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Chapter 1  
Introduction 

he interest in adhesion, a the property of materials to 

“stick together” across an interface is growing, because 

the interface is often the site where fracture of 

multimaterial systems originates. In this chapter, the nature of 

adhesion, how to define and measure it, will be considered. The 

aim of this thesis and the general content will be explained. 

T 
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1.1 The world of adhesion 

1.1.1 Interest in adhesion 

The interest in adhesion has been increasing exponentially through the 
years, as shown in Figure 1.1.1. One of the reasons is that a reproducible 
realization of a good adhesion of any material to a product surface is an 
important industrial problem with many applications like decoration of plates, 
integrated circuits, photoconductive materials, protection from corrosion, 
abrasion or thermal resistance, etc. (Figure 1.1.2). Adhesion, then, is important 
as soon as one wants to combine homogeneous or heterogeneous materials 
together without help of any mechanical fixation such as screws or nails. The 
purpose of adhering materials together can be purely esthetic or vital for the 
function of the combined structure. 
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Figure 1.1.1: Evolution of adhesion interest until nowadays  
(Source: SciFinder Scholar, 2006). 

 

 
 

Figure 1.1.2: Different applications of metallized ceramics: nickel-gold under-bump 
metal on wafer (left), ceramic socket with 8 pins tube plated with silver (middle), 

resonators for microwave made of ceramics and silver coating (right). 
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Adhesion is also a key issue in multilayered systems where the interface 
is often the critical place for fracture. Laminates are another example of 
systems, which are used in a wide range of industrial applications such as in 
packaging or electronic devices. The adhesive strength between any adjacent 
layers is therefore of considerable practical importance. Sometimes it is 
required to maximize this adhesive strength, sometimes it is important to 
decrease it. Generally speaking, it is crucial to control adhesion. To achieve this 
goal, one needs to know what adhesion is and how to measure it.  

1.1.2 What is adhesion? 

The mechanism of adhesion is not yet fully understood, even though 
adhesion phenomenon is considered for a long time. Nowadays, it is 
commonly accepted that adhesion comes from many different mechanisms 
involving the two different materials [1], such as simple interactions (van der 
Waals or chemical bonding), electrical double layers or mechanical interlocking.  

Three different levels of adhesion are usually distinguished [2, p. 2]: 

• The fundamental adhesion: it corresponds to the sum of all molecular 
interactions between the two materials in contact, and is collectively 
represented by the work of adhesion Wadh. 

• The thermodynamic adhesion: it is defined as the change of Helmholtz 
energy when an interface is made (or broken). The Young-Dupré equation 
is usually used to calculate the reversible work of adhesion Wadh: 

Wadh = γ1 + γ2 – γ12 1.1 

where γi is the surface Helmholtz energy of material i and vacuum, and γ12 
is the Helmholtz energy associated with the interface between materials 1 
and 2. 

• The practical adhesion: it is determined experimentally and provided in the 
form of a stress, a force or a work required to separate the two materials 
studied. This description includes both the work of adhesion as well as the 
effect of energy dissipative mechanisms acting during the separation of the 
two materials. 

It is difficult to provide a unique experimental characteristic value of 
the adhesion for a given system, since it is strongly dependent on the 
experimental technique used [3]. Indeed, one of the reasons is that adhesion can 
be characterized either by a force (e.g. scratch test [4]), a stress (e.g. pull-off test) 
or an energy (e.g. peel test), and these quantities cannot always be connected to 
each other. It is therefore very difficult to link all those methods into one 
single theory [3,5]. 
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It is clear that the practical adhesion depends on many parameters. It is 
a function of the fundamental adhesion but it depends also on parameters like 
the mode of failure, the rate of failure, the geometry of the equipment and the 
samples themselves including their mechanical properties resulting in plastic or 
viscous dissipation, the internal stress of the compounds that is considered, 
their thickness, etc. Finally, the presence of water or more generally, a 
corrosive environment can strongly influence adhesion. All these parameters 
make the fundamental work of adhesion difficult to be obtained from any 
experiment. 

1.1.3 How to measure adhesion 

Mittal [2,p. 5] counted 354 different techniques to measure and/or 
characterize adhesion. This large number of tests is mainly due to the fact that 
none of these tests really manages to provide a quantitative and reliable 
measurement of the work of adhesion for all systems. Indeed, the experimental 
values measured with these different techniques, usually depend on the 
geometry and the material properties of the sample.  

Adhesion can be measured via non-destructive testing methods, relying 
for example in the capacity for two surfaces put in contact to naturally and 
spontaneously adhere to each other (tack phenomenon). As a result, de Bruyne 
[6] compared adhesion between systems such as steel on glass and rubber on 
glass. He observed that steel, with a rough surface, could not accommodate to 
the glass surface and provided only a limited amount of contacts. On the other 
hand, rubber could deform easier and provide a larger contact area as 
compared to the steel, so that it adhered better to glass. The JKR (Johnson–
Kendall–Roberts) technique [7,8] is a popular method to study tack.  

Figure 1.1.3 shows schemes of a few destructive tests that are also 
commonly used to measure adhesion. These tests are popular due to their 
simplicity. However, some other tests also rely on more sophisticated 
principles such as the Lorentz force method [9,10] or the laser spallation method 
[11,12]. The Lorentz force method consists in applying a current in a transverse 
magnetic field, resulting in a Lorentz force in the third direction, and enabling 
the delamination of a limited area. In the laser spallation method, a laser beam 
is used to locally debond the interface [13,14], producing a blister, which shape 
can be studied to measure adhesion. 
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Figure 1.1.3: Schematic representation of some tests to measure adhesion. 
 

In general, the fracture energy Gc resulting from any technique is hoped 
to be a good estimate of the work of adhesion Wadh. However, various 
dissipation mechanisms usually operate and their effect has to be taken into 
account in order to calculate Wadh

 [15]. In other words: 

( )... ,properties mechanical,ratestrain ,humidity,test,adhadhc WWG ξ+=  1.2 

where ξ stands for the influence of all energy dissipation mechanisms. 

Some values of Gc and Wadh are listed in Table 1.1.1 for different 
systems and techniques. First, one observes a tremendous difference between 
the fracture energy Gc calculated directly from any technique compared to the 
work of adhesion Wadh. This is mainly due to the dissipation occurring while 
the test is being performed. Furthermore the amount of energy dissipated 
highly depends on the materials used. As observed from Table 1.1.1, for 
comparable work of adhesion and adhesion technique, copper will dissipate 
much more energy than niobium. The type of test is also of importance and 
dissipation highly depends on how the delamination is performed. For example, 
the DCB method will provide much lower dissipation than the SENB method, 
when comparing systems with close work of adhesion such as Cu/SiO2 and 



Chapter 1: Introduction 

6 

Cu/Al2O3. In the same way, gold on sapphire will not result in the same range 
of fracture energy in the delamination test compared to the Winterbottom 
method, for which the measurement of the fracture energy is based on the 
geometrical analysis of small particles on the substrates [16]. 

 

Table 1.1.1: Examples of values for thermodynamic work of adhesion Wadh and 
measured fracture energies Gc obtained for different systems and different tests. 

 
System Test Gc (J/m2) Wadh (J/m2) 
Cu/SiO2 DCB 1-10 [17] 0.2 [18] 
Cu/Al2O3 

(sputter cleaned and 
ultra high vacuum) 

 
SENB 

 
160 ± 15 [19] 

 
0.5 [20] 

Nb/ Al2O3 SENB 80 ± 30 [17] 0.8 [21] 
Nb/ Al2O3  

(sputter cleaned and 
ultra high vacuum) 

 
SENB 

 
110 ± 5 [19] 

 
0.8 [21] 

Au/sapphire (0001) Delamination 30-60 [22] 0.27 [20] 
Pt/sapphire (0001) Delamination 40 ± 4 [19] 1.04 [23] 
Au (111)/sapphire 

(0001) 
Winterbottom 2.15 ± 0.04 [24] 0.49 ± 0.04 [24] 

Au (100)/sapphire 
(0001) 

Winterbottom 2.18 ± 0.06 [24] 0.55 ± 0.07 [24] 

Water (ice)/steel Blister test 19.3 ± 3.3 [25] 0.14 [25]  

 

Another reason why adhesion is so difficult to be measured, is related 
to the type of failure occurring. Indeed, when an adhesion test is performed, 
the propagation of the crack can occur in two different paths: in the bulk of 
one of the two materials (cohesive fracture) or along their interface (adhesive 
fracture). Unfortunately, it is also quite frequently observed that fracture of 
heterogeneous systems occurs along the interface with some deviation to one 
of the adjacent bulk material (mixed fracture). The mode mixity is also 
important since some tests can induce separation of materials in opening mode 
(mode I) combined as well with separation in shear mode (mode II). For 
instance, for equivalent work of adhesion, a fracture in pure mode II will 
require more energy compared to fracture in pure mode I [26]. 
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1.2 Scope of the thesis 

1.2.1 Goals and experimental methods 

The goal of this thesis is mainly to better understand adhesion and 
explain how some parameters can influence the fracture energy resulting from 
experimental data. Indeed, the work of adhesion is theoretically expected to be 
a material interface property and then to be independent of parameters such as 
thickness of the film, size of the sample or the peeling angle. The influence of 
the speed is also usually considered to be negligible except in the case of high 
crack speeds [27,28]. Two experimental methods were therefore used to observe 
possible influences. As discussed in section 1.1, some tests are more popular 
than others. The pull-off test [29,30] and the peel test [31,32,33,34] are amongst the 
most popular ones (Figure 1.2.1). Those two techniques were used here in 
order to monitor and quantify adhesion. 

                    

 

Figure 1.2.1: Principles of the pull-off test (left) and the peel test (right). 
 

The pull-off test (see Appendix B) was mainly used to monitor the 
adhesion level, and to check the consistency and the quality of the deposition 
methods (see paragraph 3.3.1). In the case of the peel test, the work of 
adhesion cannot be directly and simply obtained from the peel force per unit 
width, which constitutes the total energy Gtot 

[ 35 , 36 , 37 ]. It is therefore not 
straightforward but possible to separate the work of adhesion from the other 
energy contributions in the experimental data [ 38 , 39 ]. The 90° peel test was 
chosen since the force to delaminate a flexible film from its substrate is 
minimal [39], allowing the minimization of the plastic deformation as much as 
possible (see section 3.1 for the design).  

1.2.2 The system used 

Metal coatings on ceramics are often manufactured in order to decorate 
or improve the mechanical, electrical and/or chemical properties of the whole 
system. The metal used here is nickel, exclusively. The mechanical behavior 
and the deposition of this metal can be well controlled. Moreover it is a metal 
of high interest. Indeed, nickel is often used for electronic lead wires, battery 
components, thyratrons and sparking electrodes. Nickel has several advantages 
including corrosion resistance from many reducing chemicals and caustic 

Substrate 

 F 
Film 

Substrate 

Film 
 F 
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alkalis. Nickel is therefore often used to maintain product quality and prevent 
from a large amount of chemical reactions, and is widely applied in the food 
industry and in the manufacturing of synthetic fiber for instance. Nickel is also 
frequently used as an undercoat in decorative chromium plating. For this 
purpose, the raw product (usually brass, zinc or steel) is first plated with an 
approximately 20 µm-thick nickel layer. This protection provides its corrosion 
resistance. The final coat usually consists of a very thin chromium layer 
(around 1 to 2 µm), providing its final shiny colour. Chromium alone would 
corrode easily, due to the usual porosity from chromium electroplating. Nickel 
is also often used in the production of components for micromachines and for 
electronic contact elements such as bumps in integrated circuits [40,41] (Figure 
1.1.2 left).  

As far as the ceramic substrate is concerned, microscope glass slides 
were also extensively used here for convenience. Indeed glass has well-known 
properties and is relatively cheap. The use of such a popular substrate enabled 
to increase the amount of experiments and better test the methods. The choice 
of glass was also of interest due to its chemical inertness and transparency. 
Finally, these microscope glass slides can be compared with many silicate 
substrates. However the main drawback of this material concerns its lack in 
purity, possibly resulting in complicated interfaces with the metal coating. 

Alumina is often chosen as a ceramic substrate for the adhesion study 
of well-defined interfaces [42,43,44]. However, the choice was made here on the 
“true” spinel MgAl2O4. It is a very stable compound and is representative of a 
large class of similar compounds. It is also a cubic system that allows 
decreasing the number of crystallographic configurations to study, compared 
to alumina Al2O3. Furthermore, it is an interesting compound since it can be 
used at extreme conditions. For instance, it can be used for refractory tank 
crowns in oxygen and air fuel firing furnaces. Indeed, spinel is well-known to 
be more corrosion resistant than alumina. “True” spinel is also used in scratch-
resistant optical systems, as an abrasive, as a scratch resistant coating in 
expensive watches or for windows in spacecrafts and satellites (because of its 
transparency from the UV to IR). Some synthetic spinel compounds are also 
used for iron core memory [45,46]. Their color can be changed as well by adding 
some impurities. Spinel can then be used as a substitute for other even more 
expensive minerals. It can for instance replace ruby thus being ten times 
cheaper. The single crystal with two different orientations (100) and (111) were 
then studied, which are the most important ones. Indeed they are the principle 
planes of lowest and highest atomic density, respectively, which results in the 
lowest and highest Young’s Modulus, respectively [47]. 

An interesting application of the nickel-spinel system is reported in 
catalysis. Nickel is often used as a substitute to precious metals because of the 
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price difference (150 times cheaper than platinum, 80 times than gold and 50 
times than palladium). The nickel is then adsorbed on a magnesium alumina 
surface in order to produce methane and avoid hydrocarbon cracking [48,49,50]. 

1.2.3 Outline 

The focus of this study is then adhesion, using the 90° peel test as a 
tool to understand the process of adhesive failure. However, many influences 
will not be studied. For instance, the influence of roughness (also called 
mechanical interlocking) [51], surface modifications [52,53,54,55],  internal stress [56,57] 
or macroscopic peeling angle [58] will not be considered. 

First, Chapter 2 will be dedicated to a short literature review to describe 
different aspects of adhesion applied to the 90° peel test. One of the main 
goals will thus be to calculate the fracture energy referred to in the rest of this 
thesis as Gc where the plastic dissipations resulting from the bending and 
unbending film (section 2.2) is subtracted from the total energy Gtot. The 
dissipation from the crack tip will also be considered (section 2.3). 

In Chapter 3, the experimental methods used to understand adhesion 
will be described, especially the design of the 90° peel test (section 3.1), the 
different types of depositions used (section 3.3), information about the 
mechanical properties (section 3.5) and about the storage conditions (section 
3.7). 

In Chapter 4, phenomena other than the usual peeling force occurring 
during the peeling experiments in a steady-state case will be briefly presented. 
These effects will be considered later in more detail. 

In Chapter 5, the influence of the peeling rate v on the fracture energy 
Gc, the so-called G-v curves, will be studied below 1 mm/s, usually considered 
as low peeling speeds. It will be observed how this effect can depend on the 
material systems. The influence of film thickness on the G-v curves will also be 
treated. 

In Chapter 6, the main interest is the influence of the water on the 
fracture energy. On the one hand, the water located at the interface will be 
shown to be of importance. On the other hand, the case of adhesive failure in 
environments with different humidity will be modeled using theories from 
cohesive failure, as found in literature. 

In Chapter 7, non steady-state peeling is considered. Two different 
types of effects, observed experimentally as well as in literature, will be studied: 
the stick-peel and the relaxation. 
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Finally, in Chapter 8, the main conclusions from all the chapters will be 
summarized, and issues either arising from this study or not dealt with, will be 
addressed.  
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Chapter 2  
Energy balance for the peeling 

process 

s the peel test was chosen as the main experimental 

tool and “large scale” plastic bending may occur during 

this process an energy balance was developed for this 

test, the idea being, of course, that load application (energy 

input) and fracture do not occur at the same spot so that the 

energy for fracture has to be “transported” spatially with the 

consequence that the energy dissipated during the 

“transportation process” is no longer available for fracture. 

 

 A 



Chapter 2: Energy balance for the peeling process 

14 

2.1 Introduction 
Figure 2.1.1 shows a general representation of the peel test experiment, 

where F is the peeling force, b the width of the film, h its thickness and θ the 
macroscopic peel angle, i.e. the angle between the force direction and the 
substrate. This angle was fixed here to 90 degrees. 

 

Figure 2.1.1: General representation of a peel test experiment. 
 

This chapter deals with the energetic aspect of the peel test. Paragraph 
2.2.1 deals with a global energy balance during steady-state peeling, i.e. during a 
phase when the film delaminates with constant speed under the action of a 
constant force†. The energy supplied to the system is considered to be spent 
not only on the energy needed to create the newly formed surfaces, but also on 
“large scale” plastic deformation of the detached film (paragraph 2.2.2) and on 
crack tip plasticity (section 2.3). Other results concerning the peel tester are 
shown in Appendix A. These results concern the limit case of a film bending 
purely elastically [1]. 

 

2.2 The energy balance delamination model (EBDM) 

2.2.1 The energy balance 

Referring to Figure 2.1.1, if a crack front moves over a distance dxcrack 
(in the Ox direction) and the load point over a distance dl (in the Oy direction), 
the energy balance for the system can be written as follows: 
                                                      
 
† Later it will turn out that this hypothesis is not always valid (see Chapter 4 and Chapter 7). 
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rdecrackc dddd  d WWWxbGlF +++=  2.1 

The left-hand side of this equation corresponds to the energy input. On the 
right-hand side, several terms indicate how the energy input is used, where Gc 
is the energy per unit area dissipated at the crack tip, dWe is the variation of 
elastic energy stored in the film, dWd the energy plastically dissipated in the 
whole film (on a relatively large scale), and dWr the variation of residual strain 
energy, which can be released if the film becomes free‡. Note that possible 
viscous effects are neglected since these phenomena are considered to be non-
existent in the case of systems involving nickel, glass and spinel.  

The energies stored elastically and residually are first assumed to be 
constant, so that the terms dWe and dWr can be neglected compared to the 
fracture and dissipation terms. Moreover, in steady-state situation the 
horizontal crack propagation can be considered as equal to the vertical 
component of the displacement of the point where the force is applied. This 
assumption amounts to dxcrack = dl. Therefore in the case of steady-state 
peeling, Eq. 2.1 can be written as: 

dtotdc GGG
b

F
G −=−=  

 
2.2 

where 
b

F
G =tot  is the energy input per unit area and 

l

W

b
G

d

d1 d
d =  is the work 

of plastic dissipation per unit area due to the bending of the film [2]. The term 
Gc is the sum of the work of adhesion Wadh and the energy plastically dissipated 
at the crack tip Gct: 

ctadhc GWG +=  
 
2.3 

So that: 

ctdtotadh GGGW −−=  
 
2.4 

Then experimentally, the measurement of F is not enough to determine 
the fracture energy Gc. Section 2.2.2 focuses on how to obtain the contribution 
Gd. The dissipation at the crack tip Gct will be discussed later in section 2.3. 

                                                      
 
‡ The energy release rate should be the correct parameter to be used in principle for 
the general case, where kinetics is involved. Here, unlike in Chapter 6 and Chapter 7, 
the equilibrium case will be considered, so that energy release rate and fracture energy 
can be both used in Eq. 2.1. 
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Kinloch et al. [3] and Moidu et al. [4,5] improved the theory of Kim and 
Aravas [2] by modeling the non-delaminated part of the film as an elasto-plastic 
beam on an elastic substrate [6,7,8,9,10]. Park et al. [11,12] showed that this theory 
resulted in good values of fracture and dissipation energies. 

Two approaches can be used in order to understand what is happening 
in the neighborhood of the crack tip. In Barenblatt’s approach [13], the overall 
fracture is considered to occur by successive fractures of the bonds 
constituting the interface. In Dugdale’s approach [14,15], the existence of a zone 
where plasticity occurs, is suggested. 

Georgiou et al. [16,17] developed a method where the total input energy 
Gtot can be separated into an elastic part, a dissipative part Gd and a remaining 
part Gc. The latter is considered to be a close estimate of the sum of the work 
of adhesion Wadh and the crack tip plasticity contribution Gct, as mentioned in 
Eq. 2.3. The deformation of the substrate was not considered here. In contrast 
with the work of Georgiou et al. [16], there were no adhesive layers between the 
metallic films and the substrates in the systems studied here. This approach 
could be used here and the model was adapted accordingly.  

2.2.2 Large scale elasto-plastic energy dissipation 

In this paragraph, slender beam theory is used to model the dissipation 
energy of the delaminated part of the film. Figure 2.2.1 shows a schematic 
shape of the film during steady-state peeling. 

 
Figure 2.2.1: Reference points of a bent film during the 90°-peel test. 

 

Two parts are distinguished for the film: the first part still being 
attached to the substrate and the second one being completely detached. The 
connection between these two parts around the crack tip is usually modeled 
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with a cohesive zone, where the normal interfacial stress σn is related to the 
opening displacement u of the cohesive zone (see zoomed part of Figure 2.2.1). 
As examples, Figure 2.2.2 shows two different models to simulate this cohesive 
zone [16,18]. 

 
Figure 2.2.2: Stress vs. opening displacement relationship for different cohesive zone 

models: a) linear elastic stiffness and b) critical limiting maximum stress [16,18]. 
 

A linear elastic-power law hardening (Eq. 2.5) was used to model the 
beam material property as follows: 
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2.5 

where E is the Young’s modulus, n the power law exponent, εY the yield strain 
and σY the yield stress (σY = E εY). Parameters for different types of nickel films 
used here are listed in Table 3.5.1. 

The width of the film b is much larger than the thickness h. The strain ε 
can then be described as follows: 

zlKzl )(),( −=ε  2.6 

where K = (dθ/dl ) is the local curvature of the neutral plane in the middle of 
the film, z the distance of the point considered to this plane and l the length 
along this plane. Note that the previous equation stands with the assumption 
that the axial and shear force are neglected. This assumption is acceptable in 
the case of metallic films [19], but no longer true for polymeric films [20], where 
additional strains have to be added. The bending moment per unit width M is: 

σn σn 

u u 

a) b) 
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2.7 

Combining Eqs. 2.5, 2.6 and 2.7 enables one to show that the 
dependence of the moment M can be summarized as follows:  

)properties material,,( hKfM =  2.8 

So, the moment of the force directly depends on the curvature of the material. 
A scheme of the moment-curvature relation is shown in Figure 2.2.3 for the 
case of a power law hardening material. This graph with points referring to 
Figure 2.2.1 is also used for the peeling case. It contains several regimes, which 
can be described as an elastic loading (OA), followed by a plastic loading (AB), 
an elastic unloading (BD) and a reverse plastic unloading (DE).  

A

B
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D

E

M

KO K B

 

Figure 2.2.3: Moment-curvature relation corresponding to different locations in the film 
in the case of a steady-state situation during a peel-test. 

 

Note that this graph does not indicate the point D′ as shown in Figure 
2.2.1. Indeed, the curvature of the foil is still positive, but the moment of the 
force is larger in absolute value at this point than at the inflection point E. A 
well between points C and E should therefore exist in Figure 2.2.3. In principle, 
a different moment-curvature curve should then be used and the fact that one 
uses Figure 2.2.3 instead can lead to possible errors in the estimated dissipation 
energy. Note as well that this moment-curvature model does not take into 
account the possible dissipation occurring after point E, leading to an 
additional possible error in the estimation of the dissipation energy. During 
steady state peeling, a part of the film in a cross-section, initially behind the 
crack tip, moves in the course of the experiment through all the phases 
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described by the moment-curvature curve. Consequently, the dissipation 
energy Gd can then be calculated by: 

∫=
OABCDE

KKM
b

G d )(
1

d  

Obviously Gd directly depends on the whole range of curvature, which 
can be described only with the maximum curvature KB. Besides, the dissipation 
energy Gd depends as well as on the mechanical properties and the size of the 
film. Kim and Aravas [2] showed that the maximum curvature KB at the root of 
the peel arm could be expressed as:  

( )02
Y

B sin1
 

  6 θ
σ

−=
h

FE
K  

where θ0 is the root angle or microscopic angle (i.e. the angle between the 
substrate and the film at the crack tip), as shown in Figure 2.2.4. So for a given 
load F, thickness h and material properties (E, σY , n), the parameter KB 
depends on the root angle θ0. Gd is therefore a function of the load F, the 
mechanical parameter (E, σY and n), the thickness h and the root angle θ0. 

 

Figure 2.2.4: Evidence of a microscopic angle different from the expected 0º for an 
elastic delamination (picture of a polymer scotch tape being peeled from a glass 

substrate). 
 

This microscopic angle θ0 also depends on the type of cohesive law 
considered to model the stress behavior at the crack tip. Two methods are 
usually employed to evaluate the root angle θ0 and the maximum curvature KB 
(see Figure 2.2.1): 

• In the limiting maximum stress approach, the maximum stress σmax of the 
film is limited by a value, depending on the type of material. The base angle 
θ0 is therefore dependent on the maximum stress and the maximum 
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curvature. In this method, apart from the fracture energy Gc, the limiting 
stress σmax at the crack tip is also considered as a parameter. 

• In the linear elastic stiffness approach, the maximum stress σmax and the 
base angle θ0 are calculated separately. The maximum stress at the crack tip 
is therefore a result of the fracture energy and no longer a parameter as it is 
in the maximum stress method.  

In the case of the critical limiting maximum stress approach, two parameters 
are needed, whereas for the linear-elastic stiffness, only one is requested. As 
results from the critical limiting maximum stress are not much different than 
the ones from the linear elastic stiffness approach [21,22,23], the linear elastic 
stiffness approach was chosen. Now, the plastic dissipation becomes: 
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where f is a function depending on the root curvature, geometrical and 
mechanical parameters of the film. 

A computer program was written to compute Gd and Gc, after input of 
the average peeling force, the mechanical properties and geometrical 
parameters of the films. This program, coding the algorithm described by 
Georgiou et al. [16], was adapted to account for the fact that nickel-glass or 
nickel-spinel systems do not include any interlayer. 

  

2.3 Plastic dissipation at the crack tip 
This section aims at decoupling the dissipation located at the crack tip 

from the fracture energy Gc, as previously obtained, to finally get the work of 
adhesion Wadh. The model of Thompson 

[24] was used here, where the material 
around a sharp crack tip is plastically deformed, and where an elastic core is 
also considered (see Figure 2.3.1 for the case of a cohesive failure).  
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Figure 2.3.1: Scheme of a crack tip region during cohesive fracture. 

 

Following this model, it is possible to describe plasticity with a stress-
strain relation via a Ramberg-Osgood behavior as follows [25,26]: 
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where m is the work hardening exponent and β an empirical prefactor. 
Hutchinson [27,28] and Rice and Rosengren [29] managed to give an expression of 
the effective stress as a function of the distance r ahead of the crack tip for 
plane strain conditions: 
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where fm and Im are weak functions of the work hardening exponent m (of 
which the values are given in [30,31]), υ is Poisson’s ratio and KI,∞ is the stress 
intensity factor applied far away from the plastic zone. Following this approach, 
Lipkin and Beltz [31] showed that the shielding ration gs between the apparent 
fracture energy Gc and the work of adhesion Wadh was given by: 
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where α is a factor depending on the type of dislocation mechanism occurring 
during fracture. A value of 0.3 can be taken in the case of random dislocations. 
However, this parameter was observed to be a minimum in practice, and was 
found to be higher, up to 10, for different dislocation mechanisms [32,33]. The 
random dislocation network seems therefore to provide a minimum value of α, 
considering that the parameters α and m are independent from each other. 

Plastic 
region 

Rc 

Elastic 
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Following the previous equation, the work of adhesion can therefore 
be directly obtained via the mechanical properties of the plasticizing material 
(in this case the nickel foil) from the apparent fracture energy Gc, calculated 
from the previous section 2.2, as follows: 
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The work of adhesion Wadh is thus a power function of the fracture energy Gc, 
as calculated by the EBDM model for a given material. As previously 
mentioned, an accurate value of the parameter α is difficult to obtain at this 
stage and the accuracy of this parameter strongly influences the calculation of 
the work of adhesion. Therefore, the values of the fracture energy Gc (after 
calculation from the EBDM) will be mostly used. If required, the work of 
adhesion (after considering the plastic contribution at the crack tip) will be 
calculated for the case of a random dislocation (α = 0.3), leading to an upper 
bound compared to the expected theoretical work of adhesion Wadh. 
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Chapter 3  
Measurements and sample 

preparation 

his chapter first deals with the peel test equipment and 

the sample preparation. Since the mechanical properties 

of the film are necessary as input parameters for the 

EBDM model, these parameters are also determined here. The 

chapter closes with a description of the microstructure of films 

and substrates, as well as the storage conditions. 

 

 

T 
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3.1 The peel tester 
The peel test was introduced in aerospace companies as a method of 

quality control of bonded aircraft components [1]. Nowadays the peel test is 
often used in microelectronics and packaging industries to study and monitor 
adhesion of films (metallic and polymeric mostly) on different types of rigid 
substrates.  

The peel test device used here was designed and constructed in the 
Central Workshop (GTD) of the TU/e (Eindhoven Technical University). The 
load cell measuring the peel force is here mounted on a rail having a 45° angle 
with respect to the substrate, as shown in Figure 3.1.1. The film is clamped to 
this load cell. The angle of 45° is needed to maintain the 90° peeling angle 
during the measurements. The load cell is moved along this rail by means of a 
motor. Images of the device are also given in Figure 3.1.2.  

 
 

Figure 3.1.1: Scheme of the 90° peel test experiment. 
 

 

Figure 3.1.2: Pictures of the peel test device designed by the GTD, with films being 
peeled. 
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A camera mounted on the device allowed taking pictures of the films 
from the side at any time (Figure 3.1.2). The camera can be chosen to be either 
immobile or moving with the same horizontal speed as the load cell, thus 
ensuring that the crack front was remaining at the center of the image. It was 
here remaining at the same position for a given peeling experiment. 

The force and linear displacement accuracy of the device are better 
than 0.1 mN and 1 µm, respectively. The load cell speed along the rail range 
from 0.01 to 60.00 mm.min-1 and forces up to 50 N can be measured. Note 
that the speed and displacement of the load cell are corresponding to the ones 
in the direction of the rail, so that one has to divide by √2 to obtain the 
corresponding horizontal quantities. To avoid confusion, only the horizontal 
projected parameters will be considered, since they correspond to meaningful 
physical parameters. Each force point output is an average of 100 subsequent 
measurements, which are taken every millisecond, so that each data point 
corresponds to an average over a time interval of 0.1 s (i.e. frequency of the 
measurement: 10 Hz).  

The device was put in a closed box to isolate from the laboratory 
environment if necessary (see left picture in Figure 3.1.2). Pure dry air was 
introduced with a controlled flow into the box containing the peel tester in 
order to obtain a dry environment. For a more humid environment, the dry air 
was introduced into a column and bubbling in water. The temperature of the 
column could be controlled to ease the humidifying process. Care was also 
taken to avoid flow in the direction of the sample during experiment. The RH 
was regularly measured using a Euro-Index FT3 device. This device can 
measure RH between 5 % and 95 % with an accuracy of 2 % in absolute value. 
Experiments were performed only if the RH was stable. Unless mentioned 
explicitly otherwise, values between 30 to 40 % were measured in normal 
conditions. 

Figure 3.1.3 shows a scheme of how a sample must look like. Note that 
a notch has to be manufactured to ease the interfacial crack initiation. This 
notch was performed by a rotating saw, grinding the substrate at 45° angle up 
to a third of the substrate thickness. 

 
Figure 3.1.3: Schematic representation of the sample geometry from different view 

(front, top and side views). 
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3.2 Microscopy 
The confocal images were taken with a NanoFocus µSurf confocal 

microscope from NanoFocus Meβtechnik GmbH. The microscope was 
equipped with a 512x512 pixels camera moved by a piezo-drive. A lateral 
resolution of 0.2 µm and a vertical resolution of 0.1 µm could be achieved. 
The microscope contained a 20 µm-size pinhole Nipkow disk [ 2 , 3 ] placed 
between the objective lens and the beam splitter. The separation between the 
pinholes was of 100 µm, and those pinholes were arranged in spiral. A white-
light xenon source was illuminating the rotating disk, allowing the source to act 
like a multi-point light source. After reflection on the sample and the beam 
splitter, the light reached a CCD detector measuring the light intensity at each 
pixel and for each vertical position. A software program could then process the 
measurements in order to determine the height for each pixel corresponding to 
the in-focus plane. 

The Scanning Electron Microscopy (SEM) images were obtained with a 
JEOL JSM-840A device. The probe current was set below 10-8 A and the 
intensity of the current in the filament was of 260 µA. The acceleration voltage 
was chosen between 15 and 25 kV according to the type of material to be 
scanned. The pressure inside the chamber was constantly kept below 10-5 mbar, 
and the working distance could be chosen amongst 5, 15, 39 or 48 mm. This 
microscope enabled to detect secondary and backscattered electrons. 

 

3.3 Sample preparation 
The metal foils have to withstand the force necessary for the 

delamination, implying that at least a 2 µm-thick nickel layer has to be 
deposited (experimental observation). Three techniques are often used to 
deposit metals: physical vapor deposition (PVD), galvanic (or electrochemical) 
deposition and electroless deposition. One of the requirements for those 
techniques is the purity of the films, as the adhesion should be measured only 
between the ceramic and the metal.  

Electroless deposition has been tried out but did not result in good 
films. One of the problems with this technique is also the need to have a 
conductive layer (usually palladium) to start the deposition so that the interface 
studied would not only involve a single metal and a ceramic. Moreover this 
technique implies the use of an agent in order to increase the roughness of the 
substrates. This roughness increase would have an effect on the fracture energy 
by increasing the number of mechanical interlocking sites. For all these reasons, 
this technique was not developed further. Therefore only PVD (paragraph 
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3.3.1) and galvanic depositions (paragraph 3.3.2) were developed here to obtain 
nickel films. Note that a conductive layer has to be obtained before one is 
being able to deposit galvanically. This thin conductive layer was deposited by 
PVD and had a thickness of 500 nm. In paragraph 3.3.3, the samples used are 
briefly described. 

3.3.1 Physical Vapor Deposition (PVD) 

Before depositing the nickel films, the substrates were first cleaned 
according to the following procedure. First they were dipped into a fluoridic 
acid solution (10 %) for 10 min. Next they were dipped for 60 min into a 
sodium hydroxide solution (10 %) and for 60 min into an Extran solution 
(10 %) at 70 °C in an ultrasonic bath. After each dip, they were also cleaned 
with demineralized water. Finally they were dipped into a propanol solution 
and dried with nitrogen.  

After cleaning, the samples were placed below a mask, adapted to the 
size of the samples and enabling to obtain samples with the geometry as shown 
in Figure 3.1.3 in order to be used for the peel tester. In the case of the glass 
substrate (size: 75x25x1 mm3), a 20 mm-wide film was obtained whereas for 
the spinel substrates (size: 45x15x0.5 mm3), the width was set to 10 mm. 

PVD was then performed by magnetron sputtering using a nickel target 
(Ni: 99.6 %, Co: < 600 ppm). Two different devices were used for sputtering: 
an Alcatel™ SCM 850 (from GTD) and a Randex model 2400-6J (from TNO).  

As far as the Randex Model 2400-6J device is concerned (from TNO), 
the power and the pressure under argon plasma were fixed at 400 W and 2·10-7 
mbar, respectively. For these conditions, 17 min of sputtering was necessary to 
deposit nickel films with a thickness of 500 nm in static mode. In this mode, 
the samples are continuously being deposited, constantly being in front of the 
nickel target. 

For the Alcatel™ SCM 850 device (from GTD), the deposition 
conditions were studied. The pressure was set to 0.01 and 0.03 mbar, the RF 
power to 750 and 1250 W and the background pressure to 2·10-7 mbar. The 
thickness was calculated from sputtering time as well as from the experimental 
conditions, and was later measured experimentally for confirmation. With this 
device, films with thickness of a few micrometers could be deposited so that an 
extra deposition for the samples was not always necessary to be used directly in 
the peel tester. Two different sputtering modes could also be used: static and 
rotative. Contrary to the static mode, with the rotative mode, the samples are 
rotating below the target and get in front of it only for a small period of time. 
The quality for the rotative mode was better as compared with the static mode 
sputtering, but the depositing time was much longer than for the static mode. 
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Indeed, this deposition time for rotative sputtering was around 5 h/µm and a 
faster growth was often preferred in practice. Moreover, the use of a full-
grown-PVD-film layer usually results in a higher internal stress as compared to 
a galvanic film, which makes the film easier to be delaminated so that a full-
grown PVD layer is not always a smart choice (see section 5.2). Note that in 
practice, this internal stress can be removed by curing the samples at high 
temperature. However, this curing temperature was not a parameter of interest 
here and no cure was carried out. 

The preliminary goal was to optimize the conditions to be able to study 
adhesion later. Indeed, on the one hand, adhesion has to be high enough, 
otherwise the adhesion tests cannot be performed accurately. On the other 
hand, failure has to occur at the interface (adhesive failure) and not through 
one of the 2 materials (cohesive failure). Therefore adhesion has to remain not 
too high.  

The optimal conditions for the Alcatel™ device were determined using 
the pull-off test (as described in Appendix B). Table 3.3.1 shows the test results 
performed on samples with the same thickness and PVD deposition device for 
different operating conditions considering the 4 extreme possible conditions. 
The best condition corresponded to a low pressure and a low power. The high 
adhesion at low partial pressure can be explained by the fact that a low 
pressure leads to a higher speed for the ions formed. The ions hit then the 
surface harder during sputtering at low partial pressure, inducing a better 
adhesion with the substrate surface. On the other hand, a high power (which 
has an effect on the amount of ions hitting the surface) can increase the 
temperature at the surface of the substrate, increasing the internal stresses 
within the films. This higher internal stress for higher power will therefore 
decrease interfacial adhesion during the pull-off test measurements. It is then 
expected to have optimum condition for lower pressure and lower power. The 
condition used with this device was therefore set to 750 W for the power and 
to 0.01 mbar for the argon partial pressure.  

 

Table 3.3.1: Comparison of pull-off test results for different PVD conditions  
(thickness: 500 nm, Alcatel™ device, static mode). 

 

power (W) pressure (mbar) average standard deviation
750 0.01 4.33 1.30
1250 0.01
750 0.03 3.30 1.26
1250 0.03 3.17 1.02

conditions pull-off stress (MPa)

many samples broken
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3.3.2 Galvanic deposition 

Before galvanic deposition, the nickel surfaces (with thickness of 500 
nm deposited by PVD) were cleaned and degreased as follows: the samples 
were first dipped into a 40 % concentration sulfuric acid solution for 10 s and 
cleaned with water. The goal of the acid dipping was to remove a possible 
oxide layer at the surface. As a result, this procedure enables a better adhesion 
between the PVD conductive layer and the galvanically deposited one. Figure 
3.3.1 shows a scheme of the set-up used to deposit the nickel on the 
conductive PVD layer.  

 

 

Figure 3.3.1: Set-up for the Watts bath electrochemical deposition. 
 

A Watts bath [4] was first used to deposit the nickel with the following 
composition: 

• Nickel sulfate NiSO4: 330 g/L (2.13 mol/L) to supply the nickel ions (Ni
2+) 

for the deposition. 

• Nickel chloride NiCl2: 45 g/L (0.35 mol/L) to prevent the anode from 
passivation. 

• Boric acid H3BO4: 38 g/L (0.46 mol/L), which mainly enables to keep the 
pH value constant, so that the electrochemical couple at this potential is 
Ni2+/Ni and no oxide is deposited (see Figure 3.3.2). Many other roles are 
also ascribed to boric acid [5]. For example, some publications reported it as 
a catalyst for nickel deposition [6,7], which was contradicted by Tsuru et al. 
[8,9]. It is also said to avoid the production of H2 by adsorption at the nickel 
surface [10] or to accelerate the deposition rate [11]. Finally, it can also help to 
reduce the passivation of the nickel films [12]. 

Stirrer 
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Figure 3.3.2: pH-potential diagram for nickel [13]. 

 

A solution based on nickel sulfamate was also used with the following 
“recipe”: 

• Nickel sulfamate: Ni(SO3NH2)2: 320 g/L (2.07 mol/L). 

• Nickel chloride NiCl2: 4 g/L (0.03 mol/L). 

• Boric acid H3BO4: 30 g/L (0.36 mol/L). 

Experiments showed that performing the depositions using a nickel 
sulfamate bath were more successful than with a conventional Watts bath since 
some samples spontaneously peeled off with the latter method. A Watts’ bath 
usually produces films with higher internal stress (from 125 to 185 MPa [14]) 
compared to nickel sulfamate (from 0 to 55 MPa [14]), which can explain this 
experimental observation. 

The depositions were performed at room temperature in both cases, 
and are expected to provide films with low internal stress [15]. The current 
densities used for the depositions were either 6 or 12 A.m-2, as recommended 
to result in efficiency close to 99.9 % [5,14]. The deposition time t was estimated 
using the Faraday’s law: 

I

ShC
t

  =  

where C (C = 8.044·10-8 hr.m-3.A-1) is a constant considering 100 % current 
efficiency, h the desired thickness of the deposited layer, S the surface being 
deposited and I the current provided by the generator. After deposition, the 
actual values of the films thickness were checked by confocal microscopy as 
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shown in Figure 3.3.3. These measurements were carried out at 4 different 
points of the samples edge to obtain an average and standard deviation. 

 

 

Figure 3.3.3: Confocal microscope image and profile of nickel film edge on glass 
substrate. 

 

3.3.3 Samples description 

Many types of samples will be considered all along this thesis, including 
different types of films and substrates. Table 3.3.2 gives a short description of 
how the films have been deposited on the different substrates. Only three 
types of nickel films will be considered, referred to as Nipvd, Ni1 and Ni2 types. 
The glass samples were deposited with the three types of nickel films whereas 
the spinel substrates (for both orientations) were deposited only with the Ni2 
type nickel films. Therefore, five types of samples will be presented. 

 

Table 3.3.2: Different types of samples used, their deposition parameters and total 
thickness. 

 
Initial PVD layer Electrodeposition

Thickness (µm)
Current density 

(A/m2)
Value

Standard 
deviation

Nipvd/glass Nipvd glass 2.0 - 2.0 0.2
Ni1/glass Ni1 glass 0.5 6 2.4 0.1
Ni2/glass Ni2 glass 0.5 12 2.9 0.2
Ni2/sp100 Ni2 spinel (100) 0.5 12 4.8 0.1
Ni2/sp111 Ni2 spinel (111) 0.5 12 5.0 0.1

Substrate 
type

Samples 
name

Nickel type 
films

Total thickness (µm)

 

 

h 

Top nickel layer 

Substrate surface 
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As far as the Nipvd type is concerned, the nickel was deposited by PVD 
only with a thickness of 2 µm, using the Alcatel™ SCM 850 device (from 
GTD), as described in paragraph 3.3.1. The deposition conditions were set for 
these samples to 750 W for the power and to 0.01 mbar for the argon pressure, 
as they were optimized in paragraph 3.3.1.  

For the Ni1 and Ni2 films, an initial 500 nm nickel layer was first 
deposited by PVD using the Randex model 2400-6J (from TNO). These nickel 
layers were then strengthened by galvanic deposition with a nickel sulfamate 
bath (see paragraph 3.3.2). The current density, however, differs in both 
systems, as given in Table 3.3.2. 

The thickness of the films was measured after deposition(s) by confocal 
microscopy (by edge profile, as described in Figure 3.3.3), and measured at 
four different points on each sample. An average and sample standard 
deviation of these measurements is also given in Table 3.3.2 for a set of three 
samples of the same type (same deposition conditions and substrates), so that 
the sample standard deviation is based on twelve measurements. Unless 
explicitly stated otherwise in the text, the total thickness of the films will 
correspond to those mentioned in Table 3.3.2. 

 

3.4 Analysis of the film shape images 
During peeling experiments, pictures of the films can be taken from the 

side by the peel tester at any time (see Figure 3.1.2). Image analysis of these 
pictures was then performed by a program written in MatLab®. Two different 
programs were written. The first one was meant to determine the shape of the 
foil from the images. After acquisition, the raw images (also called RGB image 
because of their different levels in red, green and blue colors) were transferred 
into 256 grey scale images. The edges were then determined by the Canny 
method [ 16 ] using a threshold value adapted to the images (see example in 
Figure 3.4.1). In this way, it was possible to obtain the shape of the films, but 
the dimensions were first given in pixel units. The image had therefore to be 
calibrated using the average horizontal displacement of the foil that equals the 
average peeling speed.  



3.5: Mechanical properties of the film 

35 

    
 

Figure 3.4.1: Steps for image analysis (a: raw image; b: resulting edge profile). 
 

Following this edge detection program for the shape of the foils, a 
second program was written to determine the position of the crack tip as a 
function of time. The crack position was defined by the position were the edge 
profile was crossing the horizontal line corresponding to the substrate surface. 
Note that the edge profile procedure was usually not able to connect the foil 
edge and its reflecting image (as observed in Figure 3.4.1b), so that it was 
necessary to level up the horizontal line by 1 or 2 pixels. This approximation is 
later shown to be good enough (see section 7.2). During the experiments, each 
picture was saved according to the date and the exact time it was taken at, so 
that it was possible to relate the image independently of the peeling force and 
displacement measured by the peel tester. 

 

3.5 Mechanical properties of the film 
The mechanical properties of the films are also needed to be able to 

input the correct parameters for the EBDM model (see section 2.2), so that 
tensile tests were performed to determine these quantities. The tensile 
specimens were cut from the films. It was then assumed that the mechanical 
properties of the films were unchanged (or negligibly changed), since the 
delamination is considered to be almost purely elastic (see later in section 5.2).  

The cutting of the films was performed as follows. First the films were 
glued on a glass substrate using a weak glue (Pritt® adhesive roller), and cut by 
ReithLaser B.V. using a laser beam. The samples size is shown in Figure 3.5.1. 
The films were then separated from the glass support by dipping the samples 
into hot water.  

Film edge 

Film 
reflexion 

a) b) 
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Figure 3.5.1: Scheme and dimensions (in mm) of the dog bone shaped sample for tensile 

test. 
 

The tensile tests were performed in a tensile stage type MZT.M 
equipped with a load cell (maximum load force: 20 N; resolution: 0.01 N). The 
load cell from Kammrath & Weiss GmbH (Germany) could be displaced with 
speeds from 0.1 to 20.0 µm/s. The tensile tests were performed at a strain rate 
of 1.0·10-4 s-1.  

The parameters for the three types of nickel films, as discussed in 
paragraph 3.3.3, are listed in Table 3.5.1. The parameters from this table are the 
results from fittings of the stress-strain curves by power-law (Eq. 2.5) and 
Ramberg-Osgood (Eq. 2.10) models using the least-squares method. The first 
system denoted as Nipvd corresponds to a 2 µm-thick nickel layer where the 
metallic film has been deposited only using the Alcatel device (section 3.3.1a). 
The second and third system denoted as Ni1 and Ni2 are both composed of 
500 nm PVD grown layer using the Randex device and an additional 
galvanically strengthened layer in order to obtain a 3 µm-thick nickel layer. The 
deposition was carried out with a nickel sulfamate bath using a current density 
of 6 A/m2 for the Ni1 type and 12 A/m

2 for the Ni2 type. 

 

Table 3.5.1: Mechanical properties of different nickel films fitted with power-law and 
Ramberg-Osgood. 

 

E (GPa) εY (%) σy (MPa) n (-) E (GPa) β (-) εY (%) σy (MPa) 1/m (-)

Nipvd 2.0 130 0.350 454 0.8096 131 0.0272 0.342 450 4.432

Ni1 2.4 234 0.405 948 0.7901 234 0.0276 0.406 950 4.430

Ni2 2.9 124 0.467 577 0.6884 127 0.0373 0.394 500 4.290

[ref. 17] 150 200 0.460 920 - - - - - -

[ref. 18] bulk 180 0.500 900 - - - - - -

Nickel 
film

Thickness 
(µm)

Ramberg-Osgood modelPower Law model

 

 

Table 3.5.1 shows that the bulk mechanical properties of nickel [17,18] are 
quite different from those of the films here. For the PVD nickel film, a value 

10 

15 

30 
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of Young’s modulus lower than for bulk nickel is obtained. PVD layers are 
usually less dense and have higher internal stress compared to the galvanic 
ones and are expected to lead to lower values of yield stress.  

On the other hand, for the galvanically-strengthened film a higher value 
of the Young’s modulus is obtained. Preliminary X-ray diffraction experiments 
showed that a preferred orientation was present in these films but information 
about which plane was at the interface could not be obtained. However, 
following this argument, it is known that the Young’s modulus strongly 
depends on the crystallographic orientation. In the case of the nickel, values of 
137 GPa for the (100) orientation or 303 GPa for the (111) orientation can be 
obtained [19]. 

For different preparation methods (PVD or PVD + galvanic), many 
differences in mechanical properties were then observed. This is quite 
important for the model calculations, because the values of these parameters 
into the model directly affect the accuracy of the final results. So it was 
advisable to perform the tensile test for all the types of samples in a peeling 
experiment.  

Figure 3.5.2 shows typical tensile tests performed on peeled Ni2 type 
films for three different thicknesses. First, it has to be observed that the curves 
have approximately all the same initial slope in the elastic region (i.e. the same 
Young’s modulus). Secondly, the yield stress and the hardening exponent are 
lower for higher thicknesses whereas fracture occurs at higher strains for 
thicker films. Values of Young’s modulus, yield strain/stress and hardening 
exponent are given in Table 3.5.2. These parameters correspond to a power-
law fitting (Eq. 2.5) from data in Figure 3.5.2, and using the least-squares 
method. 
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Figure 3.5.2: Influence of the thickness in the tensile test (Ni2 type films). 
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Table 3.5.2: Mechanical properties for different thicknesses for the Ni2 type system. 
 

value
standard 
deviation

2.9 0.2 123.5 576.9 0.47 0.688
5.0 0.2 121.2 533.6 0.44 0.585
7.4 0.3 117.0 510.1 0.44 0.499

n
Thickness (µm)

E (GPa) σY (MPa) εY  (%)

 

 

The influence of the thickness on the yield stress was also reported by 
Park et al. [20] in the case of polycrystalline copper and by Grunes et al. for nickel 
films [21 ]. In their case, the yield stress σY could be fitted by the following 
relationship [22]:  

h

k
Y += 0σσ  

 

3.1 

where k and σ0 are constants and h is the thickness of the film. Such an 
equation has been used with data in Table 3.5.2 as well and Figure 3.5.3 shows 
a perfect match with Eq. 3.1.  
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Figure 3.5.3: Influence of the thickness on the yield stress in the tensile test experiment. 
 

This behavior observed in Figure 3.5.3 is usually ascribed to the 
coarsening of the grains with increasing thickness [23]. To verify this speculation, 
the top surface of the films was etched with a proper etching agent (1/6 of 
Nitric acid 70 %, 1/3 of hydrochloric acid 33 % and ½ of glycerol in volume 
[ 24 ]) and the evolution of the grain boundary size with the thickness was 
observed by SEM. Figure 3.5.4 shows the SEM pictures of these etched top 
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surface films for the 3 thicknesses studied. As expected from [23], the grain 
size increases with increasing thickness. 

 

    
Figure 3.5.4: Grain boundaries at top nickel etched surfaces for different thicknesses. 

 

3.6 Other information about the samples 

3.6.1 The films 

The mechanical properties are dependent on the thickness of the 
samples, as it was shown in section 3.5. The films deposited by PVD were 
found to be “weaker” than the ones deposited by electrochemistry, meaning 
that they reach the plastic region at a much lower stress (i.e. lower peeling 
force). This observation is often explained by the higher density that galvanic 
films often show as compared to the more porous films from PVD. Table 
3.6.1 shows the density for the different types of films used, which was 
calculated from the volume of the films and the corresponding weight. The 
densities of the films were found to be close to 100 %, within the accuracy of 
the technique (the high uncertainty was mainly due to the limited accuracy of 
the thickness measurement). Moreover, as expected, the PVD film is observed 
to have lower density compared to the galvanically strengthened films. 

 

 

 

3 µm 

5 µm 7 µm 
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Table 3.6.1: Density of different types of nickel films. 
 

Value Uncertainty
Nipvd 88 6
Ni1 101 6
Ni2 96 5

Nickel type 
films

Density (%)

 

3.6.2 The substrates 

The glass substrates were around 1.0 mm thick and their dimensions 
were 25x75 mm2. The spinel substrates were manufactured by MTI 
Corporation. They were one-side-polished single crystals and their dimension 
was 45x15x0.5 mm3 (respectively length, width and thickness). Two different 
orientations were used: (100) and (111) which are the most common planes. 
The procedure to polish the spinel surfaces is unknown but is said to involve 
physical and chemical polishing. The surfaces of the substrates were checked 
by AFM and roughness in the order of magnitude of 20 to 40 nm was 
observed for both systems. In both substrates, the surfaces were then flat 
enough to be sure that mechanical interlocking could not play an important 
role in the experiments.  

 

3.7 Sample storage 
After electrochemical deposition, the water from this process is shown 

to have an important effect on adhesion. This effect will be studied in section 
6.2. Unless mentioned otherwise, the samples were also left for three days* into 
a desiccator containing a silica gel type A from DCC Co., Ldt, in order to 
remove this water before the peeling experiments. The relative humidity 
measured inside the desiccator was about 20 %, which was in good agreement 
with the supplier information (Figure 3.7.1). 

                                                      
 
* The reason for this storage time of three days storage will be discussed in section 6.2. 
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Figure 3.7.1: Correlation between relative humidity inside a closed desiccator 
containing the silica gel “type A” and outside the desiccator [25] . 

 

 

References 
 
 
1  G.J. Spies, J. Aircraft Eng. 25 (1953) 64. 
2  P. Nipkow, “Elektrisches Teleskop”, Patentschrift n°30105, Kaiserliches Patentamt (1885) 

Berlin, in German. 
3  P. Nipkow, Elektrotechnische Zeitschrift  6 (1885) 419, in German. 
4  Nickel plating handbook, OM Group, INC (2002). 
5  Y. Tsuru, M. Nomura, F.R. Foulkes, J.Appl. Electrochem. 32 (2002) 629. 
6  J.P. Hoare, J. Electrochem. Soc. 133 (1986) 2491. 
7  J.P. Hoare, J. Electrochem. Soc. 134 (1987) 3102. 
8  Y. Tsuru, R. Takamatsu and K. Hosokawa, J. Surf. Finish. Japan 44 (1993) 39. 
9  Y. Tsuru, R. Takamatsu and K. Hosokawa, J. Surf. Finish. Japan 45 (1994) 82. 
10  J. Horkans, J. Electrochem. Soc. 126 (1979) 1861. 
11  M.Y. Abyaneh, M. Hashemi-Pour, Trans. IMF 72 (1993) 23. 
12  K-M. Yin, B-T. Lin, Surf. Coat. Technol. 78 (1996) 205. 
13  DC. Silverman, Corrosion 37 (1981) 546. 
14  M. Paunovic and M. Schlesinger, “Fundamentals of Electrochemical Deposition”, Wiley, 

New York (1998). 
15  M. Schlesinger, M. Paunovic, “Modern electroplating (4th edition)” Wiley-Interscience, 

New York (2000). 
16  J.F. Canny, “Finding edges and lines in images”, Artificial Intelligence Laboratory, 

Cambridge (1983). 
17  R. Schwaiger, B. Moser, M. Dao, N. Chollacoop, S. Suresh, Acta Mater. 51 (2003) 5159. 
18  H.E. Boyer, “Atlas of stress-strain curves”, Carnes Publication Services (1987). 
 
 



Chapter 3: Measurements and sample preparation 

42 

 
 
19  G. de With, “Structure, deformation and integrity of materials”, Wiley VCH Verlag, 

Weinheim (2006), p. 294. 
20  I.S. Park, J. Yu, Acta Mater. 46-8 (1998) 2947. 
21  R.L. Grunes, C. D’Antonio, F.K. Kies, J. Appl. Phys 36-9 (1965) 2735. 
22  L.I. Meissel, R. Glang “Handbook of thin film technology”, McGray Hill book Company, 

New York (1983), p. 12-44. 
23  R.F. Bunshah, J.M. Blocher, T.D. Bonnifield “Deposition technologies for films and 

coatings”, Noyes Publication (1982), p. 385. 
24  E.A. Brandes, G.B. Brook “Smithells metals reference book (7th Edition)”, Butterworth-

Heinemann Ltd, Oxford (1992) p. 10-47. 
25  Website: http://www.dcchem.co.kr/english/product/p_basic/p_basic07.htm (Feb. 2007). 



 

43 

Chapter 4  
Phenomenology of peeling 

he peel tester is the main tool used in this thesis to 

measure adhesion. The peeling force is usually the only 

parameter of interest in this test. Moreover, during 

steady-state peeling, the peeling force is considered to be 

constant. This is, however, not always the case as observed in 

reality. Therefore a phenomenology of peeling is needed. 

 

T 
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4.1 Introduction 
The peel tester is usually used in such a way that the average peeling 

force is the only data of interest to study adhesion. However, several other 
phenomena occurring during experiments can be used to better understand 
adhesion mechanisms. This chapter aims at describing these phenomena and at 
providing brief information about how they look like in a peeling force 
diagram, and give some hints on how they occur. 

Four different effects will be described here, which will be of interest in 
the coming chapters: the water effect from the environment, the “pop-in”, the 
stick-peel and the relaxation. 

 

4.2 The effect of water 
Figure 4.2.1 shows a peeling experiment of a Ni2/glass sample. After 

800 s of the beginning of the experiment, a water droplet is introduced at the 
crack tip. From this exact moment, the peeling force drops down by a couple 
of millinewtons.  
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Figure 4.2.1: Effect of addition of water at the crack tip in the peeling force  

(system: Ni2/glass, thickness: 3.3 µm, peeling speed: 0.7 mm/min). 
 

A similar effect can be observed while breathing at the crack tip. The 
water in the environment of the crack tip is therefore playing an important role 
in the separation of the nickel film from the glass substrate. For this purpose, 
the water influence will be studied in Chapter 6. Unlike in Figure 4.2.1, 
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however, in Chapter 6 the water is not introduced directly during the 
experiment, but is present in the form of humidity of the air environment. 

 

4.3 “Pop-in” at start of peeling 
Figure 4.3.1 shows a typical peeling experiment of a Ni1/glass system. 

Before continuous crack propagation occurs, a small peak systematically 
appears. This peak will be referred to as “pop-in”. An energy higher than the 
one at which steady-state peeling occurs, is therefore usually required to start 
the propagation of a crack.  
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Figure 4.3.1: Example of simple delamination for a Ni1/glass system at 7 mm/min. 

 

Such an effect was also observed by Zhao et al. for the delamination of 
tapes, which resulted in peaks twice as high as the delamination force during 
steady-state peeling [1,2]. In their case, the type of failure was gradually changing 
from adhesive (at the peak force) to cohesive (at steady-state peeling) and this 
change in the mode of failure occurred in the millimeter range distance, which 
is not the case for the systems studied here. Besides, here no transition from 
adhesive to cohesive failure has been observed at the sample surface.  

Blunting is another possible mechanism that can occur, and may result 
in this “pop-in” effect. Therefore, the behavior of this effect will be studied 
and its mechanism discussed in section 6.5. 

 

 Peeling 
 No 
peeling 
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4.4 Stick-peel effect during peeling 
Figure 4.4.1 shows a typical plot of a peel test experiment performed at 

low peeling speed (0.07 mm/min) in the case of a Ni2/spinel (111) sample. As 
soon as the peeling force is high enough to delaminate the film from the 
substrate, a saw-tooth shape force appears instead of a regular and constant 
peeling force. For all the systems mentioned in paragraph 3.3.3, this effect was 
systematically observed when the peeling speed was sufficiently low (usually 
below 1 mm/min). As observed from Figure 4.4.1, this peeling force is 
periodically increasing and decreasing with regular time interval and amplitude.  
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Figure 4.4.1: Stick-peel effect shown for the case of Ni2/spinel(111) system  

(peeling speed: 0.07 mm/min, thickness: 3.5 µm). 
 

Besides, when taking pictures regularly, and associating them together 
to make a movie, one can observe a jerky movement of the crack front, 
whereas the load cell is displaced at a constant velocity. Therefore, it looks like 
the film is consecutively sticking to the substrate for some time, rapidly peeling 
from it for a certain distance and then sticking again.  

This stick-slip phenomenon, as it is denoted in literature, was renamed 
here to stick-peel, as this new name accounts better for the phenomenon 
occurring in the case of the delamination between two materials. 

This phenomenon has been observed in several systems in the case of 
cohesive and adhesive failure. The first researchers who reported such an 
effect are probably Rivlin and Thomas [3] in 1953 in the case of cohesive failure 
of rubbers, and Bailey in 1961 [4] for mica systems. Similar behavior was also 
reported by Dannenberg [5] on adhesive failure using the blister test, a behavior 
that he qualified as “uneven, stepwise and jerky detachment”. He interpreted 
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this effect as a result of the bulging coating that may deform visco-elastically. 
Stick-peel effect was also observed on acrylic polymer coatings with the peel 
test [6]. Many possible mechanisms were proposed, amongst which the presence 
of possible imperfections due to the annealing process, even though it did not 
explain the periodicity of the signal. They also proposed a mechanism 
involving a difference in shear and tensile stresses at the crack front, but this 
mechanism could not explain the sudden change from cohesive to adhesive 
failure experimentally observed. Plexiglas also shows stick-peel effect while 
using a cleavage technique [7]. In this case “river patterns” could be observed 
on samples. This pattern was attributed to a change in crack velocity, but the 
physical meaning of this change was still unclear.  

In section 7.2, many aspects of this effect will be discussed. First, a 
general description of the crack propagation behavior will be given (paragraph 
7.2.1), enabling to model the stick-peel by two extreme regimes. In paragraph 
7.2.2, the periodicity of the force and crack tip displacement will be the main 
interests. In 7.2.3, the relation between the crack propagation rate and the 
fracture energy will be studied. Finally, paragraph 7.2.4 will aim at discussing 
different possible mechanisms inducing this sudden cycling change of behavior 
from apparent sticking to peeling. 

 

4.5 Relaxation after stopping the motor 
Figure 4.5.1 shows the typical relaxation behavior occurring on a 

Ni1/glass sample. The load cell is first moving at 7 mm/min peeling speed. A 
“pop-in” as discussed in section 4.3 then appears, followed by the usual steady-
state peeling are visible. After 45 s of the beginning of the experiment, the load 
cell is stopped and this results in the relaxation of the peeling force. The force 
rapidly decreases to a lower stable force, in this particular case after 1 s. 
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Figure 4.5.1: Plots of force as a function of time corresponding to the relaxation test 

(Ni1/glass peeling at 7 mm/min and stopped after 45 s). 

Motor stopped 
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The relaxation mechanism of the force is different in this case as 
compared to the one during the stick-peel effect, where the force was dropping 
while the load cell was still moving at constant speed. During this relaxation 
phase, no energy is fed anymore in the system, and only the elastic energy 
stored is partially used for crack propagation. When a stable force is reached 
the crack do no longer propagates. This effect will be studied in section 7.3, 
where the influence of the peeling speed before the motor is stopped as well as 
the relative humidity will be studied.  

 

4.6 Remarks on non-steady-state peeling 
As mentioned in Chapter 2, it is necessary to be in a steady-state 

peeling if one wants to use the EBDM theory. The assumption that at any time 
the load cell displacement corresponds to the crack tip one (i.e. dxcrack = dl ), 
enables one to simplify Eq. 2.1. However, the force measured during most of 
the phenomena presented in this chapter (except for the water effect) does not 
correspond to a steady-state situation. It is therefore difficult to apply the 
EBDM theory at any time and more elaborate models are needed to describe 
these phenomena. 

Nevertheless, as a first approximation, the steady-state situation will be 
assumed on average. In other words, the non-steady state motion occurring 
due to the stick-peel will be approximated as a steady-state motion, with the 
peeling force taken over many stick-peel cycles. This approximation will be 
used in Chapter 5 and Chapter 6. However, in Chapter 7, the non-steady state 
situation will be considered and studied. 
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Chapter 5  
Rate dependence 

n this chapter, the rate dependence of the fracture 

energy is studied using glass and spinel substrates. For 

the glass substrate, two types of nickel films were used. 

The samples of the first type were deposited by PVD only, 

whereas the samples of the second type were galvanically 

strengthened PVD films. As far as the spinel substrates are 

concerned, two orientations were studied: (100) and (111). For 

this system, the films were exclusively galvanically strengthened. 

The fracture energy was calculated based on the energy balance 

of the 90° peel test, as described in section 2.2. At the end of 

this chapter, the effect of the thickness on the (G-v) curve was 

studied as well. 

 

I 
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5.1 Introduction and system used 
Peel tests are usually performed at a given peeling speed in order of 

magnitude of 1 mm/min [1,2]. The influence of the peeling rate is considered to 
be negligible, except in the case of very large crack propagation rates above the 
mm/s range [3,4]. Only a few studies showed a rate dependence at lower rates 
for systems involving mainly polymers (e.g. pressure sensitive adhesives (PSAs) 
on glass substrates between 7 µm/s and 7 mm/s [5], PSAs on paper substrates 
between 2 and 500 mm/min [ 6 ] and polyethylene-ethylene vinyl alcohol 
copolymer interfaces between 0.1 and 300 mm/min [ 7 ]). The goal of this 
chapter is to show the influence of the peeling rate on the fracture energy, 
which also exists for the metal-ceramic systems studied here. 

In this chapter, two different substrates were used: the glass substrate 
(section 5.2) and the spinel substrate with two different orientations (section 
5.3). The measurements were performed at normal RH (~ 35 %). All the types 
of samples described in paragraph 3.3.3, and referred to in Table 3.3.2, will be 
used in this chapter. The thickness of the samples also corresponds to the ones 
in Table 3.3.2, unless stated otherwise. The average and standard deviation of 
the fracture energy Gc were calculated according to the peeling force data 
during steady-state peeling*, using the EBDM (see section 2.2), and are given 
here for a set of three equivalent samples (same deposition parameters and 
thickness). 

The influence of the peeling rate on the fracture energy, the G-v curves, 
for those five samples types will be first studied (section 5.2 for the glass 
substrates and section 5.3 for spinel substrates). In section 5.4, the main focus 
will be on estimating the relative influence of the large scale plastic dissipation 
in any of these systems. For galvanically strengthened films, the large scale 
plastic dissipation is only a relatively small fraction of the energy input. This 
suggests that bending is predominantly elastic, so that bending theory 
(Appendix A) applies. Image analysis of the foil shapes was used to check this 
hypothesis (section 5.5). Finally, the influence of the thickness on the G–v 
curves will be studied in section 5.6. 

 

5.2 Nickel on glass substrates 
Figure 5.2.1 shows the rate dependence of the fracture energy Gc as 

calculated from the data using the EBDM (Eqs. 2.2 and 2.9) for Nipvd/glass, 
                                                      
 
*  or approximated as such at the lower peeling speeds where stick-peel occurs, as 
mentioned in section 4.6. 



5.2: Nickel on glass substrates 

51 

Ni1/glass and Ni2/glass systems. At peeling rates lower than 3 mm/min, a 
plateau for the fracture energy located at 1.82 ± 0.02 J/m2 in the case of the 
Nipvd/glass samples, 1.20 ± 0.06 J/m

2 for Ni1/glass samples and 2.38 ± 0.03 
J/m2 for Ni2/glass samples was observed. Here ± indicates the sample 
standard deviation based on each samples set. For delamination rates higher 
than 1 mm/min, the fracture energy increases with the peeling rate up to 2.07 
J/m2 at 7 mm/min for the Nipvd/glass, while it increases at 42 mm/min up to 
3.15 J/m2 for the Ni1/glass specimens and up to 5.78 J/m

2 for the Ni2/glass 
specimens. A value of the fracture energy above 7 mm/min peeling rates for 
the Nipvd/glass system was impossible to obtain because the films were not able 
to withstand the high stress needed for delamination and they systematically 
broke. This observation can be explained by the fact that the films were slightly 
thinner as compared to the other systems. Moreover, the fracture stress of the 
PVD films was lower than the galvanically strengthened ones (stresses at 
fracture are around 740 MPa for the PVD films against 1000 MPa for the 
galvanically strengthened films). 
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Figure 5.2.1: Influence of the peeling rate on the fracture energy for the different 

Ni/glass systems. 
 

A sensitivity analysis of these results was also performed to show the 
importance of errors in the values of the material properties to be used in the 
EBDM. This sensitivity analysis was carried out by changing the material 
parameters {E, εY, n}. A change of any parameter up to ± 20 % from the one 
measured can easily occur. In the case of the Nipvd/glass system studied, the 
corresponding fracture energy ranges between 1.64 and 2.02 J/m2 as compared 
with the original value of 1.82 J/m2 (discrepancy 11 %). For the Ni1/glass 
system, the range is only between 1.15 and 1.21 J/m2 as compared with the 
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average value of 1.20 J/m2 and, for the Ni2/glass system, between 2.28 and 
2.40 J/m2 as compared with the average value of 2.38 J/m2 (discrepancy 4 %). 
An accurate knowledge of the stress-strain behavior is thus required to make a 
reliable estimate of the fracture energy with the EBDM, especially when 
dissipation is important. Indeed, if delamination occurs almost elastically, little 
energy is dissipated and the fracture energy is close to the total energy, directly 
calculated from the peeling force. Therefore, in this case, the material 
properties have little influence in the calculation of the fracture energy. 

The strain rate dependence of the mechanical behavior of the film 
material can also be an important factor that can induce a peeling rate 
dependence of the fracture energy. So far, this influence has not been 
accounted for in the computation of the energy dissipation spent in plastic 
deformation. Using a simple rectangular beam theory, bending with a perfect 
circular shape an estimate of the maximum strain rate ε&  is given by: 

2   

  12

hbE

vF

π
ε =&  

5.1 

where v is the peeling speed and F the peeling load. Taking v = 1 mm/min peel 
rate and the corresponding parameters for the films deposited with PVD only 
(Nipvd type), the maximum strain rate from Eq. 5.1 is 1.7·10

-4 s-1. For nickel 
with a thickness of 150 µm, Schwaiger et al. [ 8 ] reported a significant rate 
dependence for strain rates higher than 3.0·10-4 s-1, which corresponds to about 
2 mm/min peel rate for the peeling experiment in the case of Nipvd films. 
Therefore for the highest delamination rates, the increase in yield strain and 
hardening exponent can be expected to result in an increase of the peeling 
force as well, even if the real fracture energy is constant. To estimate this effect, 
the mechanical properties of the films as used in the EBDM model, were taken 
at the strain rate corresponding to the peeling rate, as given by Eq. 5.1. The 
actual values of the mechanical input parameters at each peeling rate were 
calculated rescaling the values with the same relative changes as reported by 
Schwaiger et al.  [8]. The fracture energies using strain-rate independent data and 
strain-rate dependent data are presented in Figure 5.2.2 for the Nipvd/glass 
system, and it shows that no major change in fracture energy is observed. Thus 
the strain rate dependence of the film properties cannot explain the fracture 
energy increase occurring at peeling rates higher than 1 mm/min.  
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Figure 5.2.2: Influence of the strain rate correction in the fracture energy for the case of 

the Nipvd/glass system. 
 

The increase of the fracture energy is then not explained by a change of 
the films properties and is possibly caused by another mechanism, most likely 
involving the interface. The mechanism for this increase will not be studied 
here but a model involving the water in the environment will be developed in 
Chapter 6 to explain it. 

 

5.3 Nickel on spinel substrates 
Figure 5.3.1 shows the rate dependence of the fracture energy in the 

case of the galvanically-strengthened nickel films (Ni2 types exclusively) on 
spinel substrate with orientations (100) and (111). The curves show the same 
trend as for the Ni-glass systems: a plateau is first observed at low peeling 
speeds, followed by an increase of the fracture energy at higher peeling rates. 
These samples, having the same thickness and same mechanical behavior, 
show therefore comparable increase. However, a significant difference between 
the level of the two curves is observed and the nickel adheres better on the 
spinel with the (111) orientation compared to the (100). Taking an average 
over all speeds below 0.7 mm/min, the (111) substrate results in a fracture 
energy of 4.0 J/m2 ± 0.1 J/m2 compared to 2.2 J/m2 ± 0.1 J/m2 in the case of 
the (100) substrate. Similarly to the case of the Ni/glass systems, the 
mechanism resulting in an increase of the calculated fracture energy is most 
likely due to a need of energy for the nickel-spinel interface to separate the two 
surfaces, which increases with increasing peeling speed. Again, the mechanism 
for this increase will be addressed later in Chapter 6. 
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Figure 5.3.1: Rate dependence of the fracture energy in the case of the Ni2-spinel system 

for 2 different orientations: <100> and <111> (thickness: ~ 5 µm). 
 

For comparison, values for the work of adhesion reported in literature 
can also be provided for systems close to the ones used in this section. For 
instance in the case of Ni(111)/Al2O3(0001) system, some authors reported 
values of 1.09 J/m2 [ 9 ], 1.17 J/m2 [ 10 ] or 1.10 J/m2 [ 11 ]. Another example 
concerns the system Cu(111)/Al2O3(0001), for which work of adhesion of 0.58 
J/m2 [9], 0.44 J/m2 [12], 0.90 J/m2 [13] or 0.71 J/m2 [14] were obtained. These 
values are in the same range as the one obtained here via the peel tester, and 
provide some confidence in the results. The Ni2/spinel values are, however, 
somewhat higher. One possible explanation for this observation can be due to 
the fact that the fracture energies as measured from the peel test device and 
calculated from the EBDM probably overestimates the work of adhesion, 
because the energy spent in crack tip plasticity is not accounted for in the 
EBDM, which is not usually considered in peeling experiments. Taking this 
contribution into account (see Eq. 2.12) and considering a random dislocation 
network (resulting in α = 0.3), the fracture energies for both orientations 
reduce to 2.1 J/m2 and 1.8 J/m2 for the (111) and (100) orientations, 
respectively. Note that the difference between the average fracture energy Gc at 
the plateaus of the two systems in Figure 5.3.1 is much larger than the 
difference between the corresponding work of adhesion as calculated from Eq. 
2.12. This is mainly due to the exponent m in Eq. 2.12, which is lower than 1. 
As mentioned in section 2.3, it is important to emphasize that these values are 
possibly upper bounds of the theoretical work of adhesion Wadh, since a 
network other than the random dislocation network assumed here, can also 
occur. 
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Concerning the difference between the level of adhesion for the two 
orientations studied here, these results follow the observation of Stewart and 
Bradt [15,16,17] who reported higher fracture energies for the cohesive failure in 
the (111) orientation as compared to the (100) orientation (R100 = 3.57 J/m

2 
and R111 = 4.78 J/m

2). The reason for this difference was addressed to the fact 
that the (111) surface is atomically denser than the (100) surface. The number 
of bonds to break in order to separate two surfaces of a given area is therefore 
higher in the case of the (111) orientation resulting in a higher fracture energy. 
Therefore, in these systems as well, a higher number of interactions per unit 
area between the spinel and the nickel can be expected for the (111) 
orientation.  

 

Table 5.3.1: Surface tensions for different materials and orientations. 
 

Compound X 
(orientation) 

Surface energy γX 
(J/m2) 

Method  

 

Ni (111) 

 

2.38 [18] 

2.45 [19] 

2.01 [20] 

Experiment 

Experiment 

Density Functional 
Theory 

Ni (100) 2.43 [20] Density Functional 
Theory 

 

Cu (111) 

1.79 [18] 

1.83 [21] 

1.95[20] 

Experiment 

Experiment 

Density Functional 
Theory 

Spinel (100) 1.7 [22] 

2.27 [24,25] 

Density Functional 
Theory 

Pair-potential 

Spinel (111) 3.07 [24,25] Pair-potential 

Al2O3 (0001) 1.89 [23] Pseudo-potential 
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Fang et al. [24,25] calculated the surface energies of the most probable 
cleaved and relaxed surfaces, and the results of this study were in good 
agreement with experiments. Using their values (listed in Table 5.3.1 together 
with other systems), it is therefore possible to estimate the interfacial tension 
between nickel and spinel γNi-spinel, for the two orientations studied in this 
section, considering the Young-Dupré equation (Eq. 1.1). First, the orientation 
of the nickel has to be known. Experimentally, this was not achieved because 
of the difficulty to handle films after being peeled. Therefore the adhering 
orientation was considered to be the one showing the lowest mismatch factor p 
of each lattice parameters a, defined as follows [26,27]: 

100 x     (%)  
s

sf

a

aa
p

−
=  

where the subscript f and s stand for the film and the substrate, respectively. 
Using the various possibilities, it is shown that the mismatch factor is the 
lowest when nickel (100) adheres to spinel (100) and when nickel (111) adheres 
to spinel (111). 

Assuming a random dislocation network, and using the Density 
Functional Theory (DFT) simulations for the nickel and pair-potential 
calculations for the spinel results in interfacial tensions γNi100-sp100 and γNi111-sp111 
of 2.9 J/m2 for both cases. The interfacial tensions are therefore equal for both 
orientated spinel substrate. This result is quite surprising, but is most likely a 
coincidence since there are no reasons for these quantities to be the same. Two 
opposite effects must then play a role to stabilize the interface equally for the 
different orientations. 

A comparison of this data can also be made to give some confidence in 
those values. Considering the two systems Ni(111)/Al2O3(0001) and 
Cu(111)/Al2O3(0001), as mentioned earlier, the interfacial tension can be 
calculated, which results in 2.8 J/m2 and 3.3 J/m2, respectively. These values 
are in the same range as the ones for the Ni2/spinel systems. 

 



5.4: The contribution of the large scale dissipation 

57 

5.4 The contribution of the large scale dissipation 

5.4.1 Nickel on glass substrates 
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Figure 5.4.1: Ratio of fracture and dissipative energy in percentages of the energy input 
for the Nipvd/glass system (a), the Ni1/glass system (b) and the Ni2/glass system (c).Based 

on the data shown in Figure 5.2.1. 
 

Figure 5.4.1a shows the percentage of the total energy used for fracture 
and plastic dissipation for the Nipvd/glass. Typically about 89 % of the total 
energy was used for the delamination of the films from the substrates, and this 
fracture part was constant at any peel rate within 2 percent points in spite of 
the 13 % relative increase of the fracture energy. For the Ni1/glass system, the 
same results are shown in Figure 5.4.1b. Note that in this case the contribution 
of the plastic dissipation is almost negligible, meaning that the delamination 
was almost perfectly elastic for low peeling rates (only 1 % dissipation). For 
peeling rates higher than 1 mm/min, the dissipative part increased with the 
peeling rate up to 12 % at 42 mm/min. Results comparable to the Ni1/glass 
system were also observed for the Ni2/glass system (see Figure 5.4.1c), where 
around 2 % of the total energy was dissipated at low peeling rates, and up to 
13 % at 42 mm/min. 

a) b) 

c) 
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The ratio between the fracture energy and the energy input is constant 
in any system for a wide range of the peel rates (from 0.007 to 1 mm/min). 
Nevertheless, a difference between the systems is observed in the relative 
dissipation. Following Eq. 2.9, the ratio of dissipative contributions between 
the PVD system and the galvanically strengthened system is given by: 
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where fpvd and fgal stand for the values of the dissipation fractions, as defined in 
Eq. 2.9, in the case of the PVD system and the galvanically strengthened 
system, respectively. Considering that hpvd ≈  hgal and (σY εY)gal ≈  2 (σY εY)gal the 
difference in dissipation ratio therefore mostly comes from the dissipation 
fraction f, which is apparently much higher in the case of the PVD films. 

5.4.2 Nickel on spinel substrates 

As for the glass systems, the ratio of the fracture and dissipative parts 
can be estimated as well in the case of the spinel substrates, as shown in Figure 
5.4.2. Here again, the shape of the curves is similar to the case of the 
galvanically strengthened films with a glass substrate and an increase of the 
dissipation part occurs for peeling speeds higher than 1 mm/min. Before 1 
mm/min, only 1 % is dissipated for the Ni2/spinel(100) system this value is of 
6 % for the Ni2/spinel(111)  system. This dissipation part increases then up to 
6 % and 12 % at 14 mm/min for Ni2/spinel(100) and Ni2/spinel(111), 
respectively. 
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Figure 5.4.2: Ratio of fracture and dissipative energy in percentages of the energy input 
for the Ni2/spinel system in the case of (100) and (111) orientations. Based on the data 

shown in Figure 5.3.1. 
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Dissipation in the case of the spinel (111) substrates is therefore higher 
compared to the spinel (100). This difference can be attributed to the higher 
energy that is input in the system, and which induces a higher amount of 
energy dissipated. 

 

5.5 Elastic bending for galvanically strengthened 
films 

As shown in Figure 5.4.1 and Figure 5.4.2 for the galvanically 
strengthened films, the contribution of large scale dissipation could, 
approximately, be neglected. This result suggests that the unattached part of 
the films behave almost perfectly elastically for large range of the peeling 
speeds studied. This section therefore aims at using the elastic bending 
properties (see Appendix A), and check whether these properties can be 
verified independently. 

5.5.1 Elastic bending theory study from the foils shape 

It is shown in Appendix A that for an elastically deformed film, the 
relation between the load F, the distance d (cf. Figure 2.1.1 and Figure A.1), the 
Young’s modulus E and the moment of inertia of the film I is given by: 

EIFd 22 =  5.2 
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Figure 5.5.1: Shapes of the nickel films in the Ni2/spinel (111) system during 

delamination at different peeling speeds (shapes of foils at 0.007, 0.035 and 0.07 
mm/min are not shown in this figure because they are indistinguishable from the shapes 

at 0.7 and 0.35 mm/min). 
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Experimental data for the distance d can be obtained using image 
analysis of the film pictures (cf. section 3.4). Figure 5.5.1 shows a comparison 
of the nickel foils shape when peeling the Ni2/spinel(111) system at different 
peeling speeds. For higher peeling speeds, the foil bends more. Moreover at 
peeling speeds lower than 0.7 mm/min, the shapes of the foils are almost the 
same. This observation was in compliance with Eq. 5.2 because below this 
peeling rate, the delamination force is nearly constant. 

Figure 5.5.2 shows the quantity Fd 2 calculated from the experimental 
force F and corresponding distance d determined from image analysis of the 
foil shapes, as a function of the peeling speed for the two Ni2/spinel systems. 
Figure 5.5.2 also shows the calculation of the quantity 2EI for the systems 
considered. Note that the error bar for the Fd 2 quantity was calculated 
considering an error of 0.1 mN for the experimental force and two pixels for 
the determination of the distance d. The limits for the quantity 2EI were 
determined allowing a variation in the Young’s modulus of 5 GPa and 0.1 µm 
for the thickness measurement.  
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Figure 5.5.2: Dependence of Fd 2 with peeling speed for Ni2/spinel samples with different 
orientations (the solid lines correspond to a calculation of 2EI from materials data and 

the dashed lines the error ranges). 
 

These graphs show that not only the quantity Fd 2 is constant and 
independent of the peeling rate, but also that this quantity equals the quantity 
2EI. This graph indicates that these films can be modeled elastically. Since 
experimentally a higher force F is observed at higher rates, the projected 
distance d between the load point and the crack tip decreases with increasing 
rates, as observed in Figure 5.5.1. 
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Figure 5.5.3: Dependence of Fd 2 with peeling speed for different galvanically 

strengthened Ni/glass samples (the solid lines correspond to a calculation of 2EI from 
materials data and the dashed lines the error ranges). 

 

Similarly to the spinel system, comparable graphs are plot for the 
galvanically strengthened Ni/glass systems (see Figure 5.5.3). Here again the 
quantity Fd 2 is constant for both systems and equals the quantity 2EI. 
However, these quantities no longer match in the case of the Ni2/glass system 
for 42 mm/min peeling speed, where the value of Fd 2 is higher than the 
expected 2EI. This discrepancy can be explained by the fact that the plastic 
bending of the film becomes important at this high peeling rate, and that the 
overall bending can no longer be considered as elastic. One of the reasons is 
due to the high fracture energy achieved at these high peeling speeds, which 
induce high stresses in the film. However, for comparable mechanical 
properties and fracture energies at the highest speeds, the Ni2/spinel (111) 
system did not show this behavior.  

Considering a rectangular beam bending with a perfect circular shape as 
previously done for Eq. 5.1, the maximum strain at the crack tip can be 
estimated as follows: 

Ebh

F3
max =ε  

 

5.3 

For comparable values of the ratio F/b and Young’s modulus E, the thinner 
film will strain more at the crack tip. Using the experimental results provides 
that the maximum strain of the Ni2/glass system is calculated to be 0.71 %, 
compared with 0.54 % for the Ni2/sp(111) system. The discrepancy between 
experiment and elastic model, observed in Figure 5.5.3 for the Ni2/glass system 
(right), is then most likely due to the difference in thickness in both systems. 
Note that, for both systems, the maximum strain is higher than the yield strain 
of 0.47 % (at least around the crack tip), but that the model of an elastic 
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bending film can still be applied for most of the peeling speeds in both systems. 
Similarly, the same calculation can be performed for the Ni1/glass system, 
which results in a maximum strain of 0.43 %, above the yield strain of 0.40 % 
observed experimentally. 

Therefore, a film that dissipates energy plastically during delamination 
can still be modeled by a pseudo-elastic bending, unless the energy dissipated 
in the bended film becomes too high. If the dissipation is too high so that one 
can no longer consider this pseudo-elastic bending model, the force measured 
during the experiment becomes higher than the force corresponding to the 
pseudo-elastic case, and the quantity Fd 2 is over-estimated. 

5.5.2 Elastic bending theory study before delamination 

As shown in Appendix A and in the previous subsection, it is possible 
to relate the bending force F measured by the peel tester to the distance d 
between the projected force and the crack tip position, according to Eq. A.1. 
Referring to Figure 5.5.4, if x' is denoted as the load cell horizontal 
displacement from the position where delamination occurs and d0 as the 
distance d at which delamination occurs with the peeling force F, then the 
bending force can be described by the following equation: 

( )2
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3
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dx

hbE
xF

+′
=′  

 

5.4 

 
Figure 5.5.4: Scheme of film approaching towards delamination configuration. 

 

Figure 5.5.5 shows the experimental peeling force of a sample with 
galvanically strengthened nickel films on glass substrates. The figure also shows 
a curve fitted according to Eq. 5.4, using experimental parameters, and 
optimizing the Young’s modulus E and the distance d0 by the least-squares 
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method. The fit resulted in a Young’s modulus of 233 GPa and 127 GPa for 
the Ni1 and Ni2 type films, respectively. As it can be observed from Table 3.5.1, 
these values are very close to the results from the tensile test. This method is 
then accurate to obtain the Young’s modulus when a tensile test is difficult to 
be carried out, and providing that the elastic bending theory can be applied. It 
also confirms the relatively high value of the Young’s modulus for the film as 
compared to the bulk value. Observe as well that the fitting curve sometimes 
deviates from the experiment for distances far away from the delamination 
point. This is happening only in the low peeling force regime where the foil 
does not have a regular curvature and can show wrinkles. 
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Figure 5.5.5: Fitting of the peeling force before delamination of Ni1/glass and Ni2/glass 

sample. 

 

5.6 Influence of the thickness for rate dependent 
curves 

The rate dependent curves have also been studied for different 
thicknesses. As shown in Figure 5.6.1, the shape is basically similar to the ones 
observed already in the previous sections. Note that the fracture energies were 
calculated according to the EBDM only (section 2.2), using the same variation 
in mechanical properties as in Table 3.5.2. The fracture energy–peel rate (G-v) 
curves again always show a plateau at low peeling speed followed by a fast 
increase at higher peeling speeds. Moreover, the peeling speed at which the 
increase occurs slightly decreases with increasing sample thickness. Finally, the 
level of the plateau also depends on the thickness and differences of 0.4 J/m2 
can be obtained (37 %). Compared to the peeling rate, the thickness has 
therefore a minor influence on the fracture energy at least for the thickness 
range from 3 to 12 µm. 
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Figure 5.6.1: Influence of the peeling speed on the fracture energy for the Ni1/glass 

system. 
 

The fracture energy thus slightly increased with the thickness sample by 
0.4 J/m2 for a layer four times thicker. This observation is in good agreement 
with Park et al. [28] who also observed such a small increase of the fracture 
energy in this peeling rate region. In their case, for an equivalent thickness 
increase, the fracture energy increased by about 1.1 J/m2. Similarly, Ren et al. [29] 
observed as well a variation of the fracture energy by no more than 1 J/m2 
when nickel thickness was increased from 8 to 20 µm.  

Figure 5.6.2 shows pictures of the nickel films while they are being 
separated from their glass substrates and Figure 5.6.3 shows a comparison of 
the profile of these pictures after image processing, as well as a fitting of the 
edge profile according to Eq. A.3, which supposes an elastic bending. In both 
case, it is observed that the thicker films show a larger bending radius at 
delamination.  

   

 
Figure 5.6.2: Pictures of foils for different thicknesses of Ni1/glass system. 
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Figure 5.6.3: Profile of the foils for various thicknesses (in mm) in the Ni1/glass system. 
 

Considering that the bending is virtually elastic, as it was shown to be 
also an acceptable approximation in the previous section for galvanically 
strengthened films, and considering two films with different thicknesses (h1 < 
h2) resulting in two different bending distances d1 and d2 due to comparable 
bending forces F1 ~ F2, the following relation stands: 
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5.5 

This relation implies that for comparable bending forces (F1 = F2), the 
load cell position at the moment of the delamination will be further away from 
the crack tip for a thicker film. 

 

5.7 Conclusions 
For nickel on glass substrates, two different regimes were observed. 

First, at a peeling rate lower than about 1 mm/min, the fracture energy is 
constant. In this regime, the fracture energy is of 1.8 J/m2 for the PVD 
deposited nickel/glass system, 1.2 J/m2 for the Ni1/glass system and 2.4 J/m

2 
for the Ni2/glass system. At peeling rates higher than 1 mm/min, the 
delamination rate has an influence on the fracture energy. 
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The same trend for the rate dependence of the fracture energy was also 
observed when the glass substrate was replaced by pure flat spinel substrates. 
Two different orientations were considered: (100) and (111). Apart from the 
effects as seen in the Ni/glass systems, the experiments, however, showed that 
their adhesion levels were different and that the (111) oriented spinel adhered 
better to nickel than the (100) one (4.0 J/m2 for the (111) orientation against 
2.2 J/m2 for the (100) orientation).  

Considering a random dislocation network, the dissipation at the crack 
tip could be estimated to obtain values of work of adhesion for both spinel 
substrates. Values of 2.1 J/m2 and 1.8 J/m2 were then determined for the 
Ni2/spinel(111) and Ni2/spinel(100) systems, respectively. So the difference 
between the two orientations is mainly due to the plastic deformation at the 
crack tip. It was also possible to show that the (100) and (111) orientations 
exhibited comparable interfacial energies of 2.9 J/m2. 

For the system with nickel films, only deposited by PVD, on the glass 
substrates, the dissipation energy was about 10 to 12 % for peeling rates up to 
7 mm/min. This figure was much lower for the nickel films deposited by both 
PVD and electrochemistry. For these systems, the dissipative part was about 
1 % and 3 % of the total energy for the Ni1/glass and the Ni2/glass at peeling 
speeds up to 2 mm/min. So in this speed range, almost no plastic deformation 
occurred in the Ni1/glass and Ni2/glass specimens, which indicates that the 
film deformation is predominantly elastic. After peeling speeds higher than 2 
mm/min, the dissipation part was still increasing with increasing peeling speed 
(up to 13 %), but this contribution was still much lower than the one for 
fracture. These results suggest that the foil shape can be determined using the 
elastic bending theory. 

This result was corroborated using experimental data about the film 
shape combined with predictions from elastic theory. Any galvanically-
strengthened system, using both Ni1 or Ni2 nickel films types, as well as using 
both glass and spinel substrates, showed that the quantity Fd 2 could be 
considered as constant, and that this quantity equals the physical quantity 2EI. 
The elastic bending theory managed then to model these films bending. 

Finally, the thickness was shown to be a parameter of minor 
importance since it influences the fracture energy only to a limited extend. An 
increase of the thickness by a factor of four was needed to increase the fracture 
energy by 37 %.  
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Chapter 6  
Water influence 

n Chapter 5, it was shown that the fracture energy was 

not always constant and that at higher peeling rates, a 

systematic increase occurs. In this chapter it is argued 

that this increase is due to water that does not manage to reach 

the crack tip at high peeling speeds. Experimental data showing 

the influence of the RH on the fracture energy and a model 

explaining many observed facts will be presented. Apart from the 

water coming from the environment, the water from the 

deposition also plays an important role.  

I 
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6.1 Introduction 
Fracture under stress in different chemical environments is a long 

lasting problem. Already in 1962 Charles and Hillig [1] suspected that effect of 
corrosion by species as simple as water at the crack tip was significant, even in 
the case of silicates. For glass systems, they showed that the crack velocity v in 
a material can be larger in a corrosive environment than for a non-corrosive 
one (characterized by the crack velocity v0). This velocity v was expressed as 
follows: 
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where ∆E is the activation barrier energy when no stress σ is applied, ∆V the 
activation volume, Vm the molar volume of the glass, γ its surface energy and ρ 
the radius of curvature at the crack tip. From this equation they concluded that 
if the stress was low, the reaction was occurring homogeneously at the 
fractured surface and that, in this case, the radius of curvature tends to increase. 
On the other hand, the corrosive reaction is more important in areas where the 
applied stress is higher, resulting in a sharper crack tip. Although widely quoted, 
the expression has been criticized [2].  

Following this work, Michalske’s approach [ 3 ] was based on the 
interactions between molecules of water and the tetrahedral network of silica 
which resulted in the study of the hydrolysis reaction of the energetic bond 
silica-oxygen (Figure 6.1.1). The mechanism of the reaction described by 
Michalske and Bunker [4], by Cook [5] and by de Graaf et al. [6] for Y-Si-Al-O(-N) 
systems in an aqueous environment.  

 
 

Figure 6.1.1: Schematic principle of water reaction in the case of a siloxane system [3] . 
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As schematically indicated in Figure 6.1.2, the reaction considering the 
fracture requires more energy (higher ∆E) in vacuum than in presence of water.  

 
 

Figure 6.1.2: Schematic principle of water reaction in the case of a siloxane system 
(according to [3,7]). 

 

It was also shown that the size and the nature of the corrosive agent 
were of importance since it determines the probability for the molecule to 
reach the crack tip [8]. Wiederhorn et al. [9] showed that other reactants in the 
environment such as ethanol can also react with the interface. Bailey and Kay 
[10] also showed that a polar liquid like water was responsible for a decrease of 
the cleavage energy as compared to a non-polar liquid such as n-hexane. This 
chapter will, however, be restricted to the effect of the water. 

The environment, especially water that is usually present, is then likely 
to play an important role in adhesion. One simple experiment to show this 
effect consists in breathing for instance at the crack tip, when the film is being 
peeled. The peeling force then decreases. Apart from possible other corrosive 
agents provided by the breath of the person doing this experiment, the relative 
humidity (RH) of the environment is increased so that more water can react at 
the crack tip. 

This chapter aims at studying the effect of water only. First it will be 
shown how the water, already present at the interface, can influence the 
fracture energy (section 6.2). Next, the focus will be on the role played by the 
RH. This topic starts with a short literature review (section 6.3.1) on subcritical 
crack growth followed by the development of a theoretical model, which 
improves a model originally developed by Lawn [11,p. 130] for cohesive failure 
(section 6.3.3). Finally, the improved model is used to fit the peel data (section 
6.4). 
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6.2 Influence of the water content at the interface 
Given the fact that water might be introduced at the interface during 

the galvanic deposition, it is necessary to determine how the fracture energy 
develops as a function of the storage time in a dry desiccator. After a certain 
time, it is expected that all non-bonded water that might be present at the 
interface just after deposition, eventually disappears from the samples. 

The samples were also weighed before and after storing into the 
desiccator. No changes were observed, meaning that the amount of water was 
negligible, at least less than 10-4 weight percentage corresponding to the 
accuracy of the scale. 

The fracture energies, however, did depend on the storage time. Figure 
6.2.1a shows the G-v curves for galvanically-strengthened Ni2/spinel (111) 
samples when they are stored for different periods in a dry desiccator. This 
plot shows that the level of the fracture energy increases if the samples are 
stored for longer periods in the desiccator. However, the storage time does not 
influence the general shape of the G-v curves. The characteristic speed at 
which fracture energy starts to increase remains the same and the increases of 
the fracture energy with increasing peeling speeds are comparable. 
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Figure 6.2.1: Influence of peeling speed (a) and storage time (b) on fracture energy for the 
Ni2/spinel(111) system, with a thickness of 3 µm after different storage time in a desiccator 

(averages and standard deviations in (b) are given for peeling speeds below 1 mm/min). 
 

For the same material system, Figure 6.2.1b shows the level of the 
fracture energy corresponding to the plateau from Figure 6.2.1a as a function 
of the storage time. In the first 45 h of storage time, the fracture energy 
increased from 2.3 J/m2 to 4.0 J/m2. After 45 hours the fracture energy 
reached a stable level of adhesion for this particular system. The same study for 
the Ni/glass systems has been performed, which resulted in the same 
characteristic time.  

a b 
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An explanation for the general increase of adhesion level with storage 
time can be provided by the comparison with silica systems [7]. As shown in 
Figure 6.1.1, Michalske et al. suggested that water could react with some groups 
at the interface and that the interactions could be destroyed. For the metal-
ceramic system, a similar reaction, inspired by Figure 6.1.1 can be described as 
follows: 

M-S  +  H2O  ↔   [M-S] water 

where M-S stands for a pure interaction between the metal and the substrate, 
and [M-S] water implies that water interacted with the M-S bond by any 
mechanism (such as adsorption, shielding or chemical reaction).  

Some authors also reported that the presence of the water at a 
polymer-metal interface could lead to chemical reactions, improving adhesion 
[12]. In the systems used here, a possible reaction has been investigated but it 
was not possible to detect any change at the interface by IR measurements. 
Therefore a chemical change of the interface is unlikely to happen in the case 
of ceramic substrate, whereas it can be expected with polymers. 

Therefore, after galvanic deposition, the water present at the interface 
tends to react and to weaken the interfacial bonds. Keeping the samples into a 
desiccator containing silica-gel for around three days diminishes the amount of 
water present at the interface and brings adhesion at a higher level. After a 
given time, the water at the interface is totally absorbed by the silica-gel in the 
desiccator and this water can no longer play a role at the interface. The time 
necessary to stabilize this process was around 45 h in the case of the Ni2-spinel 
system, as well as in the case of the Ni-glass systems. Therefore, the samples 
have to be stored in a dry desiccator for at least three days in order to avoid 
this water effect. 

 

6.3 Theory for the subcritical crack growth (SCG) 

6.3.1 Literature review for the cohesive failure 

Grenet is perhaps one of the first persons who worked on the 
influence of the loading rate as well as the load application time in the case of 
glass systems to study the subcritical crack growth [13]. Obreimoff also worked 
on the slow crack growth using mica systems and validated the Griffith 
criterion [ 14 ]. Wiederhorn mainly worked with silicate glasses in aqueous 
environments [15,16]. 

For cohesive fracture of glasses, in particular soda-lime glasses, 
Wiederhorn and Lawn showed that the curves of the crack velocity as a 
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function of the fracture energy (or the stress intensity factor) usually show four 
regions [11,p. 126,16] (Figure 6.3.1a): 

• Region 0 corresponds to a threshold for which the fracture energy does 
not depend on the crack propagation speed, and at which the crack tip is at 
equilibrium with its environment [17]. This threshold value for fracture is 
sometimes called the fatigue limit. 

• Region I is related to the kinetics of the reaction involving the corrosive 
chemical agent. From the point of view of the corrosive agent, increasing 
the crack propagation rate increases the available amount of broken film-
substrate bonds. This increase of interactions to react with cannot be 
followed due to the low amount of time for the corrosive agent available 
around the crack tip to react. An increase of the fracture energy is then 
observed. Depending on the materials used, the crack velocities range from 
a few pm/s to a few mm/s [18].  

 

 

Figure 6.3.1: General scheme of the influence crack propagation speed as a function of 
the fracture toughness K or fracture energy G for cohesion failure of ceramics (a), and 

experimental curve for different RH for soda-lime glass systems (b) [16] . 
 

 

 

0 

I 

II 

III 

log v 

K or G 

a) b) 



6.3: Theory for the subcritical crack growth (SCG) 

75 

• Region II is characterized by a plateau for which the crack propagation rate 
does not depend on the fracture energy. This limitation to a constant crack 
propagation rate is usually explained by the limitation of the corrosive 
species from the environment to arrive at the crack tip (diffusion), so that a 
decreasingly number of reactions is able to take place, and the bonds at the 
crack tip can only be partially weakened. The crack propagation speed is 
usually in the order of magnitude of the mm/s. 

• Region III shows a large increase of the crack propagation for a given 
fracture energy. In this regime, the fracture occurs independently of any 
intrinsic corrosive species and the crack propagation is said to be 
uncontrolled. The crack propagation rate is there usually in the range of a 
few mm/s to a few km/s in the case of glasses [18].  

These different regions have been observed in many systems where 
brittle cohesive fracture occurs in moist environments, as for instance in soda 
lime silicate glass [19,20], sapphire [21] and mica [22]. As an example, the results of 
Wiederhorn [16] are given in Figure 6.3.1b. 

6.3.2 SCG Lawn’s model for cohesive failure 

The energy release rate G depends on the change of mechanical energy 
dUM resulting in an increase of the fractured area b· dxcrack, where b is the width 
and dxcrack the crack length increase: 

crack

M

d

d1

x

U

b
G −=  

Next the fracture resistance RE is introduced, which is supposed to depend on 
the amount of water in the environment. Note that RE is considered to be the 
work needed to separate the two surfaces so that in vacuum it corresponds to 
twice the surface energy (R0 = 2 γ). RE therefore corresponds to the fatigue 
limit in Figure 6.3.1a. Besides, it depends on the change of fracture energy dUF: 

crack

F
E d
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x

U

b
R =  

For fixed grip isothermal crack growth, the total energy changes therefore 
according to: 

crackEMF d  )(ddd xbRGUUU −−=+=  

So the quantity G-RE is therefore the driving force to crack extension. Lawn 
showed that the influence of the environment could be modeled by a kinetic 
reaction [11,p. 130], as summarized in Figure 6.3.2, similarly to that of Figure 6.1.2. 
This theory relies on the fact that by loading the system, the energy barriers for 
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the forward and backward reaction kinetics are asymmetric and only depend 
on the variation of the energy release rate from RE as follows: 

reaction) (backward)(

reaction) (forward)(
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Q
R RGFRGFF =∆==∆=∆ −+  and α is a constant that is related to 

the area on which the reaction with the environment occurs.  

 
 

Figure 6.3.2: Reaction coordinate of crack tip propagation at quiescent state (left) and 
non-quiescent state (right). 

 

This model resulted in the following equations relating the velocity of 
the crack to the fracture energy: 
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where f0 is the frequency of the fracture reaction, kT the Boltzmann thermal 
energy and a0 the characteristic in-plane length when a bond is broken. The 
composition of the environment is an important factor and the effect of water 
must be taken into account. Note that an exponential function was used to fit 
the reaction rate. However, some authors also use a power law [23] or an error 
function (noted erf) [24,25] to model fracture. Pollet and Burns [26] performed a 
literature survey showing that many experimental data were fitted by an 
equation in the Arrhenius form to describe crack velocity, and this form was 
used here. 
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6.3.3 Modification of the model 

It is considered here that the parameter RE depends on the variation of 
the fracture energy from the one R0 needed to separate the two surfaces in an 
inert environment, and depends as well on the relative humidity that can be 
introduced by the change of energy ∆R due to the change in surface energy ∆γ. 
This change in surface energy can be calculated from the Gibbs adsorption 
equation, assuming here that the adsorption is described by a standard 
Langmuir isotherm [27,28], so that: 
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6.1 

where pE is the partial pressure of the corrosive species compared to the 
reference pressure p0 and Γm the excess at full coverage. Comparable to Lawn’s 
model, it is assumed here that the forward and backward reactions follow the 
classical theory of rate processes so that the total reaction rate v is given by:  
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6.2 

The driving forces for crack propagation are the water adsorption, 
characterized by ∆R, and the applied stress, characterized by G-RE, so that the 
forward and backward energies can be expressed by: 
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6.3 

where the g+(0) = g–(0) = 0, since forward and backward reaction rates should 
be equal (i.e. no crack growth occurs) if G ≤ RE (see Figure 6.3.3). 

 
 

Figure 6.3.3: Influence of the quantity G-RE and the relative humidity (RH) on the 
reaction coordinate scheme for crack tip propagation. 
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Expanding Eqs. 6.3 to first order in ∆R and in (G-RE) results in: 
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where f(0) = ∆FQ is the characteristic energy at quiescent state and: 
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Defining 
2

−+ += ααα  and
2

'
−+ −= ααα , one finds: 
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So with reference to Figure 6.3.3, an increase of the quantity G-RE 
results in an increase of the level of the reactants, whereas the level of the 
products is getting lower, which means that the forward reaction occurs easier, 
compared to the backward reaction. As far as the influence of the humidity is 
concerned, an increase of the RH results in a decrease of the level of the 
intermediary species necessary to make one of the reactions (backwards or 
forwards). 

Eq. 6.2 can therefore be written as: 
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6.5 

The characteristic reaction rate v0 is defined by: 
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6.6 

Therefore, v0 is explicitly dependent on the relative humidity. In Lawn’s model, 
the approximation α+ ~ α– was used. So assuming that α΄/α << 1, Eq. 6.5 can 
be inverted to the first order in α΄/α as follows: 
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6.7 

Two extreme cases can be considered: 

• Firstly, at the quiescent state (fatigue limit), the fracture energy is nearly 
constant G ~ RE (i.e. v ~ 0) and for a given RH: 
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6.8 

At low peeling rate, the fracture energy is therefore expected to be 
dependent on the relative humidity of the environment. 

• Secondly, for higher crack propagation rates, the second term in Eq. 6.2 
becomes negligible. In other words the forward propagation is much 
higher than the backward propagation, and: 
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6.9 

For higher peeling speed, the fracture energy is logarithmically dependent on 
the crack propagation rate v for a given RH. This equation explains why the 
rate dependent curves of equivalent films were observed to be almost parallel 
to each other (see Figure 5.3.1, Figure 5.6.1, Figure 6.2.1 and Figure 6.3.1b). 

These extreme two cases constitute an explanation for the shapes of 
the rate dependent fracture energy curves observed all along in Chapter 5. 
Section 6.4 aims at describing quantitatively how water can influence these 
curves. 
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6.4 Experimental results 
This section aims at using the model as described in paragraph 6.3.3 to 

explain the effect of the relative humidity. For that purpose, the Ni2/glass 
system was studied here, as it is described in Table 3.3.2, and which mechanical 
properties necessary to calculate the fracture energies are given in Table 3.5.1. 
The average and sample standard deviation of the fracture energy were here 
again calculated using the EBDM (see section 2.2) from the samples peeling 
force data at steady-state peeling * . One sample was used for each relative 
humidity.  

6.4.1 General trends 

Figure 6.4.1 shows the general influence of the peeling rate on the 
fracture energy for different relative humidities. The general trend of each 
curve is quite similar to those shown in Chapter 5. The fracture energy always 
shows a plateau at lower peeling speed, which is followed by a regular increase 
for higher peeling speed. An increase of the RH results in a decrease of the 
fracture energy at the plateaus and also in an increase of the value of the 
transition peeling speed at which the increase of the fracture energy starts. For 
lower RH and the highest peeling rates, the fracture energy reaches a new 
plateau. However, the level of this second plateau shows an unexpected 
behavior, as a variation of 0.5 J/m2 between these plateaus was observed.  
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Figure 6.4.1: RH influence on the (G-v) curves for the Ni2/glass system  

(thickness: 3 µm). 

                                                      
 
* Note that the energy release rate G, as defined in the previous section should be 
compared experimentally to what has been defined in section 2.2 as the fracture 
energy Gc. The identification between these two parameters will therefore be made 
here. 
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Each curve of Figure 6.4.1 is very similar to the scheme of Figure 6.3.1 
apart from the fact that axes are inverted and that region II does not appear. It 
should be mentioned that also for some monolithic materials with cohesive 
failure such as soda-lime silicate glasses, region II is not always observed [16]. 
Note also that some systems such as sapphire [21] or mica [22] do not show any 
type I-like region.  

It seems therefore that at lower peeling rate, the interface is constantly 
supplied with water from the environment, and the water has all the time to 
react at the crack tip (region 0). For higher peeling rate, the kinetics of the 
interfacial reaction plays an important role and is limiting the amount of bonds 
that are weakened (region I). For even higher peeling rates, the water diffusion 
is too low so that water cannot react at the crack tip, and the humidity of the 
environment no longer influences the crack propagation (region III). The issue 
about this region III will not be discussed here in depth, but for other systems 
in cohesive failure, the level of these plateaus is supposed to be independent of 
the RH. Note that this conclusion is drawn with care since the plateaus show 
an unexpected behavior. 

Globally speaking, the curves in Figure 6.4.1 show the same type of 
behavior as for the cohesive failure of soda-lime glasses in Figure 6.3.1. Indeed, 
the characteristic speed at which the fracture energy increases is lower at low 
RH. Moreover, the fracture energy levels generally increased for low RH as 
well. Finally, the curves in Figure 6.3.1 also all showed a common plateau at 
the higher crack propagation speeds, similar to those of the system in Figure 
6.4.1. The general trend observed in this case for failure along an interface is 
therefore very similar to the one for cohesive failure. 

6.4.2 Parameters from the quiescent state 
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Figure 6.4.2: Dependence of the level of adhesion as a function of the RH (the curve 

fitting was performed excluding the value at 6 % RH) for the Ni2/glass system. 
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Figure 6.4.2 shows the influence of the RH on the level of the fracture 
energy at the first plateau region (fatigue limit or region 0) from Figure 6.4.1. 
According to Eq. 6.8, the behavior should be logarithmic. The vertical bars 
correspond to the standard deviation of the average whereas the horizontal 
one stands for the 2 % absolute error made with the device when measuring 
the RH. Note that p0 is given in RH units and is denoted as RH0 (i.e. 100 % 
corresponds to the saturation vapor of the water, which is of 3 kPa). Note as 
well that an additional error on the 6 % RH data point is possible since the 
device measuring the relative humidity is only calibrated for RH between 5 % 
and 95 %. This possible inaccuracy can explain partially the deviation from the 
logarithmic curve in Figure 6.4.2.  

Some physical values can be calculated. One of them is the excess at 
full coverage Γm which can be calculated from the slope in Figure 6.4.2 and Eq. 
6.8. The calculation results in Γm = 0.61 molecule/Å

2. This value means 
therefore that one molecule of water covers on average an area of 1.8 Å2. 
Comparing this value with the projected area of a water molecule, around 6 Å2 
[29], the excess coverage calculated in this system seems rather impossible. This 
observation can be caused by the fact that the process of weakening the 
interface can involve many layers of water. 
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Figure 6.4.3: Dependence of the level of threshold cohesive fracture energy as a function 

of the RH for a few ceramics (data from [11, p. 120] and [30]). 
 

The same type of curve as in Figure 6.4.2 has been made in the case of 
different ceramics for cohesive fracture, as shown in Figure 6.4.3. Besides, 
Table 6.4.1 shows the results of the corresponding logarithmic regressions, as 
shown in Figure 6.4.2. For soda-lime silicate glass in the case of cohesive 
failure a value of Γm = 0.89 molecule/Å

2 can be obtained, and for alumina 
“Wesgo 995”, this value was of Γm = 0.93 molecule/Å

2. These values give 
therefore some confidence in the ones found here.  
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As far as the other values are concerned, they are lower. The 
interpretation for this is still unclear so far. For the low Γm value, the number 
of adsorbing molecules per unit area seems realistic. For the high Γm value, an 
area per molecule is calculated, which is too small to be physically realistic. 
Many layers of water then influence and weaken the bonds at the interface. 

 

Table 6.4.1: Summarizing logarithmic regressions for compounds in Figure 6.4.3. 
 

Compound a (J/m2) b (J/m2) R2 Γ m (molecule/Å
2)

Spinel 88.0 7.620 0.982 0.03
Wesgo997 48.7 2.260 0.980 0.09
DGA 35.3 2.802 0.963 0.07
DGA-Er 31.3 1.836 0.947 0.11
Floor tiles 25.9 1.585 0.999 0.13

Hydroxyapatite 26.3 2.202 0.982 0.09
Wesgo995 6.0 0.221 0.813 0.93

Soda-lime glass 3.0 0.230 0.989 0.89  

6.4.3 Transition speed 

The transition speed between the quiescent state and the fast regime 
strongly depends on the RH, as observed in Figure 6.4.1. The transition speed 
is defined here as the peeling speed vc corresponding to the intersection 
between the plateau at quiescent state and the logarithmic increase at faster 
regime as shown in Figure 6.4.4. 
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Figure 6.4.4: Definition of transition speed at 35 % RH for Ni2/glass system. 
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Physically, this characteristic speed vc should be related to the kinetics 
of the adsorption/weakening reaction. In theory, this transition occurs for 
speeds around v0(pE) as it can be deduced from Eq. 6.6, and it strongly depends 
on the RH. By solving the equations 6.8 and 6.9, the characteristic speed vc, can 
be calculated as follows: 
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Figure 6.4.5 shows the experimental dependence of this transition 
speed as a function of the RH. It can be seen from this plot that the data 
points are located as predicted by Eq. 6.10, except again for the smallest RH 
value. 

Note that p0 is again given in RH units and is denoted as RH0. Using 
the values of Γm previously calculated enables one to estimate that                   
β = 0.99 Å2/molecule. No literature or data were found for this parameter. 
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Figure 6.4.5: Dependence of the RH in the characteristic rate at which fracture energy 

increase. 
 

6.4.4 Increase of the fracture energy at faster peeling speed 

At higher peeling speed, the fracture energy can be modeled by Eq. 6.9. 
From Figure 6.4.1, it is therefore possible to determine an estimation of the 
parameter α+. From Eq. 6.9, at constant temperature: 
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The slope of the (G-v) curves at higher peeling speed enable then to calculate 
the parameter α+. Such an average value for the set of curves resulted in         
α+ = 0.23 ± 0.01 Å2/molecule. For cohesive fracture, Lawn provided            
1.0 Å2/molecule for soda-lime silicate glass, 5.7 Å2/molecule for sapphire and 
15.0 Å2/molecule for mica [11,p. 139].  

Our values are thus significantly lower than the ones for cohesive 
failure, as indicated above. Therefore, the rate of increase of Gc above the 
transition speed is higher in Ni/glass systems as compared to the soda-lime 
glass, sapphire or mica. This transition can be explained by the limited reaction 
by water, which is either limited by the diffusion or by the kinetics of the 
reaction with the interfacial bonds. For those systems, involving cohesive 
failure of glass interactions, chemisorption is therefore less strong than for the 
metal-glass interactions. 

6.4.5 Overall fitting of the modified model 

Figure 6.4.6 shows an overall fit of Eq. 6.7 on all the experimental data 
(not taking into account the data on the second plateau). In the previous 
paragraphs, the different parameters influencing adhesion were determined 
separately considering extreme regimes. However, many parameters play an 
important role at different regimes and some are dependent on others, such as 
β or p0 for instance. The fit was therefore performed by varying all the 
parameters, but using the ones determined previously to start the iteration. The 
fitted results show that the trends are in good agreement with the experiments 
for sufficiently high RH. For low RH, the fit is not so good. 

0.01 0.1 1 10

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

F
ra

ct
ur

e 
en

er
gy

 (
J/

m
2 )

Peeling speed (mm/min)

                  Exp.     Fit
RH= 6 %      
RH= 9 %    
RH=15 %    
RH=35 %    
RH=87 %    

 
Figure 6.4.6: Fitted and experimental curves showing the peeling speed dependence of 

the fracture energy. 
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Figure 6.4.7 shows the correlation plot between the fitted and 
experimental fracture energies, excluding the results for RH = 6 %. The results 
are therefore in good agreement with the experiment for RH higher than 6 %. 
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Figure 6.4.7: Correlation between experimental values and simulated values from the 
fitting (without the experiments at RH= 6 %; the line represents the equation y = x). 

 

Table 6.4.2 provides the values obtained by the fitting procedure, using 
the least-squares method. First of all, it has to be noticed that all the optimized 
parameters from the fitting procedure are in the same range as the ones 
obtained while studying the curves in extreme cases (see paragraphs 6.4.2, 6.4.3 
and 6.4.4). Some differences are, however, observed, which can be ascribed to 
the effect that the parameters are strongly correlated, so that a small change in 
one parameter has a significant effect on other parameters. 

 

Table 6.4.2: Summary of the fitting results corresponding to Figure 6.4.6. 
 

R0 α
+

α
– β Г m RH0 v 0'

(J/m2) (Å2/molecule) (Å2/molecule) (-) (molecule/Å2) (%) (mm/min)

3.7 0.217 0.208 1.80 0.54 1.8 0.077 

 

Moreover, the parameter α– was here determined and was found to be 
very close to the parameter α+. This result implies that α = 0.214 Å2/molecule 
and α' = 0.004 Å2/molecule, i.e. 2 % error. The hypothesis that α' can be 
neglected, assumed by Lawn’s theory, is thus verified. It is thus found that the 
forward and backward kinetics are comparable. In other words, referring to 
Figure 6.3.3, if the crack propagates, the barrier energy for the forward reaction 
decreases as much as the barrier energy for the backward reaction increases. 
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6.5 Influence of the RH on the “pop-in” effect 
Figure 4.3.1 showed a typical peeling experiment where a small peak 

appeared before continuous crack propagation occurred. This effect referred to 
as “pop-in” was systematically observed in any system. A higher energy than 
the one at which steady-state peeling occurs, is therefore required to start the 
propagation of a crack.  

Experiments were conducted to study the effect of the resting time and 
the RH on the pop-in amplitude. In these experiments, the resting time ∆T 
between two consecutive loadings was varied. The resting time was defined as 
the time between the moment the motor was stopped after steady-state crack 
propagation (when the force starts to relax), and the moment the crack starts 
to propagate again (at pop-in peak). The pop-in amplitude ∆F was defined as 
the difference between the relaxed force and the force at the pop-in peak. An 
example of this “pop-in” experiment and definitions of the parameters ∆T and 
∆F are shown in Figure 6.5.1. Note as well that relaxation occurs even after the 
motor is stopped, since the crack tip still propagates. 
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Figure 6.5.1: Consecutive pop-in peaks and corresponding load cell displacements to 

define resting time and “pop-in” amplitude for the Ni2/glass system  
(peeling speed: 0.7 mm/min). 

 

The effect of the resting time on the pop-in amplitude was studied for 
different RH. As shown in Figure 6.5.2, the amplitude of this pop-in effect 
increases with resting time. This plot also shows that the relative humidity 
strongly influences its level, since a higher RH tends to diminish the amplitude 
of the “pop-in”. 
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Figure 6.5.2: Influence of the resting time on the amplitude of the “pop-in” peak for 

different RH in the Ni2/glass system (peeling speed: 0.7 mm/min). 
 

This increase of the pop-in amplitude with resting time can be ascribed 
to many different processes. Some of them are healing of the crack or 
corrosion at the crack tip. When the crack is no longer propagating, the system 
has time enough to reorganize at the crack tip region according to the 
environment, and chemical/physical reactions can occur at the crack tip, 
increasing the energy needed to separate the surfaces. Some authors showed 
that cracks could also recover in the case of brittle materials. This behavior was 
shown to be quite common for brittle materials and for instance, more 
pronounced for the case of the soda-lime glass as compared to the mica system 
[31,32]. 

Another mechanism that is often proposed is the blunting of the crack 
tip, which is often ascribed to corrosion or to plastic flow. In the case of 
cohesive failure, Lawn stated that the “tips of propagating cracks are atomically 
sharp” [11,p. 137]. When the crack is no longer propagating (or propagating at 
negligible rate), it can become blunt. This blunting is either due to the reaction 
products that may be formed at the crack tip or to plastic flow of the metal 
film, still under an applied stress. As a result, the stress needed to overcome the 
propagation of such a blunt crack is higher as compared to the one of the 
sharp crack. Such a behavior has been observed experimentally [33] already in 
the 80’s. This behavior has been also explained by FEM [34] and modeled [35].  

Célarié et al. also studied the crack tip behavior in silicate glasses by 
AFM [ 36 , 37 ]. From phase AFM images, they showed that the crack tip 
neighborhood was not homogeneous and that this region was larger for very 
low crack propagation speeds (in the range of the nm/s). They refer to this 
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region as the diffusion area. Indeed they showed that in this region, phase 
separation occurred and Si-enriched nodules were present around the crack tip. 
It can be expected in the system studied here containing silicon as well that 
such nodules are forming while the crack propagation is stopped (or slowed 
down). The amount of those nodules can increase with the resting time, and 
make the following delamination more difficult to be started, requiring more 
energy. However, more experiments should be performed to confirm this 
speculation. 

Let us again consider the chemical equation as already mentioned in 
section 6.2 and generalizing the reaction proposed by Michalske [38] in Figure 
6.1.1: 

M-S  +  H2O  ↔   [M-S] water 

where M-S stands for the metal/substrate pure interaction and [M-S] water 
implies that water interacted with the M-S bond by any mechanism. From the 
reaction constant, if the amount of the water is higher, the reaction is therefore 
displaced towards the right hand side of the equation. An increase of the water 
amount results therefore in a weakening of the metal-substrate bond and the 
force needed to separate the metal from the substrate decreases with the 
concentration of the water in the environment. This reaction can then explain 
the decrease of the plateau observed in Figure 6.5.2 with increasing RH. On 
the other hand, if crack blunting is considered, as mentioned in the previous 
paragraph, one can also expect that the crack tip is blunter in a more humid 
environment, leading therefore to a higher fracture energy needed to start the 
propagation. However, this blunting effect seems negligible compared to the 
weakening of the bond by water, as observed from Figure 6.5.2. 

 

6.6 Conclusions 
Water has a tremendous effect on the fracture energy. Firstly, it can be 

already present at the interface due to the fabrication process, as for instance in 
the case galvanic deposition. This water may lead to a weakening of the 
interface. Secondly, it can be provided by the environment leading to a 
dependence of the fracture energy on the humidity. 

Storing the samples in a desiccator at constant 20 % RH was shown to 
increase the fracture energy for the first 45 h storage time. The fracture energy 
was afterwards independent of the storage time. Although accurate weight 
measurements did not shown any weight loss, the increase of fracture strength 
is nonetheless thought to be caused by the disappearance of the water at the 
interface. 
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The effect of the water from the environment was responsible for the 
general trends of the G-v curves, observed previously in Chapter 5. Moreover, 
the model of section 6.3.3 managed to explain different aspects involving the 
influence of the RH. It explained qualitatively and quantitatively how the 
fracture energy at the quiescent state was behaving, and how the fracture 
energy increased at higher peeling rates. Besides, the model could also predict 
the characteristic speed at which the regime changes. Unfortunately, this model 
does not manage to explain the 2nd plateau at the highest peeling speed. This 
plateau was observed to be common for all RH below 35 % RH. 

The “pop-in” effect showed to be highly dependent on the resting time 
as well as the relative humidity. This effect was possibly ascribed to the 
blunting and the corrosion of the interface.  
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Chapter 7  
Stick-peel and relaxation 

reviously, the fracture energy was shown to depend 

strongly on the peeling rate. The average crack tip 

propagation rate was in those cases imposed by the load 

cell displacement. The crack tip was therefore considered to 

move along together with the load cell. This is not always the 

case. This chapter will mainly focus on the crack propagation rate 

behavior that is not constant and that cannot, or only in an 

average sense, be associated with the load cell speed. Two 

different processes will be analyzed. The first one concerns the 

stick-peel effect, which shows a variation of the crack 

propagation rate while the load cell is moving at constant speed. 

The second process is about crack propagation behavior when the 

load cell is stopped after a period of steady-state peeling.  

P 
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7.1 Introduction 
Until now, a steady-state regime was assumed and this hypothesis 

enabled us to simplify Eq. 2.1. One of the consequences of this assumption is 
that, during an infinitesimal time dt, the crack propagation dxcrack and the 
vertical displacement of the load cell speed dl should be the same* . Many 
phenomena presented in Chapter 4 show that this is not always the case. For 
instance, this is the case of the stick-peel effect (section 4.4), where generally 
dxcrack ≠ dl. This behavior is due to the jerky movement of the crack tip 
whereas the load cell moves with constant speed. Similarly, if the load cell is 
suddenly stopped (see section 4.5), i.e. dl = 0, the crack is seen to move for 
some time afterwards. So in these situations, the assumption of a steady-state 
peeling is no longer true. 

Neglecting, as before, the energy plastically dissipated, but introducing 
an energy storage term S, the energy balance can generally be expressed as: 

SxbGlF dd  d crackc +=  7.1 

where F is the peeling force, Gc the fracture energy associated with the peeling 
process and b the width of the sample.  
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Figure 7.1.1: Peel force and corresponding crack position (from image processing) 

during consecutive stick-peel cycles for a Ni1/glass sample 
(Thickness: 3 µm; peeling speed: 0.07 mm/min). 

 

Figure 7.1.1 shows a peeling experiment of a Ni1/glass system at low 
peeling speed where the peel force presents a saw-tooth shape. At the same 

                                                      
 
* The vertical and horizontal components of the load cell displacement are equal since 
the load cell moves at an angle of 45 degrees with the horizontal. 
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time as the force was measured, pictures of the foil were taken and the images 
were processed in order to obtain the position of the crack at any time (see 
section 3.4). The crack position showed consecutive plateaus when the force 
increases. Within experimental accuracy, the crack tip remains at the same 
position when the force is increasing. On the other hand, as soon as the crack 
moves relatively fast to another position, the force decreases rapidly in the 
same time period. This behavior is usually denoted as the stick-slip effect in 
literature, even for adhesion although no actual sliding of the two materials is 
involved here. It will be therefore denoted here as stick-peel, as more 
appropriate to the experimental observation. Many mechanisms were already 
proposed in section 4.4, including viscoelasticity [1], imperfections or material 
properties [ 2 ], but none of them really manages to explain the different 
properties of the stick-peel effect. 

In general, this chapter aims at describing a theory to explain the 
variation of the peel force during peel test experiments. This change of the 
force is due to the variation of the crack tip propagation rate whereas the 
peeling speed is constant during a certain period of time. Different effects 
showing non steady-state peeling will therefore be observed. The stick-peel 
effect will be first considered (section 7.2). Secondly, the variation of the crack 
tip propagation rate when the load cell is stopped is treated (section 7.3).  

In this chapter, all results are obtained from samples referred to in 
paragraph 3.3.3 as Ni1/glass and Ni2/glass. The experiments were all 
performed at normal RH (i.e. around 35 %). 

 

7.2 The stick-peel effect 

7.2.1 The data 

It has been shown in section 5.5 that the peeling force F and the 
distance d between the projected load cell position and the crack tip were 
related so that the quantity Fd 2 equals a constant C for galvanically 
strengthened films. Moreover, using the notations as provided in Figure 2.1.1: 

)()()( lccrack txtxtd −=  

where xcrack(t) and xlc (t) are the crack tip position and the horizontal 
component of the load cell position, respectively, at any time t. Considering a 
reference foil shape at time t0 when the foil is bent by a force F0 resulting in a 
distance d0, the crack tip position can therefore be described by the following 
equation: 
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7.2 

where vpeel is the horizontal component of the imposed load cell speed, also 
called peeling speed so far, which is constant. Note that this equation implies 
that the load F(t) and the crack position x(t) are directly related. This result 
suggests that the crack position can be obtained from the force data and that 
determination of the crack position using the video recordings and image 
analysis is no longer necessary. There are a few advantages in using the force 
method to monitor the crack behavior compared to the image processing 
method. Indeed, one of them concerns the work load since the image 
processing method is more time consuming. Moreover, the time resolution 
achieved with the force based method was more attractive since data could be 
obtained with a 10 Hz frequency (against around 1 Hz for the image 
processing). Furthermore, the signal-to-noise ratio resulted in a resolution 
about 5 times better than the one achieved with the camera. 

Figure 7.2.1 and Figure 7.2.2 show the crack position calculated from 
the force as described in Eq. 7.2 for several (average) peeling rates where stick-
peel effect occurs for a Ni1/glass system and considering t0 = 0 at the 
beginning of the plots. This calculated crack position was compared to the one 
from the image processing analysis during a stick-peel experiment as described 
in section 3.1. As can be observed from these figures, the results from these 
two methods to monitor the crack tip position perfectly match, showing that 
any of these two methods can be used to characterize the crack propagation. 
So now on, the force method will be used. Note as well that the period 
decreases with the imposed peeling speed. This point will be discussed later in 
the paragraph 7.2.2b. 

Differentiating Eq. 7.2 using the fact that Fd 2 is constant, the crack 
propagation rate vcrack can also be calculated using force data only and: 

2
3

0
0peelcrack

)(

)('

2

1

tF

FtF
dvv −=  

 

7.3 

where here the prime stands for the first derivative with respect to time. 
Depending on the sign of F '(t), the crack propagation speed can be either 
higher (F '(t) < 0) or lower (F '(t) < 0) than the imposed peeling speed vpeel. 

Note that Eq. 7.3 cannot be used with force data that are too noisy 
since noise can have a tremendous effect on the determination of the function 
F '. It is therefore essential to smooth the measurement data before using this 
type of analysis. 
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Figure 7.2.1: Crack position comparisons obtained from force measurement and from 
image processing during a stick-peel experiment at 0.07 mm/min for different Ni1/glass 

samples. 
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Figure 7.2.2: Crack position comparisons obtained from force measurement and from 
image processing during a stick-peel experiment at 0.35 mm/min for different Ni1/glass 

samples. 
 

7.2.2 The periodic character 

a) Evidence of two regions 

Using Eq. 7.3, one finds that the sign of the rate of force depends on 
the magnitude of the crack propagation rate vcrack compared to the peeling 
speed vpeel.  

Figure 7.2.3 shows the peel force during a stick-peel cycle for an 
imposed peeling speed vpeel of 0.07 mm/min, and also the corresponding crack 
position using the force method (see paragraph 7.2.1). Note that the force data 
were first smoothed.  
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Figure 7.2.3: Variation of the peel force and crack position during a stick-peel cycle of a 

Ni1/glass sample considering a peeling speed at 0.07 mm/min. 
 

Eq. 7.2 was then used together with this smoothed curve to plot the 
crack position in time. Using Eq. 7.3, it is also possible to estimate the 
corresponding crack propagation rate at any time, again using the smoothed 
curve. Figure 7.2.4 shows the variation of the crack propagation rate 
corresponding to the derivative of the crack position from Figure 7.2.3, 
together with the raw peel force data as well as its smoothed version. 
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Figure 7.2.4: Variation of the peel force and crack propagation rate during a stick-peel 

cycle of a Ni1/glass sample considering a peeling speed at 0.07 mm/min. 
 

When the force increases (region 1), the crack tip remains 
approximately at the same position (Figure 7.2.4) because in this regime, the 
crack propagation speed is negligible compared to the imposed horizontal 
component of the load cell speed. As soon as the peeling force reaches a 
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critical level, the crack starts to propagate at a speed much faster than the load 
cell speed, meaning that the distance d increases, the result being that the force 
decreases until a new minimum is reached. During this second phase (region 2), 
the crack speed increases first rapidly up to a maximum speed and decrease 
rapidly afterwards. At the moment that the peel force reaches its local 
minimum, a situation when F ′(t) = 0, the crack speed equals the load cell speed 
vpeel. When the force starts to decrease again, the crack tip remains nearly at the 
same position and its corresponding crack velocity becomes negligible 
compared to the average peeling speed vpeel and crack is (almost) arrested again. 

During stick-peel effect, it is therefore possible to distinguish two 
regions, as shown in Figure 7.2.5: 

• During the force increase (region 1), the crack tip is almost arrested and 
the resulting force can be described only by the movement of the load cell 
(between t0 and t1). 

• During the relaxation when the force decreases (region 2), the propagation 
of the crack is the faster process, and the resulting force can be described 
only by the crack tip movement (between t1 and t2).  

 
 

Figure 7.2.5: Scheme of force and crack position behavior during stick-peel effect. 
 

Generally, looking at the data from Figure 7.2.1 and Figure 7.2.2, it can 
be observed that the stick-peel effect has a periodic character, meaning that the 
peeling force and the crack speed are periodic in time and space for a given 
peeling speed. 
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b) Periodic behavior of the stick-peel effect 
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Figure 7.2.6: Peeling experiment showing stick-peel effect for different imposed peeling 

speeds in the case of the Ni1/glass system (thickness: 3 µm). 
 

Figure 7.2.6 shows a series of peeling experiments showing the stick-
peel effect at different imposed peeling speeds. However, instead of using time 
in the abscissas, the displacement of the load cell was used. Unlike in Figure 
7.2.1 and Figure 7.2.2, where time periodicity was strongly dependent of the 
imposed peeling speed, here the spatial periodicity seems to increase less 
strong with peeling speed. A power spectrum analysis of the force-
displacement signals was performed for each peeling speed. The power 

vpeel = 0.007 mm/min vpeel = 0.035 mm/min 

vpeel = 0.07 mm/min vpeel = 0.35 mm/min 

vpeel = 0.7 mm/min vpeel = 3.5 mm/min 
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spectrum always showed a peak corresponding to the average spatial 
periodicity. Figure 7.2.7 shows this average for the range of peeling speeds 
where stick-peel occurs, i.e. up to 0.7 mm/min peeling speeds. The spatial 
periodicity of the force is observed to be around 19 µm at 0.035 mm/min 
peeling speed and increases up to 45 µm at 0.7 mm/min. A spatial periodicity 
therefore exists for a given peeling speed but it depends on the peeling speed. 
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Figure 7.2.7: Spatial periodicity of stick-peel as a function of the peeling speed for 

Ni1/glass system. 
 

c) Decrease of stick-peel amplitude with peeling speed 

Another characteristic behavior of the stick-peel effect concerns the 
amplitude of the stick-peel cycles. As can be observed from Figure 7.2.6, the 
amplitude decreases with increasing peeling speed up to the point that the 
stick-peel effect disappears at a speed of 3.5 mm/min and onwards. Figure 
7.2.8 shows the force level of the minima and maxima (respectively Fmin and 
Fmax), which shows a turned “Y” shape. This graph shows that the stick-peel 
amplitude (difference between the two lines) decreases with increasing peeling 
speed. Moreover the decrease of the stick-peel amplitude is mostly the result of 
the decrease of the maximum force with peeling rate. For peeling speeds 
higher than 3.5 mm/min, the amplitude of the stick-peel cycle is negligible and 
the delamination becomes continuous. After this characteristic speed, the level 
of the force increases due to the increase of the fracture energy, as described in 
Chapter 5 and Chapter 6, and corresponding to the water effect.  
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Figure 7.2.8: Level of the maximum and minimum levels as a function of the peeling 

speed. 
 

The experimental observation of the turned “Y” shape curve was also 
reported by Yamini and Young [3] in the case of the cohesive fracture of cured 
epoxy resins (Epikote 828) for peeling speeds between 0.05 and 5 mm/min. 
Maugis [ 4 ] attributed this increase to “inertial effects”, depending on the 
magnitude of the propagation at each jump.  

7.2.3 The fracture energy 

The fracture energy versus peeling speed data in Chapter 5 and Chapter 
6 were always obtained using a time period long enough to be able to use an 
averaged experimental value over a number of stick-peel cycles. Now, 
considering Eq. 7.1 and the limit case during region 1 of a single stick-peel 
cycle when there is no crack propagation (i.e. dxcrack = 0), the ratio F/b does 
not represent the fracture energy (per unit area) but only the input energy. So, 
during this phase, the energy builds up and is stored via the term dS in Eq. 7.1. 
At time t1 when the crack starts to propagate, a part of the stored energy S(t1) is 
released during the subsequent stick-peel period (region 2).  

Using smoothed force data, it is possible to obtain a relation between 
the ratio F(t)/b and the corresponding vcrack(t), as calculated from Eq. 7.3. 
Figure 7.2.9 shows a series of data points with the fracture energies 
corresponding to their crack propagation rate, as calculated from the force 
measurements and from the moment that the crack propagation rate decreases 
in Figure 7.2.4, for different samples, stick-peel cycles and imposed peeling 
speeds. This plot shows that the crack propagation follows the same trend 
during stick-peel effect as it does for steady-state peeling. Differences are, 
however, observed quantitatively. The first one concerns the imposed peeling 
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speed dependence. Indeed, the higher the imposed peeling peed, the higher the 
maximum crack propagation speed. Nevertheless, this difference is rather small 
as compared to the change in peeling speed. Moreover, the crack propagation 
curves during the peeling phase (region 2) do not exactly follow the same curve 
as for the steady-state peeling. The stick-peel effect strongly depends on the 
average peeling speed and not only on the material properties. The stick-peel 
effect then, is a system property and not a bi-material property. 
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Figure 7.2.9: Dependence of the crack propagation rate on the fracture energy during 
the stick-peel effect for different peeling speed and compared to steady-state peeling for 

the Ni1/glass system. 
 

Figure 7.2.10 shows the results of the same type of computation as 
described for Figure 7.2.9, but now including a region 1 when the crack is 
almost arrested. Generally, the stick-peel effect then looks as if the system first 
“crawls” up a bump. When the top of this bump is reached, a fast increase of 
the crack speed occurs, after which the system roughly follows the average 
fracture energy – speed behavior (G-v curve) until the energy surplus that was 
built up earlier is spent. The crack becomes then again more or less arrested. 
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Figure 7.2.10: Variation of the ratio F/b and its corresponding crack speed during stick-

peel effect at different imposed peeling speeds for the Ni1/glass system. 
 

Calculations of the energy stored ∆S1 during phase 1 and of the energy 
released – ∆S2 during phase 2 were performed as well. Considering that the 
crack does not move during the phase 1 of a stick-peel cycle, the variation of 
the stored energy can be expressed as follows: 
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Considering now that the load cell does not move during the phase 2 
of a stick-peel cycle, the variation of the stored energy is given by: 
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7.5 

Table 7.2.1 shows the values of ∆S1 and – ∆S2, as calculated from Eqs. 
7.4 and 7.5 in the case of the stick-peel cycles shown in Figure 7.2.9. Within 
the accuracy of the method including the noise in the force data, the energy 
stored during phase 1 was observed to equal the energy released during phase 2, 
and was calculated to be in average lower than 1 µJ for one stick-peel cycle.  
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Table 7.2.1: Energies stored and released during the different phases of several stick-peel 
cycles at different imposed peeling speeds for the Ni1/glass system. 

 

∆S1 – ∆S2

(10-7 J) (10-7 J)
11.3 10.6
7.0 5.8
9.6 8.8
7.5 8.9
8.1 8.4
5.4 6.2
6.5 7.3
5.1 4.6

v 
(mm/min)

0.035

0.35

 

 

The total energy S(t0) stored before the stick-peel cycle occurs was also 
calculated in order to be able to be compared with changes in energy during 
stick-peel effect ∆S. This energy S(t0) can be calculated similarly to Eq. 7.4. For 
this purpose, we will consider the period denoted as [0,t0], during which the 
loading point is first far away from the position where delamination occurs (so 
that no energy is spent for bending the film), and is slowly approached to the 
position just before the beginning of a stick-peel cycle, and: 
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Using the experimental data resulted in a value for the total stored energy of 
around 16 µJ Therefore during one stick-peel cycle, the system increases its 
energy by ∆S1, and stores it in bending. Once the energy of the system is too 
large and can no longer resist, the energy ∆S2 is released in crack propagation. 
The variation in energies thus amounts to about 5 %. 

7.2.4 The crack propagation “jump” 

As seen previously, the system needs to go over a certain energy barrier 
before the crack is able to propagate. A mechanism involving two different 
energy barriers is therefore required to be able to explain the stick-peel 
phenomenon. 

Some authors also reported the possibility of such a barrier due to a 
change of failure from cohesive to adhesive, requiring different levels of 
separation energy [5]. Following this point, the observation of the stick-peel 
effect could originate from a homogeneous presence of impurities at the 
interface, which would locally enhance adhesion. The fracture energy would 
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then increase as soon as the crack front is pinned by one of those impurities. 
The fact that a spatially periodic pattern seems present (Figure 7.2.7) might be 
an indication for this mechanism. However, no evidence of regular spaced 
impurities has been observed by AFM or by confocal microscopy. Moreover, if 
such a mechanism would explain stick-peel effect, the spatial periodicity would 
be independent of the peeling speed, which is contrary to what is found in 
Figure 7.2.7. This possibility is therefore not likely to happen in the systems 
studied here.  

The systems might also respond to blunting and corrosion as 
previously mentioned in section 6.5, where the “pop-in” effect was shown to 
increase with resting time (Figure 6.5.2) and for which blunting seemed a 
possible mechanism. Figure 7.2.11 shows the influence of the time periodicity 
on the stick-peel amplitude for different imposed peeling speed. The trends 
shown in this figure are quite different from the ones shown in Figure 6.5.2. 
Indeed, in Figure 7.2.11, the time periodicities involved are much larger and are 
only linear. Besides, they are strongly dependent on the peeling speed, meaning 
that the mechanism involved in stick-peel effect is time dependent. If blunting 
and corrosion were able to explain the stick-peel effect, the behavior would be 
expected to follow a master curve similar to the one, at ambient RH, as was 
experimentally observed for the pop-in effect (Figure 6.5.2). For different 
imposed peeling speeds, the curves are not complementary and completely 
independent, which suggests that something else than blunting and corrosion is 
happening during the stick-peel effect. 
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Figure 7.2.11: Amplitude of the stick-peel effect as a function of the time periodicity for 

different peeling speed. 
 

Gehrke et al. [6,7] also proposed a model to explain the crack arrest in 
alkali-containing glasses. They proposed a model including the “generation of a 
crack-growth retarding layer due to alkali leaching” [7], which could result in a 
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variation of the fracture toughness. Nguiên studied the crack tip front by AFM 
and attributed the roughness he observed to diffusion of alkali ions under 
stress around the fatigue limit [8]. Guilloteau also observed such a behavior 
even for stress below the fatigue limit [9]. Célarié [10] observed that the phase 
image in a zone near the crack tip was showing non-homogenous areas. He 
also observed that the crack propagation rate directly depended on the applied 
stress intensity factor, and as a result, on the energy release rate. Nevertheless 
he also showed that the size of some zones that he referred to as nodules, was 
increasing with decreasing applied stress intensity factor. This observation was 
explained by the fact that the system was dynamic and involved diffusion. He 
also observed that the size of these nodules was increasing with increasing 
humidity, which showed that the mechanism involving the formation of those 
zones involves water.  

Another mechanism was reported by Bonamy et al., who observed the 
presence of nano-cavities (size of around 50 nm) in silica glass systems [11,12]. 
These cavities are observed first to nucleate, then to grow, and finally to 
coalesce when the crack propagates. At a given humidity, the surface in contact 
with the environment therefore increases with the formation of these cavities 
and the energy needed to propagate those cavities is then higher compared to 
the steady-state peeling with lower contact surface 

Finally, in literature some authors studied the path of the delamination 
and observed that the crack tip was not regular, resulting in a rough crack front. 
Image processing was used to visualize the crack front in space and time in one 
single image [13,14]. Vellinga et al. [15] used a similar technique to monitor the 
crack propagation in an asymmetric double cantilever beam (ADCB) test. The 
crack front was followed and two main paths were observed: one in the 
direction of the delamination (or forward propagation) and one along the 
direction of the crack front (or lateral propagation). These two paths, resulting 
in fractures in different modes (loading or shear), are expected to lead to two 
different levels of energies to separate the two materials. 

Figure 7.2.12 shows a summary of the schematic path followed by the 
fracture energy during one stick-peel cycle, as proposed by Maugis [4] for visco-
elastic materials. While the crack is not propagating (or propagating with 
negligible rate as compared to the peeling speed), the force increases, leading to 
a higher value of the energy release rate. The slope in Figure 7.2.12 between t0 
and t1

–, where t1
– is the infinitesimal time before t1,

 is expected to be very steep 
and the crack propagation rate should be lower than the imposed peeling rate 
in this time interval. Once the energy barrier is reached at the time t1, the crack 
starts to propagate at a rate much higher than the peeling rate following the 
steady-state peeling curve. The distance d as previously defined, increases after 
the time t1, since the crack propagates much faster than the load cell moves, 



7.2: The stick-peel effect 

109 

resulting in a decrease of the energy release rate because Fd 2 is constant. As a 
result, following a curve comparable to the case of a steady-state peeling, the 
crack propagation rate decreases. In a repetitive process, the crack propagation 
rate then decreases (as well as the energy release rate) until it becomes 
negligible after time t2. From time t2, the movement of the load cell induces a 
new increase of the energy release rate, while the crack is almost arrested.  

 
Figure 7.2.12: Schematic path of fracture energy during stick-peel. 

 

Note that in Maugis’ case, the cycle in Figure 7.2.12 corresponds to the 
superposition of two processes: cohesive failure and visco-elastic dissipation of 
the material. Maugis [4] suggested that a “jump” due to visco-elastic dissipation 
could occur, explaining this brutal change from crack arrest to crack 
propagation. Nevertheless for the cases studied here, the material behavior and 
the mode of failure are quite different. Moreover, it is not at all clear what the 
physical origin of the bump in Figure 7.2.12 is. Maugis [4] only used a 
metaphorical line of reasoning comparing stick-peel with true stick-slip, as it 
occurs in Prony brakes [16]. 

Another difference also concerns the peeling speed at which stick-peel 
occurred, and which was much lower: 0.1-1 m/s in Maugis’ case against less 
than 10-5 m/s in this case. It is therefore not straightforward to use the same 
type of scheme. As far as the part of the curve corresponding to the steady-
state peeling is concerned, there is no problem to make a correspondence 
between the curve from cohesive failure and adhesive failure, as already stated 
in Chapter 6. However, it is not so straightforward with respect to the visco-
elastic dissipation, since this process does not happen in Ni/glass systems. 
Moreover, in Maugis’ model, the “up-hill” part of the curve is independent of 
the imposed speed whereas Figure 7.2.10 suggests it is not, although F/b in 
Figure 7.2.10 is the energy input and not the fracture energy. 
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7.3 The delamination/relaxation process 
The focus of this section will be on the delamination/relaxation 

process, where the relaxation occurs from the moment that the load cell stands 
still (see section 4.5). Contrary to the previous part with the stick-peel effect, 
where relaxation occurred after a certain period of crack arrest, here the 
relaxation of the force occurs because the system is no longer provided with 
energy to propagate the crack at the same peeling speed as before the load cell 
is stopped. In other words (from Eq. 7.1) when the load cell stands still, a part 
of the energy S stored in the system prior to stopping the motor, is released to 
continue the propagation of the crack until the stable situation when dxcrack = 0. 
As explained previously, during the relaxation process, the fracture energy can 
be described from Eq. 7.3 after setting the peeling speed to zero, and 
considering no energy dissipation (i.e. F = Gc b).  

7.3.1 Influence of the peeling speed 

Figure 7.3.1 shows the influence of the crack propagation rate on the 
fracture energy comparing two different types of experiments: from a steady-
state experiment and from a delamination/relaxation experiment occurring 
after different imposed peeling speeds. The crack propagation behavior during 
the relaxation following the delamination at any delamination speed follows the 
one during steady-state peeling. It is therefore possible to correlate qualitatively 
and quantitatively the relaxation behavior to the steady-state peeling. 
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Figure 7.3.1: Comparison of the dependence of the crack speed on the fracture energy 
for a Ni1/glass system between the delamination/relaxation experiment after peeling at 

different peeling rates, and from the steady-state peeling. 
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7.3.2 Influence of the relative humidity 

a) Energy aspect 

The influence of the relative humidity has been studied. To do so, the 
delamination relaxation test was carried out as follows: the imposed peeling 
speed was kept constant at 14 mm/min, then the load cell was stopped and the 
force behavior was observed in time from this moment on (see Figure 7.3.2). 
The values of the fracture energies before relaxation and at relaxed states have 
already been addressed in Chapter 6. The levels of the fracture energies before 
relaxation and at the fatigue limit can therefore be derived and directly 
understood from Figure 6.4.1. Indeed the fracture energy associated with a low 
crack propagation rate (the plateau in this figure or fatigue limit) was strongly 
dependent on the relative humidity. As far as the initial fracture energies are 
concerned, they correspond to the ones considering a peeling speed of 14 
mm/min. Apart from these observations, the relaxation is observed to be 
much faster for higher relative humidity.  
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Figure 7.3.2: Variation of the fracture energy from the fatigue limit for various RH (in 

%) in the case of the Ni2/glass system, when the load cell is stopped (at t = 0) after 
peeling at 14 mm/min. 

 

To understand this influence of the relative humidity on the relaxation 
kinetics, consider a crack tip propagation rate ruled by a similar equation than 
the one corresponding to the steady state peeling in Chapter 6. Combining Eqs. 
6.5 and 7.3, and considering the fracture energy as the ratio between the force 
F and the width b (i.e. considering no dissipation), the variation of the energy 
release rate G in time is then given by: 



Chapter 7: Stick-peel and relaxation 

112 

[ ] ( )







 −−=
kT

RtG
tG

Eh
v

t

tG E
2

3

30
)(

sinh)(
24

d

)(d α
 

Therefore for the same material and for comparable energy release rate, the 
relaxation will be faster at higher RH since the value of the parameter RE is 
lower for lower RH. 

b) Crack propagation aspect 

Figure 7.3.3 shows the relationship between the fracture energy and the 
corresponding crack speed as calculated from the force measurements (cf. Eq. 
7.3) for different RH during the relaxation regime of the 
delamination/relaxation experiment. The trend of the different curves for the 
relaxation analysis follows the one for the steady-state peeling experiment. 
However, the results do not fit so well quantitatively, especially for lower RH. 
No reason could explain this discrepancy. 
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Figure 7.3.3: Fracture energy corresponding to a crack propagation speed during 

relaxation at different relative humidity’s after peeling at 14 mm/min as well as 
equivalent plot for different relative humidity. 

 

7.4 Conclusions 
During stick-peel effect, the crack propagation speed was shown to 

behave periodically. A phase with almost no or relatively slow crack 
propagation during which energy is effectively stored (building-up phase) in the 
system, is followed by a phase of fast crack growth (or release phase) during 
which a part of the energy stored is released. However, these cycles were highly 
dependent on the prescribed peeling speed, and not only on the material 
properties. The direct cause(s) of the stick-peel is still unclear but the humidity 
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of the environment may have an effect since it might hinder the interfacial 
bonds (either by corrosion or blunting). The fracture energies during the 
release phase as a function of the corresponding crack propagation speed 
follows a trend qualitatively similar to the one during the steady-state peeling. 
The average crack propagation rate equals the imposed peeling speed and the 
actual propagation speed during the release phase roughly follows the curve for 
steady-state peeling. Therefore it follows that the energy – crack speed relation 
during the build-up phase depends on the imposed load cell speed. This 
observation is not to be expected if stick-peel were an interfacial property. 
Stick-peel effect is therefore a system property. The superposition of two 
curves to obtain the cycling curve in Figure 7.4.1, results from a two levels-
mechanism. The blunting mechanism, which could explain the behavior of the 
“pop-in” effect, is basically a two-level mechanism, but it was found to be 
unable to explain the stick-peel effect.  

 
Figure 7.4.1: Schematic path of fracture energy during stick-peel. 

 

Regarding the relaxation regime after a steady state peeling, the force 
and crack propagation behaviors were in good agreement qualitatively and 
quantitatively with the theory that supposes a steady-state peeling. 

The cycling curve proposed by Maugis [4] (see Figure 7.4.1) can be used 
to explain qualitatively the stick-peel and the delamination/relaxation behaviors 
at the same time. These different behaviors can be explained depending on the 
domain where the imposed peeling speed v is located: 

• For v1 < v < v2, the force follows the arrows of Figure 7.4.1, and the 
crack propagation rate constantly oscillates around the imposed peeling 
speed. This behavior corresponds to the stick-peel effect. 

• When initially v > v2, the peeling occurs in a steady state regime. As 
soon as the motor is stopped after steady-state peeling, the energy 
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decreases until it reaches its minimum value where after the crack no 
longer propagates. This behavior corresponds to the 
delamination/relaxation test. 

However, this general scheme seems to be also dependent on external 
parameters such as the imposed peeling speed, particularly the “up-hill” part of 
the curve, or the nature of the effect observed (stick-peel or relaxation from 
steady-state peeling), and not only on material properties. It is therefore a 
system property 
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8.1 Summary 
The 90° peel test device was used as a tool to provide a value of the 

fracture energy Gc, a characteristic parameter of the adhesion phenomenon. It 
was shown in Chapter 2 that the input energy Gtot is not always equal to the 
fracture energy and it is often necessary to use an energy-balance delamination 
model (EBDM), in order to get such a value of the fracture energy. This theory 
subtracted the dissipation due to the bending of the films. An additional theory 
was also used to account for the dissipation occurring at the crack tip, and to 
obtain a estimate of the work of adhesion Wadh. 

The peeling force during delamination in a steady-state regime is 
usually of interest when one wants to study adhesion. However, other 
phenomena as described in Chapter 4 can also take place. Four different 
effects were then the focusing point: the influence of water, the “pop-in” at the 
start of a delamination, the stick-peel effect (usually referred in literature to as 
the stick-slip effect) and the relaxation occurring after stopping the 
displacement of the load cell. 

In Chapter 5, the peel tester was used to study the influence of the 
peeling rate on the fracture energy. At normal relative humidity (RH ~ 35 %), 
it was found that the fracture energy was independent of the peeling rate only 
for a limited range of peeling speed, with the level of the plateaus also highly 
depended on the system type. For instance, the way in which the depositions 
are carried out (PVD only or PVD conductive layer strengthened galvanically 
at different current densities) strongly influence adhesion. Another comparison 
was made by using different substrates (glass and spinel). The (111) orientated 
spinel substrates were found to adhere better than the (100) oriented ones. 
These observations showed the importance in the adhesion phenomenon of 
the nickel film quality as well as the substrate used. For a peeling rate higher 
than a certain characteristic rate, the fracture energy was observed to 
systematically increase with the peeling rate by a few orders of magnitude. This 
characteristic rate was in the range of 1 mm/min for the systems studied and 
peeled at normal RH. Besides, it was shown that the bending nickel films could 
be modeled by a pure elastic bending theory for any galvanically strengthened 
film peeled at (almost) any peeling speed. This property allows a direct 
correlation between the bending radius and the peeling force. The effect of the 
nickel film thickness was also studied. A large increase of the thickness by a 
factor of four had a small influence on the fracture energy by 37 %. This 
influence was therefore observed to be much less than the effect of the peeling 
rate previously described. 

In Chapter 6, water was observed to have a substantial effect on the 
fracture energy. In fact, water can act in two different ways. On the one hand, 
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it can already be present at the interface before the peel test. Most likely the 
presence of water at the interface hinders the interfacial adhesion between the 
metal and the substrate. The presence of this water at the interface seemed to 
come from the dipping process involved in the galvanic deposition, and its 
effect could be avoided by storing the samples for three days into a dry 
desiccator. On the other hand, the water present in the environment can also 
influence the measurements of the fracture energy and this influence was 
responsible for the increase of the fracture energy with peeling rate as 
described in Chapter 5. The model usually used to describe the subcritical 
crack growth in the case of cohesive failure was slightly modified, and 
successfully applied to a nickel-glass system. The influence of the relative 
humidity on the “pop-in” effect was also studied to understand its cause that 
was conjectured to involve blunting. 

In Chapter 7, two special cases of peeling behavior where steady-state 
peeling does not occur, were studied: the stick-peel effect and the 
delamination/relaxation test. It was first shown that the force could be used to 
determine the position of the crack tip as well as its crack propagation rate, and 
that this method could be used with better accuracy compared to image 
analysis from the peel tester camera. The fracture energy-speed relation of the 
relaxation could be quantitatively related to the case where steady-state peeling 
was assumed. The stick-peel effect was found to involve two regions: one 
where the crack is almost arrested and one where the crack front almost jumps 
ahead. During the latter phase, the fracture energy - speed relation follows 
approximately the same curve as for the steady-state peeling. During the 
former phase, this is not the case. 

 

8.2 Looking ahead 
The presence of a second plateau in the G-v curves for the highest 

peeling speeds is still not clear. The fracture energy was observed to reach a 
plateau for the highest peeling rates, especially when the relative humidity was 
sufficiently low, but the level of this plateau was not constant, whereas in the 
case of cohesive failures [1,2], literature suggests a constant level. Qualitatively, it 
seems clear that the second level exists because the water in the environment 
no longer reaches the crack tip. It must be therefore possible to evaluate this 
level, independently from the relative humidity. 

In many applications, it is also important to quantify the effect of 
corrosive agents in any environment on the adhesion property. So far, only the 
water in the environment was considered, but other solvents can hinder or 
improve the interfacial adhesion. Besides, it can be of interest to know how the 
corrosive chemical can deteriorate the interface.  
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The effect of the water, originated from the dipping process, has also 
been observed, but the chemistry occurring at the interface is still unclear. 
Indeed, this water can react and change the chemical nature of the interface. 
On the other hand, it is also possible that only its presence is able to hinder the 
interactions. So, more information about possible effects is considered to be of 
importance. 

Stick-peel effect is an interesting and unsolved effect. Indeed, even 
though it was observed and modeled as a crack arrest followed by fast crack 
propagation, the physical mechanism inducing this effect is still not clear. Many 
processes were proposed to explain stick-peel, as a result of a two level force 
mechanism. Therefore it could be interesting to study this effect in more depth. 
For that purpose, comparable to the design proposed by Vellinga et al. [3], it 
seems necessary to modify the design of the peel test device in such a way that 
the crack front can be observed for the whole width. This slight change would 
then enable a direct correlation between the crack motion and the applied 
force.  
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Appendix A: Elastic bending theory 
 

The aim of this appendix is to provide the reader with some relevant 
results on how to describe an ideal elastic film (Young’s modulus E, thickness 
h, width b) bending with a force F in the (Oy) direction, as shown in Figure A.1. 
The length of the peeled foil is here considered large enough so that the force 
is a follower force, i.e. that the force acting at the end of the film is tangent to 
the film at the extremity of the foil. A linear elastic bending behavior is also 
assumed. The main consequence of this assumption is that the root angle 
between the film and the substrate at the crack tip is zero.  

 
 

Figure A.1: Scheme of the bending film for the 90° peel test. 
 

In this configuration, it was shown that [1,2,3]: 
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Note that for the same material and geometry, the quantity Fd 2 is therefore 
expected to be constant. 

The shape of the peel arm, i.e. the vertical deflection, can also be 
obtained as follows: 
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which can be rewritten introducing the parameter d as: 
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A.3 

Figure A.2 shows the general shape of an elastically bended foil for 
dimensionless coordinates (Eq. A.3). As expected from the hypothesis of the 
model, the foil is following the force in the (Oy) direction. Moreover since the 
bending is supposed to be ideally elastic, there is no root angle at the crack tip 
(where X = 1, i.e. x = d). 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

Y
=

y/
d

X=x/d

 
Figure A.2: General shape of a 90° peeling film in dimensionless coordinates Y(X). 
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Appendix B: Pull-off test 
 

The pull-off test [1,2] is the first quantitative test used in this project to 
monitor adhesion. This test provides preliminary information about the 
delamination of very thin films with thicknesses lower than 2 µm, as those 
films cannot be used by the peel tester. Indeed those thin films cannot 
withstand the peeling force and the foils usually break. A general scheme of the 
pull-off test experiment, as it was designed and performed, is presented in 
Figure B.1.  

   
Figure B.1: Schematic principle of the pull-off test. 

 

Stainless steel studs were glued on the film to be pulled-off, using a 3M 
Scotch-Weld epoxy glue (DP 460). Before the glue application, surfaces of 
both the samples and the studs were cleaned with ethanol. The samples were 
then left aside for 1 day to let the glue dry. After drying, the film and the glue 
around the studs were removed with a driller, so that the area to be pulled-off 
could be controlled and kept constant at around 0.5 cm2. The pull-off test was 
then performed by adapting a tensile test stage using a long stiff cable to be 
able to perform the pull-off test with a force that does not deviate too much 
from the vertical direction (see Figure B.2), perpendicular to the film surface. 
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Figure B.2: Set-up of the pull-off test, adapted from tensile test stage. 
 

Pictures of the samples before and after performing the pull-off test are 
shown in Figure B.3. If the test is carried out correctly, the film just appears 
exclusively on the stud side. Note that this test usually results in large plasticity, 
especially at the edge and which does not enable to easy correlate the 
experimental force to the work of adhesion. 

 

  

Figure B.3: Pictures of pull-off test specimen before (a) and after pulling-off showing the 
stud surface (b) and the glass surface (c). 

 

 

a 

b c 
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The adhesion parameter (fracture stress) σc was calculated as follows: 

AF  DMT
coffpull σ=−  

where A is the pulled surface (set to 0.5 cm2 here) and Fpull-off the pulling force 
when fracture occurs. 

Pull-off experiments were used here to compare adhesion on samples 
with comparable conditions. As an illustration of this test, Figure B.4 shows 
pull-off experiments of PVD nickel/glass systems with layer thickness of 1 µm. 
In this example, the range of force observed of 0.89 MPa ± 0.15 MPa, which 
standard deviation was relatively large but in the range of what is usually 
obtained via a normal tensile test. 

 

 
Figure B.4: Set of pull-off experiments (system: Nipvd/glass type, thickness: 1 µm). 
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English summary 
 

The phenomenon of adhesion is well known for a long time. It 
describes how materials stick together and how their interface fails upon 
excessive loading. In the last fifty years, the interest in adhesion has been 
growing, as the interface is often the weakest link of a bi-material structure. It 
is therefore important to be able to characterize adhesion. Several hundreds of 
tests already exist to achieve this goal. However, the measurement of a reliable 
parameter that takes into account nothing but adhesion is difficult, since the 
tests usually include many contributions that are not easy to quantify.  

The 90 degrees peel-test device has been used here. A theory assuming 
steady-state peeling has been applied to allow the quantification of the fracture 
energy Gc, a parameter able to characterize adhesion. This theory was then 
applied to the specific case of nickel films adhering to ceramic substrates.  

The water originated from the wetting deposition technique was seen 
to have a tremendous effect on the level of adhesion. This water was then 
removed by storing the samples in a dry desiccator.  

For all systems that were studied, the fracture energy was constant at 
low peeling speed (below 1 mm/min). At higher peeling speeds, the fracture 
energy increases with the peeling speed. A quantity (including the peeling force 
and the corresponding bending radius) was, however, observed to be 
independent of the peeling speed, and showed that the films were mostly 
behaving elastically during delamination. The increase of the fracture energy 
with peeling speed was then attributed to the effect of water in the 
environment. A quantitative model, with modifications from the cohesive 
failure case, was then successfully applied to account for this effect.  

Apart from the peeling speed dependence, differences in the adhesion 
level were also observed for different deposition techniques (electrochemistry 
and/or physical vapour deposition), different substrates (glass or spinel with 
various orientations) or different film thickness. 

The theory for the 90 degrees peel-test is usually applied for steady-
state peeling. However, other phenomena were also observed experimentally 
and studied here. For instance, before steady-state peeling, a peak in the force 
can be observed, baptised here as “pop-in” peak. The influence of water on 
this “pop-in” effect was studied. Besides, at low imposed peeling speeds 
(below 1 mm/min), the experimental peeling force oscillates with a saw-tooth 
shape. This effect, usually referred to in literature as stick-slip, was here 
rebaptised to stick-peel effect. Using a new method to monitor the crack tip 
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position in time, the stick-peel effect could be modelled by a cycling behaviour 
between a pure sticking phase and a pure peeling phase. Finally, the peeling 
force can be seen to relax from the moment the motor, imposing the peeling 
process, is suddenly stopped. The relaxation and the stick-peel effects were 
then compared with the case of a steady-state peeling. It was shown that the 
relation between the fracture energy and the crack propagation speed follows 
approximately the same relation as for the steady-state peeling. 
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Nederlandse samenvatting 
 

Het fenomeen adhesie is al lange tijd zeer bekend. Het beschrijft hoe 
materialen aan elkaar kleven en hoe hun grensvlak breekt als gevolg van 
excessieve belasting. In de afgelopen vijftig jaar is de belangstelling voor 
adhesie toegenomen, omdat het grensvlak vaak de zwakste schakel is in een 
structuur bestaande uit twee materialen. Daarom is het belangrijk om adhesie 
te karakteriseren. Er bestaan reeds honderden tests om dit doel te 
bewerkstelligen. Echter, het meten van een betrouwbare parameter die behalve 
adhesie niets anders beschrijft is moeilijk, omdat de tests gewoonlijk veel 
bijdragen bevatten die niet eenvoudig te kwantificeren zijn.  

In dit werk werd de 90 graden delaminatie test gebruikt, zo genaamd 
“peel-test”. Een theorie die uitgaat van uniforme delaminatie werd toegepast 
om het mogelijk te maken de breukenergie Gc, een parameter die in staat is 
adhesie te karakteriseren, te kwantificeren. Deze theorie werd vervolgens 
toegepast op het specifieke geval van de adhesie van nikkel films aan 
keramische substraten.  

Het water dat voortkwam uit de depositie door middel van 
onderdompelen bleek een enorme invloed te hebben op de mate van adhesie. 
Daarom werd dit water verwijderd door de monsters op te slaan in een droge 
desiccator. 

Voor alle systemen die werden bestudeerd, was de breuk energie bij 
lage delaminatie snelheden (lager dan 1 mm/min) constant. Bij hogere 
delaminatie snelheden neemt de breuk energie met de delaminatie snelheid toe. 
Een grootheid (welke de delaminatie kracht en de bijbehorende buig-radius 
bevat) was echter onafhankelijk van de delaminatie snelheid, en toonde aan dat 
de films zich meestal elastisch gedroegen tijdens delaminatie. De toename van 
de breuk energie met de delaminatie snelheid werd toegeschreven aan het 
effect van water in de omgeving. Een kwantitatief model, met een aanpassing 
aan een breuk model voor homogene materialen, werd vervolgens succesvol 
toegepast om dit effect te verklaren. 

Behalve de afhankelijkheid van de delaminatie snelheid, werden er ook 
verschillen waargenomen voor verschillende depositie technieken 
(elektrochemische en/of fysisch sputteren), verschillende substraten (glas of 
spinel met verschillende oriëntaties) of verschillende film diktes.  

De theorie voor de 90 graden peel-test wordt meestal gebruikt voor 
uniforme delaminatie. Echter, in dit werk werden ook andere fenomenen 
experimenteel waargenomen en bestudeerd. Bijvoorbeeld, vlak voor de 
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uniforme delaminatie kon er een piek in de kracht worden waargenomen, die 
hier “pop-in” piek wordt genoemd. De invloed van water op dit pop-in effect 
werd bestudeerd. Bovendien, bij lage opgelegde delaminatie snelheden (lager 
dan 1 mm/min) oscilleert de experimentele delaminatie kracht volgens een 
zaagtand vorm. Dit effect, in de literatuur vaak “stick-slip” genoemd, wordt 
hier “stick-peel” genoemd. Met behulp van een nieuwe methode om de positie 
van het breuk front te volgen, kon het “stick-peel” effect gemodelleerd worden 
door een cyclisch gedrag tussen een zuiver klevende fase en een zuiver pellende 
fase. Tot slot werd gevonden dat de delaminatie kracht relaxeert op het 
moment dat de motor, die het pel proces oplegt, plotseling wordt gestopt. De 
relaxatie en de “stick-peel” effecten werden vervolgens vergeleken met de 
resultaten voor de uniforme delaminatie. Het werd aangetoond dat de relatie 
tussen de breuk energie en de breuk propagatie snelheid ongeveer dezelfde 
relatie volgt als voor de uniforme delaminatie.  
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Résumé en français 
 

L’adhésion est phénomène connu depuis déjà bien longtemps. Ce mot, 
originaire du latin «adhaerere», est habituellement utilisé pour décrire 
l’assemblage de deux matériaux, que ceux-ci soient de même nature ou non. 
Cependant, lors des cinquante dernières années, le phénomène d’adhésion a 
connu un regain d’intérêt. Les publications sur ce sujet se sont multipliées. Et 
pour cause: l’interface entre deux matériaux est souvent le point faible d’une 
structure dans son ensemble.  

La caractérisation et la compréhension de ce phénomène sont donc 
primordiales. L’on recense à ce jour plus de 350 tests lui étant dédiés. La 
mesure du pouvoir adhésif résulte de la combinaison de différents mécanismes. 
Il est, de fait, extrêmement difficile d’isoler chacune des contributions afin de 
quantifier, de manière fiable, le terme rendant compte uniquement du 
phénomène d’adhésion. 

Le test sélectionné ici afin d’établir cette quantification est le pelage à 
90°. Une théorie basée sur l’équilibre énergétique lors d’un pelage stable, où la 
force et la propagation de la tête de fissure sont régulières, a été ici appliquée 
dans le cas particulier de l’interface entre un substrat rigide en céramique et un 
film flexible métallique de nickel. Cette théorie permet d’éliminer le terme 
dissipatif de l’énergie totale fournie au système, isolant ainsi l’énergie de 
séparation de surface Gc, considérée comme un paramètre proche du travail 
d’adhésion Wadh.  

Nous avons pu observer que l’eau provenant du bain électrochimique 
utilisé pour déposer le nickel influence grandement l’adhésion des échantillons 
étudiés. Afin d’éradiquer la moindre trace d’eau, les échantillons ont séjourné 
dans un dessiccateur  avant d’être étudiés. 

Pour des vitesses de pelage inférieures au mm/min, un plateau apparaît 
systématiquement. Pour des vitesses de pelage supérieures, l’on observe une 
augmentation de l’énergie de séparation. Nous avons pu montrer que la vitesse 
de pelage influait sur le phénomène d’adhésion via l’humidité de l’air. Afin de 
quantifier cette contribution, nous avons adopté  et adapté un modèle similaire 
à celui basé sur la propagation de fissure cohésive. Un second modèle nous a 
permis d’identifier une constante indépendante de la vitesse de pelage. Cette 
constante n’est en réalité que le reflet du caractère globalement élastique des 
films, malgré l’existence de termes de dissipation d’énergie.  

Outre la vitesse de pelage, d’autres paramètres influent sur le 
phénomène d’adhésion: la méthode de dépôt (par plasma avec ou sans 
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renforcement électrochimique), la nature des substrats (verre, spinelle avec 
différentes orientations atomiques) ou encore l’épaisseur des films.  

Lors d’un test de pelage, la valeur de la force moyenne n’est 
généralement exploitée que si le pelage est stable. Cependant, lors de cette 
étude, nous nous sommes également attardés sur d’autres phénomènes moins 
connus. Par exemple, l’on a pu observer un pic de démarrage et étudier 
l’influence de l’humidité sur ce pic. De plus, pour des vitesses de pelage faibles 
(inférieures à 1 mm/min), la force de pelage ne se stabilise pas mais oscille 
autour d’une valeur moyenne. La courbe qui en résulte n’est donc pas lisse 
mais en dents de scie: c’est le phénomène de «zipping». A partir d’une nouvelle 
méthode exploitant la force de pelage mesurée expérimentalement, l’on a pu 
suivre dans le temps la propagation de la tête de fissure. Nous avons pu ainsi 
découvrir que les «dents de scie» n’apparaissent que lorsque la tête de fissure, 
tout d’abord presque immobile, se propage soudainement à une vitesse bien 
supérieure à celle imposée par le moteur de l’appareil. Enfin, lorsque le moteur 
est arrêté après un pelage stable, la force de pelage se relaxe. Nous avons pu 
établir les courbes montrant l’influence de la vitesse de propagation sur 
l’énergie fournie au système lorsque les effets de relaxation et «zipping» 
apparaissent. Ces courbes se sont révélées comparables à celles où la force de 
pelage était stable. 
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