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chapter 1 Introduction 

1.1 General 

Adhesion is a very old concept; the word ‘adhesion’ has a long history, it was first 
introduced to the world around 50 BC by Cicero. The interest in adhesion had been 
increasing through the last decades. The adhesion of thin films coatings is very 
important in many technologies, and consequently the need to measure adhesion is 
quite patent. Recently there has been a flurry of activity in designing new techniques 
or improving existing techniques for adhesion measurement of coatings. As a matter 
of fact, a large number of methods are available, ranging from very simple to very 
sophisticated. Some techniques have been claimed to be able to measure the 
interfacial adhesion. However, in most cases, there is no interface to start with, so 
what is the significance of interfacial adhesion? Actually what is measured is the so-
called practical adhesion, related to the force or the work required to remove a coating 
from the substrate. In a coating-substrate combination, the failure takes place at the 
weakest place and could be either interfacial or cohesive. 

1.2 Fields of application 

There is a wide range of application fields for adhesion science. It can be illustrated 
with in listing of application areas, which are encountered in everyday life. 

Metal thin films are widely used on polymers, semiconductors, metals and insulators 
for a wide variety of applications such as decoration, resistive and magnetic films, 
electrical contacts, light reflection, impermeable films and anti-corrosion, well-known 
examples are chromium on steel and on plastic for car parts, car lamp reflectors and 
compacts discs, aluminum on plastic packing foil, zinc on roof gutters, silver on table 
ware, gold on cheap jewelry, etc. as show in Figure 1-1. 

 

Figure 1-1 metal film coating for different application 

Polymer coatings are always used as glues, paints and inks. The major function of 
glues and adhesive tapes is to provide strong and persistent adhesion. Paints can be 
used to prevent from corrosion protection and for decoration when adhesion can 
withstand high humidity, thermal cycling and scratching. Similarly, inks on paper and 
on plastics have to withstand scratching and friction. 

Refractory coatings are also often used consisting of metal nitride, boride and carbide 
compounds and deposited by chemical vapor deposition (CVD). Since the high 
mechanical loads on the films are necessary, it is obvious that for such coatings strong 
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adhesion is a prerequisite. CVD is also used for the deposition of metal oxide films, 
e.g. used as optical films in car lamps, on glasses and on TV screens. 

1.3 What is actually measured and how to measure adhesion 

The problem of the measurement reliability is very important since there is a large 
confusion about what is exactly measured when on attempts to measure adhesion. The 
answer depends on the definition of adhesion. 

Adhesion can be classified in three different forms1: 

- Fundamental adhesion. 

- Thermodynamic adhesion. 

- Practical adhesion. 

Fundamental adhesion can be defined as the sum of all interfacial 
intermolecular/atomic interactions between the materials in contact. If the type of 
interaction between the film material and the substrate and the number of interacting 
units per unit area are known, then the fundamental adhesion can be calculated in 
principle. Conversely, fundamental adhesion also represents the energy required to 
break bonds at the weakest plane between the film and the substrate under the 
adhesion measurement conditions used. 

Thermodynamic adhesion stands for the change in free energy when an interface is 
formed and is expressed as 2121 SSSSAW γγγ −+= , where WA is the work of adhesion, 

�S1 and �S2 represent the surface free energies of each material, and �S1S2 is the 
interfacial energy. 

The practical adhesion usually corresponds to the force or the work required to 
remove a coating from the substrate. This is actually what is measured when one 
attempts to measure adhesion by any technique. It includes the energy required to 
deform both the coating and the substrate, as well as the energy dissipated as heat or 
stored in the coating, and the representative component of the fundamental adhesion. 
The relationship between the practical adhesion and the fundamental adhesion can be 
expressed as followed: 

Practical adhesion = f (fundamental adhesion, other factors) 

More than 350 different techniques2 can be found to measure or characterize adhesion. 
The large number is caused by the fact that none of these tests really manages to 
provide a quantitative measure of adhesion, which would be a system property. 

Determining fundamental adhesion is therefore extremely complicated. In Table 1-1, 
a list of experimental techniques for measuring practical adhesion is given 

Table 1-1 Techniques for measuring adhesion3 

Method Principle 

Bending substrate bent or twisted until film removed 

Abrasion burnishing or abrasion of surface to remove film 

Scratching Film scratches through by probe. Alternatively parallel 
grooves cut into the film with decreasing separation until 
intervening material lifts from substrate 

Pulling Film pulled off directly if it is thick enough.  
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Ideally, adhesion test should be nondestructive and easily adaptable. Its interpretation 
should be relatively simple, and the method should be amenable to automation and 
standardization. The ideal adhesion test should also be reproducible, quantitative and 
directly related to coating reliability in specific applications. There are currently no 
tests for the measurement of practical adhesion that fulfill these requirements and all 
of the commonly used tests are mostly destructive in nature4. Indeed it is difficult to 
design a nondestructive test, given the level of theoretical understanding that exists, 
and it is therefore necessary to make the best use of the available tests. 

The peel test is one way of measuring the interface strength of the crack growth; it is 
in practice a very simple mechanical test5. It is also a very effective test for flexible 
thin film. The strength of the interface under loading can be measured simply by 
changing the peel angle, provided that analysis can give the relationship between the 
peel angle and the phase angle of the near crack tip. This test can be easily adapted to 
study creep or fatigue of interface, environmental effects such as stress corrosion and 
crack growth along the interface. 

90o Peeling is chosen as the method in our study since it is easy to build and perform, 
more details about the 90o peel test will be illustrated in chapter 2.5. 

1.4 Factors affecting adhesion measurements 

A large amount of other factors could influence the practical adhesion: the stress in 
the coating and the substrate, their thickness and their mechanical properties, the 
energy consumed by plastic deformation and viscous dissipation, the mode of failure, 
the rate of the applying the force, the technique used, and its parameters. 

Let us take the example of the peel test, which is one of the commonly used 
techniques and also used in our experiments. For the same film-substrate combination, 
different thickness and rates of peel can result in different peel strength values; 
although the fundamental adhesion is expected to be independent of the thickness or 
the peeling rate. This behavior can be easily explained by the expression (above) in 
that the quantity (fundamental adhesion) is the same but the contribution due to ‘other 
factors’ is quite different at different thickness and different rates. At higher peeling 
rate, for example for viscoelastic materials, the peel strength is generally higher 
because of more viscoelastic dissipation of energy. 

Here, we outline some considerations, which affect the interpretation of such 
experiments: 

- Geometry  

- Different tests 

- Surface roughness. 

- Mechanical properties (hardness, ductility) of the substrate, the coating and the glue 

- Temperature 

- Humidity 

- Internal stress in the coating, which can be sufficient to cause delamination 

- Defect structure 

- Mode of failure 

- Strain rate 
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1.5 Goal of this study 

The final goal of this study was to combine the experiments results and the simulation 
in order to study and better understand the adhesion properties of the heterogeneous 
systems. (Ni-glass and Ni-spinel systems were specially used in our experiments as 
the heterogeneous systems) 

To achieve this goal, the best deposition conditions for the PVD sputtering and 
galvanic deposition had to be found. After we could get reliable samples, it was 
possible to study the factors that could influence the adhesion properties such as the 
delamination length, the film thickness, the peeling rate, the spinel orientations, and 
also the water content on the fracture energy. 

Different techniques are used to analysis and evaluate the results from experiments, 
such as SEM (scanning electron microscopy), AFM (atomic force microscopy), 
confocal microscopy, etc. 

A mathematical model built in Excel and referred to as the ICPeel program was used 
for the calculation of the total energy and the fracture energy in particular. Further 
details will be presented in this report. 
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chapter 2 Experimental 

2.1 Preparation of materials 

The choice of the heterogeneous system is very important, in order to simplify the 
study. Nickel was chosen as the film coating material; glass was first used as a 
substrate for the deposition but two different orientations for spinel MgAl2O4 were 
also used in our experiments.  

There were two kinds of materials systems that were used to perform the peel tests: 

- Glass + nickel film (PVD) or nickel film (PVD + galvanic) 

- Spinel substrates + nickel film (PVD) or nickel film (PVD + galvanic) 

In order to withstand the force necessary for the delamination, at least 2 �m thick 
films have to be deposited on the surface of glass or spinel substrates if the deposition 
is carried out only by PVD sputtering.  

Another possibility consists in depositing a first conductive 500 nm nickel film on 
glass or spinel substrate by PVD sputtering, and thereafter an extra layer by an 
electrochemical solution. By controlling the current density and the deposition time, 
an extra thickness of 3, 5, or 10 �m nickel could be deposited on the surface of the 
substrates.  

2.1.1 Nickel 

The use of nickel has a long history and many application fields; for example, coins 
made from this transition metal were minted in 235 BC in China. Nickel is used 
extensively in structural alloys6, both as an alloy base and as an alloying element in 
austenitic stainless steels. An alloy of nickel and copper has found wide use in 
desalinization plants that convert sea water into fresh water. With its more resilient 
physical properties, nickel plating is used to provide protection to much softer metals. 
As a catalyst, fine nickel powder and sponge is used in hydrogenating vegetable oils 
and glass manufacturers have long used nickel compounds to impart a green color to 
their products. 

Nickel was chosen as the film material in our experiments, and its deposition and 
quality can be well controlled. Indeed, the internal stress can be controlled by the 
selection of different electrolyte solution (nickel sulfate or nickel sulphamate) and 
different concentrations, since it can influence the adhesion. 

2.1.2 Glass 

In order to test our methods, the glass substrate was first used for its low cost material, 
which could allow increasing the amount of experiments. The choice of glass was also 
important since it was chemically inert and transparent, like magnesium alumina. 

The glass substrates used here were glass microscope slides from Chance Propper 
LTD Englandwith the dimension 76*26*1.1 mm (length, width, thickness).  

2.1.3 Spinel 

Spinels belong to a group of oxides that have similar structures. The spinel group 
contains over twenty members, but only a few are considered common. The general 
formula of the Spinel Group is AB2O4. The A represents a divalent metal ion such as 
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magnesium, iron, nickel, manganese and/or zinc. The quadrivalent lead ion can also 
occupy this site. The B represents trivalent metal ions such as aluminum, iron, 
chromium and/or manganese. Titanium may also occupy this site with a +4 charge 
and lead at +2 can occupy this site. Solid solution is common in this group of minerals, 
meaning that they may contain certain percentages of different ions in any particular 
specimen. 

The spinel substrates (Crystals MgAl2O4) used in our experiments were manufactured 
by MTI Corporation. These samples were polished only on one side with a roughness 
lower than 10 Å; the single crystal was studied and compared results were aiming at 
being compared with numerical simulation, which will not be discussed here. In order 
to achieve this goal, we focused on two different surfaces orientation: <100> and 
<111> which are the most important ones for the spinel crystals. The dimensions were 
45*5*0.5mm (length, width, thickness). 

2.2 Deposition techniques 

There are two possibilities that were chosen to deposit a nickel film on the surface of 
the glass or the spinel substrates: first the physical vapor deposition (PVD) and 
secondly the galvanic (or electrochemical) deposition. 

2.2.1 Physical vapor deposition (sputtering) 

Sputtering is a momentum transfer process in which atoms from a cathode (or target) 
are driven off or sputtered by bombarding ions. In this process the momentum of the 
bombarding particles is more important than energy. For example, a hydrogen or 
helium ion accelerated to 3000 eV will cause very little sputtering compared to an ion 
of argon (which is chemically inert) with the same 3000eV energy, because the much 
lighter ions have much less momentum. 

Sputtered atoms travel until they hit a substrate. As individual atoms they can be 
chemically active and form compounds with ions or atoms of the bombarding gas. 
This is the reason inert argon is used as the bombarding gas. In some applications, 
however, a reactive gas is purposely added to argon so that the deposit is a film of 
chemical compound. 

When argon ions strike the target, their electrical charge is neutralized and they return 
to the process as atoms. If the target is an insulator, the neutralization process results 
in a positive charge on the target surface. This charge may grow large enough that the 
bombarding ions are repelled and the sputtering process stops. To continue the 
process, the polarity must be reversed to attract enough electrons from the discharge 
to eliminate the surface charge. This periodic reversal of polarity is done 
automatically by applying RF (radio frequency) voltage onto the target assembly.  

Two kinds of sputtering mode can be used: static and rotative; both modes were 
compared in our experiments. The sputtering time for the rotative mode is much 
longer than for the static mode, but the quality is better compared with the static mode 
sputtering. 

Two sputtering systems were used in our experiments: the AlcatelTM SCM 850 device 
(from GTD), and the Randex model 2400-6J and 8J sputtering system7 (from TNO). 

An AlcatelTM SCM 850 device (Figure 2-1) with 2*10-6 mbar background pressure 
was employed; for the nickel-glass system, a 5 �m nickel film could be deposited 
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relatively fast so that no extra deposition was needed. The thickness was controlled by 
the sputtering time and experimental conditions, such as power and pressure and later 
measured by the confocal microscopy.  

 
Figure 2-1 Alcatel SCM 850 PVD device (GTD). 

The Randex Model 2400-6J and 8J sputtering system (Figure 2-2) from TNO could 
deposit a wide variety of materials onto substrates such as ceramics, metals, plastics, 
glass, and semiconductors. Resulting thin films can range in thickness from a few 
angstroms up to a fraction of a millimeter. In the case of Ni sputtering on the glass 
and spinel substrate, the power and the pressure were set to 400 W and 2*10-7 mbar, 
respectively. 500 nm Ni can be deposited on the surface within 17 minutes. 

 
Figure 2-2 Schematic illustration of radio frequency (RF) diode sputter deposition (TNO).  

For the PVD sputtering conditions (Alcatel device), four combinations (Table 2-1) 
were selected from the pull-off test (tests carried out prior to this project). The 
reasonable power that could be used for nickel sputtering on the glass surface was 
between 750 W and 1250 W, and the pressure between 0.01 mbar and 0.03 mbar (also 
applicable for the spinel substrate). 

Table 2-1 PVD sputtering conditions (GTD). 

Power (w) Pressure (mbar) 

750 0.01 

1250 0.01 

750 0.03 

1250 0.03 

Before depositing the Ni film, the glass substrates were first cleaned by dipping them 
into a sodium hydroxide followed an ultrasonic bath containing a detergent agent. 
After each clip, they were cleaned with demineralized water and propanol, PVD was 
then done by magnetron sputtering using a 99.9 % nickel target. 
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2.2.2 Electrochemical deposition 

The technology of electroplating of nickel has been developed through the last five 
decades. A feature of electroplating is that, by modifying the composition of the 
electrolyte and the operating conditions, the properties and appearance of nickel can 
be customized to meet specific needs. 

The majority of nickel plating solutions are based on the ‘Watts’ formulation 
developed by professor Oliver P. Watts in 19168, the watts electrolyte combines 
nickel sulfate, nickel chloride and boric acid. While the proportions may vary 
according to the applications, a typical formulation together with operating 
parameters is given in Table 2-2. 

The nickel sulfate is the primary source of nickel ions (Ni2+) and nickel chloride a 
contributing source. Nickel chloride has two major functions: first, it increases 
solution conductivity thereby reducing voltage requirements and secondly, it is 
important in obtaining satisfactory dissolution of nickel anodes. Boric acid is a buffer 
and has the major function of controlling the PH of the solution to prevent from the 
formation of Ni (OH)2 at pH higher than 5. 

Table 2-2 Typical formula and operating conditions for watts nickel electroplating solution. 

Nickel-sulfate (NiSO4.6H2O)  240-300 g/L 

Nickel chloride (NiCL2.6H2O)  30-90 g/L 

Boric acid (H3BO3)  30-45 g/L 

Temperature  40-60 oC 

PH  3.5-4.5 

Cathode current density  2-7 A/dm2 

Deposition rate  25-85 �m/hr 

A nickel sulphamate solution was also used in our experiments (Table 2-3). Such 
solutions are mainly used for the deposition of functional coatings or for 
electroforming. For such applications the low stress, which can be achieved without 
the use of additional agents, the high deposition rates and desirable deposit properties 
offset their higher cost. 

Table 2-3 Typical composition and operating condition for nickel sulphamate solutions8. 

Nickel sulphamate 
(Ni(NH2SO3).2.4H2O) 

300-450 g/L 

Nickel chloride (NiCL2.6H2O) 0-30 g/L 

Boric acid (H3BO3) 30 g/L 

Temperature 40-60 oC 

PH 3.5-4.5 

Cathode current density 2-15 A/dm2 

Deposition rate 25-180 �m/hr 

The experimental procedure for the galvanic deposition was as follows: a 0.5 �m 
nickel film was first sputtered by the PVD process; secondly, the samples were dipped 
into a 30% HCl solution for about 10 seconds in order to eliminate a possible oxide 
layer at the surface and then cleaned with distilled water, after that, the samples were 
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put into the bath under controlled current density; a certain thickness could be 
deposited in the Watts bath or the nickel sulphamate solution. 

To make a good electrolyte solution, about 10 hours stirring is needed under the room 
temperature. The recipes for the nickel-plating solutions that were used in our 
experiments are shown in Table 2-4. 

Table 2-4 Nickel-plating solution composition. 

Material Quantity (g/L) Material Quantity (g/L) 

Nickel sulfate 330  240 Nickel sulphamate 320 

Nickel chloride 45 30 Nickel chloride 4 

Boric acid 38 30 Boric acid 30 

The principle of the electro-deposition is based on the electron transfer. The reactions 
that take place are the following: 

At the cathode:   at the anode: 

Ni2+ + 2 e- � Ni (Reduction)  Ni � Ni2+ + 2 e- (Oxidation) 

There is also a side reaction at the cathode since the pH is low; indeed H+ can be 
reduced to H2 by 2 H+ +2 e- � H2(g). 

These bubbles have significant effects during the deposition; they will adhere on the 
surface of cathode and act as an isolate layer, so they will make the deposition layer 
surface rough; moreover this active layer increases the resistance between the two 
electrodes, which will change the current, and then the deposition rate. 

Regular additions of sulfuric acid are therefore required to adjust the pH. Boric acid 
limits the effect on the pH resulting from the discharge of hydrogen ions. The 
mechanism by which boric acid operates is complex8, but it is generally understood. 
The main idea is that a mixture of borate ions and non-ionized boric acid are present 
in the solution. When hydrogen is discharged some boric acid will ionize to replace 
the hydrogen ions lost and so the pH change is limited. At the same time, borate ions 
form. When acid is added to adjust the pH, these borate ions combine with hydrogen 
ions to reform boric acid. Boric acid is therefore only lost through drag out or other 
solution losses. 

 
Figure 2-3 Ni electroplating setup. 

The thickness of the deposited layer was estimated via Faraday’s law:
CS

IT
t =  where I 

is the intensity, T is the deposition time, S is the surface being deposited and C is a 
constant, C=8.044*10-8 hm-3A-1. 
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This formula could be written in another form: 

_

_

_
29, 253.73

_

thickness faraday const nelectrons
t

J molecular weight

film thickness
t

current density

δ× × ×
=

×

= ×  

h: thickness; t: time; F=96488 C.mol-1: Faraday’s constant; I: current; S: surface; 
nel=2: number of electrons; M=58.71 g.mol-1: molecular weight; dNi= 8.9: density of 
nickel. 

2.3 SEM  

Fractured surfaces are generally first studied with optical microscopy, but in many 
cases this is not sufficient. Therefore, most fracture surfaces were also inspected with 
scanning electron microscopy. With SEM, surface topography is imaged by means of 
a scanning electrons beam (as shown in Figure 2-4). The image is formed by 
backscattered electrons and electrons originating from secondary emission. 
Magnifications up to 50,000 times are possible and details of about 20nm can be 
observed. Another important advantage of the SEM is its high depth resolution at high 
magnifications, compared with optical microscopy. In order to prevent electric 
charging, insulating surfaces have to be covered first with a conducting layer of about 
15nm thickness. For this purpose generally gold films are deposited by sputtering. 

 
Figure 2-4 Example of a sample image (PVD layer + galvanic layer) 

The high-energy electrons of scanning beam, with energies up to 30keV, excite atoms 
in the top 1�m of material. These atoms emit characteristic X-rays, by energy-
dispersive analysis of this X-rays (EDX), semi-quantitative information is obtained on 
the composition of surfaces. Combined with SEM, EDX is a quick method for the 
inspection of surfaces and it provides information on structure and composition of 
surfaces on micrometer scale. 

2.4 Confocal microscopy 

The NanoFocusR�SurfR confocal microscope offers the possibility to measure surface 
structures with an interesting vertical and lateral resolution9. In our experiments, the 
confocal microscopy is mainly used to measure the surface topography and the 
thickness of the samples, as shown in Figure 2-5, the left is the image for nickel film 
after PVD and galvanic deposition; the right is the thickness measurement, we can see 
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there is a sharp change between the substrate and the nickel film. Here, the thickness 
of the nickel film is 9 μm. 

 
Figure 2-5 Surface measurement by confocal microscope 

2.5 Peel test 

The analysis of peeling of laminates and adhesive joints has a long history because 
peeling is important in many industrial processes and products. A major attraction of 
peel tests is their apparent simplicity both practically and in their analysis.  

Most workers10,11,12,13,14,15,16,17 have adopted an approach to analyze the mechanics of 
the peel test via an energy-balance approach. A fracture energy Gc is often used, 
which is the energy per unit area needed to propagate a crack, either along the bi-
material interface or cohesively (through the adhesive layer or through one of the 
materials). Gc should be characteristic of the joint and ideally independent of 
geometric parameters such as the applied peel angle, the thickness of the flexible 
peeling arms or the thickness of the adhesive layer. The present section will focus on 
the analysis of the mechanics of the peel test by using an energy balance approach. An 
ICpeel18 program was used as a tool for the calculations (see Appendix: Process Zone 
Model). 

2.5.1 Introduction to the peel tester 

The peel tester used in our experiments and the general simple form of the peel tester 
are shown in Figure 2-6. 

The peel tester device was specially designed at Eindhoven University of Technology. 
In order to keep a 90o peeling angle during the measurement, the load cell moves on 
the fixed 45o rail with respect to the substrate, the speed can vary from 0.01 mm/min 
up to 60 mm/min by controlling the electronic motor; the force can be measured from 
0.0001 N to 50 N; the accuracy of the displacement which the device could reach is 
better than 1�m; and the program can collect the data at 10 points/sec and 100 
points/sec; a micro-camera is mounted on the side of the substrate to monitor the 
peeling.  
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Figure 2-6 Scheme of the basic 90o peel test. 

Moreover, the force measured during the experiments does not exactly correspond to 
the one at the angle of 90o. Indeed, a motor movement of 1 mm before the nickel film 
delamination (at 20 mm height from the substrate) implies that a change of angle of 
about 2 degrees as shown in Figure 2-7.  

 
Figure 2-7 Scheme of peeling with 2o difference. 

The angle which was supposed to be 90o is then in practice slightly higher, resulting 
in a force increase of about 4%19. This force increase needed to delaminate the foil to 
an increase of the calculated fracture energies. 

2.5.2 Basic concepts 

The adhesive fracture energy Gc can be derived from an energy-balance approach: 

)(
1

da

dU

da

dU

da

dU

da

dU

b
Gc dbdtsext −−−=  

where, dUext is the external work, dUs is the stored strain energy in the peeling arm, 
dUdt is the energy dissipated during tensile deformation of the peeling arm, dUdb is the 
energy dissipated during bending of the peeling arm near the peel front, b is the width 
of the film and da is the crack length. 

The total energy input to the system G is related to the peel load: 

( )1 cos
P

G
b

θ= −  

When the film deformation is totally elastic, there is no energy dissipation and 

( )1 cosc

P
G G

b
θ= = −  Gc is then a characteristic property of the interface, and ideally 

independent of the geometrical details of the peel test such as the thickness, h, of the 
peel arm, the delamination length, but in general we are not dealing with elastically 
ideal materials and Gc can be expected to be dependent upon the test rate, temperature 
and water content. 
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In our case, �=�/2 as shown in Figure 2-8, the peeling arm is initially bent and then 
gradually straightened as the peeling proceeds 

 
Figure 2-8 90o peel test. 

The relationship between the bending moment Mp/b /pM b and the curvature 1/R is 

shown in Figure 2-9, the area under the curve is the plastic energy dissipated during 
bending. 

 
Figure 2-9 Moment-curvature diagram. 

If the peel arm is a non-work hardening material, the moment tends to be plastic limit 
and: 

2

4
p yM h

b

σ
=  . For large values of the plastic-energy dissipation 

2
1

2
2

p yM h
G

b R R

σ
≈ =  

Another important factor we need to consider is the root rotation, 0θ , as shown in 

Figure 2-10, the value of root angle will increase when stretching the substrate peeling 
arm before their debonding, such increase will reduce the plastic work, so the 

proportion of G going into plastic work, Gd, is [ ]01 cos( )d

P
G

b
θ θ= − − , in our case, 

the 90o peel test, assuming �0 to be small, ( )01d

P
G

b
θ= − . 
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Figure 2-10 Evidence of the root rotation and schematic form. 

The true adhesive fracture energy Gc is approximately given by 
2 2

0| |
2 2

y y
c d

h h
G G G G

E E

σ σ
θ= − + = +  

2

2
y h

E

σ
is the elastic energy release rate from the beam at M=Mp. 

As shown in Figure 2-10 , 0 R
θ

Δ
= , where � is the characteristic length of deformation. 

By substituting the equations, we can get  
222

2
y

c
y

hG
G

h h E

σ

σ

Δ� �
= +� �
� �

 

Kinloch18 et al. built a detailed theory to calculate the Gc, two approaches can be used: 
the linear-elastic stiffness approach and the critical limiting maximum stress approach. 
For more information see appendix. 
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chapter 3 Results and discussions 

3.1 Best coating condition choice 

Before the investigation of different factors which could affect adhesion properties, 
we have to prepare a system that can be used for our study with the current setups, so 
the choice for the suitable deposition conditions will play a key role on the final 
results we are going achieve. 

3.1.1 PVD conditions 

The first goal of this section is to find out the optimal interface in order to study 
adhesion. It means that adhesion has to be strong enough to be measured by the peel 
test. On the other hand, adhesion cannot be too high. If so, it will result in a cohesive 
failure (through one or both material). 

For the types of samples we used in this part (Ni-glass system), a power between 750 
W and 1250 W, and an argon pressure between 0.01 mbar and 0.03 mbar could be 
employed to the GTD sputtering machine. The Ni-spinel system is not used to the 
pull-off test in order to reduce the cost (around 300 euros a piece). 

Four extreme conditions were selected and considered to be possible candidates for 
the PVD sputtering. Under the low pressure during the sputtering, the ions can travel 
at higher speed and then hit the surface with a higher energy; increasing gas pressure 
results in increasing the discharge current, increasing backscattering, and slowing 
down the energetic particles by inelastic collisions. The first two effects compete and 
largely determine deposition rates. The third effect can be use to maximize or 
minimize the energy of particles incident on substrate. The higher the power is, the 
higher the temperature is at the surface, and consequently the higher the internal stress 
that can cause a direct failure of the film during the deposition.  

For the Ni-spinel system, the same procedures were employed. The evidence between 
different sputtering conditions is shown in Figure 3-1. For the 750 W/0.03 mbar, the 
color of the nickel film is dark, and most parts of the film have already been peeled 
off; such samples can not be measured on the peel tester because the film is cut off as 
soon as the notch is broken, and even some “fire-works”-like delamination can be 
recorded after the notch broken. The reason could be explained by the high internal 
stress, the increasing pressure will slow down energetic particles by inelastic 
collisions, under such kind of situation; a homogenous nickel film could not be 
expected. 

 
Figure 3-1 Evidence for the spinel samples sputtered by different 750 W, 0.03 mbar and 750 W, 

0.01 mbar. 

The power will also influence the peel test measurements, as shown in Figure 3-2, the 
peel force curve flatness of the 750 W/0.01 mbar is better than the 1250 W/0.01 mbar; 
it means that under the lower power 750 W a more homogenous nickel film can be 
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deposited. The reason could be explained by the high temperature due to the high 
power. The dilatation coefficient is different for both materials leading to a possible 
mismatch after cooling down the samples, such situation will cause an asymmetry 
nickel film on the spinel and then it is reflected on the peel force 

 
Figure 3-2  Peel force comparison between 1250 W (left) and 750 W (right) samples deposited 

with 0.01 mbar argon pressure. 

The total results are shown in Table 3-1, 750 W/0.01 mbar, and 1250 W/0.01 mbar 
can be used as the PVD sputtering conditions, another reason that we preferred 750 
W/0.01 mbar in the following experiments is because of the reproduce ability. In the 
GTD sputtering machine, one series of 6 samples can be deposited at once, but only 
half of them could be used for the measurements in the case of the 1250 W/0.01 mbar 
set. 

Table 3-1 PVD sputtering conditions choice (GTD). 

Power (W) Pressure (mbar) Thickness (um) results 

750 0.01 3 ++ 

1250 0.01 3 + 

750 0.03 3 - 

1000 0.03 Not measurable -- 

3.1.2 Galvanic conditions 

Due to the irreproducibility of the GTD sputtering machine, it was difficult to deposit 
a 3 �m, 5 �m, 7 �m or a 10 �m nickel film directly on the spinel, about 30 samples in 
total were used for the GTD machine, but only a few samples by 750 W/0.01 mbar 
could be measured by the peel tester. So another strategy was used in where a 0.5 �m 
film was first deposited by PVD sputtering. An additional layer was then deposited by 
galvanic deposition. 

The experimental results are shown in Figure 3-3, both nickel sulfate and nickel 
sulphamate are used as the electrolyte solution. In the case of the samples 1 to 3 (left 
hand side) the 0.5 �m nickel film cracked and peeled off half minute after dipping 
into the solution. The reason came from the cleaning prior to the PVD sputtering, 
since the supplier “forgot” to clean the glass substrate before putting them into the 
sputtering machine. Some dusts or other particles have then most likely been left on 
the interface between the glass and the nickel film. A few holes could also be 
observed by naked eyes, so that the galvanic solution was easily able to penetrate into 
the interface, and cause the coating to crack. Another reason could be due to the 
internal stress (from 125 MPa to 185 MPa for Watts solution, below 50 MPa for 
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nickel sulphamate). When such internal force is higher than what the adhesion force 
between the glass and the PVD sputtering nickel film can withstand, the film is likely 
to peel off immediately. 

 
Figure 3-3 Results for galvanic deposition.  

We also compared the watts solution and the nickel sulphamate solutions for samples 
following the cleaning procedure. The result is shown in the last sample (No.7) in 
Figure 3-3. The Watts solution induced a higher internal stress than the nickel 
sulphamate solution so that the nickel film cracked in the Watts solution whereas it 
did not in the nickel suphamate solution. Sample 6 and 7 show different color due to 
their different thickness.  

The deposition conditions used in the experiments are shown in Table 3-2; we kept 
the current density constant for both systems to ascertain the same nickel film 
properties. 

Table 3-2 Galvanic deposition conditions. 

 Nickel-glass system Nickel-spinel system 

Area (cm2) 9 4 

Current (mA) 10 5 

Solution Nickel sulphamate Nickel sulphamate 
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3.2 Delamination length dependence on the fracture energy  

As mentioned before, the geometry factors such as the delamination length should not 
be a factor influencing the fracture energy. Figure 3-4 shows the fracture energy as a 
function of the delamination length for the 2 different Ni-spinel systems. 

 
Figure 3-4 influence of the delamination length on the fracture energy for the Ni-spinel <1 0 0 > 

orientation system at 1 mm/min peeling rate for different deposition conditions (750 W/0.01 mbar; 
1250 W/0.01 mbar). 

The peeling speed was kept constant as 1 mm/min for different delamination length 1, 
2, 5 and 10 mm; two PVD sputtering conditions (750 W/0.01 mbar, 1250 W/0.01 
mbar) were studied for Ni-spinel system. The fracture energy was found around 3 
J/m2 in both cases as calculated from the Icpeel program. 

A common behavior can be observed for different PVD sputtering conditions, the 
fracture energy stays constant and is independent of the delamination length; it means 
that the delamination reaches a steady state peeling and that there is an energy balance 
between the energy of the whole system and the energy dissipated added with the 
energy to create two new surfaces. So no matter how long the delamination length is, 
the fracture energy, which is considered as a system property, will not change. 

Gravity force of the nickel film could be taken into account when the length is long 
enough. In our case, the total delamination length is about L=40 mm and the 
maximum gravity force Fg due to this increase of the free film can be calculated as: 

ghbLgVgmF NiNig ....... ρρ ===  

][1.0].[81.9*][10.3*][1*][4*].[10.9.8 2433 mNsmcmcmcmcmkgFg == −−−−   

The influence of gravity is lower than 0.1 mN, so we can consider there is no 
influence of the gravity. 
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3.3 Elastic character of the delamination 

The load and displacement versus time was plotted in Figure 3-5, the surface under 
the left-hand half of the peak is linearly proportional to the amount of energy required 
to bend the layer. The right-hand half represents the amount of energy released 
elastically from the system upon unloading. If both areas are equal then the system 
behaves perfectly elastically. 

 

Figure 3-5 Loading-unloading cycles test (3 um, 750 W, 0.01 mbar). 

The difference between both areas (a measure of plastic deformation energy) divided 
by the loading area,  

R

LR

A

AA −
=Δ , 

AR is the right area under the curve; AL is the left area under the curve. 

We used area integration to calculate the area under the curve, but It is not easy to 
find the peak point and define it as the starting point of unloading due to the 
relaxation of the nickel film between the loading and unloading, so we use the 
corresponding peak in the displacement Vs time curve, then the alternation point can 
be found out, as we see in Figure 3-5, the starting point of unloading is not the highest 
peak point in the force curve. 

Delta is plotted versus maximum load. Within a range of 10 percent, the loading 
energy equals the unloading energy (Figure 3-6), up to peel energy of about 3 J/m2 
(corresponding to the fracture energy). The accuracy of this method was relatively 
large due to error in the area calculations from the experimental measurements.  

 
Figure 3-6 Relationship between elastic and plastic deformation versus maximum load energy (3 

um, 750 W, 0.01 mbar). 
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From these measurements it can be concluded that bulk plastic deformation of the 
nickel film during peeling from glass or spinel substrates does not play an important 
role. 
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3.4 Tensile test 

The analysis of the peel test requires knowledge of the mechanical properties of the 
films. An uniaxial tensile test enabling to obtain a stress-strain curve of the material is 
therefore required. Data was obtained by cutting dog bone shaped specimens (Figure 
3-7) from the films that were peeled from substrates. This reuse of the samples can be 
done because the delaminations performed were almost perfectly elastic as calculated 
from the ICpeel program. 

 
Figure 3-7 Schematic of the dog bone shaped sample for tensile test. 

We have to point out that the preparation of the ‘dog bone’ is not easy to handle for 
such thin specimens. So far (at the moment of the printing of this report), only get 2 
groups of useful data could be collected. The result for a galvanic + PVD deposited 
film is shown in Figure 3-8. 
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Figure 3-8 0.5+2.5 (galvanic + PVD) μm nickel film tensile test, raw (left) and processed (right) 

strain-stress curves. 

The left part presents the raw graph from the tensile test machine whereas the right 
part corresponds to the stress-strain curve after calibration and with the fitting 
procedure optimized by the least squared method. The model used for the fitting was a 
power law defined as followed: 
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Where, � and � are respectively the engineering stress and strain, E the Young’s 
modulus, n the hardening exponent and the subscript Y stands for the values of the 
parameter concerned at the yield point. 

Figure 3-9 shows another result from 5 μm nickel foil totally deposited by PVD. 
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Figure 3-9 5 μm nickel film (only PVD) tensile test, raw (left) and processed (right) strain-stress 

curves. 

The total results between reference data and calibration are shown in Table 3-3, we 
could clearly see the difference between reference data and experimental data. 

Table 3-3 Comparison between reference and calibration. 

 

Reference  

 

Calibration (0.5+2.5) 

PVD +galvanic 

After calibration (5) 

PVD 

E (GPa) 180 234.2 129.8 

�Y (%) 0.165 0.405 0.35 

n (-) 0.432 0.7901 0.8096 

 

For different preparation methods (PVD or galvanic + PVD), we also observed 
differences in mechanical factors. This is quite important for the later mathematic 
model calculations, because the values of such basic factors into the model directly 
affect the accuracy of final results. So it is advisable to do the tensile test for all the 
series of samples in our experiments. Therefore the mechanical properties can also be 
expected to be dependent on the thickness of the samples. A small discussion on the 
values of the data can also be made. Indeed it has to be noticed that values for the 
glavanically-strengthened films are higher than the ones for the films deposited by 
PVD only. The films PVD deposited by PVD are then “weaker” than the ones 
deposited by electrochemistry, meaning that they achieve the plastic region with a 
much lower stress (i.e. peeling force). This observation can be explained by the higher 
density that galvanic films usually show compared to the more porous films from 
PVD (as shown in Figure 2-4). 
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3.5 Peeling rate dependence on the fracture energy 

The rate at which the test is performed, is possibly a parameter influencing the 
fracture energy. The total results for different systems are shown from Figure 3-10 to 
Figure 3-15. Many influences have been simultaneously measured (thickness, water 
system type, etc…) but we will mainly focus on the influence of peeling rate in this 
section. 

Figure 3-10 shows the rate dependence of the fracture energy calculated in the case of 
nickel-glass (GTD) system by using the Process Zone Model, the thickness of the 
samples ranges from 3 μm to 12 μm. For each curve, an average value from at least 2 
equivalent samples was taken. A plateau can be observed for each thickness samples 
from 0.01 mm/min up to 5 mm/min, this plateau is important, since the fracture 
energy should be independent of the way that the test is performed and then of the 
peeling rate. Therefore this test shows that the delamination has to be carried out at 
speeds under 5 mm/min. After 5 mm/min, the fracture energy increases with the 
peeling rate up to twice (from 1.2 J/m2 to 2.4 J/m2, for 3 μm nickel thick sample).  

 
Figure 3-10 Influence of the speed on the fracture energies for the Ni-glass system (GTD). 

The highest value point at 20 mm/min for the 5 μm curve (circle) can be explained by 
the fact that at the last part of the sample, the film is not only peeled but also partially 
torn since some nickel was left on the substrate (Figure 3-11). So during the 
delamination at this region, the total energy needed to peel the film is the sum of the 
peeling energy, shearing energy and tearing energy. 

 
Figure 3-11 Schematic representation of the sample after peeling. 

Figure 3-12 shows the results from nickel-glass system (TNO), a plateau could be 
observed from 0.01 mm/min to 1 mm/min. For peeling rate higher than 1 mm/min, the 
fracture energy increases with the peeling rate for both 2 μm and 4 μm thicknesses. 
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Figure 3-12 Influence of the speed on the fracture energies for the Ni-glass system (TNO). 

Figure 3-13 shows the results for nickel-spinel (100) system, which is only deposited 
by PVD with 5 μm. The “fresh” and “used” terms refer to the spinel substrates, which 
were being restored. The “fresh” terms stands for samples where the spinel was 
cleaned as mentioned previously. The “used” samples were “fresh” samples where 
nickel was dissolved with a 50 g/L FeCl3 solution for 1 hour, followed by an etching 
in a 40 % HCl for 10 min, and finally cleaned by the normal procedure prior to the 
PVD. For the fresh substrates, the fracture energy was about 3.0 J/m2 ± 0.07 J/m2, and 
the reproducibility was also satisfactory. For the used substrate, the fracture energy 
was about 4.0 J/m2 ± 0.17 J/m2. 

 
Figure 3-13 Influence of peeling speed on fracture energy for nickel-spinel system (only PVD). 

The higher energy of the used samples was ascribed to the rough surface of spinel 
substrate, as shown in Figure 3-14: there were some holes or nickel particles left on 
the used surface after putting into the HCl solution (right AFM image), which was 
used to clean the spinel substrate and reuse it. When the crack tip is near these points, 
it may need more energy to separate the surfaces. Another reason could be that at 
these points of higher roughness, the delamination may no longer be carried out at 90o 
but at another angle. This angle change can then result in an increase of the force 
needed to delaminate the equivalent system (i.e. with the same fracture energy). 
Anyway a plateau could be observed from all the speed experiments that we used in 
our experiments. 
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Figure 3-14 Comparison between fresh and used spinel substrates  

Figure 3-15 shows the results for nickel-spinel (111) system which was first sputtered 
by PVD for 0.5 μm and then deposited by galvanic deposition for 2.5 μm. Again a 
plateau could be observed from 0.01 mm/min to 1 mm/min, and then the peeling rate 
shows some influence up to 20 mm/min; the increasing energy come from the 
decreasing water content at the interface, we will discuss the water influence later. 

 
Figure 3-15 Influence of peeling speed on fracture energy for nickel-spinel (111) system (PVD+ 

galvanic), with a thickness of 3 μm at different storage time in a desiccator. 

As we have seen from the results of different systems above, a general plateau could 
be observed at lower peeling rates, and after a certain rate, a rate dependence of the 
fracture energy could be observed. 

It can be noticed that different systems show a common behavior: there is a range of 
speeds for which the fracture energy is constant. The plateau is important since the 
work of adhesion is expected not to depend on the rate used during the delamination. 
In this range of speed the steady state conditions for the interfacial crack propagation 
are reached. In other words there is equilibrium between the energy input in the 
delamination from the whole system and the energy dissipated as well as the one used 
to create the two new surfaces. Reaching steady state peeling conditions is one of the 
crucial assumptions in the model, since a non-steady state peeling would imply that 
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the force and the angle would not be constant which contradicts the hypothesis of the 
process zone model. 

Apart from these plateaus, in all cases, when the speed is higher than a critical value 
(1, 5, or 10 mm/min), a speed dependence of the fracture energy is observed.  

The mechanical behavior is an important factor so that the strain rate dependence can 

have a strong influence. The maximum strain rate 
•

ε is given by the following 

equation:
2

12

Ebh

Fv

π
ε =
•

, where F is the peeling force, v the peeling rate, E the Young’s 

modulus, b the width and h the thickness) 

Some corrections of the mechanical properties on the calculations of the fracture 
energy have been applied, but this correction does not have much influence20. We can 
conclude that the strain-rate influence will not play an important role in the increase 
of the fracture energy. 

In all cases, when the speed is higher than a certain value (depending on the system), 
a speed dependence of the fracture energy was observed. A schematic representation 
of the shape of the nickel film at different peeling rate is shown in Figure 3-16. The 
distance d between the projected force on the substrate and the crack tip decreased 
regularly with increasing peeling rate. Maugis considered an ideal model of a perfect 
elastic foil bending with a force F at a peeling angle �. As seen in section 3.4, this 
approximation is valid. This model results in the following equation: 

F.d2=constant=2EI(1-cos�) 
For comparable films the quantity F.d2 is therefore constant. At higher speed, the 
crack tip cannot follow the rate of the motor. To follow the artificial peeling rate of 
the motor, more energy has to be input in the system. In other words increasing the 
speed of the crack tip requires more energy from a critical peeling rate. This increase 
of energy result in an increase of the peeling force and consequently in decrease of the 
distance d. 

 
Figure 3-16 Comparison of foils shape during peeling (system: Ni-glass (TNO) with 2.5 �m nickel 

film). 
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3.6 Film thickness dependence on the fracture energy 

The effect of the thickness of the peeling arm was investigated for the Ni-glass system 
by the 90o peel test. The thickness of the nickel film was changed from 3 to 12 μm. 
The peeling rates were ranging from 0.01 mm/min to 10 mm/min, so we can 
investigate the thickness influence at the same time with the rate dependence. 

The results are shown in Figure 3-17. An increase of the fracture energy with 
increasing nickel film thickness was observed. Therefore the process zone model 
(PZM) does not manage to estimate a parameter (the fracture energy), which can be a 
system property. 
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Figure 3-17 Thickness dependence on fracture energy. 

A built-in camera recorded the instant peeling. Some pictures for each thickness 
samples are shown in Figure 3-18. 

   
Figure 3-18 Pictures of foils for different thicknesses of nickel-glass system. 

The average peeling force, fracture energy of the film and the distance from the crack 
tip are shown in Table 3-4.  

Table 3-4 Total results for different thicknesses.  

Thickness (μm) 3 5 12 

Force (mN) 23.0 25.7 31.6 

Fracture (J/m2) 1.15 1.29 1.58 

Dissipation (J/m2) 0 0 0 

dcal(mm) 0.84 1.71 5.73 

dexp(mm) 0.84 1.60 8.03 
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Figure 3-19 edge of the foils 

We can see that there was an increase of the film curvature from 0.4 mm up to 2.9 
mm as calculated from the Process Zone model. This increase of the curvature is in 
good agreement with the pictures of Figure 3-18. Those pictures were also analyzed in 
order to get the edge of the foils as shown in Figure 3-19. 

 Let us consider a perfect elastic film (Young’s modulus E, thickness h, width b) 
bended by a force F in the (Oy) direction as shown in Figure 3-20.  

 

 
Figure 3-20 Scheme of bending film. 

We consider that the length of the peeled foil is large enough so that the force is a 
following force. We also consider a completely elastic behavior, which in our case is 
a good approximation. Finally we consider a peel test which substrate has 90o degrees 
with the force. The shape of the foil can be described by the following equation: 
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Where, 
F

hbE
d

.6

.. 3

= is the distance between the projected force and the crack tip. 

This distance was calculated for each thickness and is referred to as dcal in Table 3-4. 
The edge of the films was also fitted with Equation 2.1 using the least squared method 
on the parameter d. The fitted curves for each thickness are shown in Figure 3-19 
(dashed curves). First it has to be noticed that the fitted curves were in good 
agreement with the experimental curves. A small difference is nevertheless noticeable 
since the fitted curve is always lower than the experimental curve. The trend can be 
ascribed to the limitation of the model, which considers a perfectly elastic bending 
whereas some negligible plastic deformation can occur at the crack tip. The optimized 
parameter for each thickness dexp is given in Table 3-4. The experimental parameters 
from the fitting are in good agreement with the calculated values apart from the higher 
thickness. This difference can be explained by the limitation of the camera that was 
not able to get a sufficiently large image. 

We consider now 2 films with different thickness (h1<h2) for which the application of 
the force occurs at the same distance from the crack tip in both films (i.e. d1=d2). 
Their bending force F1 and F2 can be compared as following: 

3

1

2
12 . ��
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�
=

h

h
FF . Then, for the same distance from the crack tip, a thicker film will 

show a higher resistance than the thinner film. 

Some experimental results on the force-displacement curves for different thicknesses 
also showed that a thicker foil needed more displacement for the same peeling force, 
as seen in Figure 3-21. We here want to show that these experiments are in good 
agreement with the equations found previously.  

1.0

1.5

2.0

2.5

3.0

00:00.0 00:20.0 00:40.0 01:00.0 01:20.0 01:40.0

Time (min:s.0)

In
p

u
t 

en
er

g
y 

(J
/m

^2
)

3um

5um

 
Figure 3-21 Experimental delamination at 1 mm/min of nickel foil on spinel substrates for 

different thicknesses 

Figure 3-22 (left and right) show that if the crack tip or the peeling point are taken as 
references, the thicker film needs more time to delaminate as it is shown in Figure 
3-21 
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Figure 3-22 Modelisation of input energy for films of 3 and 5�m as a function of the distance of 
the projected force from the crack tip (left) and as a function of the distance from their peeling 

point 

Another intuitive behavior that one could expect is the fact that the force should 
increase faster for a thicker film at a given a position (i.e. distance from the crack tip). 
For a distance x and considering small base angle, the measured force F can be 
expressed as follows: 

2

3

.6

..

x

hbE
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If we derive this expression according to the variable x, we obtain: 
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In other words, this model shows as well that considering the same displacement for a 
thin and a thick film, (x<0), the variation of the force will be higher for the thicker one. 
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3.7 Stick-slip effect 

An intermittent nature called stick-slip effect is often observed in many fracture and 
friction experiments21 22 23. In this effect the fracture force shows fluctuations in time 
while the experiment is conducted at relatively low speed. Such observations can be 
seen for tearing experiments of rubber or while following the crack propagation of 
epoxy resin. It has also been observed in friction related experiments such as fiber 
pull-out, micro-scratch test, rock friction and friction between tow plates with some 
lubrication. This intermittent motion is created by a mechanism that generates cycles 
of crack-growth instability followed by subsequent stabilization. In our peeling tests, 
such a behavior was also observed for each system studied at lower speed (usually 
below 0.1 mm/min). Contrary to friction test where the fluctuation is due to slip, here 
it is due to peeling so that we will refer to this effect to as “stick-peel effect”. 

As explained by K.-H Tsai and K.-S, Kim24 25 26, the alternation between instability 
and stability in peeling is produced by the competition between the change in driving 
force and the change in crack-growth resistance. The frequency and the amplitude of 
the stick-peel process depend on the details of the mechanism of crack growth. The 
change in the driving force can depend on the specimen geometry, the loading history, 
the deformation characteristics of the specimen, or the inertia involved in the crack-
growth process.  

Figure 3-23 shows a relationship between the peeling force and the displacement of 
the motor for nickel film on spinel <100> substrate at 0.05 mm/min, which was 
coated for 5 �m by the rotative mode PVD (left hand). The coating conditions were 
750 W, 0.01 mbar. 
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Figure 3-23 Evidence of periodic stick-peel effect and power spectrum. 

From Figure 3-23, we can observe that not only the periodicity of the peeling force 
was quite constant but also the amplitude of the force was also regular. A power 
spectrum on the resulted signal was used to calculate the periodicity as shown in 
Figure 3-24. 
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Figure 3-24 A power spectrum to calculate periodicity. 

Sets of experiments with different conditions were performed, and a power spectrum 
analysis was used to determine the periodicity. The result of this periodicity as a 
function of the peeling rate is shown in Figure 3-25. We could not observe this stick-
peel effect when the peeling rate was higher than 0.1 mm/min, and this graph shows a 
plateau around 35 μm ± 5.1 μm and 23 μm ±2.2 μm respectively for fresh and used 
spinel substrate. 
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Figure 3-25 Periodicity of the stick-peel as a function of the peeling speed. 

One explanation of this plateau that would explain the periodic force is the presence 
of anchoring point where adhesion would be stronger (as shown in Figure 3-26). If we 
consider the distribution of these anchoring point as homogeneous in 2D and not too 
concentrated, then the projection of these anchoring points on the delamination 
direction are expected be equidistant. 
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Figure 3-26 schematic of presence of anchoring point. 

This regular distance between anchoring points would then explain the reason why the 
force results in a periodic signal during the peeling experiment: when the peeling front 
is located on a defect where adhesion is stronger than elsewhere, the force increases 
until the energy is high enough to delaminate in this region and then decreases since 
no longer stronger adhesion point is located in the peel front. 
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3.8 Water influence 

The presence of water between the nickel film and the substrate does have an 
extraordinary effect on the fracture energy. The relationship between the water 
content and the fracture energy is studied in this section. As mentioned by Charles 
and Hillig27, the crack velocity of a material v in a corrosive environment such as 
water could result in a faster crack compared to the one of a friendly environment v0 
as follows: 

RT

V
V

E

vv
m

ρ

γ
σ −

Δ
+Δ−

=
3

exp0  

Where EΔ  is he activation energy when no stress σ  is applied, VΔ the activation 
volume, mV  the molar volume of the compound fractured, γ  the surface energy and 

ρ  the curvature at the crack-tip. 

Spinel samples were first deposited by the PVD sputtering for 0.5μm and followed by 
a 2.5 μm galvanic deposition, and then measured by the peel tester after controlled 
time in a dry desiccator up to 135 hours. The desiccator was used to absorb the water 
that might have been introduced at the interface during the galvanic deposition. 

The water influence on adhesion energy results are shown in Figure 3-27. 
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Figure 3-27 Water influence on energy on 3 μm nickel-spinel (111) samples. 

It could be seen that keeping the samples for longer time in desiccator induced higher 
fracture energy from 2.3 J/m2 to 4.25 J/m2. After 45 hours the fracture energy reached 
a stable level of adhesion for this particular system. 

The reason why the fracture energy increased can be explained by the interaction 
between Ni, spinel or glass, and water, as sketched in Figure 3-29. The water 
molecules can destroy or weaken the interactions between the nickel and the substrate, 
and the adhesion energy becomes lower.  
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Figure 3-28 schematic of water interaction. 

So after the galvanic deposition, it is necessary to keep the samples in the desiccator 
for a certain time, after which the water will be absorbed; then the influence of water 
can be limited at a minimal level. 

The existence of water is expected to be mainly located at the interface between 
substrate and nickel film, as sketched in Figure 3-29 since its influence is important 
on adhesion. The diffusion of the water during the storage in the desiccator is 
expected to happen along the interface or through the PVD layer because the higher 
density of the galvanic layer and the substrate may not allow the water to penetrate. 

 
Figure 3-29 schematic of water absorption. 
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chapter 4 Conclusions and Future work 

As we discussed in this report, the peel test is an attractive test method to assess the 
performance of a wide range of heterogeneous system. However, although it is a 
relatively simple test to undertake, it can be a complex test to analyze and thus to 
obtain a characteristic measure of the adhesive energy of the laminate, or adhesive 
joint. 

The most successful approach that was adopted is based on a fracture-mechanics 
method using energy balance. A value of the adhesive fracture energy Gc was 
ascertained: it is the energy per unit area needed to propagate a crack either 
cohesively or along the bi-material interface. The value of Gc may be obtained via an 
analytical or numerical analysis of the peel test.  

Through a large amount of experiments, the best coating conditions for both PVD 
sputtering and galvanic have been found out: the most efficient way was found to be 
under 750 W/0.01 mbar for the PVD sputtering and by using a nickel sulphamate 
solution for galvanic deposition under around 12 A.m-2. 

It has been shown that the value of Gc could be a characteristic of the heterogeneous 
system (Nickel-spinel). It was first independent of the delamination length. Moreover, 
it has been observed that the delamination process included a limited plastic 
deformation at the crack tip that the process zone model allows quantifying. The fact 
that the total energy G includes some dissipation implies that in general, the peel test 
does not directly measure the intrinsic adhesion (here referred to as the fracture 
energy Gc), even though the mode of failure was exactly at the interface between the 
materials forming the heterogeneous system.  

We also saw that the mathematical model needed accurate values of the mechanical 
properties since their accuracy was essential for the calculation of the fracture energy. 
The manufacturing of the dog bone shaped foil was not easy, and more tensile tests 
should be performed to get the exact mechanical properties for different types of 
samples used in our experiments. 

Moreover all the systems studied showed rate dependence. For relative low peeling 
rates (lower than 5 or 10 mm/min depending on the system), the fracture energy was 
independent of the delamination speed, but when the speed was higher than a critical 
value, the delamination speed had a large influence on fracture energy calculated from 
the process zone model, which was supposed to be a good method to characterize 
adhesion. It was also observed that this rate range is not absolute but strongly depends 
on the type of the system used (nickel-glass, nickel-spinel, totally PVD, PVD + 
galvanic, thickness) and possibly on other parameters not studied here such as the 
relative humidity for instance. In the future, some experiments on controlled relative 
humidity should be carried out and a change of the shape of the speed dependence 
curve is expected. 

We also showed in our experiments a slight dependence of the film thickness on the 
fracture energy. We also managed to model the foils by an elastic bending theory that 
fits our experimental shapes with reasonable results apart near the crack tip where 
some plastic dissipation usually occurs (the fitting curve was always lower than the 
real curve). 

Finally the presence of water at the interface also has a tremendous effect on the 
peeling force, and on the adhesion energy. The reason can be explained by the 
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interaction between the foil and the substrate which may be weakened due to the 
diffusion of the water around the crack tip. We also found that putting the samples for 
three days into the desiccator for each system was enough to absorb all the water at 
the interface.  

Throughout all these experiments a general conclusion can be drawn: the fracture 
energy cannot always be considered as a system property for the system studied since 
it was influenced by many parameters such as the water content, the peeling rate, or 
the thickness. This dependency could influence the adhesion property by a factor of 3. 
It is therefore important to control those different parameters to provide a value of the 
fracture energy that can be considered as reliable and reproducible. 
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Appendix: Process Zone Model 

For the linear-elastic stiffness approach, for the local peel angle, 0θ , the relevant 
equation is given by: 
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Whereas for the critical, limiting maximum stress case for 0θ  the relevant equation is 
given by: 
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In the linear-elastic stiffness approach the maximum stress, maxσ , is not a priori 
prescribed but merely is a consequence of the analysis. It may be calculated from: 
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- The power-law hardening material model: 

The auxiliary function, 1 0( )f k  and 2 0( )f k  used in the program are given as follows: 
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The limiting value for the non-dimensional curvature during unbending, k00, for a 
power-law hardening material can be obtained from: 

2
00 0 02 Nk k k= −  

If k00<0, then the substrate arms are still unbending elastically at the end of the 
peeling process. Therefore, the maximum value of k0 that would guarantee elastic 
unbending at the end of the process is given by 

1

1
0 2 Nk −=  

This limiting value for k0 has been used as a switch in the functions f1(k0) and f2(k0) to 
ensure that the end of peel process is properly assessed, either as elastic or elastic-
plastic unbending. 

 

- The bilinear work-hardening material model: 

The auxiliary functions f1(k0) and f2(k0) are given as follows: 
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Reverse plastic bending will commence at 00 0(1 2 ) 2(1 )k kα α= − − −  

At the end of the peel test, specimen arms are unbending elastically only if  
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The value of which is used s a switch in the terms f1(k0) and f2(k0). 
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