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Abstract

The present study investigates the mechanical strength of metal/oxide interface. Ceramic was commercial
available BaTiO;. Silver and nickel pastes are used as the metal materials. The metal film was prepared by screen-
printing. Specimens with Ag or Ni layer, fabricated at different sintering temperatures, covering dense BaTiO;
substrates with different surface roughness have been prepared with a special geometry appropriate for blister and
indentation testing.

The blister test technique allows numerical estimation of interfacial adhesion strength through
determination of the interfacial crack propagation energy. A simple method is proposed to correct for generalized
plastic straining of silver layer. The average value of Ag/BaTiO; adhesion strength ranges from 4 J/im’ to 7 J/m’
according to the firing temperature of Ag. For Ni film fired at 1200°C for 2 h on dense barium titanate, the average
value is about 1 J/m’

Three indentation tests are developed to measure critical energy release rate of the same metal/oxide
interfaces. The average G.; of Ag/BaTiOs interface is about 0.5 J/m’ according to normal and interface indentation
tests. Cross-sectional indentation test has been also successfully performed and a new model for analysis of its
results is developed. The average G.; of Ag/BaTiOj; interfaces are obtained from 1 J/m’ to 3 J/m* according to the
models.

Keywords: blister test, interface indentation fest, cross-sectional indentation test, silver, nickel, barium titanate,
metal/oxide interface, adhesion strength.

Résumé

Cette étude est consacrée a la résistance mécanique des interfaces métal/oxyde. La céramique utilisée est un
titanate de baryum (BaTiO;) commercial. Les matériaux métalliques sont des pates d’argent et de nickel. Les
couches métalliques ont été obtenues par sérigraphie. Nous avons préparé des échantillons comprenant des couches
d’argent et de nickel frittées a différentes températures, sur des substrats de BaTiO; de diverses rugosités, avec des
géométries adaptées a des essais de gonflement-décollement et d’indentation.

La technique de gonflement-décollement permet une mesure quantitative de I’adhérence interfaciale grace a
la détermination de I’énergie de propagation G; d’une fissure interfaciale. Nous proposons une méthode simple
pour prendre en compte la plasticité généralisée de la couche métallique d’argent lors du décollement. L’adhérence
Ag/BaTiO; varie entre 4 J/m? et 7 J/m? selon la température de frittage de 1’argent. Pour les couches de nickel
frittées pendant 2 h & 1200°C sur du titanate de baryum dense, 1’énergic d’adhérence moyenne est de ’ordre de 1
J/m2.

Trois types d’essais d’indentation ont été appliqués aux mémes interfaces métal/oxyde. La valeur moyenne
de G; estimée a partir des essais d’indentation normale et interfaciale est de 'ordre de 0,5 J/m2 Des essais
d’indentation sur section transversale ont également été effectués avec succes et un nouveau modele est proposé
pour I’analyse de leurs résultats. Selon le modéle de dépouillement utilisé, la moyenne des énergies d’adhérence
Ag/BaTiO; s’établit entre 1 et 3 J/m2

Mots-clés : essai de gonflement-décollement, essais d’indentation interfaciale, essai d’indentation sur section
transversale, argent, nickel, titanate de baryum, interface métal/oxyde, adhérence interfaciale.
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Blister test AJBRBILMNEAE , YRAKBH M EARBIERNFIRNER K EERBREPSH
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AEBRFEARRE=F indentaton T EREAHANEEEMEREMNEE , £H normal &
interface indentation Fr{§ AR ERBBMEN REEENSR 0.5 J/m2. F=ERFAS % Cross-sectional
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Introduction

Introduction:

The characteristics of the metal-ceramic interfaces are of major importance for
many technical applications such as electronic packaging, multilayer ceramic capacitors
(MLCC), wear resistance coatings on metal, functional metal-ceramic composites and
micro electromechanical systems (MEMS). In many applications, the metal-ceramic
interfaces play a key role in the performance of the material. The characteristics of the
metal-ceramic interfaces include mechanical, electrical, thermodynamic, optical
characteristics. The mechanical properties are more important than the others because
all the applications require mechanical reliabilities, even if these are designed for their
electric, magnetic or optical properties.

In the present study we investigate the characteristics of the interface between the
electrode materials (silver and nickel) and dielectric ceramic (barium titanate), both of
which are essentially used in multilayer ceramic capacitors. The adhesion strength
between silver, nickel electrodes and barium titanate has been determined by means of
blister test, interface indentation test and cross-sectional indentation test in this study.
The blister test has been developed for a long time but is not widely used due to the
difficulty of sample preparation. The indentation tests, such as normal indentation test,
interface indentation test and cross-sectional indentation test, are developing at present.
Each technique has advantages and disadvantages, the results of these test methods will
be compared with the others.

Outline:

The objectives of this thesis are using the blister test and indentation test to
characterize the mechanical properties of metal films/barium titanate interface and the
adhesion strength between metal films and barium titanate. The electrode metals are
silver and nickel.

Chapter 1 describes the characteristics of metal-oxide interface. A brief introduction
of the mechanic properties and fracture behavior of metal-oxide interface is presented,
and we also present the common techniques for measuring adhesion strength of
metal-oxide interfaces.

Chapter 2 focuses on the blister test technique. We review the development of blister
techniques for measuring interface adhesion. A theoretical analysis of the blister test is
presented. The energetic of a debonding blister, built on the models of window
deformation, is analyzed to determine the crack extension force. A simple model is
consistent with complex solutions.
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Chapter 3 presents the normal indentation, interface indentation and cross-sectional
indentation techniques. A simple review of the development of normal, interface and
cross-sectional indentation techniques for measuring interface adhesion was made. A
theoretical analysis of the interface indentation test is presented. The energetic of
debonding is analyzed to determine the crack extension force for cross-sectional
indentation. Four models for cross-sectional indentation test are presented in this
chapter.

In Chapter 4, some intrinsic properties of raw materials are described. The apparatus
for blister experiment are presented. We describe the method to measure the deflection
of the metal membranes and the method we used to fabricate the samples for blister test
and indentation test.

Chapter 5 presents the results of metal/oxide adhesion which are measured by blister
test and indentation test. The results obtained from blister test are analyzed and
discussed. For indentation test, several experiments are made and the results are
analyzed. The results of interface adhesion are compared with which acquired from
blister test.

At last, we summarize our findings at present; we make several conclusions and
suggestions in chapter 6.
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1. Introduction

The metal-oxide interface is one of the key problems and has vast technological
significance in contemporary materials science. Metal-oxide interfaces are important in
many applications such as structural composites, electroceramic devices, and
environmental coatings. Oxide ceramics have been used in a variety of applications that
take advantage on their optical, electrical properties, chemical resistance, high thermal
performance, and resistance to environmental degradation. Basic researches on
metal-oxide interface focus on adhesion, interface structure, chemistry and mechanical
behavior [Ernst 1995, Sinnott 2003].

2. Metal-oxide interfaces

2.1. Formation of metal/oxide interface

There are various methods to produce metal/oxide interface such as internal
oxidation of alloys, internal reduction of oxides, epitaxial growth of thin films and solid
state bonding etc. On a macroscopic scale, solid state bonding allows fabricating almost
any desired metal/oxide interface. Solid state bonding is often regarded as diffusion
bonding. For metal/oxide interfaces, metal is more likely to diffuse into oxide. Optimum
metal/oxide interfaces require heating. Higher temperature promotes removal of voids
in interface and increase metal/oxide contact area, but also introduces higher residual
stress during cooling. The thermal residual stress usually affects the structure and
mechanical behavior of solid state bonded metal/oxide interfaces [Ernst 1995].

2.2. Interface chemistry and atomic structure

There are many types of metal-oxide interfaces. Chemically, they may be broadly
categorized as reactive and non-reactive. Reaction between metal and oxide forms a
tertiary phase at the interface. In interfaces, both the metal and the oxide phase may be
stable over a particular range of oxygen activities. Therefore, no interfacial reaction
phases will be present [Sinnott 2003]. In this study we will focus on non-reactive
interfaces.

There is no precise correlation between the energy of metal-oxide interface and its
crystallography. To explain the crystallography of interface, the physical interaction
between the metal and the oxide at the interface should be taken into consideration. The
crystallography and the atomic interaction both influence the relative thermodynamic
stability of the interface. Because the atomic interactions in metals are widely different
from those in oxides, it is difficult to determine the physical interaction at metal-oxide

interface.
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Typically, hetero phase interfaces are not perfectly lattice matched. The atoms in
metals or in oxides usually arrange in lattice places, which are different from the plane
of the interface. At the metal-oxide interface the inter-atomic spacing of the two crystals
cannot correspond with each other. Hence the two crystals tend to get “out of register”
between these positions, and the interfacial atoms occupy positions where they may
increase potential energy. Owing to the atoms replacing to positively advantageous
positions, the strain exists to fit the energy equilibrium. Since the oxide is usually much
stiffer than the metal, such “misfit strains” occur mainly in the metal. Figure 1-1 depicts
a misfit strain in a hypothetical metal-oxide interface.

The misfit strains are accompanied with misfit stress. Misfit stress adds to the stress
field that drives a crack tip through the interface and may enhance the segregation of
impurities to the interface. In other words, the misfit strains influence the properties of

metal-oxide interfaces.

Figure 1-1: Misfit strain in a hypothetical interface between a single cubic metal (top)
and a single cubic oxide (bottom) [Ernst 1995]

In general, most of the metal-oxide interfaces are thermodynamically unstable if
they have no abrupt chemical profile, and can have diffusion reactions. Such diffusion
reactions include impurity segregation, mutual dissolution and inter-phases formation.
Impurity segregation at the interface can definitively control the bonding and electronic
properties. Whereas the reactions usually occur on the micrometer scale and may
change the microscopic structure, it may alter the macroscopic properties, such as
mechanical and electrical properties. High temperature is necessary to induce diffusion
reactions; therefore, diffusion reactions are of major importance for metal-oxide
interface applications at high temperature.

Computer modeling of metal-oxide interface becomes an important tool to predict
and to understand many aspects of the metal-oxide adhesion. Recently, several different
theoretical methods have been made available to study metal-oxide interfaces, like
thermodynamic models, image charge models, empirical or semi-empirical atomistic
calculation methods, and ab-initio atomistic calculation method [Ernst 1995]. Each

method has its advantages and limits.
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2.3. Fracture behavior of metal-oxide interface

Most of technological applications containing metal-oxide interfaces require strong,
stable interfaces, even if these are designed for their electrical properties. For linear
elastic fracture mechanics, there are three distinct types of loading which a crack can
experience, and each load orientation has its own designation. These different loading
geometries are regularly referred to as modes I, II, and IlI. Mode I is the principal
mode of fracture that occurs when a crack is being opened by tensile forces which are
applied perpendicularly to the crack plane as shown in Figure 1-2-a. Mode II
corresponds to in-plane shear loading and tends to slide one face of crack with respect
to the other perpendicular to the crack front line. Mode II is sometimes called the
sliding mode of fracture as shown in Figure 1-2-b. Mode 1II refers to out-of-plane shear
and often called as the tearing mode of fracture or the anti-plane crack problem (Figure
1-2-c). The out-of-plane shear acting on a plate is the same manner as the one uses to
tear a sheet of paper. The most important loading mode is mode I, since it is the most
frequently observed. Indeed, the crack propagation needs less energy per unit crack area

in pure mode I than in mode II, Il or mixed.

!

«

laF b C
F

Figure 1-2: Three principal modes of fracture with applied forces F.

Similar to homogeneous solids, metal-oxide interface de-bonds either by brittle or
by ductile fracture. Ductile fracture occurs mainly in the metal. The commonly observed
stages in ductile interface fracture are [Knott 1977, Wilsforf 1983, Garrison 1980]:

(1): Formation of a free surface by stress-induced nucleation of voids.

(2): Growth of the voids by means of plastic strain and hydrostatic stress.

(3): Coalescence of the growing voids with adjacent voids.

Brittle fracture happens by bond rupture at the metal-oxide interface; the new
surface grows along the metal-oxide interface. The fracture energy of brittle fracture
(energy required to fracture a unit area of interface) is smaller than the fracture energy

of ductile fracture; nevertheless, because of local stress concentration effects, brittle
7
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fracture generally also includes extensive plastic deformation of the metal in a plastic
zone near the crack tip (Figure 1-3). This so-called “confined” plastic deformation of
metal consumes a large amount of the fracture energy of interface; it results in higher
work of adhesion. The fracture energy thus depends on the thickness and the yield
strength of the metal.

Ductile Fracture Brittle Fracture

plastic zone (b)

@ plastically deformed

Figure 1-3: Fracture mechanisms for metal-oxide interfaces [Evans 1988, 1993].

The metal and the oxide usually have different elastic constants; this mismatch of
elastic constants across metal-oxide interfaces complicates their fracture behaviors. The
elastic mismatch especially affects the stress distribution around the crack tip at the
metal-oxide interface. Consider the plane strain geometry of a sharp interface crack

between two variants in isotropic and linear elastic solids as shown in Figure 1-4.

S
medtal
(material 1)
T T,
8

mode | modell | T -
T e P

Figure 1-4: Plane strain geometry of an interface crack [Ernst 1995]

The stress field of such a crack depends on two non-dimensional elasticity
parameters, introduced by Dundurs [Dundurs 1969]:
_ G(1-v,)-G,(1-v))
Gl(l_Vz)+Gz(1_V1)

(1-1)

ﬂ:1[61(1—2v2>—62(1—2v1)

2 Gl(l_vz)_Gz(l_Vl)

where G;, G, v; and v, denote the shear moduli and Poisson numbers of the material 1

and 2 (Figure 1-4). The Dundurs parameters o and  indicate the mismatch of elastic
8
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constants between the two connected materials. Constant « can also be expressed as

i -E»

E— (1-2)
Ei+E>

(24

where E; = E, /(1-v?) for plane strainand E; = E, for plane stress, and E, are the

Young’s moduli of materials.
The singular stress field in the vicinity of the tip of the interfacial crack is given by

Rice et al. [Rice 1990]

o, = L [Re(Kr"‘E )o;(0,¢) +Im(Kr*)o, (6, 8)](1', j=x9) (1-3)

Y

Where i=+—-1 and

_ L =A ]
g—zﬂln(1+ﬂ) (1-4)

K =K, +iK, is the complex interface stress intensity factor. The real and

imaginary parts K; and Ky have similar roles as the stress intensity factors for mode I

and mode II. The quantities a;. (f,e) and aé’ (0,e) are angular functions. For

material 1 in plane polar coordinates (r,6) they are given by

: _ —&(n—-0)
! __Sinher=0) 30, ¢ cosg(1+sin2g+gsin0) (1-5)
cosh ze 2 coshrze 2
. _ —&(n-0)
L :wsinﬁ+e—sinQ(COSZQ—8sin0) (1-6)
cosh zze 2 coshrze 2
: _ —&(n-0)
” :wcosﬁ+e—cos—(coszg—gsin0) (1-7)
cosh ze 2 coshrze 2
_ —&(r—-0)
ol :wsinﬁ—e—sing(l+coszﬁ—gsinﬁ) (1-8)
cosh e 2 coshrze 2
_ —&(n-0)
ol :wcosﬁ+e—cosg(sinzg+gsin9) (1-9)
cosh e 2 coshrze 2
_ —&(n-0)
1 = _cosh&(z - 0) sinﬁ——e sing(sin2§+gsin 0) (1-10)
cosh e 2  coshrze 2

For stresses in material 2, © should be changed to —r in the above equations.
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The singular stresses on the interface along the crack ligament are given by
Re(Kr™) Im(Kr™)
)y =—F7—>, O,=—TF—— (1-11
22 ,2727" 12 ,2727’ )

where 7 =cos(¢lnr)+isin(glnr).

The stresses present an oscillatory singularity, which causes some complications for
crack along bi-material interfaces.

The displacements of the crack surfaces at a distance » behind the crack tip
o0, =u,(r,0=r)—u,(r,0 =—mx) are given by

S, +id, = 8 Bitiky |7 (1-12)
(1+2ig)cosh(re)  E. 2
Where
! :l(_L+_Lj (1-13)
E. 2\E E»

The energy released during crack extension is the work performed by the stresses
acting through the displacements. The strain energy release rate for crack growth along

the interface can be obtained from Equations 1-11, 1-12:

M2
Gz(lT’B)(KIZ+K,2,) (1-14)
2
Equation 1-14 can reduce to G, = d EV )K,2 and G, = @K?, for mode I and
7
mode II for similar materials (¢=0), where k =———— and u= .
31-2v) 2(1+v)

From Equation 1-1, It can be shown that in plane strain, f=0 if both materials are
incompressible (v, =v, =0.5) or if both materials have identical elastic constants
(G,=G,, and v,=v,), then e=0. The effect of B#0 on the stress field and fracture
toughness is complicate and considered only when necessary in practical cases of

material with large difference of elastic constant.

For e=0
KI KU
6, =—L 0, =—42L 1-15
- 2w " 2mr ( )
And
PRSI R L (1-16)
E. \2rx E. \2rx

10
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From these equations we observe that K; and Kj play the same role as their
counterparts in the case of a crack in elastic homogeneous isotropic solid. The mode I
component K is the amplitude of the singularity of the normal stress ahead the tip and
the associated normal separation of the crack flanks, while the mode 2 component Ky is
the shear stress in the interface and the relative shearing displacement of the flanks.

A relative measure of the amount of shear and normal stress intensity factors at the

crack tip can be obtained by the mode mixity angle y defined by [Gdoutos 2005]
¥ =tan (K, /K,) (1-17)

Another expression relating the stress around the crack tip to polar coordinates r and
0 had been introduced by Rice et al. [Rice 1990]. Considering only the stresses in the
interface plane (6=0) and eliminating mode Il loading, the expression can be reduced

to:

(1-18)

K denotes a complex stress intensity factor measuring the singularities of normal
and shear stresses normal to the crack front, as mentioned before. Formally, the right
side of (1-18) corresponds to the stresses ahead of a crack tip in a homogeneous solid.
The stress intensity factors K; and K, for the interface crack depend on the polar
coordinate r; these can be expressed as:

K,(r)=Re(kr"*)
K, (r) = Im(Kr) (1-19)

Re and Im denote the real and the imaginary part of a complex number respectively.
The “oscillation index’’s is a bimaterial real constant, which depends on the Dundurs

parameter f3:

= P (1-4)
2 \1-p
K has the generic form [Ernst 1995]:
K =YTJLL*e" (1-20)

The factor Y corresponds to the sample geometry. 7 is the load applied on the
specimen. L is the crack length. ¥ represents the “local phase angle” of the stress field

at =L while L is a macroscopic length.

11
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eie»ln(r/L

Owing to the identity L = ), from equation (1-18) and (1-20) we obtain:
g y q

& _ Kz(l’) — tan(l//+811’1(7”/L))
o, K@) (1-21)

This equation is used in the conditions when mismatch of elastic constants (e#£0) is
always present, then the mixed mode depends on the location. The tensile and shear
opening modes (mode I and II) of crack are inseparable. As the r (distance from the
crack tip) decreases, the local phase angle (¥+¢ln(7/L)) oscillates more and more rapidly.
This means that shear stresses arise at the crack tip even if the external load has no shear

component.

2.4. Metal-oxide adhesion

The basic thermodynamic properties of the interface is the free energy per unit area
v. In experimental measurement, a different quantity has been used: the true work of
adhesion W,. The true work of adhesion of the interface is the amount of energy
required to create free surfaces from bonded materials under reversible conditions.
Considering a hetero-interface between A and B, then the true work of adhesion can be
expressed as follows:

W =y, +y,—7 (Dupré equation) (1-22)

where y, and vy, are the surface energies of material A and B respectively. The true

work of adhesion is the intrinsic property of the bi-material that depends on the type of
bond through the interface and the level of contamination on the initial surface.

The attractive interaction between the material A and B occurs while W, is greater
than zero. The true work of interface is often determined by contact angle measurements.
The contact angle is usually measured at annealed metal drops on the substrates or
obtained by the sessile liquid drop method. If the tested metal drop is on thermal
equilibrium, then from local equilibrium at a triple line of three different phases, we

obtain the equation:
Y=V, V,c080 (1-23)

Where 0 is the contact angle between the metal drop free surface and the substrate
(Figure 1-5). The true work of adhesion now can be expressed with the Young- Dupré
equation, which describes W, as the function of the contact angle 0:

W,=7.+7,~7=7,(1+cos0) (1-24)

Thus, W, can only be determined relative to the surface energy of the metal drop.

12
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For contact angle measured at interfacial pores (Figure 1-6), the local equilibrium

can be expressed by the equation:

7/ — j/a — 7/13
sinf sin@, sind, (1-25)

Then inserting into the Dupré Equation:

W =7a(1+ s1n¢9a‘— smz9bj (1-26)
sin &

This yields the same result as that of equation (1-23), indicating that ¥, can only be

determined relative to the surface energy of the metal.

Figure 1-6: Definition of the contact angle at pores.

The practical crack propagation energy G,; is always higher than W,. This difference,
which has been extensively discussed in literature [Ernst 1995, Sinnott 2003], is
usually explained by the various contributions of three multiplicative factors:

The first one is the non-equilibrium thermodynamic state of the newly created
fracture surfaces, and is estimated between 1 and 10. The second one is the effect of
interface roughness, which causes the true contact area to be larger than its projected
measurable value. This factor is generally only slightly larger than 1. The third factor is
the energy dissipation through confined plastic deformation of materials at the
interfacial crack tip. Therefore, the G, usually exceeds W, by two or even three orders
of magnitude and reach values as high as hundreds of J/m* [Felder 2003].

13
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3. Metal-oxide adhesion measurement

The adhesion between metals and oxides has been an area of interest for many years.
There are numerous different methods to measure the adhesion of metal/oxide interface.
These tests, however, are very specific and often their results are mutually inconsistent.
This is because the adhesion is strongly affected by interfacial cleanness, contact
surface roughness, the mode of loading and the activity of energy-dissipating processes
such as the plasticity in either of the materials. The ideal adhesion test should follow
some criteria: quantitative, easy for sample preparation and results relevant to real world.
So far, none of the adhesion test technique meets all of the above criteria.

The specimens used to measure metal/oxide adhesion usually have a film attaching
to a substrate. Most adhesion measurement methods are designed to fit coating/substrate
geometry. They can be divided into two broad categories: destructive or nondestructive.
Destructive method always means a loading force is applied to the coating in some
specified manner and the resulting damage subsequently observed. Nondestructive
methods typically apply a pulse of energy to the interface and then analyze energy
losses occurring because of mechanisms operating only at the interface to characterize
the adhesion strength between the coating and the substrate.

In this section, we describe in more detail destructive techniques which have been

used in literature to measure the adhesion.

3.1. Tape test

This is the traditional method to measure the adhesion. A piece of the adhesive tape
is attached to the film and then the tape is pulled off [Mittal 1976]. If the tape pulls
away the film from the substrate then we can define that the adhesion is poor. Obviously,
this method gives only qualitative results and no numerical values. However, it is a
simple and fast method to know whether it is a weak adhesion or not. It can be a useful

characterization test in certain applications.

3.2. Pin Pull test

In Pin Pull test, a metal pin is glued to a film, which is bonded to the substrate. An
increasing force F is applied in the direction normal to the test surface. Then we
measure the critical force required to pull off the film from the substrate (Figure 1-7).
The direction of applied force and the thickness of the glue influence the results
sensitively. The adhesive strength of the pin to the film limits the application of this test
[Steinmann 1989].

The adhesion is determined as F/A, where A is the attached area to the pin. It is not
practical to assume that the interface fracture occurs across the whole surface of the pin

at the same time. It is the reason why the value of the contact area seems questionable.

14
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Yang et al. [Yang 1997] described an adhesion test in which normal force is applied to
metal films electro-statically. This provides uniform stress distribution and does not
need the glue. The fracture stress at which films blistered from the substrate was well
described by Weibull statistics.

Euhstrate Film
G Z =
— 1
Suppeort table k Epoxy or scider

P \
Cormtact
arGa
|~
-

Figure 1-7: The Pin Pull test [Yang 1997]
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The main advantage of the pin pull test is its wide ranging applicability to all
manner of coatings, from relatively soft flexible polymer coatings to hard brittle
coatings such as diamond. Its main disadvantage is the wide variability in typical test
data. Multiple tests must be done on a given sample coupled with statistical analysis to
obtain reliable quantitative data. [Lacombe 2006]

3.3. Peel test
In typical peel test, the peel force P is measured while a tape of film, a few mm wide,
is peeled off at slow uniform speed as shown in the Figure 1-8. The film can be pulled

directly or with help of an adhesive tape overlayer. The energy release rate is given by
[Maugis 1999]:

P 2
G= —(l—cosé’)+2—
b 2b " Eh (1-27)

Where 0 is the peel angle, b and /4 are the width and the thickness of the tape, E is
Young’s modulus of the film. When tests are performed in the same conditions and in
the same speed, the peel test gives repeatable results. The tensile and bending forces in
both film and adhesive overlayer usually cause a large amount of plasticity that
dissipates much of the energy. This test is also limited by the strength of the film and the
adhesion of the tape. Therefore only the systems with relatively poor adhesion can use

this test.
15
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Figure 1-8: The Peel test

The advantage of the peel test is that sample preparation is simple and low-cost. A
further advantage is that the rate of delamination can be controlled precisely. The
disadvantage of the peel test is that relation between the quantitative value of the peel
force and the strength of the coating/substrate interface is strongly dependent on the

peel angle and the plastic dissipation during the crack propagation.

3.4. Scratch test

The scratch test uses a smoothly rounded stylus (typically diamond), which is
dragged across the surface of the film (Figure 1-9). A vertical load is applied to the
stylus and is gradually increased until a critical value is reached. When the critical value
is reached, the film begins to strip from the substrate leaving a clear channel [Lieng
1991]. The stripping of the film can be observed in a microscope, and the critical load is
detected through characteristic acoustic emissions. The minimum critical load P, at

which the delamination occurs can be used to measure the practical work of adhesion
W4 p [Volinsky 2002]:

p = W_z 2EW, p
cr 2 h

(1-28)

Where r is the contact radius and / is the thickness of film. This analysis is available
only when the compressive load is normal to the film.

It is complicate to analyze the mechanics of the scratch test and to relate the critical
load to the film adhesion. Together with the mechanical properties of film and substrate,
the scratch elastic stress distribution, the thickness of film, loading rate and stylus
sharpness are all needed to calculate the energy of the adhesion.

Although the analysis is complicate, scratch test has several advantages. The sample
preparation is relatively easy and there is no intrinsic limit to the force, so that even a

tough interface may be debonded.
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Load
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Figure 1-9: The Scratch test [Lieng 1991]

3.5. Beam bending test

There are various beam bending tests; the test samples are always fabricated in the
form of a sandwich. That means a thin film is enclosed between two thick beams.
Typically the bottom beam is substrate and the top beam is securely adhered to the film.
The pre-crack at the interface is indispensable to introduce de-bonding and the bending
loads are applied to the beams to provide the driving force for delamination. Here we
take the double cantilever beam (DCB) and four-point bending test for examples.

The crack extension force (G) can be analyzed by the linear elastic fracture
mechanics:

G= P_zé’_C (1-29)
2b Oa

Where C is the solid compliance, P is the loading applied, b and a denote the width
and the length of crack. Both the double cantilever beam and four-point bending test can
use this approach.

In the double cantilever beam test, see Figure 1-10, the crack extension force (G)
can be expressed as [Kanninen 1973]:

2
12P*
G=—2 1+ A7 g A (1-30)
EB*H a,

Where a is the pre-crack length, H is the beam thickness, A and B are the
proportionality coefficients (A~1.3 and B~0.5) [Volinsky 2002].
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Figure 1-10: The double cantilever beam [Volinsky 2002]

H:I

The advantage of this test is that it can provide the interfacial toughness for almost
pure mode I external loading.
In the four-point test (Figure 1-11), the crack extension force (G) can be expressed
as [Ma 1996]:
21M°

O HE (1-3D)

Where M is the bending moment (M=PL/2), E is the beam plane strain modulus,

E= E/(1-v?) for an isotropic material. The advantage of four-point bending test is that G
is independent of the interface crack length.

P2

Figure 1-11: The Four-point bending geometry [Volinsky 2002]

The disadvantage of the beam-bending test is the difficulty to prepare the samples.
Typically, the sample preparation uses the diffusion bonding or gluing. The bonding
process takes a long time and occurs at the temperature near the melting point, which is

like an annealing process and may influence the interface properties.
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3.6. Indentation test

Indentation test is performed with an indenter, a small conical pointed tip, which is
pressed vertically into the thin film with a known force. In the case of a weakly bonded
film, the film will separate from the substrate when the stress applied exceeds the
bonding strength between the film and the substrate, see Figure 1-12. Marshall et al
[Marshall 1984] provided the analysis for the conical indentation test, the strain energy
release rate is:

GE

! :11105 1+v, )+ (I-a)\hor)-(1-a)i(o, -, ) (1-32)
il—vfi 2 /

Where Ef and vf are film’s Young’s modulus and Poisson ratio, h is the film
thickness, o, is the buckling stress for a clamped circular, o, is the stress applied to
the edge of the plate, «=0.383 for v=1/3 and oy is the residual stress in the film.
The difficulty in analyzing the indentation test is that both the elastic and the plastic
deformation field are produced by indentation.

The indentation test has some advantages such as: applicable to a wide variety of
coating/substrate systems, easy for sample preparation, quantitative results obtained and
commercial equipment available (nanoindentation). There are two main disadvantages:
complex mode of loading involving large compressive stress and high shear strain and
difficult quantitative analysis and poorly understood precise mechanism of delamination
[Lacombe 2006].

P
p
Polymer De-bonded area
]ayel < Indenter /\ i !
vV

Tension in bond

.
el

(A) (B) (C)
Figure 1-12: The procedure of indentation test [Sura 1990].

3.7. Laser spallation technique

The laser spallation technique is developed to measure the intrinsic strength of
interfaces. This technique involves impinging a high-energy laser pulse, with duration
of a few nanoseconds, on the rear surface of the substrate, which is coated with a thin
film of absorbing material [Youtsos 1999] (Figure 1-13). The absorbing film absorbs
the laser pulse that causes rapid thermal expansion, which induces a compressive shock
wave emission through the substrate towards the film-substrate interface. The free film

surface reflects the shock wave that gives a tensile wave leading to the film removal if
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the incident laser pulse has enough energy. The results acquired by the experiment
match the predictions of mathematical simulation, both of which show that de-bonding
occurs rapidly therefore the separation through crack growth cannot occur. Thus the
atomic bond rupture is the major mechanism of separation in this technique. Laser
spallation test may be the only effective method for analyzing refractory brittle systems
like diamond-on-alumina specimens. The same properties which give the laser
spallation test unique advantage also bring its most important disadvantages. This
method needs expensive equipment that is not readily available. The need for special

backing and absorbing layers also limit the usage of the method.

Confining fused Substrate
quartz plate  Al20a

| |
| !

Q-switched pulsed .
Nd-YAG Laser Focusing lens Stress wave
|
1’ - L _,-:-'"-H-ﬂf
= R I — '_t;—____ .,:J.-"‘""J". D:&ﬁﬂl |E|
i - \ “\VISAR probe
Surface
Pulse en =300mJ) -1.4J velocity
Pulse duration = 300 psec - B nsec maonitoring
Wave lenght = 1.06 pm i

EnergHI:’lllsurhing SiC Coating

Figure 1-13: Schematic of laser spallation experiment [Youtsos 1999]

3.8. Telephone cord delamination method

Telephone cord delaminations are typically found in thin-film/substrate systems
with weak interfaces and very high compressive stresses in the films. The delamination
is created when the film buckles from the interface to relieve strain energy in the film.
The delamination will form some blisters. Once these blisters form, the interface
fracture energy can be calculated by measuring the dimensions of the blister and using
the models of the mechanics of telephone cord blister. [Lee 2005]. Figure 1-14
illustrates the topology of the telephone cord buckling of compressed diamond-like
carbon on glass substrates which have been characterized with atomic force microscopy
(AFM) and with the focused ion beam (FIB) imaging system [Moon 2002].
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1O wim
Figure 1-14: illustration of telephone cord buckles [Moon 2002].

3.9. Interface indentation test

Recently, some authors have proposed to use indentation tests to measure interface
adhesion. Vickers indentation tests are used to generate and propagate a crack in the
interface plane. The generated cracks have a semi-circular shape. Starting from critical
load and length of cracks, it is possible to represent adhesion in terms of interfacial
toughness [Lesage 2001]. The advantage of the test is that equipment is simple. The
disadvantage is that to obtain quantitative results is difficult, because the length of crack
can’t be determined precisely.

P Substrate

.

Coating

Figure 1-15: Principle of the interface indentation test [Lesage 2001].

3.10. Cross-sectional nanoindentation test

Sanchez et al. proposed this new mechanical test (Cross-sectional nanoindentation
(CSN) test) especially designed for measuring the fracture toughness of thin film/brittle
substrate interfaces. Interfacial fracture is achieved by nanoindentation in the substrate
cross-section. A model based on the elastic plate theory has been developed to calculate
numerically the interfacial critical energy release rate (G.;) for ceramic/ceramic systems
from CSN test results. From the thin film elastic properties, thin film thickness,

interfacial crack area and maximum thin film deflection during the test, the interfacial
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critical energy release rate can be calculated [Sanchez 1999].

Applied load

510,

Figure 1-16: Principle of the Cross-sectional nanoindentation test [Sanchez 1999].

3.11. Blister test

In the blister test, the biaxial film tension is analogous to the uniaxial tension in bulk
materials. Uniform pressure is applied to one side of a freestanding film window,
causing film to deflect outwards. We can determine the stress and strain of the film from
the measurements of pressure (P) and deflection (%). The pressure applied to the film is
augmented until the film begins to de-bond from the substrate. A circular blister will be
formed and grows steadily (Figure 1-17) if the pressurizing fluid is incompressible. The
purpose of the blister test is to determine the critical strain energy release rate of the
interface [Dannenberg 1961]. Fully quantitative results and analysis based on fracture
mechanics method can be obtained from the blister test. The main disadvantage is the

difficulty in sample preparation.

Energv dissipated in crack-tip zone.

{h—ah

Film

Substrate

a—5a

Figure 1-17: The blister test.
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4, Conclusions

Metal-oxide interface plays an important role in many applications. Determination
of metal-oxide adhesive properties is one of the most important problems for the use of
these applications. Numerous studies are presented to measure the metal-oxide adhesion,
all methods have to face plenty of experimental difficulties.

The interface indentation test, cross-sectional indentation test and blister test are the
techniques used in the present study. The blister technique does provide a repeatable
and quantitative method to determine the mechanical properties of film and the critical
crack extension force of the film/substrate interface (G.). To compare the blister test
with other test method, the cross-sectional indentation test is used and developed. There

are more detailed descriptions about those tests in the further chapters.
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1. Introduction

The bulge test and blister test are closely related techniques for measuring the
mechanical properties and adhesion of films. In the bulge and blister test, a
free-standing window of a membrane is bonded to a substrate and is pressurized by
pumping fluid into the cavity below the film. For bulge test, a free-standing window is
pressurized without debonding the film from the substrate (Figure 2-1 (a)). The applied
pressure and resulting film deflection of the window are related to the residual stress
and biaxial modulus of the film. As pressure increases, the film will debond from the
substrate, forming a circular blister (Figure 2-1 (b)).then, if the pressurizing fluid is
incompressible and its injected volume is regulated, the resulting pressure will decrease
because of the large volume increment of the blister, and the interfacial crack will grow
stably with the fluid injection rate. The crack extension force Gc can be determined
from the applied pressure and film deflection of the window, either at the critical point

for the first debonding, or along the pressure decreasing variation driving the blister

growth.

Substrate

(a) (b)
Figure 2-1: Cross-sectional view of the bulge test (a) and the blister test (b).

Figure 2-2 shows a schematic diagram of pressure vs. height data of the bulge and
blister test. The square points denote the real experimental results. At first, pressure is
too low to induce debonding, and the window simply stretches and deflects upward
according to the bulge equation (Bulge test). There is a transition region in which either
debonding has initiated but the blister is growing unstably or is poorly behaved (full
square dots), or debonding initiation is difficult and needs over-critical loading (open
square dots). Once the blister has assumed a circular shape and grows steadily, the
blister behaves according to the blister equation (Blister test).

Blister tests are often invalid in the case of ductile films due to film yielding before
debonding. Another problem with blister test occurs when the crack does not propagate
uniformly along the perimeter of the blister, which makes it difficult to explain the
results [Volinsky 2002]. Although the blister test has some defects, it seems to be a
relatively precise method to determine the amount of energy required to debond the film

from its substrate; this quantity characterizes the film adhesion.
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Figure 2-2: Schematic of the data of the bulge and blister test. The square points

denote the real experimental results

2. Development of the blister test

For the theoretical modeling development, Dannenberg [Dannenberg 1961] was the
first to apply this technique to measure adhesion strength of polymer coating. The most
noteworthy theoretical modeling analyses of the blister test were carried out by
Williams (1969), Bennett et al. (1974), Storakers and Andersson (1988). They used the
framework of classical fracture mechanics, in these works; the effects of loading and
nonlinearity caused by large blister deformations on the energy release rate were
investigated.

Jensen [Jensen 1990] analyzed the mode mixity of interface fracture mechanics in
the blister test for residual stress-free films. He found that the phase angle of loading at
the interface crack tip changed significantly during the blister deformation, the mode
mixity parameter (W) is typically in the range of —35° to —60°.

Allen and Senturia (1988) developed an island blister test; the center of pressurized
window is cohered to a central “island”, and the debonding proceeds only to the central
island (Figure 2-3). The advantage of island blister test is that the crack extension force

can be attained at a given pressure. One problem of the island blister test is that it tends
to be unstable.
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Debonding inward

— 4

Figure 2-3: Island blister test.

Dillard et al. (1991) developed the constrained blister test that decreases the mean
film stress while a particular energy release rate G is attained. In this technique a rigid
plate fixed over the window and parallel to the substrate forbids the film deflecting
beyond a certain distance; the plate supports plenty of the load applied to the film and

reduces film mean stress (Figure 2-4).

Figure 2-4: Constrained blister test.

Wan [Wan 2000] tried to change the constrained blister test. A blind hole is drilled
in a substrate then a film is attached to the substrate, so that a fixed amount of gas is
trapped in the hole. A plane probe of Thermo-Mechanical Analysis (TMA) meter with a
minimum contact load touches the film. When temperature increases the gas pressure
increases too, that causes blister to begin and the blister height is recorded by TMA.
Arjun and Wan [Arjun 2005, Wan 1998] derived the strain energy release rate from
first principles for pressured blister test; they showed how energy release rate depends
on the loading history. Recently, finite element analysis was used to compare with the
present models [Hbaieb 2005, Guo 2005]. The report indicated that if bending or
bending-to-stretching transition behavior is significant during debonding process, the

residual stress must be taken into account to measure the adhesion energy.
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For the experimental development, the blister test as a standard test for measuring
adhesive strength of thin coating was suggested first by Dannenberg [Dannenberg
1961]. Dannenberg used his “blister adherometer”, with a machined plate to constrain
the blister to grow to an oblong shape, to measure the adhesive strength between thick
epoxy resin film and stainless steel substrate, studying the effects of various substrate
cleaning process and film thickness on the adhesive strength. The energies were
computed directly from the pressure vs. volume data (G=P./\V). Dannenberg
recognized that a reinforcing overlayer added onto a film would make it more likely to
debond from its substrate before rupturing.

Blister test has been widely applied to determine the adhesion of relatively thick
polymer films. Hinkly (1983) studied adhesion of polystyrene thin films to silica
substrates. Hinkly observed that the energy required to debond the films was affected by
the interaction between the pressurizing fluid and the interface. Gent and Lewandowski
(1987) tested the adhesion of thick polymer adhesive tapes to glass. The critical crack
extension force (G.) measured was in the range of 20-150 J/m?; this may be due to the
effect of time-dependent deformation on energy dissipation.

Allen et al. (1988) discussed the limitation of blister test and presented another
feature (island blister) for adhesion measurements. Briscoe and Panesar (1991) used the
blister test to study adhesion of polyurethanes to steel substrates; in 1994 Briscoe also
studied the interfacial adhesion of polyurethanes to aluminums.

Presently, blister test is mostly used to determine the adhesion of polymer films
[Wang 1999, Taheri 2000]. Some authors [Dupeux 1998, Lee 2006, Zhou 2003,
Mougin 2002, Mougin 2003] tried to use Blister test to determine the adhesion strength
of metal/ceramic interface. Due to the difficulty of the sample preparation, blister test is
not widely used to obtain interfacial energy release rate between metal and ceramic

interface.

3. Mechanical analysis

3.1. Nomenclature
This section discusses the mechanical response of a pressurized membrane and its

debonding behaviour. The following variables are used:

Table 2-1: List of variables.

¢, ¢2, ¢3 | Dimensionless coefficients in bulge equation

Cy Dimensionless coefficient describing the volume underneath a window

E Young’s modulus
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G Energy release rate
h Height of deflection (vertical displacement at window center)
M M=E/(1-v), phase stress biaxial modulus
t Thickness of film
R Film radius of curvature
a Blister window’s radius
p Pressure
w(r) Vertical displacement of window
u(r) Radial displacement of a point of the window
Go Residual stress
£ Residual strain (=6¢/M)
Y% Poisson’s ratio
or ér Film stress, strain in transverse direction
o1 € Film stress, strain in radial direction
oy hoop direction stress

3.2.Criterion for debonding

For the blister test, we can assume that the energy changes when the film debonds
around the edge of the window. That will increase the window’s radius by a tiny
increment da (Figure 2-5). The increment da may be produced by an increment of the
injected fluid volume (dV). The radius increment causes both the stress in the film and
the total area of strained film to increase so the total strain energy of the film also
increases (dUsuain>0). While the corresponding fluid energy (Wp.ia=PdV) is larger than
the increase of the film’s strain energy, the difference between these two quantities is
termed as the energy release rate (G (J/m’)).

The energy release rate represents the amount of energy available to remove the film

from the substrate. For a circular blister, G is given by:

G — 1 aWﬂ”id _ 8(Jstrain (2_1)
2ma\ Oa Oa

where 27a is the circumference of the circular blister.

If G is equal or greater than the energy required per unit area to separate the film
from the substrate, then crack growth could occur thanks to this energies, termed the
critical crack extension force (Gc). Gce includes the chemical bonding energy of the
interface and energy dissipated during crack propagation by processes such as plastic
flow near the crack tip.
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Therefore, the film will debond if:

G=2G, =

1 aWﬂ“id _ al]stmin (2-2)
Oa oa

G, <

c

2ma

The purpose of the blister test is to measure the critical crack extension force (Gc).

Figure 2-5: Schematic of blister growth

3.3.Crack extension force
At beginning, we assume that the film is perfectly elastic. We use the bulge equation

to relate the pressure applied to a window to window’s height [Lee 2003]:

o th Eth’ Et’h
p(h) = —S+c,—(—+c— (2-3)
a a a

Then a volume equation is needed to relate the volume underneath a window to its

radius and height:

V=cah (2-4)

v

where ¢, is a constant.
The strain energy of the pressurized film is the amount of work required to inflate

the film from an initially flat state to some final height:

strain

h

Upan = | p(H)AV (2-5)
0

The work done on the film by the applied pressure while the blister expands is:

8VVexz _ 5(pV) (2-6)
oa oa

Inserting (2-5) and (2-6) into (2-2) one arrives at an expression for the energy

release rate (G). Some solutions reported in literature are described as below:
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J. G. Williams.

Williams [Williams 1997] assumed that axisymmetric membranes are used in
blister test and occur in coating failures. For pressure loading, the radial stress o, and

hoop direction stress oy (Figure 2-6) are

o =(£j1 and o, I 2-7)
7% dr

2h

Figure 2-6: The cross-sectional view of blister test [Williams 1997].

The strains are

& =—+—, &, =—. (2-8)

Using Hooke’s Law, we can obtain
E¢ =0,-vo,, Ee, =0, —VvO,. (2-9)
If residual strains are present in the membrane, they have to be included in &, and
¢, , in addition to expression (2-8). These six equations above (2-7, 2-8, 2-9) may be

expressed as a differential equation

o). (o,

dr 8h’ )r (2-10)

o’ '%(1’3-

This non-linear equation can be solved as a series solution. It can be expressed in

terms of non-dimensional variables
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%)
- Epzaz 3
=— and f = Xes 2-11
g a f ( 64t2 J l ( )
The boundary conditions of zero slope and ¢ =1 yield the equation
f=4,0-4¢" —%A 6c¢ —%A e ). (2-12)

Numerical solutions giving values of A4, are shown in Table 2-2 [Williams 1997].

Table 2-2: Numerical solutions of A,
v 0.3 0.35 0.4 0.45 0.5
Ay 1.724 1.749 1.777 1.808 1.845

Various approximations are used to express the energy release rate as a function of
the strain energy u, stored in the deformed membrane. V' is the volume of the blister

with radius a. The energy release rate G is given by

G ==Y lyeonst (2-13)
2mada
On substituting for /" and differentiation
5 pV
G== 2-14
4 ma’ ( )
The deflection is given by
h=af yc-dg = 2[ ] [ gds (2-15)
Hence
] S gds
—= - (2-16)
h f fgedg
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The expression of G becomes

1
G 5|/ s

s (2-17)
ph 41 " c-dg
For any constant value of f
I 3
s dg
% _ % I? =2 0,625 (2-18)
o e

The inextensible case can be derived from a simple model; constant stress and a

spherical shape are assumed. Then

G- P AV (2-19)
2ma  da
The volume V'is
V:%ER3(2—3COSH+00529) (2-20)
And the area 4 is
dA=2mda and A=27R*(1—cosb). (2-21)
Proceeding as in the two dimensional case we have
G=£(l—cos9)=lph, S0 £=l (2-22)
2 2 ph 2

Gent and LewandowskKi
Gent [Gent 1987] assumed an energy criterion for debonding, which is that energy
AW supplied to the system as the circular debond increases in radius by small amount
Aa is equated to the sum of energy expended in the debonding process AW, and
elastic energy changes in the membrane AW, .
AW = AW, + AW, (2-23)

Where the input energy AW = pAV .
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AW, denotes energy expended in debonding
AW, =2r-a-G,-Aa (2-24)
The relation between pressure and film deflection is

3
p(h)=c E;ff (c=1.5625 for v=0.3, c=1.748 for v=0.5) (2-25)

and the volume V'is

V=cah.
ie.
4 1/3 4 1/3
¢,=0.5, h=c, pa , 80 V=ca’c, P (2-26)
Et Et
Input energy AW is given by
AW = p[a—Vj Aa = (10” VjAa (2-27)
da ), 3a

The amount of elastic energy stored in the inflated membrane is obtained from

equations. 2-4 and 2-23 as

w, :% (2-28)

Thus, the radius of the blister increases by an amount Aa, the energy term

W, changes by an amount

AW, = p(a_Vj Aa _ AW (2-29)
oa » 4 4

On substituting from eqgs. (2-24), (2-27) and (2-29) in eq. (2-23), the energy release

rate Gc is obtained as

G. =0.649 ph
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Hohlfelder and Vlassak

Hohlfelder [Hohlfelder 1998, 1995, 1996, 1997. Sizemore 1995] established that
the deflection of a pressurized thin window is well-approximated by two dominating
terms (Bulge equation)

o th Eth® h h
plh)=c,—S+c,——=k —+k,— (2-30)
a a a a

Where k; and k; are constant, the volume V' is the same as mentioned before

V =ca’h

v

Note that the equation (2-30) can be written as

h-p(h)=k, (ﬁjz +k, (ET (2-31)

Then it is necessary to calculate the energy change that occurs when the radius of a
circular blister increases by a differential amount. The strain energy of the pressurized
film is the amount of work required to bend the film from the initial flat state to certain
height

h'=h h'=h 4
. (v, . 1 , lek,h
U, = [ph)dv = W) == ldh' = =c kh* + =22
strain hjolj( ) hjop( )(dh j 2 vl 4 a2
v =Lerw sl (2-32)
strain 4 virl 4p

At constant pressure, the derivative of strain energy with respect to blister radius is

2 4
hcv(hj(4k12 +11k1k2(hj +5k; (h] J
(aUstrain ) _ a a a
oa B 2
g 2[kl +3k2(hj ]
a
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The work done by the applied pressure on the film window while the blister expands
W} _(opV) _ (oV
oa oa P oa
p P p

(agva j _ 2’“@(’“ +k2@ ][;k # 3k @ ]

Inserting equations (2-33) and (2-34) into (2-2), the expression for the energy

1S

(2-34)
h+3@(

Q=

release rate can be written as

G= S ool (2-35)

A new variable is introduced

Equation (2-35) can be rewritten, so-called “blister equation”, as

G=g(#)ph gl)- (ji—jﬁ] (2-36)

The factor g(¢) in (2-36) approaches limiting values in the residual stress
dominated regime and modulus dominated regime. In the conditions of high residual

stress or small displacements
As 0, G—1.00% ph
V4

In the modulus dominated regime, occurring at low residual stress or large

displacements

As ¢ >, G125 ph
T
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Since ¢, /2 for circular window, the blister equation can be expressed

approximately true as

G~ g(¢)% ph=C-p-h=(0.5-0.625)ph (2-37)

The constant C for blister equation is plotted in Figure 2-7, it shows that the

constant C varies over the range from 0.5 to 0.625.
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Figure 2-7: The constant C for blister equation

K.T. Wan

Wan et al [Arjun 2005] studied the mechanical behavior of a blister film under a
uniform pressure which changes from a bending plate to a stretching membrane; in
another word, he studied the characteristic bulge-to-blister transition. G was derived

based on the constitutive relation G=Cph. The constant C is

E_(n+2j 1 (2-38)
ph_ n+1 )\ o,

where the @, 1s the normalized blister height and index # is the instantaneous value at

the final applied pressure p throughout the entire loading process.
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_ﬁﬁ_(pafIIAﬂova»—fdﬂ>+1-o¢ayj

t \ 2Dt A1 (P) 2
N1-1
o, = o =0)=| 22 3 olA) 12 (2-39)
a 2D ) BPL(B) 28
Et’ o-a’ v
where D = ) p =( 5 j and [, (x) denotes the nth-order modified
-v

Bessel equation of the first kind.

The normalized blister volume V) is

opa (P2, 1 L) ]
V, = jo Zw(a)d(a) (ZDJ(/?“ + e ,8311(/3)J (2-40)

The constitutive relation is found by invoking the linear stress-strain relationship for

a membrane

p: 21/2ﬁ11/2]1(ﬂ) _ (2-41)
[9A1,(B)* - 681,(B)L,(B) - 241, (B, (B))]

The constitutive relation p(@,) shows a linear behavior in the bending limit and a

cubic behavior in the stretching limit.

106 s R S SRR ! S St S 5L ) EEE " SRR
105
104
103
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10!
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100

10-1 AR ool AR B T Kl S B
(a) 101 100 10! 102
Normalized blister height o,

[

Figure 2-8: The constitutive relation p(w,) [Arjun 2005].
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The limiting cases of pure bending and pure stretching can be derived from equation
(2-38).

As w, >0, G—> % ph (for small deflection or pure bending)

As wy >0, G—> g ph (for large deflection or pure stretching)

The constant C for blister equation is plotted in Figure 2-9 as a function of
normalized blister height; it also shows that the constant C varies over the range from
0.5 to 0.625.
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Figure 2-9: The fracture parameter C for various approaches [Arjun 2005].

Cotterell and Chen

The crack extension force G.could be expressed in terms of the pressure and the
maximum deflection by G.=Cph [Cotterell 1997]. When the blister is in transition from
plate-like to membrane behavior, the equation for large deflections of plates can be used.
The crack extension force factor C is shown in Figure 2-10 as a function of the
maximum non-dimensional blister deflection. For non-dimensional blister
deflectionw, >4 , the crack extension force factor C is

C=C,[1-exp(-1.3500")] (2-42)
where the C,, is the membrane crack extension force factor given in Table 2-3.
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Table 2-3: the membrane crack extension force factor Cm

Y 0.25
Cm 0.6531

0.35
0.6503

0.45
0.6472

0.5
0.6456

The crack extension force factor for @, <4 is given by the polynomial
C=05+a,0, +a,0, +a,0) (2-43)

where the coefficients are given in Table 2-4.

Table 2-4: the coefficients for crack extension force factor C, for small deflections

v a a3 ay
025  8.34x107° -1.04x10™ -7.18x10°°
035  7.87x10° -2.89x107 -1.07x107
0.45  7.40x10° 1.35x107 -1.18x107
0.5  7.01x107 6.63x10° -1.40x107

Figure 2-10 shows that the limit of crack extension force factor for large deflection
is about 0.65, which depends on the Poisson’s ratio. Note that crack extension force

factor C varies weakly with Poisson’s ratio.
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Figure 2-10: The fracture parameter C for various approaches.
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Table 2-5 summary of some reported equations of the energy release rate.

Author Energy release rate equation for blister test
Dannenberg
G=pAV
[Dannenberg 1961]
Hinkley G=(oh)/4
[Hinkley 1983] P
Gent and Lewandowski
G=(5Cph)/4, C=0.518 for v=0.3
[Gent 1987]
. b 34
J.G. Williams G_Sph J;,f 6 as ot
Williams 1997 4 (g a
[ ] J.O f¢c-dg
K.T.Wan i_(mzj 7
[Wan 1998] ph \n+l )\ o,
Shirani and Liechti
o G=0.619ph
[Shirani 1998]
Hohlfelder and Vlassak c 4+5 M (hY
~2(9) S ph. glp)=[ 2. ZZ_H
[Hohlfelder 1998] Vs 4+4¢ c,o,\a

Table 2-5 summarizes some reported equations of the energy release rate. From the

above analysis, the final expression of G can be approximated as from above solutions:

G=C-p-h (2-44)

where C is a dimensionless function of the window geometry. C relates to the values of
the film residual stress oy, film biaxial modulus E/(1-v) and the geometrical ratio A/a.
During the blister growth, the equilibrium shape of the blister contour is circular and its
ratio 4/a is almost constant. The value of C may be taken as constant during a given test,
and equal to 0.5 for very high values of the residual stress and small deflection or to

0.649 for usual or low residual stresses and large deflection [Bosseboeuf 1997].

3.4.Near edge loads
We have calculated the crack extension force (G) for a circular blister using a global
approach, and the crack extension force may also be obtained using a local approach.

The crack extension force can be related to the forces in the film at the window edge,
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where debonding occurs. The cross section of the edge of the window is illustrated in
Figure 2-11.

Figure 2-11: Forces at blister edge.

Jensen [Jensen 1991] indicated that the energy release rate along the crack front
could be shown as:
1 4,2

G= 3
2Ft

(1207 + B*N?) (2-45)

where M is the bending moment and N is the normal force.

For a film that has an initial stress, expression (2-45) becomes:

22 2
G- EVt)M +t(12EV - (2-46)

where oy is the mean radial stress applied to the film (oz x#=N). The maximum bending
stress occurs at the film surfaces and is related to the bending moment M, so (2-46)

becomes:

G- VZ)[U;MW +(oq -0, )Z} (2-47)

The expressions (2-45) and (2-47) describe the relationship between the crack
extension force and stress in the film. The crack extension force that can be obtained
during an experiment is limited by the film’s acceptable stresses. At high stresses, film

may deform plastically which invalidates the assumption of linear elastic deformation.
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3.5.Mode mixity in blister test

The mode mixity has been introduced in Chapter 1; here we present the mode
mixity solution for the blister test.

Hutchinson and Suo [Hutchinson 1992] have obtained a solution for the stress

intensity factor:

K-t = _[6(1_0‘)j R .(%%JMJ-J‘” (2-48)

where o is phase factor concerning the Dundur’s elastic mismatch parameters o and f.
Choosing a characteristic length scale equal to the film thickness, the mode mixity

associated with this stress intensity factor is:

tan( )= Im(Kti") _ Jizm cosa)+t2(0R —O'O)Sina)
v Re(Kt”) —\12M sinw+* (o, — 0, )cos w

(2-49)

The mode mixity of a blister test can be calculated using this expression. For the

case of non-residual stress film, (2-49) reduces to a simpler form:

tan(w)z \/EM co'sa)+thma) (2-50)
—J12M sinw+tN cos @

where M is effective bending moment and N means the effective membrane normal

forces.

The ratio of tN /M at r=R is given by Jensen [Jensen 1998]

al :\/(;’m )348(1—1/2) ~1.078+ 0.636v (2-51)
r=R
And
tan(l//): (0.311+0.184v) tanw +1 (2-52)
(0.311+0.184v) —tanw
For small deflections the mode-mixity angle is given by Jensen [Jensen 1991]
v =~(90"~) (2-53)

Using the tabulated values of @ in Suo and Hutchinson [Suo 1990], the most used
range of @ is between 45 and 65. The calculated phase angles vary from roughly —42°
to —67°, that indicates the existence of modeIl stress intensities. Therefore, we can
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expect that the interfacial toughness measured by blister test will greater than that
obtained for pure mode I loading.

A simple, one parameter family of mixed mode fraction criteria can be introduced
[Hutchinson 1992, Suo 1990]. The parameter A adjusts the influence of the mode 2
contribution in the criterion. The limit A=1 denotes the ideally brittle interface (G.=G.)
with all mode combination. When A=0 crack advances only depends on the mode I

component.
G(y)=Gi[1+(A—-1)sin’ ] (2-54)

The toughness is plotted as a function of phase angles in Figure 2-12. The toughness

increases as phase angles are approaching 90° (mode II).

10

Cc
1

G(y)/G

0 v T v T v T v T
0 20° 40° 60° 80°

W

Figure 2-12: A families of interface toughness functions.

3.6.Correction for plastic work

For many film-on-substrate systems, it is usually assumed that the top film deforms
elastically since the yield stress of thin film materials increases as the thickness
decreases. However, thicker metal coatings in annealed condition may tend to deform
plastically during the blister test. Then the strain energy developed during the blister test
is composed of the work of elastic deformation and the work of plastic deformation.
They have to be separated for adhesion measurement, since only the elastic strain
energy is reversible and can be released from the pressurized membrane to cause the

interface crack propagation.
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Since the film has deformed plastically after previous pressurization, the volume
underneath the new free-standing membrane can be related to its previous plastic

residual deflection height /,. The total strain energy of the pressurized film should then

be changed to

hp+h h h
Uy = pj p(h)av = f p(h)dv + [ p(h)av (2-55)
0 0 hp

The strain energy contributed by the plastic deformation should be extracted from
the total apparent strain energy, to work out the elastic energy release rate which causes
crack propagation. A very simple way to correct this plastic bulging of the membrane is
to subtract the corresponding residual permanent deflection /,; for each quasi-linear
inflation-deflation elastic curve at a critical point for a given specimen, as illustrated on
figure 2-13. The critical debonding points then correspond to much smaller values of
corrected deflection (4-A,,) just as if the membrane had remained elastic throughout the
test, and they are located on such hyperbola C-p-(h-h,) = G'; with much smaller and
more reliable values of debonding energy.

For example, figure 2-14 shows the blister equation fit to the experimental data at
the de-bonding point for a specimen with a silver layer fired at 850°C. The uncorrected
crack propagation energy was acquired as 11 J/m*, while the height being corrected as /
= hexp - Npia, the result diminished to 4.5 J/m?%. Thanks to this very simple procedure, we
can subtract the effect of the generalized plastic yielding in the Ag membrane from the

total strain energy produced by the pressure application.

D A “ D a
1 C.p.h = Gj 1
)
i Cp.(h-hy) = G
"
:\
i\
P Q
A
9
s N
L. ’l'l,// \\
> o l.;", - >
h (h-hyi)
b)

Figure 2-13: schematic of the principle of correction for the effect of the generalized
plasticity of the silver membrane on the interfacial debonding energy.
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m  Experiment data

. e — Blister eq, G=4.5J/m’
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Figure 2-14: lllustration of blister equation fit to experimental data for a specimen fired
at 850°C. The uncorrected value G = 11 Jim’ is adjusted on the
experimental debonding point. The corrected value G’ = 4.5 J/m’ is adjusted
on the corrected debonding height, according to the schematic of figure
2-13.

4, Conclusions

Blister test is a quantitative technique for measuring interface adhesion strength. The
experimental results of blister test can be analyzed be fitting a simple expression, which

is approximated by different reporters in literature, as
G=C-p-h (2-44)

Energy release rate of interfacial crack propagation can be approximated from above
equation. C is a dimensionless function of the window geometry and relates to the
values of the film residual stress oy, film biaxial modulus E/(1-v) and the geometrical
ratio #/a. The value of C may be taken as constant and equal to 0.5 for very high values
of the residual stress and small deflection or to 0.649 for usual or low residual stresses

and large deflection.
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1. Introduction

The adhesion determination of coatings faces numerous experimental difficulties.
To find a simple test by using a usual apparatus attracts many attentions. Indentation
tests are very simple and widely used techniques the results of which can be interpreted
in terms of materials mechanical properties, like hardness, toughness and Young’s
modulus. In the specific case, indentation test can be performed to determine adhesion
strength between metal and oxide. In this chapter we present three indentation methods:
normal indentation test, interface indentation test and cross-sectional indentation test. In
normal indentation test a sharp indenter is thrust into the coating under controlled
conditions. A concomitant delamination of the coating can also occur starting at the
edge of the indenter (Figure 3-1). Normal indentation test is commonly used to
characterize interface adhesion in thin film/substrate systems by nanoindentation. In
general, plastic deformation occurs in the proximity of the impressed region for sharp

indenters such as Berkovich indenters or Vickers indenters.

=

Figure 3-1: Principle of the normal indentation test.

Interface indentation test can create and propagate a crack at the interface between
two adhesive materials, both bulk bi-materials and film/substrate system (Figure 3-2).
The load necessary to initiate a crack is interpreted in terms of an apparent interfacial

toughness which can represent adhesion [Lesage 2001].
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Figure 3-2: Principle of the interface indentation test [Lesage 1993].
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Cross-sectional indentation test come from a new test method named
Cross-Sectional Nanoindentation test (CSN test). CSN test can be used to measure
interface energy release rate between a tough thin film and its brittle substrate by
nanoindentation tester. The difference between this indentation technique (CSN) and the
two previous ones is that cracks are initiated in the brittle substrate by indenting with a
Berkovich diamond tip close to the interface on a cross section of the coated specimen.
Cracks propagate from two corners of the indentation to the thin film/ substrate
interface (Figure 3-3), that will make part of the substrate separate outside and push the

thin film to debond from substrate.

Applied load

Figure 3-3: Schematic of CSN test configuration [Sanchez 1999].

In this study we try to use Vickers indentation test to carry out similar debonding
experiment under larger loads (Figure 3-4). The Vickers test method consists of
indenting the test material with a diamond indenter, in the shape of a pyramid with a
square base and an angle of 136 degrees between opposite faces. Because Vickers
diamond tip is similar to Berkovich diamond tip, we can assume that the model for CSN
test can be transferred to our cross-sectional indentation test. More detail description is

presented in this chapter.

.

Figure 3-4: Principle of the cross-sectional indentation test.
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2. Development of the indentation test for measuring interfacial

fracture toughness

2.1. Development of the normal indentation test

Indentation test is used to quantify the thin film interfacial adhesion. An early
example of the use of this technique was given by Engle et al [Engle 1983]. Marshall
and Evans [Marshall 1984] proposed a fracture analysis of indentation induced
delamination of thin films, which is a combination of Linear Elastic Fracture Mechanics
(LEFM) and simplified post-buckling theory. Nanoindentation was recently used on a
thin film of thickness of micron order on an elastic substrate. It provides a simple, easy,
and powerful technique for measuring the interfacial adhesion and fracture toughness
[Volinsky 2002, Bull 2005] for tough thin coatings (metal films in most cases) with

relatively weak adhesion.

2.2. Development of the interface indentation test

In order to measure the fracture toughness of the interface, it is necessary to initiate
and propagate a crack at the interface between two materials. Palmqvist et al (1957)
proposed to use the indentation test on the interface. Several authors have attempted to
define either a cracking energy release rate or interface toughness from the indentation
test results. Anstis et al. used Vickers indentation to evaluate the fracture toughness of
bulk brittle materials. An approach was made which involves direct measurement of
Vickers-produced radial cracks as a function of indentation load [Anstis 1981,
Chantikul 1981]. D. Choulier [Choulier 1998] tried to find out the equations for
interface indentation test, which could provide the interface energy G, and toughness
Kic.

Lesage et al. have extended the theoretical and experimental work on interface
indentation test [Lesage 1993, 1999, 2001, Demarecaux 1996, Chicot 1996]. For
experimental development, Latella er al. evaluated the interfacial toughness and bond
strength of sandwiched silicon structures using interface indentation test [Latella 2002].
Richard et al. used interface indentation test to study the adhesion of plasma sprayed
NiCrAlY coating [Richard 1996]. Qi et al. tried to measure interfacial toughness of the
nickel-nickel oxide system [Qi 2003]. Zhang and Lewandowski changed the indentation
position from interface to brittle substrate and observed the crack propagation from
substrate to interface [Zhang 1994].
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2.3. Development of the cross-sectional indentation test

Cross-sectional indentation test has been derived from Cross-Sectional
Nanoindentation test (CSN test). Sanchez et al. proposed this new mechanical test
especially designed for measuring the fracture energy of thin film/substrate interface
[Sanchez 1999, Elizalde 2003]. Several theoretical models have been proposed to
analyze interfacial adhesion. Sanchez et al. put forward a one-dimensional model of an
assembly of tapered beams. At beginning CSN test was created to be used in an elastic
situation. In metal thin film/substrate systems, CSN test will cause plenty of plastic
deformation in metal thin film. Therefore, fully elastic model are only approximations
in such cases. Models for plastic behavior are complex and not completely developed
yet, so some authors used Finite Element Method to analyze and to subtract plastic
effects [Ocana 2006, Molina 2007]. Scherban et al. [Scherban 2003] studied the
behavior of adhesion of a metal—dielectric interface where plastic deformation is taken
into account by means of Finite Element Method. A modified analytical approximation
has been suggested by Zheng et al. [Zhen 2004, 2005], who employed the bending
theory of an anisotropic circular plate instead of that of an isotropic thin plate. Li [Li
2006] considered the influences of the material properties of the substrate and proposed
a new model.

Chan et al. started to measure interface toughness of FeCo thin films on Ti-6Al-4V
[Chan 2006]. To reduce the plastic deformations is the best solution but it cannot be
done in thin film system [Roy 2006]. In this chapter, we try to introduce the CSN test
models to cross-sectional indentation test, using Vickers indentation in the place of

Nanoindentation.

3. Mechanical analysis

3.1. Normal indentation test
Toonder et al. [Toonder 2002] provide the analysis for the determination of spall of

a brittle thin film induced by a Berkovich indentation. The strain energy release rate is:

G=142

Eh®((a/L)+(B,7/2) ’ +h(1—v)af +3.36(1—v)h3a, (a/L)y+(B.7/2)
L (a/L)y+pB.x E L (a/L)y+pB.x

(3-1)
where FE is the Young’s modulus of the coating; 4 is the thickness of the coating; v is the
Poisson’s ratio of the coating; o, is the residual stress in the coating . L, @ and f. define
the geometry of the chipped piece (Figure 3-5). This equation is very sensitive to the

precise values of thickness and crack length measured [Bull 2005].
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Fracturc
during

loading

Radial crack

Chipped coating
segment

Figure 3-5: Schematic of the geometry of a chipped segment showing the dimensions
used in calculating interfacial toughness [Bull 2005].

3.2. Interface indentation test
For brittle materials, toughness deduced from indentation tests can be expressed by
a relation involving the material mechanical properties, the load and the corresponding

crack length:

P El/2
K =« — 3-2
e n () o

c

where o is a material-independent constant for Vickers produced radial cracks, P is the
applied load, a is the crack length, £ and H mean the Young modulus and Vickers
hardness. Constant a is about 0.01630.004 [Richard 1996].

For interface indentation test, this relation cannot be used directly, because
indentation is performed into two different materials. We need to express the
contributions of the substrate and the film into ratio (£/H) between the apparent Young
modulus and Vickers hardness of the interface. The mean geometrical characteristics of
the substrate and the film couple: indent diagonal (d;) and plastic zone radius (b;) of the

interface can be expressed as:

erds) (b 4)

d, =
! 2 2

(3-3)

where I, F and S are the indexes of the interface, film and substrate respectively. d;, dr

and ds are deduced from the hardness general relation

H, =18544L
d (3-4)
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and b; br and bg from Lawn relation which connects the plastic zone to the mechanical

properties of a material

4 s

Equation 3-5 can be written as

(g)“_ 2 b2 btbh (3-6)
H (cot*¢&)d, (cot'*&)d, +d,

(3-5)

Replacing dr, ds and bp, bs by their expression from (3-4) and (3-5), we obtain
[Lesage 1999]

(Ej”z: (E/H) | (E/H)? 3-7)
1+

H (H,/H.)? 1+(H,./H)"

Substituting Equation (3-7) into Equation (3-2) we can obtain the fracture toughness
K; of the interface.

Consider two isotropic elastic half planes (Material 1 and Material 2) joined with an
interfacial crack and subjected to in-plane loading. The Young’s modulus and Poisson’s
ratio of the respective materials are E; and v; (i=1, 2). The interface energy release rate
for crack growth along the interface can be obtained from the singular stress on the

interface along the crack and the displacement of the crack surfaces:

G = <1_Eﬁ2)(1<,2 +K2) (3-8)

*

for the plane strain

1 ul(l—zm—yz(l—zv])} L_g(l—vf;—vi}
2 ﬂl(l_vz)_ﬂz(l_vl) El Ez

p " E, 2

The major fracture mode in interface is mode I, so we can assume that Ky is small

enough to ignore it. The energy release rate becomes

G= (l_ﬂz)(Kf) (3-9)
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3.3. Cross-sectional indentation test
3.3.1. The Plate model

Figure 3-6 shows a sketch of a cross-sectional indentation test. For plate model, it is
a circular plate with its edge clamped and an inner ring, at a distance b from the centre,
with fixed vertical displacements wy.The G,. calculation is independent of the distance

from the indentation to the interface. The film elastic strain energy is given by

1
U= _[VaaijgijdV (3-10)

Where o;;1s the stress tensor, ¢;; is the strain tensor, and V' is the volume of the plate.
Substituting the stresses and strains into equation 3-10 by their expression as a function
of the radial and circumferential bending moments (M, and My) and taking into account
that the twisting moment M,,=0, because of symmetry, the film elastic strain energy

becomes:

U:a%)La(Mf+M;—2erMg)rdr (3-11)

Where D is the flexural rigidity of the plate:

ERW’

D= 3-12
IZil—vzi ( )

A semi-circular blister will have approximately one-half of this energy. The

debonding energy G is not affected because it is defined by the ratio:

ouU
G=-=—= 3-13
(GA j G4

Where A is the debond area. The area increment is also one-half of a complete
circular blister.

Using cylindrical coordinates, equation 3-10 is given by

D Y
v==], (V2w) rdrdo (3-14)
For a point load (or displacement wy) applied at the centre of the plate, the

displacement w is

w:ﬁ(zmnﬁmz—rzj (3-15)

az a
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Substituting equation (3-15) into equation (3-14) gives

8DW;
U= e 0
And then [Sanchez 1999]
G:_(O_Uj _ 1 (auj _8Dw; (3-16)
o4 ), 2mal da ), a

ZaN 7 h
\ 4 d

a

Figure 3-6: sketch of a cross-sectional indentation test.

3.3.2. Analytical approximation (Tapered beams model)

In order to estimate the influence of the partial relaxation of the circumferential
stresses in the plate, the plate can be modeled as an assembly of tapered beams when a
semi-circular geometry is considered (Figure 3-7). Using the beam bending theory, only
radial stresses will be considered in this model and then all the circumferential stresses
are neglected [Sanchez 1999].

Figure 3-7: Plate model as an assembly of taped beams [Sanchez 1999].

The moment of inertia of the cross-section of the beam varies with the radius as

roh’
12

The displacement wy at » = b can be obtained by an unknown bending moment M,

I(r) = (3-17)

and an unknown point load F) applied at » = b.
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The bending moment along the beam is given by
M(ry=-M,+F,(r=>b), with b<r<a (3-18)
And the curvature can be calculated as

M 12 [ M, b
N = S (- 3-19
VTR <Eah3[ r of r)} -19)

The above differential equation can be solved using the boundary conditions: at
r=b, w=wyand w'=0.at r=a, w=0 and w'=0

Then we can obtain

2w, [ r InA (rjz hnzahw(rj In 2 }
w= (Inr-1)—+ —| ——— |+ +1
1+ )InA+2(1-2) a 20-2)\a -2 \a) 20-2)

(3-20)
where A = 2
a
Then the curvature is given by
W= Wy 1, ht (3-21)
A+ A)InA+2(0-A) | ar a (1-1)
The elastic strain energy stored in the beam can be calculated from
U—EfuﬂWme (3-22)
=),

For a semi-circular plate, we can substitute equations (3-17) and (3-21) into
equation (3-22)

DA -v)r-w;
U= W g2

(3-23)

where

i+ FAm 2

F(1) =

3-24
[A+)InA+20-1)] (-29)
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Then the energy release rate is given by

G= _(8_Uj ) _L(E}Uj -2 Vj) alt QF(A)+AF (A)  (3-25)
" a

04 ma\ oa ),

where

, dF

F(A)=—=

(4) T

2 21+A)lnA In*A (1+A)ln*A 1+ 4 (1+A)In* A
—+ + + -

2T acor Tt acay _2(2+ P +In1)(2In A + . )

Q(1I-A)+(1+2)InA)’ Q(1-A)+(1+A)InA)’
(3-26)

Figure 3-8 shows the function 2F(1)+AF (1) calculated by aspect ratio A = b/a .
For small value of A, A<0.1, the value of 2F(A)+AF (1) increases while A increases,
it means that the displacement wy at the central part of deflected film will decrease when
A increases. Figure 3-9 shows the condition in 0<A<l. When A=1, the value of the
function 2F(A)+AF (1) diverges to very large values. If the energy release rate of
interface is fixed then A=1 will mean small displacement #, which makes measuring
precise values of displacement difficult. The result of energy release rate cannot be
accurately calculated from equation (3-25) due to the imprecise displacement

measurement when A is near 1.

() 3¢ +(0) a7

Figure 3-8: The function 2F(A)+AF (1) calculated for small aspect ratio
A=bja (2<0.1).
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Figure 3-9: The function 2F(1)+ AF (1) calculated for aspect ratio A =b/a (2<1).

The energy release rate can be given by another form; the elastic strain energy

stored in the beam could be directly differentiated with regards to a.

G:—i(a—u) =—D(1—v2)-w§(l(a—Uj )= D(1—-Vv?)-w,F(a,b) (3-27)
ma\ Oa ), a\ oa ),

0

Figure 3-10 shows the function F' (a, b) at assumed indentation size b and crack
length a (both in meter). If the vertical displacement wy or indentation size b is fixed, it

is obvious that the energy release rate of the interfacial cracks decrease with the increase

of crack length.

Figure 3-10: The relationship of function F(a, b) and indentation size b and crack

length a (both in meter).
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3.3.3. The model of an elastic plate with elastically restrained edges

The interfacial adhesion is not only dependent on the material properties of the film
but also the material properties of the substrate. Li proposed recently a novel theoretical
model of the CSN technique [Li 2006]. The interface debonding between a thin film
and an elastic substrate is modeled as the elastic bending of an elastic plate with
elastically restrained edges, and the influence of the elastic substrate is described by two

elastic constants K; and K, (Figure 3-11).

Figure 3-11: The model of an elastic plate with elastically restrained edges [Li 2006].

The boundary conditions at the inner edge are

Wby =w,, D

dr

An assumption is made that the bonding between the thin film and the substrate is

=0.

r=b

perfect. Consequently, the influence of the elastic substrate on the interfacial adhesion
cannot be completely neglected; the following elastically supported boundary

conditions are adopted at the outer edge

2
pdfdw Ydwi g .
dr\ dr r dr . =
2
pl|d 2”+1d—w g, (3-28)
dr\dr® rdr) dr|,_,

K; and K are the translational and rotational flexibility parameters, the dimensions
of which are N/m’ and N respectively. If K; and K tend to infinity, the above boundary

conditions reduce to

dw
=0, — =0.
w(a) e

r=a
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For a one-dimensional bending beam, the basic governing equation is equation
(3-19)
M(r)
EIl(r)

By inserting the boundary conditions at »=b and conditions at »=a into equation

W'(r) = (3-19)

(3-19), a closed form of deflection can be obtained as
2w, mA (rY r(, r A (r) Ink
w= —| +—|In—=1]|- — |+ +1
1+A)InA+20-2)|20-2)\a a\ a A-MH\a) 2(1-2)

(3-29)
According to the bending theory of elastic plate, the transverse deflection of the

elastic plate, w, obeys the following differential equation

(V2 fw=0 (3-30)
where V is the two-dimensional Laplace operator and a general solution is readily
found to be
r ? r r ? r
w:Ao[—j ln—+BO(—j +C0[—j+D0 (3-31)
a a a a

where Ay, By, Co and Dy are unknown and need to be determined. To substitute the

above general solution into the given four boundary conditions leads to

wy, = A A In A+ By (1) +C,(4)+ D,

A,2AInA+A)+2B,(A)+C, =0
4K, A, — B, — (K, +1)C, - D, =0
[K,B3+v)+1]4, +2[K,(1+v)+1]B, + (K,v +1)C, =0 (3-32)

This set of linear algebraic equation can be solved for the values of 4, By, Cy, Dy
according to the classical mathematical procedure. When K,,K, —
2
1= +24lnA
1-2-24InA
B, =- >
(1-2)1-2 +221n2)
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c__ 421n A
© (1-aN1-2 +221n2)
_ 1-2+22In4
C T (1-aN1-2 +221n2)

(3-33)

The energy release rate for the interface crack propagation can be determined by,

__(oU ]
G= (aA jwo (3-13)

The stored energy can be expressed in terms of the transverse deflection w as

follows

%{?J‘: [(w”)2 + 2vr_1w"w'+(r_1w')2]rdr + %Klw(a)2 + %sz'(a)z}
(3-34)
To substitute the result of w in equation (3-33) into equation (3-34), and after some
algebra we can get

4xDw;

2
a

U =

F(2) (3-35)

For the case of an elastic plate with clamped edges, the energy release rate is given
by

4Dw? .
G= _é(%_gj = a:VO (2F () + AF (1)) (3-36)
where
1- A% +4ﬂlnl—w
F(A) = (1_/1) , and

-2 +24maf

2 3 2 3
2geding SAMA_42In° 2 42 A

(-4 (-2 (@-2)
-2 +24maf

F'(A)=

2 3
2(2-24+2In (1= 2 +4A1n 41— 22 Ay

(1=4)

l-2+24mAf
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Figure 3-12 and 3-13 show the function 2F(A)+ AF (1) calculated versus aspect
ratio A = b/a . Figure 3-14 shows the relationship of function F(a, b) and indentation
size b and crack length a (both in meter). All figures demonstrate the same trend as for
tapered beams model. We can observe that the energy release rate calculated by
elastically restrained edges model will be equivalent to the one obtained by plate model

as Aapproaches zero. While 4 —>1 , the G, will be thousand times larger than G,
obtained by plate model.

(o Ay +(032

0.02 0.04 0.06 0.08 0.1
A

Figure 3-12: The function 2F(A)+AF (1) calculated for small aspect ratio A =b/a

(elastically restrained edges model).
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Figure 3-13: The function 2F(A)+AF (A1) calculated for aspect ratio
A =b/a (elastically restrained edges model).
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0.0004 <45
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@

Figure 3-14: The relationship of function F(a, b) and indentation size b and crack
length a (both in meter) (elastically restrained edges model).

To compare the elastically restrained edges model with tapered beams model, Figure
3-15 gives a comparison of their resultss. G1 means the interfacial energy release rate of
elastically restrained edges model and G2 comes from tapered beams model with
Poisson’s ratio equal to 0.3. The result express by equation (3-36) dividing equation
(3-25) gives (1-v*)/8 when A — 1, dependent on the Poisson’s ration.

2.5

¢HIND
(3]

1.5

0.5

0.2 0.4 0.6 0.8
A

Figure 3-15: Comparison of energy release rate calculated by elastically restrained

edges model and tapered beams model.
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3.3.4. Point load model
We propose a new model by considering the applied
force. For an isotropic film and substrate, the debond zone

€«—

is semi-circular in cross-sectional indentation test. If \

indentation size b is small, we can assume that a-b = a.

B

A
since b is small so we can suppose that film separates from (o $b
substrate by a point load P. Point load comes from indent
force F and can be expressed as 3

P = Fcosfsinf (3-37)
A simple theory, valid for small deflections wy of a thin

plate, gives the energy release rate G for the interface crack

— T T A

L A

_ Pw,

G ) (3-38)

2ma

for a point load circular blister [Jensen 1991]. It is assumed that the debond zone has
spread out several times the thickness. For thick coating, the deflection wy is usually
smaller than coating thickness t in cross-sectional indentation test. Therefore, interfacial

energy release rate for semi-circular can be expressed as

F .
G- cos@szlnﬁwo (3-39)
m

For Vickers indentation the angle 0 is 68°.

4. Mode mixity of cross-sectional indentation test

The mode mixity of cross-sectional indentation test is discussed in this section. A
measure of the mode mixity at the crack tip is defined as (2-58)

tan(t//) 3 \/EM cosw +tN sin w
—\/EMsina)+thosa)

where o is phase factor concerning the Dundur’s elastic mismatch parameters o and .
Most interfaces have =0 or f=a/4 as a good approximation. The variation of w(a, ) is
shown in Figure 3-16 for =0 or f=a/4 using the results of ref. [Hutchinson 1992]. The

values of @ in most case of interest is 45°<w<65° [Suo 1990].
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(O]

-1 -5 0 ) 1

Figure 3-16: The variation of w(a, ) for =0 or f=a/4 [Hutchinson 1992].

In this study we focus on the thick metal coatings attached on oxide substrate. Due
to the poor adhesion of metal/oxide interface, the thick metal film can be supposed to be
elastic (except for possible confined plasticity at the crack point); we can assume that
the film deflection will be smaller than film thickness (wy<f) as seen during experiment
(chapter 5). Another assumption is that indent size b is much smaller than crack length a
(a>>b), so the force to separate the membrane can be regarded as a point load. For
small deflection in cross-sectional indentation test, the membrane stress N can be
assumed as 0 for point load perpendicular to the membrane. The mode mixity parameter

is expressed in the form

tan(l//) =—coto=>y = —(% - m) (3-40)

As we mentioned before, the values of w is between 45° to 65°, the mode mixity for
small deflection (wy<<t) of cross-sectional indentation test can be calculated from
equation (3-40) and be from 25° to 45°.

For small indent size b, the assumption to regard it as a point load is acceptable.
When the ratio b/a increases, the mode mixity of cross-sectional indentation test will
need more study to be understood. Figure 3-17 gives the mode mixity of interface crack

tip for several levels of elastic mismatch for a blister under a point load.
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Figure 3-17: the mode mixity of interface crack tip for several levels of elastic mismatch
for a blister under a point load [Hutchinson 1992].

5. Conclusions

The interfacial adhesion and debonding between a film and a substrate can be
analyzed by using indentation test. Three indentation tests for measuring interface
adhesion strength are introduced in this chapter. Normal indentation test is commonly
used in thin film/substrate system by using nanoindentation; the difficulty in analyzing
normal indentation test is that both elastic and plastic deformation fields are produced
by indentation. Interface indentation test meets some theoretical and experimental
difficulties; the accuracy of this technique is not correctly defined. Cross-sectional
indentation test comes from Cross-Sectional Nano-indentation (CSN) test. The
theoretical analysis of CSN is almost completed; we can simply apply CSN models into
cross-sectional indentation test with larger loads for energy release rate calculation.
Cross-sectional indentation test is a new and developing technique of adhesion strength
measurement; it seems to be an appropriate technique to measure metal/oxide interface

adhesion.
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1. Materials

The metal/ceramic laminates are employed in many electronic components to
increase their volume efficiency, such as multilayer ceramic capacitors (MLCC).
Ceramic laminates and electrode films are stacked mutually to form a laminated
construction. Barium titanate is the most used dielectric material in MLCC because of
its high dielectric constant and the electrode materials are usually silver (Ag), nickel
(Ni), palladium (Pd) or Ag/Pd alloys. Therefore, we employ silver, nickel and barium
titanate as material systems in this investigation. Some intrinsic properties of those

materials are listed in Table 4-1.

Table 4-1: The intrinsic properties of the materials used in this study.

BaTiO; Ag Ni
Crystal structure Tetragonal | Face Centred Cubic |Face Centred Cubic
Density (g.cm™) 6.02 10.49 8.88
Modulus of Elasticity (GPa) 178 76 207
Poisson Ratio 0.25-0.35 0.367 0.312
Shear Modulus (GPa) 27.8 76
Melting point ( C ) 1650 961.9 1453

1.1. Barium Titanate

The raw material for oxide substrate is the powder of Barium Titanate made by
FERRO Corporation, U.S.A. (series number: 52909.). The purity of the BaTiO3 powder
is higher than 99.6% and the average particle size is 1.1 pm. The basic information and
compositions of the BaTiO3; powder are shown in Table 4-2. Figure 4-1 shows the phase
diagram of BaO/TiO,.

Table 4-2: The characteristics of BaTiOz; powder used in the present study.

) TICON NEB 52909

BaT103 .
FERRO Corporation, U.S.A.

BaO/TiO; 1.000£0.002
Crystal Form Tetragonal
BET (m?/g) 3.0
Density (g/cm’) 6.02
Particle size D50(um) 1.1
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Figure 4-1:The phase diagram of BaO/TiO,.

1.2. Metals
The raw materials for metal membrane are the powder of silver made by FERRO

Corporation, U.S.A. (series number: C200ED) and the powder of nickel (UMP 0600,
Umicore Canada Inc.). The basic information and compositions of the metal powder are
shown in Table 4-3 and 4-4. Figure 4-2, 4-3, 4-4 are the phase diagrams of Ag/O, Ni/O
and Ag/Ni.

Table 4-3: The characteristics of silver powder used in the present study.

Ag powder C200ED
FERRO Corporation, U.S.A.
Crystal Form Face Centred Cubic
BET (m%/g) 0.76
Particle size (um) 1.05
Tap density (g/cm’) 3.2
Lost at 538°C in air (%) 0.65
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Table 4-4: The characteristics of nickel powder used in the present study.

Ni powder UMP 0600
Umicore Canada Inc.
Crystal Form Face Centred Cubic
BET (m%/g) 1.3
Particle size (um) 1.3
Tap density (g/cm’) 34
Atomic Percent Oxygen
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Figure 4-2: The phase diagram of Ag/O.
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Figure 4-3: The phase diagram of Ni/O.
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Figure 4-4: The phase diagram of AgNi.

2. Blister test

2.1. Blister test apparatus

The basic layout of the apparatus we used for blister test consists of a quadrilateral
metal block, in which holes and four components are located: sample mounting fixture,
pressure sensors, syringe pump and piston for manual pressurizing.

We use metal as the body of the apparatus because of its rigid characteristic. The
basic layout is described in Figure 4-5 and 4-6.

/

Pressure sensor

{ Fixation screw Connection to the

N syringe pump

I
i
P
P
P
i i
i i
i
[
[

Ly o

opening of injectio

WhAAAN G

[ _____ T (&)

clastomeric O-ring

Figure 4-5: blister test apparatus
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Figure 4-6: Photograph of the blister apparatus.

2.1.1. Sample mounting

A frustum of a cone made of metal is used as the direct support on which the sample
is glued. A hole drilled through the axis of the support allows liquid to pressurize the
sample. We use a metallic ring and four screws around the ring to fix the support to the
apparatus. The injection opening in the block is surrounded by an elastomeric O-ring in
order to ensure the sealing between the block and the support. Sample mounting is

depicted in Figure 4-7.

Adhesive

Support Sample

Fixation ring Fixation screw

1
| ~ |
§ A 4 §
Block Elastomeric O-ring

Pressurized liquid

Figure 4-7: Sample mounting

A pressure sensor (Keller, type: PA-21-50, output: 4-20mA, power supply:
8-28VDC) is used to acquire the relative pressure, which ranges between 0-50 bars with

1% resolution.
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A piston is made of a waterproof micrometer screw, which permits us to relieve the
pressure as samples are bonded and de-bonded. We can also control the injection by
rotating the screw to pressurize or to release the pressure.

The syringe pump is more accurate than the manual system as a pressurizing system
with a constant injection rate. However, in our case, because the blister takes place
within a very short time, the syringe pump seems unable to release the pressure
promptly, which may cause the film to break, moreover, the fluid injection rate is
unlikely to have a strong influence on our research. Therefore, we used manual system

to pressurize the fluids.

2.1.2. Data acquisition system

There are several requirements for the system of to measure the deformation during
the blistering: precise, non-contact, rapid and able to measure both the altitude and the
diameter of the blister, which grows from the substrate surface. In general, the laser
interferometer is an equipment frequently used to measure the displacement in bulge
and blister test [Hsu 2002, Wang 1999, Taheri 2000]. In this study we used an other
technique: fringe projection method.

A laser beam is separated in two beams, which are combined to produce a set of
parallel interference fringes. These two projected, under a certain angle, on the top of
the blister apparatus. The laser source is a 20.18 mW diode laser with a wavelength of
673.5nm (Laser 2000 S.A., model: DLSC-500-685-30).

A CCD camera (Charge Coupled Device camera, Sony XC-75, resolution: 768x498)
is fixed above the blister apparatus to take a top view of the image of the fringes on the
specimen surface, which will be analyzed by a computer.

The image is transmitted from CCD camera to the photo-detector (Matrox, Frame
grabber), which can detect the images instantaneously and translate it into the digital
signal. Then the photo-detector pass the image signal to the data acquisition board.
Finally, the software (HOLO 3: Fringe Analysis ®) is used to analyze the results. The

system is illustrated in Figure 4-8.
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The main purpose of the equipment for data acquisition is to control the tests and
record data, which are analyzed after the tests. Two major data are the film maximum

deflection for each value of pressure, to obtain the interfacial energy release rate. Figure

Compulel

Figure 4-8: lllustration of the complete blister system

4-9 shows the photograph of the complete system.

87

Figure 4-9: Photograph of the complete blister system




Chapter IV: Experiments

2.1.3. Theory of fringe projection method:
The parallel laser beams interference fringes are projected on the sample under a
certain angle. If the surface of the sample is flat, the fringes observed from the top are
parallel and equidistant (See Figure 4-10 (a)). When this surface undergoes a
deformation, due to the geometric module of the fringes, the fringes observed on the top
do not appear any more parallel and equidistant (See Figure 4-10 (b)). Taking the fringe
networks of the plane initial surface as a reference (Figure 4-11 (a)), this can be
compared with the fringe networks of the deformed surface (Figure 4-11 (b)). For mere
black and white fringe contrast, the altitude of each point at a fringe on the deformed
surface can be easily calculated from the lateral shift of the fringe position Ax,
knowing the angle of projection ¢ (see figure 4-15)
 Ax
- tan ¢

(4-1)

In our case, for sinusoidal fringe contrast as generated by interference fringes, a
better accuracy can be obtained by calculating the local phase value at each pixel of the
image.

We can get the phase displacement, and then the geometric qualities of the
deformation can be calculated. While this can be calculated manually, using software to
analyze can be more accurate and faster. The software we used in this study is Fringe
Analysis ®, Version 2.5 by HOLO 3 [Fringe 2000].

(a) (b)
Figure 4-10: Cross-sectional view of the fringe projection with (a) equidistance and (b)

non-equidistance.
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Figure 4-11: Images with (a) equidistance and (b) non-equidistance

Linear fringe patterns can be modified by the phase shifting interferometry. The
concept of the phase shifting interferometry is that a time-varying phase shift is
introduced between the reference wavefront and the sample wavefront in the
interferometer. A time varying signal is then produced at each measurement point in the
interferogram, and the relative phase between the two wavefronts as a function of

location is encoded in these signals. The resulting intensity pattern is:

I(x,y.1)=1I'(x,y)+ I"(x, y)cos[(x, y) + 5(t)] (4-2)

To make a phase shift, at first, the laser beam goes through a beam expander to
enlarge the laser beam. Then it passes through beam splitters to be separated into two
beams. One of them is translated with a piezoelectric transducer of the mirrors or optical
surfaces (Figure 4-10 and 4-12). Introducing an optical frequency difference between
the two beams can produce a continuous phase shift. If the two optical frequencies are v
and v+A4v, the frequency difference gives rise to a linear phase shift between the two
beams:

5(t)=27-Av-t (4-3)

Since even a small optical frequency shift can result in a large frequency difference,
this phase shifting method is very useful for the situations where dynamic
measurements are required. In these situations the phase shift must occur faster than the
changes that are being monitored [Greivenkamp 1992]. For this reason, we use this

method to make fringe projection in our experiment as shown in Figure 4-8.
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MOTION = x

WAVEFRONT
DISPLACEMENT = 2 x cos(6)

PHASE SHIFT = 8 = 41 x cos(6) / A
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WAVEFRONT

Figure 4-12: The induced phase shift due to a mirror translation at non-normal
incidence [Greivenkamp 1992].

In the digital image processing, we can store an image of interferogram into a
computer and carry out the operation on the individual pixels later. A general expression

for the record intensity in an interferogram is:

I(x,y)=alx,y)+b(x, y)cos (x, y) (4-4)

where a(x,y) is the mean intensity, b(x, y) the amplitude of periodic variation written as
V=b(x,y)/a(x,y) and ¢ is the phase difference between the interfering waves. The
visibility or contrast can be written as V=b(x, y)/a(x, y), this expression is useful
because pixels with too low visibility can result in invalid data [Gasvik 1995].

To start the phase measurement interferometry technique, the following expression
for the interferogram intensity is used:

I =a+bcos(p+p) (4-5)
where p is the additional phase term which is introduced and controlled experimentally
through the piezoelectric transducer. 5 images of the surface with 5 different values of p
are grabbed in a 1 second time. The local initial phase shift for the first image is then
computed by the software HOLO3 Fringe Analysis [Fringe 2000]. Then a complete
phase image of the surface can be obtained, as seen on figure 4-13 and 4-14, from which

the altitude of each point can be completed.
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Figure 4-13: Real Image in the CCD  Figure 4-14: Image of calculated phase
analyzed by four phase-stepping.

The optical geometry for the calculation of optical phase and deflection height is
recalled in Figure 4-13. Height / of point A in the object at a distance x from origin C is
given from triangulation principal by the relation
Ax  N(x)F,

hlx) = tan ¢ - tan ¢

(4-6)

Where ¢ is the angle of illumination, Py is the pitch of the fringe pattern of the object

surface captured in CCD camera, and N(x) is the unwrapped fringe number (Figure
4-15).

Object Surface
cCD 4 c_34
Camera ] Ax
. g t
&
Light beam
4

Figure 4-15: Fringe projection geometry. [Wang 2002].

91



Chapter IV: Experiments

&

Figure 4-16: Subtraction of 2 images {reference (Fig.%l- 7(a))-deformed (Fig.4-7(b))}.

Figure 4-16 shows the phase of the deformed surface image subtracted from the
reference one. It includes a lot of image noise, which will influence the precision of
deformation measurement. To restrain the noise, the noise suppression method been
used in our experiment is median filtering. This is a noise reduction technique whereby
a pixel is assigned the value of the median to some local neighborhood (3x3, 5x5 or
more) according to computing time availability. Figure 4-17 shows the image computed

by median filtering, the image appears much smoother than Figure 4-16.

Figure 4-17: Filtered image of Fig. 4-16.
By applying the software HOLO3 Fringe Analysis [Fringe 2000], we can complete

all procedures in computer and acquire accurate quantitative results from figures (Figure

4-18). We can even obtain a 3D image as shown in Figure 4-19.
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Figure 4-18: Measurement of the deformation of the blister test.

Figure 4-19: 3D image of the deformation of the blister test.

2.2. Sample preparation for Blister test

The blister test is a powerful technique, but the sample preparation for blister test is
difficult. How can we fabricate free-standing windows? Recently, a deposited thin film
adherent to a Si substrate or an adhesive polymeric tape glued to a substrate have been
commonly used [Hohlfelder 1997]. Those methods have their advantages and intrinsic
limits, such as the need of expensive semiconductor processing equipments. We use
another method to fabricate free-standing windows in metal-oxide systems, which is

described in this section.

2.2.1. Silver (Ag)/Barium Titanate (BaTiO3)
Discs of BaTiOs (25 mm in diameter and 2.5 mm in thickness) are prepared by
die-pressing at 50 MPa. The discs are first pre-fired at 1100 °C for 1 h to obtain a

handling strength. A hole with 3 mm diameter is then machined into the center of the
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pre-fired discs by using a steel drill. The discs are then sintered at 1350 °C and 1440 °C
for 2 h. The diameter of the hole shrank to 2.1 mm after firing. The relative density of
BaTiOs is then > 98 %. Finally the discs are ground with fine SiC particles to achieve a
flat smooth surface. The final substrate surface roughness R, is about 0.2 pm, as
measured with a profilometer. Figure 4-20 shows the flow chart for the preparation of
BaTiO; substrate.

Powder
drving

Drilling (d=3mm)

b

Second firing
1350 °C /2h and
1440°C /2h

Die pressing
S50MPa

L

First firing ) ’
1190 °C /1h Surtace treating

[

Figure 4-20: The flow chart for the preparation of BaTiO;s substrate. The heating and

cooling rate are 3 C/min in both firing stages.

To bond metal and ceramic together, metal powder is treated with organic binder
and a small amount of glass to form metal paste. A silver paste composing of silver
particles, binder and glass particles is prepared for screen printing. A silver powder
showed in Table 4-3 is used. The silver powder/glass frit ratio is 98.75/1.25 in weight.
The powder/organic vehicle ratio is 80/20 in weight. All are mixed and milled with the
help of a media mill. Screen-printing is used to apply the Ag paste onto the flat surface
of the BaTiO; discs.

Round adhesive tape patches with 3 mm in diameter are applied on a BaTiOs plate
to make silver patches. To fabricate these silver circular plates, the Ag layer is screen
printed over the whole BaTiO; disc surface and patches, and then the BaTiO; disc with
Ag layer and adhesive tape patches is fired at 500 °C for 1 h to remove the adhesive
tape. Therefore, we could obtain several pre-fired silver membranes with 10 pm
thickness and 3 mm diameter, which are used to cover the central hole of the substrate

discs as free-standing Ag membranes (Figure 4-21).
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BaTiO,

_ o0 o
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e ey

(Ag paste) -

|
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Ag cicular plate

Figure 4-21: The flow chart for the preparation of silver membrane use to cover the

central hole of the substrate discs. The heating and cooling rate are 3 C/min.

The discs including these free-standing membranes over the holes are then screen
printed with Ag electrode for several times until the desired thickness of Ag layer is
achieved and fired at 600, 700, 800 or 850 °C for 1 h (Figure 4-22).

Ag circular plate

BaTiO;

Screen-printing —
Ag paste Firing

600. 700, 800
and 830 °C 1h

Figure 4-22: The flow chart for the preparation of blister test sample (Ag/BaTiO3). The

heating and cooling rate are 3 T/min.
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2.2.2. Nickel (Ni)/Barium Titanate (BaTiOg3)

The procedure of fabricating the barium titanate substrate is mentioned in 1.3.1. A
nickel paste is prepared for screen printing. A nickel powder with average particle size
of 2.8 um is used. The nickel powder, glass frit and organic vehicle are mixed and
milled with the help of a media mill. A thick nickel circular film (diameter 2mm,
thickness 125 um, purity 99.99 %) are used to cover the central hole of the discs as
free-standing nickel membranes. The discs including these free-standing membranes
over the holes are then screen printed with nickel paste for several times.

To avoid nickel oxidization these specimens should be fired under reduction
atmosphere. Nickel and barium titanate are co-fired under 5 % hydrogen/95 % nitrogen
atmosphere. Figure 4-23 shows the specimen after firing, the nickel film can’t attach to
substrate and separate totally. We changed the fire procedure. Due to the oxide can
enhance surface wetting, the specimen are first fired at low temperature in Ar
atmosphere with air mixed to obtain thin nickel oxide on nickel surface, which will
enhance adhesion of nickel/barium titanate substrate, then nickel and barium titanate are
co-fired under 5 % hydrogen/95 % nitrogen atmosphere at 1200 °C for 1h to reduce
nickel oxide to nickel. After firing we can fabricate the specific specimen for blister test
(Figure 4-24).

Figure 4-23: After firing, the nickel film separates totally from the substrate.
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Ni circular plate

BaTiO; l

Firing
1000°C - 1h
Ar

Screen-printing
Ni paste

Fuing
1200°C Lh

/[\ 596H, P5°0N,

—.:\/ Diving \,>—
I
Figure 4-24: The flow chart for the preparation of blister test sample (Ni/BaTiO3). The
heating and cooling rates are 3 T/min.

2.2.3. Nickel (Ni)/Silver (Ag)/ Barium Titanate (BaTiO3)

Silver/barium titanate specimens are fired at 850 °C for 1 h in air first, the
procedure is showed in Figure 4-24, and then nickel paste is screen printed on
silver/barium titanate specimens of blister test to make a sandwich structure (Ni)/ (Ag)/
(BaTiO3). After screen printing the specimens are co-fired at 850 °C for 1 h under argon
atmosphere to make nickel dense and attach to the silver film (Figure 4-25).

Ag thick film
BaTiO; Fiting
> S0 1L
Ar
Screen-printing l Nl\
Ni paste
I
/L —
—/\D).}'inQ—

Figure 4-25: The flow chart for the preparation of blister test sample (Ni/Ag/BaTiO3).
The heating and cooling rate are 3 T/min.
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2.2.4. Silver (Ag)/Nickel (Ni)

A pure bulk nickel is cut into geometry of 2 cmx2 cmx0.5 cm. A hole with 2 mm
diameter is then machined into the center of the nickel plates by using a drill. The
method of free-standing window fabrication, which is mentioned in section 1.3.1, and
screen printing are performed to put silver paste on bulk nickel. Firing condition is set

to 850 °C for 1 h under argon atmosphere (Figure 4-26).

Sereen-printing
Ag paste

A4

Bulk N1 Ni }

. L

/ -\
12 < Drving e
Drolling (d=2mm) — AR -
g( —~

Ay circular plate

Firing
S307C '1h
Ar

Figure 4-26: The flow chart for the preparation of blister test sample (Ag/Ni). The

heating and cooling rate are 3 C/min.

3. Indentation test

3.1.Indentation test apparatus

An apparatus for micro-Vickers hardness test is used for interface and
cross-sectional indentation test. The cross-sectional microstructure and crack in
interface are observed by scanning electron microscopy. Crack length is measured by

scanning electron microscopy and optical microscopy.

3.2.Sample preparation for indentation test
3.2.1 Interface and cross-sectional indentation test

To compare the experimental results of blister test with those of indentation test, the
specimens of blister test are used in interface and cross-sectional indentation test. The
cross-section of the specimen must be revealed to perform the cross-sectional

indentation test. Directly cutting would damage the metal/oxide interface and make
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films separate from substrate. A way to reveal the sample cross-section without damage
is necessary for this test. In this study, the specimens are placed into molds and filled
with resin for cold mounting, and then the specimens are ground and polished to show
the cross-section. Cold mounting could protect the specimens from damage during the
grind procedure.

We don’t need to remove specimens from cold mounting in interface indentation
test, but for cross-sectional indentation test the cold mounting would restrict the films to
deform, so we need to take the resin away. Therefore, the polished sample is flipped to
dip into acetone about 5 mm depth for 12 h. The cold mounting resin will melt into
acetone along the interface of sample/resin, so we can obtain the unstrained metal film
in certain length. The rest resin can be used as the base of specimen during

cross-sectional indentation test (Figure 4-27).

C'old mountmg Acetone
/—’_‘-\ \

O

Figure 4-27: The flow chart for the sample preparation of cross-sectional indentation
test (Ag/BaTiO;3).

Grinding

3.2.2 Normal indentation test

A 400 nm thin Ni or Ag layer is deposited by thermal evaporation onto
the BaTiOs substrate surface. The oxide substrate is described in section 1.3.1. The
support boat is fabricated by W, the source is 99.9% Ni or 99.9% Ag and working
pressure is about 5 x 10-7 torr.
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4. Conclusions

The blister test is the major technique used in our investigation. The apparatus for
blister test and analytical methods are introduced in detail in the previous sections. For
indentation test an equipment of micro Vickers indentation was used. Appropriate
specimen preparation techniques have been developed for both of these tests, with silver

and nickel coatings on barium titanate substrates.
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1. Blister test

Experimentally, when conducting the blister test for determination of metal/oxide
interface adhesion, a increasing volume of incompressible liquid is injected to make the
metal layer blister and separate from its substrate. After increasing during the bulge
period, the pressure reaches a maximum value and even decreases when debonding
occurs. The injection is withdrawn progressively and the p vs & curve generally falls
down along a linear path and shows a residual deflection 4,, proving that the film has
been plastically deformed. After the first pressurization and de-bonding, as long as the
system is stable we can re-inject liquid to make blistering occur again and then release
the pressure again. Therefore, each repeated pressurization can be used to determine the
adhesion energy of the interface by fitting a hyperbolic curve to the debonding threshold
points according to equation (2-52). At each pressurization, since we record successive
3-D contours of the complete blister, we can check the diameter values to determine as
accurately as possible the point when the blister begins to grow and the interfacial crack
begins to propagate. Figure 5-1 shows an example of images of blister growth captured
by CCD camera. We defined this point as the critical point (Figure 5-1(2)) to be used for
G, determination. In many cases, we can obtain several debonding points on one
specimen till the metal layer is broken or totally de-bonded. Since the metal (Ag or Ni)
membrane behaviour is likely to be dominated by residual stress (due to thermal
contraction mismatch between metal and ceramic after firing) rather than by high
Young’s modulus and stiffness, we used C = 0.516 in equation (2) for result analysis in
this study [Dupeux 1998].

Ix1Ee11 (x1E+11 [x1E+1]

Figure 5-1: The images of blister growth captured by CCD camera. (1) Free standing
window begins to bulge without film separation. (2) Film starts to separate
from substrate at critical pressure. (3) Film continues separating from

substrate with pressure decrease.
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1.1.  Silver (Ag)/Barium Titanate (BaTiO3)

The metal—ceramic system of interest here cannot be considered as a very reactive
one. The specimens of Ag/BaTiOs; were fired to fabricate silver paste film on barium
titanate substrate in air atmosphere. The oxidation of metal is not considerable, because
of the chemical reaction at high temperature at interface is 2Ag + 1/20,—~>Ag,0O and
Ag>0O will be promptly decomposed at room temperature [Sugihara 1990]. This means
that no reaction layer exists at Ag/BaTiOs interface. Ag,0O is a barrier layer to stop Ag
diffusing into the BaTiOs at high temperature. Figure 5-2 shows the X-ray diffraction
pattern of both surfaces (noncontact or contact with BaTiO3) of silver film fired at 850
C and all peaks in Figure 5-2 indicate that no Ag oxide exist in Ag film.

The coincident between the observed diffraction peaks and the exact position
where they are expected from the lattice parameter values of pure silver also indicates

that the level of residual stresses in the silver layer remains very low after firing.

—— Ag surface

Ag Ag interface

Ag

Figure 5-2: The X-ray diffraction pattern of both surfaces (noncontact or contact with
BaTiO;) of silver film.

Figure 5-3 shows the surface microstructure observations of silver films sintered
at different temperature. All silver films present porous microstructure and the porosity

of silver film decreases while sintering temperature increases.
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Figure 5-3: SEM micrographs of silver film sintered at (a) 600 C (b)700 C (c)800 C
(d)900 C for 1 hour.

1.1.1. Influence of different silver film firing temperature

Figure 5-4 shows the cross-sections of the specimens after sintering. The
Ag/BaTiOj; interface appears to be relatively smooth and abrupt at the magnification we
used. The thickness of the silver layer has been changed between 55 um and 130 pm. It
has been measured after sintering by micrometer screw gauge, with reference to the
initial substrate thickness. For each substrate and substrate with film, five points were
measured and the average was taken as thickness.

Figure 5-4(a) shows the Ag layer fired at 600 °C for 1 h. The pores within the
sintered metal are interconnected and the average porosity is 11 %, which is calculated
by an image analyze software: ImageJ [ImageJ]. Figure 5-4(b) shows the silver film
fired at 700 °C. It can be observed that most of the pores are no longer interconnected
and the average porosity is 10 %. When the firing temperature was raised to 800 °C
(Figure 5-4(c)), the average porosity of Ag film became 8 %. The shrinkage rate of Ag
film from 700 °C to 800 °C is higher than that between 600 °C and 700 °C. Figure 5-4(d)
shows the silver film fired at 850°C and the average porosity in the silver film is 7 %.
The size of the pore within the Ag film is increased after the treatment at 850 °C, though

their volume fraction is more or less the same as that in the film fired at 800 °C.
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20 tierons

20 microns

G

Figure 5-4: Cross-section views of Ag/BaTiO; interfaces. Ag films were fired at

(a) 600 T (b) 700 T (c) 800T (d) 850 T for 1 hour:

For our purpose of adhesion measurement, the porosity within the Ag/BaTiO;
interface is very likely to have a strong influence on the interfacial crack propagation
energy, but it is very difficult to determine experimentally from optical or SEM
observations. In the following, we take the interface porosity (defined as the ratio of the
non-contacting area to the total interface area) as equal to the internal porosity in the
bulk of the silver layer.

The resulting critical energy release rates G; of the BaTiO3/Ag interfaces for each
Ag paste sintering temperature are listed in Table 5-1. As explained before, these values
are corrected by removing the influence of generalized plastic deformation of the
membrane, but they still include the contribution of the confined plasticity which is
likely to occur at the crack tip during the propagation of the interfacial crack, just like

cohesive crack propagation energy in any ductile homogeneous metal.
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Table 5-1: The resulting critical energy release rates Gci of the BaTiO3/Ag interfaces for

each Ag paste sintering temperature

Firing Ge(J/m?)of Sample no.
successive Porosity
temperature pressurizations 1 2 3 4 5 6 7 Average
600(C) G 5 5 55 35 4
G 4
Average 45 5 55 35 4 4.5+0.71 11%
Thickness(um)+10 108 75 125 68 109
700(°C) G 55 5 5 3 5 6
G 3 4 5 5
Average 55 5 4 35 5 55 475095  10%
Thickness(um)+10 73 84 67 97 86 114
800(C) Gy 5 6 8 6 5 6
G 5 8 5 5
G 3.5 5
G 5
Average 45 6 8 525 5 6 5.8+1.21 8%
Thickness(um)+10 95 128 83 74 71 117
850(C) Gy 6 8 6 45 6 7 6
Ge 9 7 7 8 7
Ga 65 7 6
G 5
Ges 5
Average (J/m?) 6 85 65 57 6 1 65 6.60£1.16 7%

Table 5-1 also shows the thicknesses of specimens fired at 600 °C, 700 °C and
800 °C. Theoretically speaking, thick films will contain more defects, and these defects
may make plastic deformation occurs more easily during film deflection. However,
since we correct the results for general plastic deformation of the membrane, this should
not have a strong influence on the corrected results.

Indeed, at the same firing condition, the influence of the film thickness on
interface strength seems to be smaller than the experimental dispersion of the energy

values. Therefore, it will not be considered in the following discussion of results.
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The values of G; for specimens which are fired at 600 C, vary from 3.5 to 5.5
J/m®. Figure 5-5 illustrates the experimental data acquired from blister test and the
fitting blister equation (G=cph). The blister equation is calculated with average critical
energy release rate of Ag/BaTiO; interface after correcting for the generalized plastic
deformation of the specimen. Therefore, most of the experimental raw curves go farther
pass the blister curve in p vs A coordinates.

The average G,; for various sintering temperatures is also listed in Table 5-1. As
we mentioned before several results can be acquired for one specimen by repeating
injection and release of hydraulic pressure. Only one or two result of G have been
obtained from specimens sintered at 600 ‘C. Some of the pores in silver film are
interconnected, that may make water pass through the film and cause hydraulic pressure

down. Consequently only six pressurization results have been considered as valid.

4.5+ — Blister equation G=4.5J/m"

Pressure (bar)

I g I L 1 ¥ I ¥ T L I ¥ I
40 60 80 100 120 140 160
Height (um)

Figure 5-5: The experimental data acquired from blister test, Ag fired at 600 C, and the
fitting blister equation, for 4.5 J/m’.

The values of Gg; for interfaces fired at 700 °C vary from 3 to 6 J/mz, which is
close to the result for 600 °C. The inter-particle contact area for sintered powders
increases while firing temperature increases from 600 °C to 700 °C, (Figure 5-4(a),
5-4(b)). It seems that the subsequent decrease of porosity does not affect much the
interface strength at this stage. Figure 5-6 shows the experimental data acquired from
blister test and the fitting blister equation, where the average energy release rate is 4.75

J/m>.
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4.5 —— Blister equation G=4.75J/m’

Pressure (bar)
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Figure 5-6: The experimental data acquired from blister test, Ag fired at 700 C, and the

fitting blister equation, for 4.75 J/m’.

The values of G fired at 800 °C vary from 3.5 to 8 J/m?, with an overall average
value around 5.8 J/m?* (Figure 5-7). At 850°C the critical energy release rate of interface

cracks ranges from 4.5 to 9 J/m? (Figure 5-8).

4.5 - —— Blister equation G=5.8J/m’

Pressure (bar)

— T v T v T T T T T T 1
60 80 100 120 140 160

Height (um)

Figure 5-7: The experimental data acquired from blister test, Ag fired at 800 C, and the
fitting blister equation, for 5.8 J/m’.
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Figure 5-8: The experimental data acquired from blister test, Ag fired at 850 C, and the
fitting blister equation, for 6.6 J/m’.

Weibull parameter M is commonly used to describe the strength distribution.
According to the Weibull equation:

M
(1—F)=exp[—[ij ] (5-1)
0y

where F' is the distribution function of failure results, o is the applied load, oy is a
reference load and exponent M is called the Weibull modulus.

A plot of InIn(1/(1-F)) versus Inc will give the Weibull parameter M as the slope
of a straight line. High Weibull modulus M means a more consistent material and a
narrower probability curve of the strength distribution. It also means that uniform
defects are distributed throughout the entire material. We can regard interfacial energy
release rate as interface strength in Weibull modulus determination. Weibull moduli for
our four silver sintering temperatures were calculated and are showed in Figure 5-9.

The values of M are 5.06, 3.58, 3.66 and 3.73 respectively. Compared to the
common value for ceramics (around 10) or metal (from 10 to 100), we can observe that
the strength distribution is widely dispersed in this research. Fracture starts and runs
along defects existing in materials and bimaterial interfaces usually contain more
defects than bulk materials. It is very difficult to fabricate uniform interfaces due to the
misfit of material properties, with wider possible chemical contamination and variation
in elaboration condition. Therefore, failure tends to occur even more easily in interface

and with wider strength distribution wide.
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Figure 5-9: Weibull modulus plots of four silver sintering temperatures (a) 600 C
(b)700 C (c)800C (d)850 C.

The relation between average G and sintering temperature is shown in Figure
5-10, even taking into account the wide dispersion interval for each value. The critical
energy release rate of interface crack increases when firing temperature increases,
especially in the range of 700°C to 800°C. The changes in the pore volume through the
metal membrane and similarly along the interface, is likely to be an important factor to

cause this variation.
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Figure 5-10: Average G.; of interface versus sintering temperature of Ag membrane.
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Figure 5-11 shows the critical energy release rate G of Ag/BaTiOs interfaces
versus the porosity of the Ag film. The silver paste used in this study was named as G-1.
Within the range of membrane porosity from 11% to 7%, the G of the interface
between porous silver membrane and BaTiO; substrate is almost a linear function of the
porosity of the membrane. It is obvious that smaller contact areas across the
metal/ceramic interface will reduce the interface strength. But for a given interface
porosity, the size and shape of interface cavities must also play a role. Indeed, large
round-shape cavities might blunt interface cracks and rather tend to prevent their
propagation, while small fine-dispersed elongated cavities should cause high interface
embrittlement. Some authors have reported finite element analysis simulation of a crack
growth along the interface between a porous ductile material and a rigid substrate [Radi
2001]. But very few models nor experimental data for interfacial crack propagation
between porous metal film and ceramic substrate are available in literature, maybe
because of the difficulty to characterize the interface porosity, as mentioned before and
even less under the form of quantitative adhesion measurement to be compared to our
results. Thus the relation between the critical energy release rate of interface cracks and
interface contact area is still not clear now. Some work in progress on this topic is
described in Appendix 1. Based on very simple geometrical and physical assumptions, it
demonstrates how a non fully linear relation may exist between the overall critical
energy release rate and the fraction of contact area in a porous interface. A first

application of this simple model has been made to our results in Appendix 1.

12+

e Ag 8985
10 4

o
1

Average Gc/J/m®

I I I
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
porosity/%

Figure 5-11: Average fracture energy of interface versus average porosity of silver
membrane. m Silver paste fabricated by ceramic matrix composite

laboratory (NTU),; @ Commercial silver paste [Lee 2006].
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Comparing the results of commercial silver paste fired at the same sintering
temperature, where the values of G; vary from 1.3 to 4.2 J/m? for Ag/BaTiOj; interfaces,
the results in the present work are much higher. The major differences between both
studies are Ag powder particle size and chemical composition of Ag pastes. Both factors
are likely to change the porosity of the film after firing and altogether the value of the
thermodynamical interfacial work of adhesion itself. In figure 5-11, the values of the
present work are plotted together with the reported adhesion strength of other silver
paste (Ag 8985) to barium titanate [Lee 2006], with the porosity measured using the
same procedure. Both silver layer pastes contained some glass mixed with organic
solvent and binder. From figure 5-11 we can observe that the chemical composition of
the silver paste did not seem to influence much on interface adhesion. Contact area
seems to play a more important role in the interface adhesion, since the same linear
dependence of G.i on porosity appears to be valid for both Ag pastes.

Such a linear relationship is actually the simplest assumption which may be made
to account for the dependence of interfacial crack propagation energy on interfacial
porosity. Extrapolating the linear fit of Figure 5-11 to a zero porosity value would lead
to crack propagation energy about 10 J/m?* for a full-contact Ag/BaTiOs interface, which
is a rather reasonable value for metal/ceramic interface adhesion [Felder 2003]. On the
reverse, a linear extrapolation of our results to higher porosity rates would lead to null
crack propagation energy far before 100% porosity, which is not physically acceptable.
So, another extrapolation law should apply for porosity higher than about 15%,
compatible with complete loss of adhesion only for 100% interfacial porosity. Another
possible cause for this discrepancy is that our assumption taking the interfacial porosity
equal to the bulk porosity in Ag is grossly wrong, which is difficult to verify, but looks
unlikely as close as we could observe our metal/ceramic interfaces. More experiments
with better accuracy and a wider range of Ag membrane porosity will be necessary to
clear these points.

The main contribution to the incertitude for our results may be attributed to the
difficulty in determining the accurate critical de-bonding points and subtracting the
plastic strain contribution. Anyway, our crack propagation energy values are higher than
the usual estimates of the thermodynamical work of adhesion of metal/ceramic
interfaces alone, around 1 J/m®. This difference can easily be explained by the various
contributions of dissipative mechanisms which operate during interfacial crack
propagation, so that strongly adherent systems (like metal/metal or metal/adhesive
interfaces) may reach interfacial crack propagation energies as high as hundreds of J/m?
[Felder 2003].

Indeed, the basic thermodynamic property of an interface between silver and
BaTiO; is its free energy per unit area yag.pr. In experimental measurement, a different

quantity can be determined: the true work of adhesion W, which is the amount of energy
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required to create free surfaces from bonded materials. The true work of adhesion is the
intrinsic property that depends on the type of the bonds at the interface and the level of
contamination on the initial surfaces. In the specific case of Ag/BaTiO3 interfaces, the
contact angle in the Ag/BaTiO; is about 90 [Sugihara 1990] while the surface energy of
silver is 1.25 J/m? [Skriver 1992]. Thus, W, of Ag/BaTiOs interface can be estimated to
be around 1.25 J/m*by the true work of adhesion. But the practical crack propagation
energy G, is always higher than W,. As seen in Chapter I, this difference, which has
been extensively discussed in literature [Volinsky 2002], is usually explained by the
various contributions of three multiplicative factors:

The first one is the non-equilibrium thermodynamic state of the newly created
fracture surfaces, and is estimated between 1 and 10. The second one is the effect of
interface roughness, which causes the true contact area to be larger than its projected
measurable value. This factor is generally only slightly larger than 1. The third factor is
the energy dissipation through confined plastic deformation of materials at the
interfacial crack tip. Therefore, the G,; usually exceeds W, by two or even three orders
of magnitude and reach values as high as hundreds of J/m”. In our case, the first factor is
certainly partly responsible for the difference between W,=1.25 J/m* and G.= 10 J/m’
for a full-contact Ag/BaTiO” interface. But, even if we managed to subtract the energy
contribution of generalized plastic deformation of the silver membrane, it is very likely
that an important amount of confined plastic flow occurs at the crack tip on the side of
the silver component, which is known as a very ductile material. This contribution of
confined plasticity cannot be subtracted, and is actually inherent in the crack
propagation phenomenon, and thus contributes to the mechanical strength of the

interface.

1.1.2. Influence of different substrate roughness

The BaTiOs discs were ground with fine SiC and diamond particles to prepare
difference surface roughness. BaTiOs is fired at two temperatures, 1350 C and 1440
‘C for 2 h. For BaTiO; fired at 1440 °C, the roughness of the substrate of the discs
which were ground with fine SiC particles, which is marked as 14408, is about 0.15 pm.
The roughness of the discs which were ground with diamond particles, which is marked
as 1440D, is about 0.21 um. Table 5-2 shows the results of critical energy release rates
G.i of the BaTiO;/Ag interfaces for different substrate surface roughness, for BaTiO;
substrates fired at 1440°C and Ag paste fired at 850 C for 1 h for bonding to the
BaTiO; discs. The average G of 1440D is about 3.7 J/m? and that of 14408 is about 6.5

J/m>.
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Table 5-2: The resulting critical energy release rates G.; of the BaTiO3/Ag interfaces for
different substrate surface roughness (the firing temperature of BaTiOs is
1440°C for 2 h).

Substrate G, (J/m?) of successive Sample no.

roughness pressurizations 1 2 3 4 5 6 Average
021(pm) G 6 2 5 3 1 9

Ga 8 15 55 7 2 4

Ga 25 15 3 3 25 4

Ges 4 3 3 3

Ges 3 3

Average (J/m?) 4.7 1.67 413 38 183 5 3.73
0.15(um) G 85 & 7 6 8 9

G 9 6 7 55 6

Ge 7 55 55 55

Ges 85 7 65 6

Ges 4 55 45

Ges 4 6

Average (J/m?) 825 575 45 65 6.17 6.2 6.48

Figure 5-12 and 5-12 show the experimental results of 1440S and 1440D
respectively, both figures demonstrate the fitting blister equation of average interface

energy release rates.
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Figure 5-12: The experimental data acquired from blister test and the fitting blister
equation, for G= 3.73 Jim’. Ag is fired at 850 C and BaTiOj is fired at
1440 C. The average surface roughness of BaTiOjs substrate is 0.21um.
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Figure 5-13: The experimental data acquired from blister test and the fitting blister
equation, G.= 6.48 J/m’. Ag is fired at 850 C and BaTiOs is fired at
1440 C. The average surface roughness of BaTiOjs substrate is 0.15 um.

In general, larger surface roughness enhances adhesion strength of coatings. This
effect is attributed to so called mechanical anchoring due to interface asperities. This
can be interpreted as a large value of the interfacial crack propagation energy because of
the longer and more tortuous crack path along the interface.

Our experimental results in the present research appear to be contrary. We may
moderate this conclusion by considering the Weibull moduli. The Weibull modulus of
1440D is about only 2, see Figure 5-14, which means that the strength distribution is
very wide. The Weibull modulus of 1440S is 4, which is similar to the results discussed
above because the grinding procedure is the same. The results of energy release rate
vary from 1 to 9 J/m* for 1440D. Although the substrate average roughness are not very
different, in this case, a different surface preparation resulting in a larger surface
roughness may mean that there are many large defects on the substrate surface.

Since we cannot control defect to be distributed uniformly on the surface, the local
roughness may have a wide range on substrate. One may also presume that many more
unbonded, undetectable nano-cavities may be present at the rougher interface. The crack
propagation being governed by the larger defects on the crack path, this might explains
the difference between 1440S and 1440D and the wide scattering of results in the

second case.
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Figure 5-14: Weibull modulus plots of (a) 1440D and (b) 1440S.

Similarly, Table 5-3 shows the results of critical energy release rates G.i of the
BaTiO; (fired at 1350°C for 2 h)/Ag interfaces for different substrate surface treatments.
The grinding procedure is the same as for BaTiOs sintered at 1440°C. The roughness of
the substrate of the discs which were ground with fine SiC particles, marked as 13508,
is about 0.19 pm. The roughness of the discs which were ground with diamond particles,
marked as 1350D, is about 0.21 pm.

The average G.; of 13508 is about 6.6 J/m® and that of 1350D is about 3.88 J/m’,
Figure 5-8 and 5-15 show the experimental results of 1350S and 1350D respectively
with the fitting blister equation of average interface energy release rate.

Table 5-3 shows the same trend as mentioned before for 1440S and 1440D. It seems
that surface grinding method influences interface adhesion strength significantly. More
research work is needed to understand the relationship between roughness distribution
and energy release rate of interfacial cracks, with more complete characterization of
substrate surface geometry.

Table 5-3: The resulting critical energy release rates G.; of the BaTiO3/Ag interfaces for
different substrate surface roughness (the firing temperature of BaTiOs is
1350C for 2 h).

Substrate G, (J/m?)of successive Sample no.

roughness pressurizations 1 2 3 4 5 6 7  Average
021(upm) G 18 6 3 2 8 4.5

G 4 45 3 2 3 5

Ges 5 2 3 6

Ges 5.5 2 5.5

Ges 35 2 4.5

Ges 35

Average (J/m?) 396 525 3 2 4.67 4.83 3.88
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0.19(um) G 6 8 6 45 6 1 6
Ge 9 7 7 8 7
Ges 65 7 6
G 5
Ges 5
Average (J/m?) 6 85 65 57 6 7 65 660

—— Blister equation G=3.88J/m’
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Figure 5-15: The experimental data acquired from blister test and the fitting blister
equation, for 3.88 J/m’. Ag is fired at 850 C and BaTiOs is fired at 1350

C. The average surface roughness of BaTiO; substrate is 0.21um.

1.1.3. Influence of different substrate firing temperature
Figure 5-16 shows the X-ray diffraction pattern of BaTiOs sintered at two different
temperatures: 1350 and 1440°C. No phase change is found in X-ray diffraction pattern,

so the influence of phase composition will not be concerned.
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—— BaTiO, 1350°C
-BaTiO, 1440°C

Figure 5-16: The X-ray diffraction pattern of BaTiO; sintered at two different

temperatures.

Barium titanate is a material in which the grains tend to grow abnormally during
sintering. The SEM picture of Figure 5-17 shows the microstructure of BaTiOs. Figure
5-17(a) illustrates the BaTiO; fired at 1350°C for 2 hours. The grain size grain is about
80um. When firing temperature is increasing to 1440°C for 2 hours the grains continue

to grow and the grain size increases to more than 200um (Figure 5-17(b)).

Figure 5-17: The microstructure of BaTiOj; fired at (a) 1350 C (b) 1440 C for two
hours (SEM).

From the experimental results shown in the previous section, Table 2-5 bring
together the results of critical energy release rates G of the BaTiO; /Ag interfaces for
different substrate firing temperature. The BaTiOs were sintered at 1350°C and 1440°C
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respectively, the surface treating process is the same. The roughness of ceramic
substrates both are 0.21um. The G¢; of Ag/BaTiO; interface is about 3.8 J/m? for both
different substrates (Table 5-4). This result indicates that the size of abnormal growth

grain does not influence the interface adhesion strength too much.

Table 5-4: The resulting critical energy release rates G.; of the BaTiO3/Ag interfaces for

different substrate firing temperature.

Firing Substrate  Average G, of ~ Sample no.

temperature yoyohness  each specimen 1 2 3 4 5 6 7 Average
1350(C)  021(um) G (J/m?) 396 525 3 2 4.67 483  3.88
1440(C)  0.21(um) G, (I/m’) 47 167 413 38 183 5 3.73

1.2.  Nickel (Ni)/Barium Titanate (BaTiO3)

The structure of metal/ceramic interfaces are important is multilayer ceramic
capacitors (MLCCs), as they can affect physical and electrical properties of the devices.
Nickel electrode is developed and used in MLCCs instead of silver electrode, which is
widely used so far in MLCCs, to make the devices cost-down. Therefore, the adhesion
strength of Ni/BaTiOs interface is studied in this section.

Figure 5-18 denotes the experimental data and the average critical energy release
rates G.; of the Ni/BaTiO; interfaces measured by blister test. The Ni films were fired at
1200°C in argon atmosphere to avoid nickel oxidation. Because the specimen
preparation of blister test is difficult for this system, only five specimens have been
successfully performed in this study. In Figure 5-18 we can observe that Ni does not
deform plastically as easily as Ag, only one specimen shown extended plastic
deformation. While Ni films begin to form a blister and separate from BaTiOs, the Ni
films burst and water leaks from interface making pressure drop. So we cannot use the

same specimen to measure interface adhesion again, as we do in the Ag/BaTiO; system.

122



Chapter V': Results and Discussion
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Figure 5-18: The experimental data and critical energy release rates G. of the
BaTiO3/Ni interface, with the fitting blister equation for 1.26J/m’.

The average G; of the Ni/BaTiOj is about 1.26 J/m?. This value is close to the usual
estimates of the thermodynamical work of adhesion of metal/ceramic interfaces alone,
around 1 J/m’.

Mag= 250X 100ym Detector = QBSD
EHT =20.00 kV Date :16 May 2007

Figure 5-19: Nickel film fired over the melting point on barium titanate substrate in

argon atmosphere.

In the case of Ni/BaTiO; interfaces, the contact angle of sessile drops in the
Ni/BaTiO; system is indeed about 90 [Sugihara 1990] while the surface energy of
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nickel is 2.45 J/m> [Skriver 1992]. Thus, W, of Ni/BaTiO; interface can be estimated to
be around 2.45 J/m’. But the crack propagation energy G.; is lower than W, in this study.
Consequently, other effects must be involved which reduce the adhesion of Ni/BaTiOs;
interface. Ni on BaTiO; gradually becomes hemispherical shape above the melting point,
see Figure 5-19, and the Ni is not wetting well on the BaTiO;.

According to literature, metallic interfacial reaction layer forms in Ni/BaTiO;
interface at high temperature in reducing atmosphere. The major composition of this
interfacial layer is Ni, also containing some Ti and Ba. The formation of the interfacial
layer is associated with the extreme low oxygen concentration in BaTiOs grain regions
next to the Ni electrode [Yang 2005]. The reaction which produces the Ni/BaTiO;
interfacial layer may induce some mismatch of mechanical properties at the interface.
Thus, sintering of Ni/BaTiO; causes stresses and these stresses cannot be released
during sintering, which could lead to crack formation or delamination [Kinemuchi
2005]. Figure 5-20 shows a cross-section view of Ni/BaTiOs interface by Scanning
Electron Microscopy. Obviously there are many defects and decohesions in the
Ni/BaTiOs interface. These defects could be created during the firing process and be
propagated by residual stresses. The cause of the residual stresses is due to the
difference of thermal behavior between Ni Paste and BaTiOs substrate during firing
procedure.

The residual stresses in Ni/BaTiO; MLCCs can reach to more than 100 MPa in
particular directions [Lee 2003, Shin 2003]. The residual stresses in Ag/BaTiO; LTCC
are only about 1MPa [Lin 2004], hence the residual stresses in Ag/BaTiO; don’t create

similar cracks in interface. These results are consistent with our observations.

Mag= 100X Detector = SE1

EHT = 20.00 kV Date :13 Mar 2007
. A R A R T VNG T TR

Figure 5-20: The cross-section view of Ni/BaTiO; interface
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Porosity and decohesion at the interface affect adhesion strength significantly, as
discussed in section 1.1. High residual stresses produce cracks in Ni/BaTiO; interface,
most of them are large. Accurate identification of porosity in interface is difficult, but
we assume that the porosity is more than 40% from cross-section view (Figure 5-20).
Remembering Figure 5-11 for the Ag/BaTiO3 interface, we conclude that the results of
blister test (1.26 J/m®) is reasonable, due to the G.; decreases while porosity increases.

Figure 5-21 shows the experimental data and the average G of the Ni/BaTiOs
interfaces measured by blister test, when Ni films were first fired at 1000°C for 1h in
argon and air mix atmosphere, and then fired at 1200°C in 5% hydrogen and 95%
nitrogen atmosphere to reduce nickel oxidation to pure nickel. The average critical

energy release rate is about 1.06J/m”.

q —— Blister equation G=1.06J/m’

Pressure (bar)

T T T
80 100 120

Height (um)

Figure 5-21: The experimental data and critical energy release rates G.; of the interface
between BaTiOsz and reduced Ni, with the fitting blister equation for 1.06J/m’.

Table 5-5 summarizes the crack propagation energy of the interface between
barium titanate and nickel. Regardless of firing atmosphere, the energy release rates are
about 1 J/m”. The cracks between nickel and barium titanate, which are induced by
residual stresses during firing process, seem to play a major role in adhesion. To
fabricate uniform and full contact Ni/BaTiO; interface, it is necessary to apply a
permanent pressure normal to the metal/ceramic interfaces during sintering [Kinemuchi
2005].
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Table 5-5: The resulting critical energy release rates G.; of the BaTiO3/Ni interfaces.

Firing G, of successive Sample no.

Atmosphere
temperature pressurizations 1 2 3 4 5 Average
1200(C)  99%Ar G, (J/m?) 13 1.6 08 2 06 1.26
1200(C)  5%H, and 95%N, G, (J/m?) 02 1 06 15 2 1.06

1.3.  Nickel (Ni)/Silver (Ag)/ Barium Titanate (BaTiO3)

As mentioned in section 1.1, the plastic deformation affects adhesion measurement a
lot. Although we propose a method to correct for the great part of the effect of plastic
deformation in blister test, plastic deformation still takes place and may influences the
experimental results slightly. So we tried the super-layer technique to reduce the plastic
deformation of silver films during the blister test. The superlayer technique is based on
increasing the resulting film thickness by putting a stiff overlayer (superlayer) on top of
the tested structure. Since the Ni films have higher stiffness, we put Ni film on the Ag
film. Specimens of Ag/BaTiOs were fired at 850°C for 1h (1350S) in air and then nickel
paste was screen printed on them to make a sandwich structure (Ni)/ (Ag)/ (BaTiO3).
The specimens were fired again at 850°C for 1h under argon atmosphere to sinter nickel
paste and to avoid nickel oxidation. Sintering at such low temperature as 850°C is
expected to reduce the influence of residual stress.

Figure 5-22 illustrates the blister test data of Ni/Ag/BaTiOs. This diagram shows
that the plastic deformation has been successfully reduced. The metal film had been
pulled to observe the position of crack propagation after testing. The crack has

propagated in Ag/BaTiOs interface, not in Ni/Ag interface.
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4.5 —— Blister equation G=3.07J/m’
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Figure 5-22: The blister test data of Ni/Ag/BaTiO:s.

Table 5-6 lists the critical energy release rates G of the Ni/Ag/BaTiO; structure.
The average G,; is 3.07 J/m>. Compared to the results of Ag/BaTiOs (G = 6.6 J/mz, Ag

fired at same temperature), the addition of nickel film reduces the Ag/BaTiO; interface
adhesion.

Table 5-6: The critical energy release rates G.; of the Ni/Ag/BaTiO; structure.

G, of successive Sample no.

pressurizations 1 2 3 4 5

Average
Ge; (J/m?) 4 25 35 3 2
Ge, (J/m?) 34 4 2 4
Ges (J/m’) 34 2

Average (J/m?) 4 3.1 375 233 3 3.07

Figure 5-23 shows the cross section view of Ni/ Ag/ BaTiO3 sandwich structure. The
upper layer is the Ni film, middle layer is the Ag film and lower layer is BaTiOs. There
are some pores in Ag/BaTiO; interface which are not observed in simple Ag/BaTiOs
bi-material. The thermal misfit between nickel film and silver film during the second
firing may cause these pores in Ag/BaTiOs interface. We supposed that the low firing

temperature could reduce the influence of residual stresses on metal/oxide interface, but
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obviously they still induce some crack propagation in Ag/BaTiO; interface. As
introduced in section 1.1.1., it seems logical to conclude that the increased pores
fraction in interface will reduce the adhesion strength, which explains why the

metal/oxide interface adhesion strength decreases in Ni/Ag/BaTiOs sandwich structure.

Figure 5-23: the cross section view of Ni/ Ag/ BaTiO; sandwich structure, upper layer is
Ni film, middle layer is Ag film and lower layer is BaTiO;.

1.4.  Silver (Ag)/Nickel (Ni)

A sandwich structure (super-layer technique) has been successful used to reduce the
plastic deformation of Ag. To avoid crack propagation between the super-layer and the
metal film, the interface between the super-layer and the metal film must be stronger
than the metal/oxide interface. The conventional fracture energy of our metal/oxide
interface is less than 10 J/m?, so the energy release rate of super-layer and metal film
interface must be more 10 J/m”. Therefore, the adhesion between silver and nickel
should be measurable by blister test.

A pure nickel disc with a hole in central part is used as a substrate for blister test.
Figure 5-24 shows the blister test data of Ag/Ni. The silver films fracture before
debonding from Ni substrate. Therefore, it has been impossible to obtain energy release
rate of Ag/Ni interface by blister test. Similar to most of the adhesion measurement
techniques the blister test is useless for very strong interfaces and can only provide an
estimate for a lower limit of G.. Although we cannot obtain precise result of Ag/Ni
adhesion strength, we could estimate that the G.; for Ag/Ni interface will be greater than

30 J/m’ from Figure 5-24 (including energy absorbed by plastic deformation).
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Figure 5-24: The blister test data of Ag/Ni interface adhesion.

2. Indentation test

Indentation can be used to de-laminate the film from the substrate in the case of a
weakly bonded film, thus measuring the film coating interfacial strength. Three kinds of
Vickers indentation are discussed in this section. First, indentations are performed
perpendicular to the film surface (normal indentation test). The second and the third are
indentations apply on the cross-section of film/substrate specimens; on interface
(interface indentation test) and on substrate (cross-sectional indentation test)
particularly.

2.1. Normal indentation test

When an indentation is made on a thin ductile coating surface, the coating arround
the indent is under compressive stress and begins to delaminate from substrate to release
compressive stress by buckling. If the coating is thick or has a high stiffness, a shear
crack may occur and propagates down to the interface, delaminating the coating from
the substrate around the indentation (Figure 5-25). The expression proposed by Toonder
et al. [Toonder 2002] may be used to determine the adhesion (see chapter III, section
3.1.):

G142 Eh’ ((a/L)+ (ﬂﬂ/z)jz N h(1-v)o! , 33601 -Wh'o, ((a/L) + (ﬁcﬁ/z)j
L' (alL)y+p.x E r (a/L)+p.x

-1
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;,.'v -, .“_,”.r‘
Figure 5-25: Indentation induced of a Ni coating (optical micrograph).
Silver and nickel thin films attach on BaTiO; substrates are used to quantify the

adhesion by normal indentation test. We assume that residual stresses are small enough

to be neglected in first approximation, then the expression can be rewritten as

G=142

ER’ ((a/L)+(ﬂcir/2)J2 5

L (a/L)y+ pB.m

where E is the Young’s modulus of the coating; 4 is the thickness of the coating; v is the
Poisson’s ratio of the coating; o; is the residual stress in the coating . L, a and /. define
the geometry of the chipped piece. The OM photograph (Figure 5-26) shows the coating
detachment during loading of the indentation for a 400 nm thick silver film on BaTiO;
substrate. At the indentation load 0.147 N, silver film bulges and separates from its

substrate. While loading is 0.245 N, the Ag film begins spalling extension.

Tas ot B

Figure 5-26: Coating detachment during loading of the indentation for a 400 nm thick

silver film on BaTiOj; substrate (optical microscopy).

130



Chapter V': Results and Discussion

The coating detachment during loading of the indentation for a 400 nm thick nickel
film on BaTiO; substrate is showed in Figure 5-27. Nickel film also bulges and
separates from its substrate around the indentation. Large loading may cause nickel film

break during indentation

F o 0.245N . “ “D.98N
- e . ; >
A7 ) & n y =
; ' ) e \ |
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Figure 5-27: Coating detachment during loading of the indentation for a 400nm thick
nickel film on BaTiO; substrate (optical microscopy).

The length L of the interfacial crack is inferred from the measurement of the radius
of the bulge surrounding the indent. The measured interfacial crack radius increases

almost linearly with load both in silver and nickel coatings.

45
30 -
35 -
30
5 4
23 ——Ni

20 - Ag

Crackradius{pm)

0 0.5 1 1.5 2 25
indentationload (N)

Figure 5-28: Plot of indentation load versus interfacial crack radius after normal

indentation.

Equation (5-1) is used to calculate adhesion energy. This equation is very sensitive
to the precise values of thickness and crack length. Hence its results must be regarded as

dubious and they are widely dispersed indeed (see Figure 5-29).
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Figure 5-29: The energy of interfacial crack extension of silver and nickel thin coatings

on barium titanate, from normal indentation tests.

The energy of interfacial crack extension of thin silver coating on barium titanate
varies from 0.05 to 4.1 J/m*. The G; of thin nickel coating on barium titanate changes
from 0.02 to 3.5 J/m®. These large distributions may be mostly due to the incorrect crack
length measurement and plastic deformation of the coatings.

However, it must be recalled that these thin coatings have been prepared by a
specific way (see chapter IV, section 3.2.2.). Therefore, their adhesion strength to

BaTiO; substrate cannot be compared forwardly straight to the results of blister tests.

2.2. Interface indentation test

For these experiments silver paste is fired at 850°C for 1h on the BaTiO; substrate.
We use the specimens 1350D to perform interface indentation test. A cross-section view
is presented in Figure 5-30. Upper part is silver film and lower part is barium titanate.
Vickers indentation is performed as exactly as possible on the Ag/BaTiOs interface. A
first obvious experimental difficulty consists in adjusting the indent for tip to be
coincident with the coating/substrate interface, and the diagonal of the indentation along
the interface direction.

It is very difficult to identify clearly the exact length of indentation induced crack in
interface (Figure 5-30(a)). We need to use backscattered electron mode to enhance
contrast in SEM observation in order to see the crack (Figure 5-30(b)). The crack

opening is very small so we can hardly define the crack length, even by using some
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image analysis. Thus measuring the value of the half-diagonal of the indent for each
indent and the length of the crack in the interface are not easy and care must be taken

during experimental and analysis works.

(b)
Figure 5-30: Cross-section of Ag/BaTiOs interface (a) SE mode (b) BSE mode (scanning

electron microscopy).

Equations (3-2), (3-7) and (3-9) have been adopted to calculate the critical crack

extension force (Gg;).

P(E 1/2
K.=a 3/2 (_j (3-2)
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(Ejm: (E/H) | (E/H)? 3-7)

H 1+(H, /H )" 1+(H,/H)"?

(=8
G_E—(K,) (3-9)

*

The parameters used in the equations are listed in Table 5-7.

Table 5-7: Parameters used to calculate G; in interface indentation test.

Silver Barium Titanate
Young's modulus (GPa) 76 178
Hardness(Vickers) 25 48
Poisson's ratio 0.37 0.35
Shear modulus(GPa) 27.8 35

Table 5-8: G in interface indentation test for Ag/BaTiO3 (1350D) specimens.

Number 1 2 3 4 5 6
crack length (um) | 35 62.55 59.25 48.9 50 61.4
G, (J/m?) 2.54 0.445 0.524 0.932 0.871 0.471
Number 7 8 9 10 11 average
crack length (um) | 79.15 127 71.6 79.85 72.5 67.9
G, (J/m?) 0.22 0.053 0.297 0.214 0.286 0.623

The critical energy release rates of Ag/BaTiOs (1350D) measured by indentation test

are listed in Table 5-8. The film thickness is about 70um, load is 1.96 N and the average
crack length of 11 indentations is about 68um. If constant  is 0.015 [Lesage 2001], the

interface energy release rate is 0.623 J/m*. Compared to the result of blister test (G

about 3.8 J/m’) this value is much smaller. Whereas the constant a is a

material-independent constant for Vickers produced radial cracks, we should find out

the appropriate fit to this system. Figure 5-31 shows the effect of changing the value of

a versus the calculated G,; for the couple of materials of interest here (Ag/BaTiOs) and

a~67.9 um. We can see that a very small change of a could lead to values of G,

comparable with those obtained from blister test. So analysis is needed to obtain

accurate value of constant a.
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Figure 5-31:The effect of the constant o. for interface indentation equation on calculated
G.ifor Ag/BaTiO; and a.=67.9 um.

2.3.  Cross-sectional indentation test

Cross-sectional indentation test is modified from cross-sectional nanoindentation
test (CSN test). Cracks are initiated in the brittle barium titanate substrate by indenting
with a Vickers diamond tip close to the Ag/BaTiOs interface. A conventional micro
indentation is used to apply this method. Vickers indent is rotated to make the edge of
the square indent parallel to the interface. Cracks propagate from two corners of the
Vickers indentation towards the metal/oxide interface. The indentation load makes
interfacial crack propagate and separate a chip from the brittle substrate, which pushes
the film to debond and deflect outward (Figure 5-32).

e

Mag= 200X Detector = SE1

EHT =20.00 kv Date :11 Dec 2006

Figure 5-32: The cross-sectional indentation test with a Vickers indent.
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Only the Ag/BaTiO; specimens have been used in our cross-sectional indentation
tests. The Ni/BaTiO; interfaces are weak and full of porosities, so that nickel films are
likely to separate from BaTiOs substrate during the sample preparing process. Indeed
sample preparation for cross-sectional indentation test must be carried out carefully to
avoid film separation (see chapter IV, section 3.2.), this is also important for most of
interface adhesion measurement methods.

Crack length is measured by SEM photograph as show on Figure 5-33. The end of
the crack in interface can be more precisely defined so we estimate that cross-sectional

indentation test is more reliable than normal and interface indentation test.

(b)

Figure 5-33: SEM photographs of cross-sectional indentation test with a Vickers indent

There are several models to interpret the results of cross-sectional indentation test:
plate model, tapered beams model [Sanchez 1999] and restrained edges model [Li
2006]. Because of the large extension and small deflection of our interfacial cracks, we
also propose a new model based on the blister induced by point load (point load model).
All of these models are presented in Chapter 3, and we all use four models to calculate
critical interface energy release rate of Ag/BaTiOs; from our experiments. The

appropriate formulae are recalled below for each model

136



Chapter V': Results and Discussion

2 3
Plate model G= 8D:V° , D= En 5
a 12‘1 -V )
D(1-v?)-w; ,
Tapered beams model G= w QF(A)+AF (1))
a
4Dw;, :
Restrained edges model G= :VO QF(A)+AF (L)),
a
7 .
Point load model G="% Hszl n v,
pe

The experimental data and calculated energy release rates according to each model
are listed in Table 5-9. Tapered beams model leads to the lowest values in four models

and point load model leads to the highest.

Table 5-9: Experimental data and calculated interface energy release rate by four

models for cross-sectional Vickers indentation tests on Ag/BaTiO; interfaces.

G.; of different model (J/m?)
1350D |a(um) b(um) F(N) h(um) wo(um) b/a
Plate Tapered beams Restrained edges Point load
1 1135 31 098 60 15 0.03 1.90 0.97 2.07 3.82
2 552 17 098 60 6 0.03 490 2.55 5.41 6.46
3 702 16 098 60 6 0.02 130 0.63 1.39 3.99
4 1190 38 098 125 3  0.03 028 0.15 0.31 0.58
5 2150 153 294 125 10 0.07 0.65 0.51 0.87 2.13
average 1.81 0.96 2.01 3.39
G.; of different model (J/m?)
14408 |a(um) b(um) F(N) h(um) wy(um) b/a
Plate Tapered beams Restrained edges Point load
1 865 30 196 85 5 0.03 130 0.73 1.46 3.94
2 688 30 196 85 3 0.04 1.40 0.85 1.64 4.16
3 808 30 196 85 5 0.04 212 1.20 241 5.03
4 1225 110 1.96 160 4 009 1.70 1.54 2.50 1.75
5 880 60 1.96 160 2 007 1.60 1.20 2.11 1.69
6 1228 92 196 123 5 0.07 120 0.96 1.63 2.18
average 1.55 1.08 1.96 3.13
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In each model, only elastic strain energy has been considered. Due to the thick
film (70um) and low load (1.96N), the corresponding analysis to account for
generalized plasticity effects on interfacial energy has not been adopted in this study.
The fracture of the brittle substrate absorbs part of the incident mechanical work (Figure
5-32). But in the first three models, the strain energy of the system is estimated only
from its geometrical parameters and material data. Only in the point load blister model,
the applied load is needed, which may be perturbed by the fracture and friction of the
substrate chip. However, comparing the crack propagation in the brittle substrate with
one in interface, we may neglect energy dispersion due to the crack length in substrate
which is much smaller than the crack length in interface.

To compare these values with each other, two column graphs are plotted in Figure
5-34 and 5-35. Tapered beam model provides small values in the condition of b/a<0.1.
Restrained edges and Plate model seem to obtain close values in our case. Point load
model is based on the applied load and the others are dependent only on the material
properties of the film and substrate. Point load model gives higher values than the others,
except for the thickest film (160um). This may be explained or by an overstatement of
the true applied load because of the fraction between the substrate chip, the substrate
bulk and the indentor.

H Plate
W Tapered beams
Restrained edges

M Point load

Figure 5-34: G, of Ag/BaTiO; (1350D) interface measured by different model on 5

different interface locations.
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M Plate
M Tapered beams
% Restrained edges

® Pointload

Figure 5-35: G of Ag/BaTiO; (1440S) interface measured by different model on 6
different interface locations.

3. Comparison between blister and indentation test

3.1. Comparison between G from normal indentation test with the values from
blister test.

Mode mixity of normal indentation test is complex and the experimental
measurement are uncertain, which make the value of critical crack propagation energy
to disperse in a wide range. Normal indentation test also induces a lot of plastic
deformation during film debonding. Moreover, the tested specimens are obtained with a

different process. Therefore, we cannot compare the values from this test with the
values from blister test.

3.2. Comparison between G from interface indentation test with the values
from blister test.

For Ag/BaTiO; interface, the interface adhesion strength measured by interface
indentation test is about 0.6 J/m”. The present model for interface indentation test only
considers the fracture mode I, which would imply G,; value from interface indentation
smaller than from blister test. This is indeed what we measure. However, the equation
used for interface indentation is still not completely developed, especially with non
reliable value of the constant o for Vickers indentation. Therefore, precise comparison
of G.; with the results of blister test is still difficult.
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3.3. Comparison between G from cross-sectional indentation test with the
values from blister test.

Compare to blister test, the G.; measured by cross-sectional indentation test, using
plate, tapered beams and restrained model, are smaller (Figure 5-36). The average
critical energy release rate of Ag/BaTiOs; obtained by cross-sectional indentation test
(point load model) is similar to the value from blister test; this may be due to the
similarity in their mechanical analysis. More theoretic and experimental developments

are needed to complete this new adhesion strength test method.

J/m?
7 —

6 -

5 -

H1350D
m 14408

0 T T T T 1

Plate Tapered Restrained Pointload Blister test
beams edges

Figure 5-36: G,; of Ag/BaTiO; interface measured by blister test and different model of

cross-sectional indentation test.

4. Conclusions

Four methods are used and developed to measure critical energy release rate of
metal/oxide interface: blister test, normal indentation test, interface indentation test and
cross-sectional indentation test. The critical energy release rate of Ag/ BaTiO;, Ni/
BaTiOs, Ni/Ag/ BaTiO; and Ag/Ni interface have been measured.

4.1. Silver (Ag)/Barium Titanate (BaTiO3)

The average value measured by blister test increases from 4.5 J/m” to 6.6 J/m” while
the interface porosity decreases from 11% to 7%. The average value changes from 3.8
J/m® to 6.6 J/m* with different substrate surface conditions for silver fired at 850°C.

A thin silver film with a thickness of 400 nm has been prepared by thermal coating.
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The average G; measured by normal indentation test is about 1 J/m? on this film.

The average G.; measured by interface indentation test is about 0.6 J/m” according
to the present mechanic model, for the silver fired at 850°C on the barium titanate
substrate.

Four models are used in cross-sectional indentation test to calculate crack
propagation energy. The average Gci measured by cross-sectional indentation test is
about 1.6 J/m’ calculated by plate model, about 1 J/m® calculated by tapered beams
model and about 2 J/m” calculated by restrained edges model. A new model based on
applied point load is developed in this study. The average Gcei of Ag/BaTiOs is about 3.1

J/m? wiht this new model.

4.2. Nickel (Ni)/Barium Titanate (BaTiO3)

The average value is about 1 J/m* while the Ni film is fired at 1200°C for 2 h on the
dense barium titanate. The nickel films are oxidized first and then reduced to fabricate
the nickel films attached on the BaTiOj; substrate. Large residual stresses occur during
firing process and cause partial debonding of nickel film from barium titanate substrate.

These cracks in Ni/BaTiO; interface reduce the interfacial adhesion strength.

4.3. Nickel (Ni)/Silver (Ag)/ Barium Titanate (BaTiO3)

The average value is about 3.07 J/m® from blister test on this system. The crack
propagation is along the Ag/BaTiOs interface. The residual stresses during the sintering
process of the nickel paste layer generate pores in Ag/BaTiO; interface and decreases
the interface adhesion strength of Ag/BaTiOs.

4.4. Silver (Ag)/Nickel (Ni)
The silver films fracture before the cracks begin to propagate. No exact value can be
measured in Ag/Ni case by using blister test. The average value of interface energy

loading is more than 30 J/m” before silver film fracture.

In spite of the difficulties for specimen preparation and the wide scattering of
measured energies, the blister test seems to be a reliable technique to measure interfacial
crack extension energy.

The various indentation techniques which are tried to apply to the same
metal/ceramic system appear to be rather unprecise for crack length measurements and
difficult to use for crack propagation energy calculations because of the various possible

models which provide very different results.
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The initial purpose of the present work was to study the adhesion strength of
metal/ceramic interfaces. The interface between silver and barium titanate was chosen
as our model reference system, because of the practical interest of these materials as
dielectric and electrode metal in Multi-Layer Ceramic Capacitors (MLCC’s) and the
previous knowledge in their processing at the Ceramic Matrix Composite Laboratory,
Department of Material Science and Engineering, National Taiwan University.

Similarly, because of the previous experience of the Laboratoire de
Thermodynamique et Physico-Chimie Métallurgiques at Université Joseph Fourier in
blister testing of coatings, this technique was chosen as the basic one to obtain
quantitative values of adhesion on our metal/ceramic interfaces.

Thus the first and important practical result of this study was to develop an
appropriate process to produce specimens with a free-standing Ag membrane over a
perforated BaTiO; substrate, adapted to blister testing.

Specimen preparation:

Concerning the fabrication of ceramic substrate, high hardness and chemical
stability of ceramic makes it difficult to perforate a hole into the substrate. Two-step
sintering procedure of the ceramic substrate (thickness 2 mm, diameter 25 mm) is used
to simplify perforating process. In the first step, the discs were first pre-fired at 1100°C
for 1 h to obtain a handling strength with lower relative density. A hole with 3 mm
diameter was then machined into the center of the pre-fired discs by using a steel drill.
The discs were then sintered at 1350°C or 1440°C for 2 h. Therefore, the ceramic
substrate with a hole in central part can be easily produced.

The hole in the substrate is covered with a small circular Ag membrane prepared
separately (Ag membrane sintered at 500°C) to produce a free-standing window. Then
screen printing with silver paste is performed over the substrate and sintering of the
metal layer of interest with the required thickness, between 60 and 200 pm.

This technique has been adapted successfully to produce specimens with variable
firing temperatures either for the substrate or for the metal silver layer, with various Ag
paste sintering temperatures, surface roughness of the substrate and with Ni layers on
BaTiO; substrates, or Ag layers on Ni substrates. It seems quite possible to derive an
appropriate process from this basic technique to prepare any reactive or non-reactive
metal/ceramic interface.

Blister test results:

Experimental apparatus of blister test was already setup in Laboratoire de
Thermodynamique et Physico-Chimie Métallurgiques. Our specimens are suitable for
the blister test apparatus and tests were performed to measure the pressure vs. blister
deflection curves and deduce the interfacial crack propagation energy of our
metal/oxide interfaces.
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- Generalized plastic deformation of the metal membrane was observed during the
test before or during interface decohesion. We set up a simple graphic procedure to
correct for the generalized plastic work dissipated in the metal membrane and determine
the interfacial toughness, including only the contribution of the confined plasticity at the
crack tip. This procedure may obviously be useful for any plastic coating submitted to
blister testing, and it has been described in a related journal article.

- On series of specimens with the same preparation conditions, the dispersed
distribution of the obtained energy values satisfy to Weibull statistical law. Even if the
Weibull modulus is small, this allows reliable comparison between the average values
of the various series of results obtained from various classes of specimens.

- Since the sintered Ag membranes keep some pore fraction depending on their
sintering temperature, the experimental results brought evidence for a non-linear
dependence of the interfacial crack propagation energy on the interfacial pore fraction.
Theoretical work is presently in progress to develop appropriate modeling of this effect.
More experimental results obtained by testing interfaces with controlled porosity rates
on a larger interval would help to validate or improve this model.

- Surprisingly, adhesion energies differing up to a factor of 2 are determined for
Ag/BaTiO; interfaces with similar roughness, but different preparation routes for
substrate polishing. More detailed exploration is needed to explain this effect of
substrate preparation.

- The effect of interfacial chemistry is difficult to decide from comparing Ni to Ag
metal layer. Indeed, Ni membranes seem to contain residual stresses which produce
detrimental effect on adhesion by causing many interfacial debonded zones right after
elaboration. Constrained press sintering process is suggested to reduce the influence of
these residual stresses during sintering, but this has to be adjusted not to destroy the free
standing Ni window on the blister test specimens.

Thus blister test confirms its advantages as a quantitative technique for interface
adhesion measurement. It is well adapted to any system including a ductile coating on a
ductile or brittle substrate. Its theoretical analysis is very complete and consistent in
literature. We propose an easy process to overcome difficulties in sample preparation for
this powerful technique in the case of metal/ceramic systems. Reducing or correcting
the influence of plasticity which occurs during film deformation also proves to be of
major interest for present and future work.

Therefore, we could publish the first available values in literature for the practical
adhesion energy of Ag/BaTiO; interfaces, and study the influence of interface
microstructural characteristics such as the relation between interfacial porosity and
critical interfacial energy release rate.

Thanks to our tests during this study, many data are also available now from the
bulge part of the curves. Information on the elastic behaviour and the plastic
constitutive law of the Ag films may be derived from these results; evolution of these
characteristics with the membrane thickness, firing temperature, pore fraction of the
material is an open subject, still to be completed.

Because the preparation of specimens for blister testing is rather delicate, one of our
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goals was cross-testing of the blister test results with another appropriate adhesion
measurement technique using specimens more simple to prepare or provided by external
source. Among the many techniques available for interface adhesion measurement,
those which are based on indentation tests seem to be appropriate, because of three
main reasons:

- nano or micro-indentation apparatus are common in many laboratories;

- specimen preparation and geometry are very simple for indentation tests;

- these techniques can provide local measurement of interface toughness on small
specimens.

Indentation test results:

More practical difficulties than expected have been met to prepare cross-sections of
Ag/BaTiO; specimens. Interfacial debonding tends to initiate and propagate during the
sample preparation even with careful operation. A proper sample fixation method had to
be adapted for this preparation step.

Comparison between normal indentation, interface indentation and so-called “cross-
sectional indentation” testing led us to keep this last technique as the most convenient
and reliable among the three. It is based on indentation of the brittle substrate close to
its interface with the coating, which causes a small substrate chip to push the coating
film laterally and debond it from the substrate. We derived it from “cross-sectional
nano-indentation test”, which was promoted for adhesion measurement of thin films on
silicon substrate by Berkovich nano-indentation, and we adapted this technique to
Vickers micro-indentation on our metal/ceramic specimens. Several mechanical models
are available to deduce the interface crack propagation energy from the measurement of
the crack extension and film deflection after indentation.

- Difficulties for accurate crack length measurement on a millimeter range made it
necessary to use Scanning Electron Microscopy for cross-sectional indented specimens.
Some experimental techniques such as AFM may also be helpful to determine the exact
position of the crack tip more accurately and study its surface deformation field for
detailed information.

- We introduce a new mechanical model based on point-blister loading to analyze
the results of cross-sectional indentation test. This model is based on the assumption of
point-load and small deflection, owing to the observed overall dimensions of the
debonded membrane.

- Comparison between various models for result analysis shows that point-load
blister model leads to higher values of G,; than the three other models. These higher
values are close to the blister test results, but more analyses are necessary to improve
and validate this model. Using and instrumented indentation testor which can record the
load vs. depth curve could probably help in determining the exact value of the critical
debonding load and of the mechanical work which is put into the specimen during the
interface decohesion step. It would also be useful to be able to measure the debonded
membrane deflection under load — rather than after the test completion — as it is done in
blister testing.

So cross-sectional indentation tests appear to be well adapted to metal/ceramic
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coatings, and we transposed this technique to micro-Vickers indentation which is very
common and available in many laboratories.

However, we can conclude that indentation tests are not as easy to perform and
analyze as they appear at first sight. The sample preparation needs to be done carefully
to make sure that coatings do not debond before the test, and the exact position and
orientation of the indent with regard to the interface must be controlled accurately. So it
is not easy to obtain a large number of interpretable results on a given specimen.

The quantitative result of the test, in terms of interface crack propagation energy, is
very sensitive to the crack length and membrane deflection measurements, and the
various available models provide rather different values. More investigations are
certainly necessary to compare and improve their results.
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APPENDIX I

Average propagation energy of a crack along a Ag/BaTiOj3; porous

interface
(M. DUPEUX, work in progress, private communication)

A model based on simple geometrical and physical assumptions can be built to
describe the effect of a given fraction of interfacial pores on the average propagation
energy of a crack running along this porous interface. It is able to predict a non-linear
scaling of this energy with the fraction area p of interfacial pores.

Let G.; (J/m®) be the reference crack propagation energy along the interface
between two materials A and B with perfect and full contact at atomic scale, and let G,
denote the same quantity averaged over a porous interface between the same materials.
Gcq 18 due to be equal to G; when p = 0 and tends to 0 when p tends to 1. A linear
relation between G, and the remaining fraction area of contact (1-p) is the simplest
assumption which may be made to describe the effect of p on G, but it is not
confirmed by experimental results, as seen in Chap. V, Sec. 1.1.1.

The porous interface may be schematized as a periodic array of (a x a) square
unit cells, each of them containing a square cavity (d x d) (figure A-1). We shall assume
that the presence of the cavity perturbs the propagation of an incident crack (running
from left to right on figure A-1) along an interfacial area (ad x ad), slightly larger than
the size of the cavity (a > 1). For many possible physical reasons which will not be
discussed here, this perturbation may result in a different crack propagation energy
called G,.

Then the total average amount of energy needed to propagate the crack along the
unit cell area ¢ can be written as:

G, a*=0d*+G, (a* —a*d* )+ G, (ad* ~d*) (A-1)

from which, because of the definition of p = d*/a’:

Gcav = Gci (1 - azp) + ch p(az - 1) (A_2)
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Figure A-1: schematic view of an interfacial unit cell with a porosity (d x d) at the tip of
a propagating crack and a perturbed area (od x od, for o. = 1.5) around
the porosity (ad < a).

Of course, for a given value of a, if the interfacial porosity p increases, the
validity of previous expression (A-2) is limited to the case where ad < a. For larger pore
sizes, the whole area of the unit cell is perturbed by the presence of the cavity (figure A-
2) and the total amount of average propagation energy is expressed under the form:

G, .a’=0d+G, (a*~d*) (A-3)

which gives:
Gsav = Gsp (1 - p) (A-4)

Crack I? d=a -
front i
d

=

Figure A-2: schematic view of an interfacial unit cell with a porosity (d x d) at the tip of
a propagating crack and a perturbed area (ad x od, for o. = 1.5) around
the porosity (ad 2 a).
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The two equations (A-2) and (A-4) describe two different linear regimes of
variation of G, with p. As needed from physical limit cases,

- in the first regime, the average energy G.,, tends to G.; when p tends to 0.

- in the second regime, G, tends to 0 when p tends to 1.

- if G,, = G, both expressions lead to the simple linear interpolation G, =
G..(1-p).

- the transition between the two regimes occur when ad = a, i.e. p = 1/o?, which
depends on the value of the dimensionless constant o.

- if G, = 0 (which actually means that the true debonded area is (ad x ad), even
if it cannot be detected), G, tends to 0 for the transition value of p = 1/o°.

Limiting values for the couple of parameters (a, G.,) of this simple model can be
found by looking for a realistic fit with the experimental crack propagation energy
values measured in function of the porosity rate (Chap. V, figure 5-11), according to the
following criteria (see figure A-3):

i) the transition value of porosity p = 1/a* must be at least 0.15, according to the
experimental linear decrease of measured values. This means that o < 2.6 1s needed

i1) the largest value of G, compatible with experimental values is G, = 3 I,
from the extrapolation of regime 2 to p = 0 through the lowest experimental point (G,
=2.7 J/m®, p =0.15). This also means that a < 2.6.

ii1) the smallest possible value G, = 0 J/m?, introduced in equation (A-2), can
only be compatible with the experimental points for o = 2.2.

12 [ [ [
alpha =2.2, Gep =0J/m2

10 = = = alpha=2.6, Gep=3J/m2| |

@ Experimental points

2 \\ o
L\ ST rea.

0 01 02 03 04 05 06 0,7 08 09 1

Interfacial pore fraction p

Average crack propagation energy Gcav
a/im2)
o

Figure A-3: variation of the average Ag/BaTiOj; interfacial crack propagation energy
with the interfacial pore fraction
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Therefore the following conclusions may be derived:

- The two successive different linear regimes of variation of G., with p, as
described by this simple model, are perfectly compatible with the experimental data of
Ag/BaTiO; interfacial crack propagation energy measurements.

- The reference crack propagation energy of the perfectly bonded interface G; is
around 10 J/m”.

- The interfacial porosities in the Ag/BaTiO; interface are likely to perturb the
crack propagation along an area between 2.2 and 2.6 times wider than the observed pore
size.

- This perturbation results in a locally much weaker interface, with a crack
propagation energy between 0 and 3 J/m’.
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