2 and 
3.1.4.3). 

Power Constitutive Law: 

(3.18) 

General Power Constitutive Law: 

(3.23) 

B-K Constitutive Law (General Power Constitutive Law but with different values tor 0i): 

(3.23) 
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So two new factors are introduced in these laws, 0 and K. K is an interpenetration factor, 
and K is 1 when no interpenetration occurs. lf we simplify our model toa situation that 
only counts for lVIode I and Mode llloadings, and mixed mode 1/11, then no 
interpenetration will occur, because there will be no compression. Only tension and 
shear will be in that model. The constitutive laws then can be rewritten as fellows: 

Power Constitutive Law: 

(4.1) 

For 0 counts for the Power Constitutive Law: 

(3.15) 

~ is the mixed mode parameter, and it couples the normalized displacement jumps for 
the different modes: 

(3.16) 

a is a material parameter that defines the shape of the failure surface for the onset and 
the progression of delamination. 

So ~ has to be determined, and therefore a has to be determined; a can be determined 
by doing experiments on at least three different mixed mode ratios. Because in that 
case, one can fit a curve through those three points a at three different ratios, and 
therefore one then will know a for each mixed mode ratio. 
Because the model is simplified to mixed mode 1/11, for ~ counts: 

(4.2) 

General Power Constitutive Law: 

(4.3) 
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For 8 counts, for the General Power Constitutive Law: 

[
2-(,u 13 /d )-d: 

8. = exp 1 1 1 

j fJ I 

j = 1,2,3 (3.19) 

j = 1,2,3 (3.20) 

~ 2 2 2 À= ~I + ~2 + ~3 (3.21) 

For our simplified model counts: 

À=~~l2+~32 (4.4) 

and: 

(4.5) 

Soalso the damage parameter dfor this law is different in other loading directions. This 
means more experiments, because d probably will vary for different types of loading, in 
the same direction. 

B-K Constitutive Law (General Power Constitutive Law but with different values for Eli) : 

(4.6) 

e, ~ ~ exp(2-{p';d)-dJ 
82 =81 

. e3 =vel = ve2 
(3.24) 

(3.25) 

v = Guc I G1c = Gu1c I G1c, and 11 is a material parameter. 
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1..1 couples the normalized displacement jumps as fellows tor this law: 

(3.26) 

In our simplified model: 

(4.7) 

v = G11c I G1c, and can be obtained trom the traction-separation law curves. S and 11 then 
have to be obtained trom curve fitting the three different mixed mode 1111 parameters, the 
same as what has to be done fora in the Power Constitutive Law. 

The damage factor d can be described as: 

ad~ dN+I-dN =À(Ó -ó_ . )n 
aN (N +1)-N max mm 

Consider also tigure 4-1 (which is the same as tigure 3-17): 

T 
T .-A../\/'v\l"-+ T 

~ 

L_ __________ _. r 

Figure 4-1: Damage accumulation due to loading-unloading cycles of a spring 

Soalso A and n have to be determined. 

Conclusions: 
The next parameters have to be determined: 

• Tc. the traction force at which damage will initiate; 
• b.c, the elangation at Tc; 
• ~. the brittleness factor; 
• d, the damage factor at any given time; 
• A and n tor describing the damage evolution; 
• a, in case of the Power Constitutive Law; 
• A, in case of the General Power Constitutive Law; 
• S, v, and 11 in case of the B-K Constitutive Law. 
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4.2 How to determine the unknown parameters 
lf we run a fatigue experiment that is controlled by the displacements, as is shown in 
figure 4.1, then first we have to determine the traction-separation law for the undamaged 
situation. So we have to find Tc and 11c. and by curve fitting ~ can be found. This can be 
determined by increasing ll.max with a certain interval (see also paragraph 4.3), and at 
one point we then will find a decrease in traction force. That point is (f1c, Tc). ~ can be 
derived from the shape of the curve. 
When Tc has been reached, damage occurs. So in the next cyle (ll.m;n-+ll.max-+ll.m;n) a 
new traction-separation law counts, fora damaged situation. Consider tigure 4-2. 

T T 4--11./v~\,\~'-+ T 
Tc 

~= ~ 

~min ~m.;..'( 

N2 ~min 

~llllll 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

Figure 4-2: The evolution of damage tor cycle N=2 

The damage parameter for N=2 can be obtained by fitting a curve on the curve of the 
second loading cycle. As can beseen in figures like figure 3-19, that damaged traction
separation curve has its maximum where it crosses the original traction-separation curve 
for the undamaged situation. There the curve is horizontaL So when a damaged curve 
for N=2 is fitled in figure 4-2, one will obtain figure 4-3. 

T 
Tc 

~.,.,x~+--+----,1!~ 

T 4--'\/·/v'\/'-+ T 

Figure 4-3: The damaged traction-separation law tor N=2 
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These steps repeat for each loading cycle, so for the N1
h cycle the damaged traction

separation curve looks as follows (figure 4-4): 

T 

r 

Figure 4-4: The damaged traction-separation curve at the N1
h cycle 

The growth of damage now can be described by equation 3-30: 

ad ~ d N+i - d N = À(/1 _ /),. . )n 
aN (N + 1)- N max mm 

(3.30) 

A and n can be determined by curve fitting for the known parameters b.max. b.m;n and the 
damage growth (ód) per cycle (óN). 

A fatigue experiment will contain severalloading cycles between b.m;n and b.max· Because 
of the fact that b.max > b.c. damage will occur. Aftereach cycle, there will be more 
damage, as can also be seen in figure 4-5. 

Force 

Figure 4-5: The damage accumulation during a fatigue experiment 
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From this kind of experiment, Tc. ll.ç, ~.A and n (for describing the damage evolution) 
can be determined. These parameters only count for one loading direction. 
In order to obtain a (in case of the Power Constitutive Law), À (in case of the General 
Power Constitutive Law) or S, v, and 11 (in case of the B-K Constitutive Law), 
experiments in more directions are required. 

4.2.1 The specimen used for the experiments 

The specimen that will be used for the experiment is the so-called Double Cantilever 
Beam (DCB). Consider figure 4-6 and Appendix 11. Aluminum 
This specimen is chosen for multiple reasons: 

• The DCB is a well known specimen, it is often used, and therefore much data is 
available; 

• Earlier research at TNO on adhesives also used this specimen; 
• lt is a simple configuration, so the manufacturing is relatively easy; 
• The test set-up required is also not hard; 
• lt can be used for pure Mode I loadings; 
• In an ether test set-up, also pure Mode 11 can be tested and different ratios of 

mixed mode 1111. This test set-up is called the Mixed Mode Bending Specimen. 
Consider figure 4-7 and [11 ]. 

An overview of the reviewed test methods is given in [3] . 

p 
aluminum beam 

adhesive 

aluminum beam 
p 

Figure 4-6: The Double Cantilever Beam Specimen 

p 
L 

c 

Figure 4-7 : The Mixed Mode Bending Specimen 
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More about the used specimen can be found in an additional report, preliminary report B 
[12]. 

4.3 Difficulties by determining the parameters 
There are some complications that have to be counted for. 

4.3.1 Value of .dmin 

lt is well known for the DCB test specimen that there is some free motion in the test 
set-up. When the specimen is loaded in tension, this play does not occur. So flmin has to 
be sufficiently larger than zero, especially when the frequency increases [12]. 

4.3.2 Value of .dmax 
In order to obtain the traction-separation law, 1:J.c has to be known, and therefore flmax has 
to be larger than !:J.c. The only problem is that flc is unknown at the start. 
flc can be determined by doing a fatigue experiment, with a constant flmin and an 
increasing flmax · When then a reduction in traction is measured, 1:J.c is found. Consider 
also figure 4-8. 

T 

(: 

6~ \ Ó.max3 
\ Ó.ma., 2 

'4-max 1 

Figure 4-8: The determination of àmax 

Probably the amount of exceeding of flc also plays a role for the allowed maximum of 
flmax · lt seems logically that the further I:J.c is exceeded, the more damage has been done 
to the specimen at the initia! cycle, and this can be of influence on the other cycles. This 
effect has to be investigated. lt is conservative if flmax is just a bit higher than flc. But flmax 
a lso has to be significant higher, in order that flmax always is higher than !:J.c. for every 
specimen. 
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4.3.3 Frequency 
Earlier research [11] showed that the strain rate has an influence on the maximum 
stresses. So it is likely that the frequency also has an influence on the fatigue life. This 
has to be investigated. At least three experiments are necessary if one will be able to teil 
sernething about this phenomenon. 
Problem is that 1increasing frequency willlead toa higher temperature of the adhesive. 
Also the warm oil of the test installation can warm up the adhesive. A higher temperature 
of the adhesive changes the performances of the adhesive. 
For example, increasing frequency at the sameforce will lead to a faster failure of the 
joint. But a higher temperature can make the adhesive more elastic, so failure can be 
postponed. Therefore it is also important to measure the temperature of the adhesive. 

4.3.4 Deformation-controlled loading versus force-controlled loading 
The experiments that will be done are deformation-controlled. The deformation is larger 
than b.ç, so there will be damage after the first cycle, in order to make fast experiments 
possible. On the other hand, in real-life cases, most of the time one wants to knowat a 
certain amount of loading what the fatigue life is. So in real-life, one wants to know the 
behavier of a force-controlled fatigue. 
Therefore, everything has to be calculated to stresses and strains, in stead off 
deformations and forces. 

4.3.5 Calculation of ~G 
lf one knows the applied forces, G can be calculated . Consider figure 4-9. 

Appliod load 

p/ 
p 

Figure 4-9: Superposition analysis of loading on a Mixed Mode Bending specimen 

The Mode I component of the load is: 

p = (3c-L)p 
I 4L 
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(4.9) 

where b is the specimen width and h is the half-thickness. More about the forces in the 
Mixed Mode Bending specimen can be found in [11] and [12]. 

Substituting (4.8) in (4.9) gives: 

(4.10) 

The Mode 11 bending load is: 

p =(~Jp 
11 L 

(4.11) 

(4.12) 

Substituting (4.11) in (4.12) gives: 

( 4.13) 

The Mixed Mode ratio G1/G 11 is given by dividing equation (4.1 0) by (4.13): 

4 3c-L ( J
2 

eralio = G I I G 11 = 3 c + L (4.14) 

The total strain energy release rate for the Mixed Mode Bending test is obtained by 
adding equations (4.1 0) and (4.13) [6]: 

3a
2 
P

2 
[ ( )2 ( )2 J GT =Ge = 2 3 2 4 3c- L + 3 C + L 

l6b h L E 
(4.15) 

The critica! energy release rate can also be calculated by the power failure criterion. See 
also equation (3.2). With '}11 = A2 = A3 = a/2, the critica! energy release rate is obtained as 
follows: 

(4.16) 
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lf calculations are made with the B-K failure criterion, the critica! energy release rate can 
also be obtained as follows: 

(4.17) 

The influence of thee used in equations (4.16) and (4.17) is shown in tigure 3-4. 
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4.4 Overview experiments 
The experiments are described in detail in [12]. 

Measurements Output 

Five experiments 
.Ó.min Traction force T-.6. curve (.ó.max. Tc) 
Varying .Ó.max (figure 1-16) ~ -+ 13 (figure 1-17) 
Five Mode ratios 
Specified frequency 

Traction force for each cycle 
-+ Evolution of damage 

Five experiments 
after each cycle 
-+ À, 11 

.Ó.min Traction force 

.Ó.max Number of cycles r-------+ Ratio Mode 1/11 
Five Mode ratios a (Power Constitutive Law) 
Specified frequency À (General Power 

Constitutive Law) 
S, u and 11 (B-K Constitutive 
Law) 

Ten experiments Traction force for each cycle 

.Ó.min Traction force -+ Evolution of damage 

.Ó.max Number of cycles after each cycle 

Five Mode ratios ~ -+ À, 11 

Two frequencies 
lnfluence of frequency 

So these are in total 20 experiments. 

The Mixed Mode Bending Specimen that is used is shown in the next pictures. 
Due to practical reasans for executing the test, the test set-up in figure 4-10 differs from 
the general test set-up presented in figure 4-7. The actual test set-up (figure 4-1 0) is the 
opposite of figure 4-7. 
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5 Results 

The measurement data can be found in an additional report, preliminary report C [15]. 

5. 1 Determination of Llmax 
With the first set of experiments, l::::.max had to be determined. The methad how this was 
done is discussed in paragraph 4.3.2 and [12]. 
Specimen MMB01 , MMB02, MMB03, MMB04 and MMB05 were used to calibrate the 
dynamic loading machine and to determine l::::.max· lt was found that l::::.max was reached at a 
span of 35% of the lengthof the LVDT, which is the same as 4.15mm. 

5.2 Mixed Mode toading 
Consider figure 5-1. Pure Mode I loading occurs when the beam in figure 5-1 is removed 
and one pulls up on the hinge. 

L 

\ 
\ 
I 

L 

c 

Figure 5-1 : The Mixed Mode Bending Specimen 

p 

Mixed Mode loading is achieved by varying c. By doing this, the ratio of Gv'G 11 is also 
varied. The ratio of G1/G 11 in relation to c can be found in figure 5-2 on the next page. 
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Figure 5-2: Load position for Mixed Mode testing 

250 

The following Mixed Mode Ratios for G1/G 11 were tested: 4/1, 1/1, 1/2, and 1/4. 
1. For G1/G 11 = 4/1, c::::: 323 mm; 
2. For G 1/G 11 = 1/1, c::::: 131 mm; 
3. For GtiGu = 1/2, c::::: 101 mm; 
4. For GtfG 11 = 1/4, c::::: 84 mm. 

More about Mixed Mode loading can be found in preliminary report B [12]. 
• MMB05, MMB06, MMBO?, MMBOB, MMB09, MMB10, MMB11, MMB12 

and MMB25 were used for Mixed Mode Ratio GJG 11 = 1/1, for different 
frequencies (see also the next paragraph); 

• MMB13, MMB14 and MMB15 were used for Mixed Mode Ratio G1/G 11 = 
1/4; 

• MMB16, MMB17 and MMB18 were used for Mixed Mode Ratio G1/G 11 = 
4/1; 

• MMB19, MMB20, MMB21 and MMB22 were used for Mixed Mode Ratio 
G,!Gu = 1/1; 

• MMB23 and MMB 24 were used for pure Mode I loading; 
• MMB25 was used to reproduce a Mixed Mode Ratio G1/G 11 = 1/1 

experiment. 

See also table 5-1. 
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Table 5-1: Overview of executed experiments 

Specimen Frequency Mode 1/11 Remarks -· -
__ -

MMB01 1 Hz 111 Testing the test set-up. 
MMB02 1 Hz 111 Determining input parameters. 
MMB03 1 Hz 111 Testing the test set-up with new input 

paramet~rs. 

MMB04 2Hz 111 The dynamic loading machine was not able 
to conduct tests at Mixed Mode Ratio 111 at a 
frequency of 2 Hz. 

MMB05 1 Hz 111 Slowly increasing steps offorced 
displacements 

MMB06 1 Hz 111 Slowly increasing steps 
MMB07 1 Hz 111 Slowly increasing steps 
MMB08 1.5 Hz 111 Also tests at a frequency of 1.5 Hz seemed 

not te be possible. 
MMB09 - - Flaws in the adhesive layer 
MMB10 0.75 Hz 111 
MMB11 1 Hz 111 Desired span: 40% 
MMB12 1 Hz 111 Desired span: 65% 
MMB13 1 Hz 114 Test set-up failed 
MMB14 1 Hz 114 Test set-up failed 
MMB15 1 Hz 114 Cracks in aJuminurn beam, not in the 

adhesive layer. A lot of deformation. 
M:NIB16 1 Hz 411 Desired span: 40% 
MMB17 1 Hz 411 Desired span: 60% 
MMB18 1 Hz 411 Desired span: 50% 
MMB19 1 Hz 112 Desired span: 40% 
MMB20 1 Hz 112 Desired span: 50% 
MMB21 1 Hz 112 Desired span: 60% 
MMB22 1 Hz 112 Desired span: 40%, repetitionaftest 

conducted with specimen MMB 19 
MMB23 I Hz Mode I Desired span: 40% 
MMB24 1 Hz Model Desired span: 60% 
MMB25 1 Hz 111 Desired span: 65%, repetition of test 

conducted with si>_ecimen MMB12 

5.3 lnfluence of the frequency 
Tests were also conducted to study the influence of the frequency of loading. But tests at 
a Mixed Mode Ratio of 1/1 and at a test rate of 1.5 Hz did notproduce useable results, 
due to the limitations of the dynamic loading machine. 
MMB 1 0 was used for testing at a frequency of 0. 75 H:z. But due to the fa ct that testing at 
lower test rates will not produce significant ditterences with a test rate of 1 Hz, the 
influence of frequency will not be taken into account. 
This all is been discussed in preliminary report C [15]. 
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5.4 lnfluence of the temperature 
In preliminary report C [15]), it is concluded that the influence of the frequency can nat 
be investigated with this test set-up in the dynamic loading machine used. 
The influence of temperature therefore also nat has been investigated. 
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6 The making of a da/dN - G curve 

Three parameters have to be known in order to be able to make a da/dN- G curve: 
1. N, the number of cycles (paragraph 6.1 ); 
2. a, the crack length (paragraph 6.2); 
3. G, the energy release rate (paragraph 6.3). 

Test results are shown in paragraph 6.4, and in paragraph 6.5, the results are 
discussed. 

Experiments on the Mixed Mode Bending specimen are executed in order to find these 
parameters. First, the traction-separation law has to be made, following the flow chart of 
tigure 6-1 and paragraph 6.2.1. Then, following the flow chart in tigure 6-2, the da/dN -
G curve can be made. 

Frequency 

lncreasing displacements 

(figure 6-9) Mode 

Force 

Displacements 

Traction-separation law 

(figure 6-3) 

.. 
Experiment 

Excel I 
Mathcad 

optimize parameter (figure 6-12) 

Force 

Number of cycles 

Figure 6-1: Flow eh art to make a traction-separation law 
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Frequency • 
Displacements 

~ Experiment 
~Force (P) 

... 
Mode 

~ 

----J1o Number of cycles 
-... 

Force (P) ... 
Number of cycles Excel r------. P-N curve 

... (figure 6.15) 

Paragraph 6.2.2 

P-N curve ~ 

(figure 6.15) 
....... 

Excel/ ----Jio a-N curve 
Relation a - P k 

Mathcad 
(figure 6-18) 

(equation 6.9) 
.. 

Paragraph 6.2.3 

P-1\J curve 
(figure 6.15) 

... 
Excel/ 

Relation d - P Mathcad 
----Jio d-N curve 

~ (figure 6-22) ....... 

Paragraph 6.3.1 

d-NI curve 
(figure 6-22) ... 

a -N curve ~ ----Jio Q.g - G curve (figure 6-18) ....,... Mathcad dN 

Traction separation law 
(figure 6-24) 

(figure 6-12) ... 

Paragraph 6.3.2 

Figure 6-2: Flowchart to make a da/dN - G curve 
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6.1 N, the number of cycles 
The dynamic loading machine automatically counts the number of cycles .. 

6.2 a, the crack length 
The dynamic loading machine cannot measure the crack length automatically. The 
dynamic loading machine measures the number of cycles, the opening at the front of the 
specimen, and the force needed to obtain that opening. 
The crack length a can be obtained as fellows: 
According to the theory of the cohesive zone model ( consider figure 6-4 ), the location of 
the crack tip is the position where the traction force reaches its peak value (position C in 
figure 6-3). 

Material 
/ crackÛp 

/ 

Figure 6-3: A typical cohesive traction-separation curve 
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c 

D 
location of cohesive 

cracktip 
Complete material· 

separation 

E~ 
1 Ao 12 'A 

.... .,. .... _1.:...._••~·..,.111111(....,.--------=-------il•-.a! sep 
Forward' Wake 

Figure 6-4: A typical cohesive process zone 

lf l::.max is reached the first time, l::.max is coupled to the crack opening. After that, the crack 
opening increases, and l::.max and T max (the place of the crack) travel through the 
adhesive layer. The position of the crack tip now can be calculated by looking where the 
force in the adhesive layer is the same as the crack opening at the first time l::.max (or 
T max) was reached. 

Consider tigure 6-5: 

p 

Figure 6-5: Farces on up per beam 

Appliedload 

p/ 

In tigure 6-5, L-a is the place of the crack. At that position, T = T max· So if T max is known 
(and T max is known when l::.max is found), with help of the following equations, L-a can be 
calculated, and that means the crack length can be calculated. 
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The forces on the upper beam can be calculated by the equilibrium of moments. A, 8, D, 
E and F in the following equations are unknown parameters, which are to be solved. 

The equilibrium of moments at position c = 0: 

P * c = A * (L - a) * P 
c =A* (L-a) 

A= ci(L- a) 

So the most right force is: 

The equilibrium of moments at the right of the beam then is: 

P*((L -a) +c)= (L-a)* B * P 

B=(c+L-a) 
L-a 

So the force at position c = 0 is: 

(
c+L-aJP 

L-a 

Now consider tigure 6-6. 

Applied load 

/ 
p 
1 ~ loading lever 

.-c~T / 

Figure 6-6: Forces on the DCB specimen 
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The farces on the lower beam of the DCB specimen can be calculated by the equilibrium 
of moments. 

The equilibrium of moments at the right of the DCB: 

( c + L -a)P*(L -a)= (2L -a)* D* P 
L-a 

D=(c+L-a) 
2L-a 

So the force at the left of the DCB is: 

(c+L -a)p 
2L-a 

The equilibrium of moments at position c = 0 of the DCB: 

( c + L -a )p * L + E * P * (L -a) = (-c -)P * (L -a) 
2L -a L-a 

E *(L-a)* P = (-c-) *(L-a)* P- (c +L-a)* L * p 
L-a 2L-a 

E-(-c )-(c+L-a)(-L ) 
L-a 2L-a L-a 

So the force at the right side on the lower beam of the DCB is: 

( 
c )p (c+L-aJ( L )p 

L-a 2L-a L-a 

Specimen 

\ 
( c+L-a.. 

L-a -JP (L~a)P 25 

ttf 
-:f--- L --t--L-a-:;F-a::--:;r 

( c+L-a,. 
2L-a-JP c c+L-a,. L 

-(L_a)p-( 2L-a-J(L_a)P 

Figure 6-7: All the forces on the specimen 
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The total force at the crack tip than is: 

(_c )P+(-c )P-(c+L-a)(-L )P-
L -a L - a 2L -a L - a 

2( c )p ( c + L -a)( L )p 
L-a 2L-a L-a 

At this point, all the farces are known. 

6.2.1 Making the traction-separation law 

Frequency 

lncreasing displacements 

(figure 6-9) Mode 

Force 

Displacements 

Traction-separation law 

(figure 6-3) 

.. 
Experiment 

Excel I 
Mathcad 

optimize parameter (figure 6-12) 

Force 

Number of cycles 

Figure 6-8: Flow chart to make a traction-separation law 

(6.9) 

As stated before, the values of llmax and T max the first time llmax (orT max) is reached, are 
taken as the values that are constant in the crack tip. In other words: in the crack tip, the 
force is known. One also knows all the farces on the specimen, so the crack length a 
can be calculated. 
Specimen MMB05 was used in order to find llmax· The output of specimen MMB05 is 
shown in the next figure. 
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20% - 25% -- 30% ~ 35% ~ 40% - 45% 50% -- 60% --70%1 

-1 0 2 3 4 5 6 7 8 9 
LVDT(mm) 

Figure 6-9: Force versus crack opening for specimen MMB05 

lt can be seen in figure 6-9, that b.max is reached at a span of 35%. 

The elangation at break is+/- 225% according to the manufacturer of the adhesive1
. So 

the elangation at break for an adhesive layer with a thickness of 1 mm, is 2.25mm. This 
occurs at a span of 35%, as stated befare and as stated in [15]. This corresponds with 
4 .15mm opening ofthe LVDT. So ifthe opening ofthe LVDT increases with 4.15mm, the 
thickness of the adhesive layer increases with 2.25mm. So the LVDT measures a value 
that is (4.15 I 2.25 =) 1.84 times as high as what happens at the location where the initial 
crack starts . So the displacements measured at the LVDT are 1.84 time as high as the 
displacements at the initial crack tip. 
The corresponding force for MMB05 is 2.625 kN. The force on the location of the crack 
tip is: 

L := 150 

a := 48 

p := 2.625 

P(a) = -(c + L- a) ·P + (c + L- a) ·P 
2L-a L-a 

P(a) = 3.569 
(6.1 0) 

(where c = 13lmm) 

1 The value of +/- 225% for elangation at break, comes from a uni-axial tension test, and is not 
valid for al testing speeds. In a Double Cantilever Beam Specimen one also has constraints. 
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In the next figure, the forces and displacements at the location of the crack tip are 
drawn. 

3.5 
y = -3.9520E-Q1,2 + 2.2535E+OOx + 1.7764E-15 

R2 ~ 1.0000E+OO 

3 

2.5 

z 2 é .. 
~ 
0 

1.5 u. 

1 

Series3 

+-------.,ÇC....----l--Series4 
- Poly. (Series3) 
-Pol . (Series4) 

0.5 
y = 0.0577x4

- 0.4397>f + 0.573gx2 + 1.5511x- 0.0033 

R2 = 0.9904 

0-
0 2 3 4 5 

LVDT(mm) 

Figure 6-10: Trendlines for the torces and displacements for 2 series of data points 

Series 3 and 4 contain calculated values at the location of the crack tip, and the poly
lines are the trendlines forthese values. Series 4 contains all the values, and for series 3 
the values which differ too much are nottaken into account. 
Those trendlines are needed to find ~-

Force 

Displacements 

Traction-separation law 

(figure 6-3) 

Excel/ 
Mathcad 

optimize parameter (figure 6-12) 

Figure 6-11: Flow chart to find 13 

Tc and flc are known. Mathcad is used to find ~.as can beseen in the next figure (figure 
6-12). 
The polylines from figure 6-10 are drawn in Mathcad, and the general form of a traction
separation law is also drawn. Than, ~is varied, in order to find a traction-separation law 
which best fits the two polylines. 
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~ := 5 Brittleness parameter 

Tc := 3.569 Maximum Traction force MMB05 

Elongation at maximum traction force 

T(.b) :E Tc ·~ e 11 

.bc 

n(.o.) :E -3952·10-
1.o. 2 

+ 2.2535.6 + 1.7764-to- 15 

T2(.6.) :E 0.0577 .b 
4 

- 0.439.6 
3 

+ 0 5739.b 
2 

+ I 55ll.b - 0 0033 

4r------,,------,-------.-------.-------, 

3 

T(.O.) 

Tl(t.) 2 

T2(t.) 

--·' -~ , ' / 

. :~/ 

Figure 6-12: Traction-separation law for MMB05 

··- -._ 

4 

··. J .... 
··. 

The location of the crack is defined as the location in the adhesive layer where the 
traction force reaches its maximum value, so where the traction force is 3.569 kN. 

The crack length can be calculated as follows: 

-7 5000 25 ( 2 ) 
2 

--·P + 225 + ~- · 9000000-P + 47967360 -P + 1146398·49 
3569 3569 

P( a) = 3.569 solve, a ~ 
1 

-7 5000 25 ( 2 ) 
2 

--·P + 225- -· 9000000-P + 47967360 -P + 114639849 
3569 3569 

The lowest value is valid, so: 

a(P) = -
75000 * P+ 225 -~(9000000 * p' +47967360 * P + 114639859j"l (6.11) 
3569 3569 
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Now, a da/dN - G curve can be made, following the flowchart as is shown in figure 6-
13. 

Frequency ... 
Displacements Experiment 

f------t.. F o ree (P) .. .. 
Mode r-------. Number of cycles 

... 

Force (P) .. .... 

Number of cycles Ex cel ~ P-N curve .. ... (figure 6.15) 

Paragraph 6.2.2 

P-N curve .. 
(figure 6.15) 

... 
Ex cel/ r-------. a-N curve 

Relation a - P .. Mathcad 
(figure 6-18) 

(equation 6.9) 
.... 

Paragraph 6.2.3 

P-N curve .. 
(figure 6.15) 

... 
Excel/ 

~d-N curve 
Relation d - P .. Mat he ad 

(figure 6-22) .... 

Paragraph 6.3.1 

d-N curve 
(figure 6-22) "' 

a -N curve .. 
Mathcad I~ ~N -G curve (figure 6-18) • 

Traction separation law 
(figure 6-24) 

(figure 6-12) ... 

Paragraph 6.3.2 

Figure 6-13: Flowchart to make a da/dN- G curve 
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6.2.2 Making a P-N curve 

Frequency .. 
Displacements Experiment 

Mode 

Force (P) 

Number of cycles Ex cel 

Figure 6-14: Flowchart to make a P-N curve 

Force (P) 

Number of cycles 

P-N curve 
(figure 6.15) 

The change of the measured force (P) can bedescribed in Excel by a trendline (consider 
figure 6-15). In order to compare all the test results , one general format of the trendline 
has been chosen. lt was found that a general format of the trendline which could fit on all 
the test results was: y = a·x2 + b·x + c. 

3 

2.5 

2 

z 
é. 1.5 y = 0.00000000164712749836642x"- 0.00006062407782209040000x + a.. 

1 2.47904092261414000000000 
R2 = 0.99170690267622500000000 

0.5 

0 
0 2000 4000 6000 8000 10000 12000 14000 16000 

N [-} 

Figure 6-15: Force P versus number of cycles N in Excel 

This can be exported to Mathcad, which leads to the following figure (figure 6-16). 
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P35(N) := (o.00000000164712749836642·N
2
)- 0.0000606240778220904-N + 2.47904092261414 

I I I 

2 1-

P35(N) 

0 I I I 

0 5000 1 ·104 1.5-104 

N 

Figure 6-16: Force P versus number of cycles N in Mathcad 
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6.2.3 Makingaa-N curve 

P-N curve 
(figure 6.15) ,.. 

Relahon a- P 
Excel I 

Mathcad 
-----.... a-N curve 

(figure 6-18) 
(equation 6.9) ,...1!....-------l 

Figure 6-17: Flowchart to makeaa-N curve 

Now the calculated crack lengthaversus the number of cycles can be plotted (consider 
figure 6-18). 

P35(N) = (oooooooooJ64712749836642·N
2
)- o.ooo060624J778220904 N + 2.47904:192261414 

a(P35, N) := [(-
75000

) P35( N) + 250- _E_ .(9000000 P35(N)
2 + 47967360-P35(N) + 114639849) ~] 

3569 3569 

110 

100 

a(P35 , N) 90 -
80 

70 
0 2000 4)00 6000 8000 I ·10

4 1.2 ·104 

N 

Figure 6-18: Crack lengthaversus number of cycles N in Mathcad 

So for a known force, the crack length can be calculated. The number of cycles is know, 
so the da/dN part of the da/dN - G curve is known. 
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6.3 G, the energy release rate 
The energy release rate G is defined as the surface of the area beneath: 
1) the minimum of the traction-separation law without damage, and 
2) the traction-separation law with a certain amount of damage. 

So the energy release rate G is: 

·-Ioo ·{T(ó) Tn(ó,N): Gnc<N) .- m1 , dó 
Tc Tc 

0 (6.12) 

Consider figure 6-19. 

[2-~-J 

rum[ T(A) 'Tn(A,d) J 0.8 

Tc Tc 

T(il.) 0.6 

Tc 

Tn(A,d) 
0.4 

Tc 

0.2 

3 4 5 

Figure 6-19: Two traction-separation laws, one with a certain amount of damage and one without any 
damage 

The unknown parameter in this expression is d, the damage parameter. 
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6.3.1 The damage parameter, d 

P-N curve ... 
(figure 6.1 S) .... 

Relation d - P ... .. 
Excel/ 
Mathcad 

Figure 6-20: Flow chart to make a d-N curve 

f-----1~.,_ d-N CUrve 
(figure 6-22) 

The value of d tor damage is 1 when there is no damage, and co when the damage is 
maxim al. 
Using Mathcad (figure 6-21 ), it can beseen that when d = 50 (48.95), G = 0.001873% of 
the G when there is no damage. 
This graph counts for: {3 = 5, Tc= 3.569 kN and f:lc = 2.25mm (MMB05, 35%). 

1.5 I I I I I I I 

(1 ,100%) 

1 -

GDc(d) 
-

0.5 ~ -

0,2.178%) 

00 
(40 ,q.022%) 

I I I I I 

20 40 I 60 80 100 120 140 160 
(50 /0.001873%) d 

Figure 6-21: Energy release rate G versus damage parameter d 

The reduction in force has to be calculated to an increase in damage. Assuming that 
there is no damage at the start, d has to be 1 at that point. At the point where the force 
should reach zero, d = 49. 
This can be calculated by dividing all measured torces by the maximal measured force. 
Now the maximal force is 1. The absolute value of these values minus 1 iets the force 
increase from zero (where there is no damage) to 1 at maximal damage. 
Multiplying these values by 48, and adding 1, the values run from 1 to 49, so trom 
minimal damage (d = 1) to maximal damage (d = 49). 
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For MMB05, this leads to the following description of the damage parameter d: 

14 
y = o 0000000000027608840460x:'- 0 0000000856576056688631x2 + 0 0014141929395816700000x 

12 

10 

d 8 

6 

4 

2 

0 

~ 
./' 

0 2000 

_"".,... 

4000 

Figure 6-22: Evolution of damage 

+1 .9818305986018700000000 
c2- n tltl'l7' 

~ 

6000 8000 

N [-] 

10000 

.......,.,.. 

12000 

The general format of the trendline for a d-N curve is assumed to be as: 
y = j·x3 + k·x2 + l·x + m 
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6.3.2 Making a da/dN - G curve 

d-N curve 
(figure 6-22) ..

a -N curve .. 
(figure 6-18) .. Mathcad ~ ~N -G curve 

Traction separation law .. 
(figure 6-12) ..- c__ ___ ____, 

Figure 6-23: Flow chart to make a da/dN - G curve 

This leads to the following da/dN - G curve: 

~ = 5 

Tc:= 3.569 

(figure 6-24) 

11 
T(11) :=Tc·- e 

h.c 

d(N) := 0.000000000002760884046N
3 

+ (-o.0000000856576056688631·N
2
) + 0.00141419293958167N + 198183059860187 

[,_ ( * r -~ N) 09,1 
d( N)-0.95 J 

0.1.--------------.--------------.--------------, 

0.01 

I -10-3 

!_a(P35,N) 
dN 

I -10-6 

0.01 

Figure 6-24: da/dN - G curve tor MMB05 
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During all the calculations, trendlines are drawn and used in order to simplify the 
calculations. This leadstoa reduction in accuracy. Therefore, all the calculations are 
repeated with an upper limit and a lower limit of 5%. This leads to the following kind of 
graphs (with G still expressed in N/mm and da/dN still expressed in mm/cycle ): 

1.000000 

0.100000 

0.010000 

0.001000 

0.000100 

0 .000010 

0.000001 

0.0000001 

0.0100 

// 
( I 

0.1000 

Figure 6-26: MMB16, Mixed Mode Ratio 4/1,40% span 

6.4.1 da/dN- G curves for Pure Mode I 
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Figure 6-27: Overview Pure Mode I 
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6.4.2 da/dN - G curves for all Modes at a span of 40% 

1.000000 

0.100000 1--

0.010000 

0.0011000 

0.000100 

0.000010 

0.000001 

0.0000001 

0.001 

-I, 40%, MMB23 

1/1, 40%, MMB11 

0.01 

Figure 6-28: Overview all Modes at a span of 40% 

- 4/1, 40%, MMB16 

- 1/2, 40%, MMB22 

r--
i 

I 

0.10 1.00 10.00 

lt is questioned if this can be compared at this way. A span of Smm at the LVDT Pure 
Mode I loading is not the same as for Pure Mode 11 loading. In the discussion at the end 
of this chapter in paragraph 6.5, this will be discussed further. 
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6.4.3 Repetition of tests 
Two tests were repeated, in order to be able to teil sarnething about the scatter in 
results. 
MIVIB 12 and MMB25 were tests at Mixed Mode Ratio 1/1, fora span of 65% (consider 
tigure 6-40), and MMB19 and MMB22 were testsfora span of 40% at Mixed Mode Ratio 
1/2 ( consider tigure 6-41 ). 
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Figure 6-29: Comparison of MMB12 and MMB25 
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Figure 6-30: Comparison of MMB19 and MMB22 
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6.5 Discussion 
lt can be seen that a deviation of 5% especially has an influence on the left part of the 
da/dN - G curve. This means that the deviation mainly is of influence in the latter part of 
the testing. So for the beginning of the tests, when the crack starts and when the crack 
length is small, a variation in force and a variation in the damage factor, does not make a 
lot of ditterence. 
This can be expected, because of the fact that in the beginning of the test, damage is 
zero, so G is maximaL During the experiments, the damage parameter increases, so 
a lso the influence of the 5% deviation of the damage parameter increases. 
The same counts for the crack growth. A certain force is needed in ordertostart a crack, 
the force then has to increase in order to maintain the toreed displacements. This means 
that also the influence of the 5% deviation of the force increases, which is related to the 
crack length. 

When the energy release rate decreases, so when the damage increases, the crack 
growth rate decreases. So more damage means a slower crack growth. This is because 
of the fact that the loading of the specimen is related to the displacements at the end of 
the beam. Those displacements remain constant, so in the beginning, when there is 
small damage, the crack willl grow taster than in the end of testing, when damage is 
large. This displacement control l'oading ditters from force controlled loading. When force 
controlled loading is used, more damage means a taster crack growth. 

In the beginning of all the experiments, the ditterences of the da/dN - G curves for each 
Mode are small. At higher span levels, so for larger toreed displacements, the energy 
release rate will become lower in the end than for lower span levels. This is because of 
the fact that larger toreed displacements can produce larger cracks, soa higher damage, 
so the energy release rate will become lower. This can be seen for each Mode, except 
tor Pure Mode I loading. For Pure Mode I loading, the slope of the curve at 40% span 
and 60% span is the same. 

When the repeated tests are observed (paragraph 6.4.3), it can beseen that there is a 
scatter in results for the da/dN - G curve, especially in the case of MMB 19 and MMB22 
in the end of testing. The crack growth ratestarts at the samelevel of the energy release 
rate, but for MMB19, the energy release growth rate in the end is higher than for 
MMB22. 
The shape ofthe da/dN- G curves for MMB12 and MMB25 is almost the same, there 
seems only a translation of the position of the curve. 
Ditterences ,in repeated tests could be explained by the time between both tests, or by 
flaws in the adhesive layer. The way of calculating the da/dN - G curves still is the 
sa me. 

Ditterences between tests can also be explained by the fact that the number of cycles 
before damage is assumed to occur ditters. Due to limitations of the test machine used, 
it always took a number of cycles before the desired displacements at the LVDT could 
be obtained . In the cohesive-decohesive zone model, it is assumed that for an idealized 
material without any flaws, no damage can occur before the maximum traction force (Tc) 
or b.max is reached. But in real life testing, no perfect material exists, and each material 
has flaws. So it could well be possible that there is some damage build up already 
before the maximum traction force or b.max 'is reached . In the calculations, this has not 
been taken in account. 
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Another thing, which has not been taken in account, can be seen in figure 6-31. 
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Figure 6-31: Measurement of the LVDT 

lt can beseen that the LVDT does not only measure the vertical opening but it also 
measures some horizontal displacements. So for example 40% span of the LVDT for 
Pure Mode I, cannot easily be compared with 40% span for Mixed Mode loading. 
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7 The making of a S-N curve 

A S-N curve is used to predict the lifetime of a joint. The number of cycles until failure 
(N1) is plotled versus the load S. N1 can be calculated by the normal Paris Law [1]: 

With: 

~-(fT 
]-(? r a 

N1 number of load cycles until failure 
a crack depth [mm] 
a0 initial flaw [mm] 
a1 final crack depth [mm] 
D a linear coefficient 
G the energy release rate [N/mm] 
n slope of the da/dN - G curve 

(7.1) 

Ge critica! value of the energy release rate. When G reaches Ge, rapid tearing of the 
joint and failure occur. Ge is the upper limit for the energy release rate. [N/mm] 

n2 curve fitting coefficient at the Ge- asymptote 
G1h tresheld value tor the energy release rate. lf G is lower than G1h, no crack growth 

will occur. G1h is the lower limit of the energy release rate. [N/mm] 
n1 curve fitting coefficient at the Gth- asymptote. 

Consider also tigure 7-1. The normal Paris Law (equation 7.1) covers the crack growth in 
the linear part of the da/dN- G curve, so in Region 11, also known as the Paris Reg ion. 

R•gion I R•glon 11 R•gion 111 

da 
dN 

Paris R•glon 

Figure 7-1: da/dN- G curve 

I 
I 
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For MMB23, this is what the calculated da/dN- G curve looks like (da/dN expressed in 
mm/cycle and G expressed in N/mm): 

0.1 

O.DI 

1·10-6 ._ _ __~__ __ _,__ __ ,_ _ __,___,_ _ __L_ _ ___J 

1·10-.s 1·10-1 1·10-3 0.01 0.1 10 

G 

Figure 7-2: daldN- G curve tor MMB23 

Fora certain amount of cycles (N), da/dN is calculated, and G is calculated. So there is 
no equation that describes the relation between da/dN and G. Therefore, equation 7.1 
still has to be used in order to calculate N1, and the unknown parameters have to be 
obtained by curve fitting. 

The value for G1h can read off this figure, and has a value of 0.24224 N/mm. 
The other parameters for the Paris Law can be found in [1] and by curve fitting. A double 
lap joint is been investigated from this point. 

D 0.0062 
n 0.4338 
Ge 2.3208 
n2 10 
n1 10 

So the Paris Law now looks as fellows: 

af 1 

NI = f-0-.0-0-62_G_o.4-33--.s 
ao 

( 
G )Jo 

I- 2.3208 

1_ ( 0.2~224) JO 

a 

(7.2) 

In the next table (table 7-1 ), the values for the parameters for the other Modes are 
presented. 
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Table 7-1: Values tor Ge, D, n, n1 and n2 tor different Modes 

Mode Specimen Ge [N/mm] D l-J n [·] n1 [·] n2[-] 
Pure Mode I MMB23 2.3208 0.0076 0.1188 1 10 10 
4/1 MMB17 2.3208 0.0134 0.1771 10 10 
1/1 MMB11 2.3208 0.0017 0.6742 10 10 
1/2 MMB20 2.3208 0.0025 0.4617 10 10 

The value for G,h is nat given in the previous table (tab Ie 7-1 ), because of the fa ct that G,h 
differs a lot for each specimen, and depends on the forced displacements at the end (sa 
on the span of the LVDT), as can be seen in the graphs of 6.4. 
In the next table (table 7-2), the values for G,h are presented for all the specimens. 

Table 7-2: Values tor G111 tor the different specimens 

Specimen Mode Span Gth 

MMB23 Pure Mode I 40% 0.24 
MMB24 Pure Mode I 60% 0.60 
MMB16 4/1 40% 0.07 
MMB18 4/1 50% 0.05 
MMB17 4/1 60% 0.02 
MMB05 1/1 35% 0.43 
MMB11 1/1 40% 0.41 
MMB12 1/1 65% 0.09 
MMB25 1/1 65% 0.14 
MMB19 1/2 40% 0.48 
MMB22 1/2 40% 0.53 
MMB20 1/2 50% 0.36 
MMB21 1/2 60% 0.75 

Note that the values for G,h are nat very reliable, a deviation of 5% makes a lot of 
difference, as could be seen in paragraph 6.4. This should nat make a lot of difference 
for the lifetime prediction calculations, because only the linear part of the da/dN - G 
curve is used, and the value of G1h itself will nat betaken in account. 

For the lifetime prediction model, a relation between a and G is needed for the 
considered joints. In [1], Jaap Strik has made these relations using FEM analysis for 
Double Lap Joints with overlap lengths of 20 and 40 mm. This is what a Double Lap 
Joint looks like: 

frrf~ 
overlap length adhesive 

Figure 7-3: A Double Lap Joint 
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The optimum format for the description of the G-a relation for a double lap joint was 
assumed to be: 

G = b ·eca + J (7.3) 

The values of b, c and f were found by curve fitting, and are presented in the next table 
(table 7-3). 

Table 7-3: G-a curve fitting coefficients for the Double Lap Joint for the MS polymer adhesive 

Lap length Si de ~ -- b c f 
20mm Left 2.60*10"5 0.372 -1.85*1 o-o 
20mm Right 1.87*1 o-5 0.426 -1.31 *10"5 

40mm Left 3.54*10"6 0.239 7.81 *1 06 

40mm Right 1.95*10"6 0.285 6.79*10"6 

So for the left side of a Double Lap Joint with an overlaplengthof 20mm, the G-a 
relation looks like this: 

0.06 

0.04 

G(a) 

O.D2 

5 10 15 20 
a 

Figure 7-4: G-a relation tor the left side of a Double Lap Joint with an overlap lengthof 20mm 

All these values count fora unit width of 1 mm and a load of 1 N. 
Nt depends on G (equation 7.3), and G depends on the load and the width of the strip. 
So equation 7.3 has to be extendedforthese parameters, in order to make lifetime 
predictions for different load levels. 
For the width, it seems logical that if the width of the adhesive is x times larger than the 
width of 1 mm, G is also x times larger. 

The da/dN - G curve counts for different displacements at the end of the specimen, and 
fora width of 24mm. The following va lues count fora width of 1 mm (table 7-4 ). 

74 



Table 7-4: Values for Ge, D, n, n1 and n2 for different Modes 

Mode Specimen Ge [N/mm] D [-] n [-] n1 [-] n2 [-] 
Pure Mode I MMB23 2.3208 0.0052 0.1188 10 10 
4/1 MMB17 2.3208 0.0235 0.1771 10 10 
1/1 MMB11 2.3208 0.0149 0.6742 10 10 
1/2 MMB20 2.3208 0.0188 0.4617 10 10 

lf S-N curves are made with the new obtained parameters, the following can be 
observed. 
For parametersbasedon the da/dN- G curve for Pure Mode I, the old S-N curve is 
displayed in blue, and the new is displayed in red. Consider figure 7-5: 
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Figure 7-5: Old and new S-N curve with parameters used out of Pure Mode I da/dN • G curve 

lf parameters out of the da/dN- G curves for Mixed Mode Ratio= 1/1 are used, the 
following can be observed. Consider figure 7-6. 
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Figure 7-6: Old and new S-N curve with parameters used out of Mixed Mode Ratio= 1/1 da/dN- G 
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On the next page, all new calculated S-N curvescan beseen in one figure (figure 7-7 
and figure 7-8), along with the old S-N curve calculated by Jaap Strik [1], and along with 
the results obtained from the experiments Jaap Strik executed. 
Figure 7-7 counts fora ratio Pmin/ Pmax = R = 0.1 
Figure 7-8 counts fora ratio Pmin/ Pmax = R = 0.5 
Table 7-5 shows the values obtained by the experiments. 

Table 7-5: Experimental results trom fatigue tests on MS Polymer Double Lap Joints, lap 20mm [1] 

R Pmax Pmln Nt 
0.1 600 60 180375 
0.1 600 60 124120 
0.1 900 90 2900 
0.1 900 90 1410 
0.1 1200 120 460 
0.1 1200 120 234 

0.5 600 300 2212113 
0.5 600 300 305211 
0.5 900 450 19289 
0.5 900 450 12036 
0.5 1200 600 2083 
0.5 1200 600 816 
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7. 1 Discussion 

A Mixed Mode Ratio of 1/1 comes most close to the parameters obtained by the 
experiments, especially when the Double Lap Joint is subjected to high farces. This was 
as expected, because of the fact how stresses are distributed in a Double Lap Joint. 
The lower the force is, the less accurate the model is. 
The new model is more conservative than the model Jaap Strik used [1]. 

The fact that the model is less accurate for lower farces, accords with the fact that the 
new da/dN - G curves are less reliable for langer testing. The langer the tests, the 
higher influence of the 5% deviation becomes. And for lower farces, it is obvious that the 
lifetime will become langer. 
Also a clear relation between the different Modescan notbeseen in the S-N curves. 
This counted also for the used da/dN- G curves, so that could be an explanation. lt 
seems logical that one Mode would fit best on the results obtained from the experiments, 
and it is not remarkable that the S-N curve for Mixed Mode Ratio 1/1 fits best. But the 
differences between the expected lifetime and the lifetime obtained from experiments 
especially for lower farces are very large. 
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8 Summary and conclusions 

The following purpose was aimed for: 

Develop a model that more accurately can describe the fatigue behavior of flexible 
adhesives. 

Therefore, a literature survey was executed, and it was concluded that damage 
rnadeling would be appl icable for developing a new model. Within damage modeling, 
different models and methods exist, and it was concluded that aso-called cohesive
decohesive zone model probably could describe the fatigue behavier of flexible 
adhesives as best. 
So the cohesive-decohesive zone model was investigated more in detail, and it was 
found out that experiments would be needed in order to determine the values of the 
model parameters. 
Therefore, a new test set-up was needed and produced, and experiments were 
executed. 
Experiments could be executed within one day, this was one requirement for the 
experiments. Only, ditterences between experiments were large, as can be seen in 
paragraph 6.4.3. This can be explained by the time between the tests, or by flaws in the 
adhesive layer. More experiments are needed to explain the differences. 

With use of the experiments, the unknown values of the model parameters were 
obtained, and the model could be used to derive da/dN - G curves. lt was found that the 
da/dN- G curves are sensitive for the way the trendlines are constructed. And if the 
general form for the trendlines is the same for each experiment, no good relation can be 
found between the different Modes. This suggests a closer look to the way the trendlines 
are constructed is needed, or to take a closer look to the calculations and the 
experiments itself. Maybe the executed experiments are not the best way to find the 
unknown values for the model parameters for the cohesive zone model. 

With the new da/dN -G curves, new S-N curves could be made, following the method 
Jaap Strik had used during earlier research. These S-N curves are used to predict the 
lifetime for Double Lap Joints. Because of the fact the da/dN - G curves are used for the 
S-N curves, the same problems occur here. There is no specific relation between the 
different Modes, and the S-N curves only seem to fit on results obtained by earlier 
experiments for short lifetimes. 

And if one considers figures 7-7 and 7-8, one can see it is notmore accurate than the 
model Jaap Strik used. 
lt is more conservative than the old model used , and different lVIodes of loading can be 
taken in account, so that are two improvements. But it is notmore accurate than the old 
model. 

lt seems that the new model can more accurate and more conservative describe the 
beginning of the crack at fatigue, but the longer the joint is subjected to fatigue, the less 
accurate the model is. So the model at this time is not accurate enough to make lifetime 
predictions for flexible adhesives. 
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9 Recommendations 

Since the new model is not accurate for making lifetime predictions at this time, some 
things should be reviewed. 

Is there another way to find the values for the unknown parameters for the model? 
Because these parameters eventually describe the behavier of a spring. 

All the experiments differ a lot. Also the experiments on Double Lap Joints executed by 
Jaap Strik differ a lot, most of the time the lifetime found by the executed experiments is 
for one experiment two times higher than foranother experiment at the same conditions. 
lt could be interesting to repeat a number of tests, in order one can teil something more 
about the deviation within one test. 

Also it will be interesting to see which parameters have the largest influence in the 
model. Therefore, a parameter survey has to be executed on all the calculations. 

The influence of the way the displacements by the LVDT are measured should also be 
reviewed. Maybe an ether type of measuring device is needed, in order to make good 
camparisans between the different modes. 

But since the new model differs that much from the old model and from the results from 
experiments executed on Double Lap Joints, the question arises if this cohesive
decohesive zone model is in facta good model to describe crack growth in adhesive 
layers subjected to fatigue loading. Probably, a totally new model is needed. Out of the 
literature survey, it can be concluded that a nonlocal multiscale fatigue model could 
probably describe the fatigue behavier for ductile materials better, but this is far more 
complex. Gradient enhanced damage modeling is also a way to describe fatigue 
behavior, but until this time, it only has been used with quasi-brittie materials. 
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Appendix I 

Additional information about Ge and 1p 

co 

Ge = Jr(~)d~ = Tc~c lf(fl) (11.1) 
0 

The factor !f(/l) is: 

Vf(P) ~ P''-""r[; }xv( ~ J (11.2) 

r[;] is !he Euler gamma lunetion of ; . r[;] ~ ] t'" PJ-• e _,dl 

Charts in which the factor lf/ is plotted as a function of {3 can be used to determine lf/ . 
Consider figure 11-1 on the next page. 
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There is no upper bound on I.Jl, but the lower bound is given as: 
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DOUBLE CANTILEVER BEAM 
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