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Abstract

The fundamental property which often dictates the performance of a coating isits adhesion to the
substrate and thus there are many techniques to measure adhesion. The choice of methods is
dependent on many factors such as mechanical properties of the coating and substrate, the
interface properties, the microstructure of the coating/substrate system, residua stress, coating
thickness and the intended application. Most tests aim to introduce a stable interfacial crack and
make it propagate under controlled conditions and model this process to determine adhesion. The
corresponding models are either stress anaysis based or energy-based. With the advent of
miniature systems and very thin functional coatings, there is a need for characterization of
adhesion at small length scales and some specific tests have been developed which are not
appropriate for thicker coatings. Among these, indentation and scratch methods have the widest
range of applicability but it is necessary to analyze the failure mechanisms before choosing an
appropriate model to extract adhesion parameters. This paper reviews the main quantitative
adhesion tests for coatings and highlights the tests which can be used to assess submicron
coatings and thin films. The paper also highlights the modelling and analysis methods necessary
to extract reliable adhesion properties illustrating this with examples for submicron coatings on
silicon and architectural glass.

Key words:. Interface, Adhesion, Fracture, Coatings

1 Introduction

Adhesioniscritical for dmost al coating industries. Adhesion at an interface can be attributed to
mechanical interlocking, chemical bonding, physical adsorption, or electrostatic forces. Many
gualitative methods are used to determine the critical conditions for interfacial failure but, in
many cases, a quantitative assessment of the adhesion is required for device design (e.g. for
MEMS). Adhesion failure is often considered as a cracking event which can be described by an
interfacial toughness parameter which, together with the mechanical properties of the coating
and substrate, can be used to predict the onset and rate of propagation of failure. Under certain
circumstances, adhesion also gives an indication of possible defects at the interface which may
be correlated to other physical or electrical properties.

There is no universal technique or analysis approach to determine the interfacial toughness. For a
given experimental set-up, different mechanisms of interfacia failure may occur for different
coated systems or test methods and, therefore, different models are required. According to Mittal
[1], the measured adhesion can be affected by test-specific factors and residual stress.
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Thus, without careful calibration between tests, including calibration of the associated analysis
techniques, making comparisons between data obtained in different ways for different systemsis
dangerous. Also, factors that are ignored in models originally proposed for specific coated
systems may be vital in other coated systems. It is not always clear which is the most appropriate
test to select and the best way to analyse the test data. A very comprehensive overview given by
Volinsky et a [2] was focused on the superlayer, superlayer indentation and four-point bending
on the layered structure of micromechanical systems (MEMYS). In this paper, we briefly review a
larger range of adhesion tests and then focus on those which can be used for submicron coatings
on brittle (ceramic) substrates. Some guidance for the selection of an appropriate adhesion test is
also given. The techniques and models discussed here are mainly for coated systems with limited
time dependent deformation. In cases where low modulus coatings show appreciable viscoelastic
behaviour many of the approaches outlined here may be invalid.

2 De€finition of Adhesion and Delamination

According to the ASTM definition (D907-70), adhesion is “the state in which two surfaces are
held together by interfacial forces which may consist of valence forces or interlocking forces, or
both”. These forces can be Van der Waals forces, electrostatic forces or chemical bonding across
the coating/substrate interface. Delamination is the phenomenon that a layer (fibre) separates
from the substrate or matrix in composite materials. It can be driven by mechanical or thermal
stress, shock waves, corrosion, electrostatic forces etc. It can be detected by indirect techniques
such as acoustic emission or reflectivity, but is best directly observed by microscopy (light,
electron, atomic force, acoustic, etc).

The true work of separation of the interface (also called the thermodynamic work of adhesion) is
the amount of energy required to create new surfaces from the bonded materials.

Wag =Vat+Ve ~Vas (1)

where yaand g are the specific surface free energies of A and B and )4g is the specific interfacial
free energy. This is an intrinsic property that depends on the type of bonding at the interface.
The true work of adhesion can be determined by contact angle measurements [3-7] and
atomistic smulations [8] . Contamination can affect the true work of adhesion [7, 9]. Practical
measurements of adhesion also include a contribution due to the effects of residual stress but
may aso include measurement-specific factors which make it problematic to compare the
adhesion results obtained with different test methods unless these are well understood.

Even if such factors can be compensated for there are usualy other energy dissipation
mechanisms associated with the forming new surfaces. Thus, the so-called practical work of
separation, critical strain energy release rate is given by [10]:

_ U

int a (2)

where U is the stored elastic energy released and A is the area of the interfacial crack. An
interfacial toughness, K, is related to this via K,, =/E;,G,, where Ein is a representative
Y oung’s modulus for the coating/substrate system.

Prior to evaluation of interfacia toughness, it is necessary to distinguish the different interfacial
failure mechanisms. The general failure modes that may generate adhesive failure in coated
systems are outlined in the following



Coating failureinduced interfacial failure:
(&) Median/radia cracks propagate to the interface and deflect [11, 12]
(b) A periodic array of cracks growing through the film may divert to the interface [13]
Failure startsat theinterface:
(c) Crack initiates at the interface and propagates along the interface, or extends into coating
or substrate; no buckling occurs
(d) After initial defect formation, the high compressive residual stress leads to buckling [14],
[15], [16]

Substrate failureinduced interfacial failure:
(e) A substrate crack may occur at or close to the interface, and divert dong it to cause
interfacial failure.

The different types of interface failure are summarized in Fig.1.

Interfacial failure is controlled by two main factors, the interfacial toughness, as outlined above,
and the distribution of interfacial defects. The stress, g, necessary to cause failure depends on
both of these; from a simple fracture mechanics approach considering a well-developed
interfacial defect of radius, c, the interfacial toughness, K; is given by

K, =ao7m )
Where the parameter a is geometric constant which isusually ~ 1 for circular defects.
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Fig. 1. Schematic of different failure modes in coated systems. (a) radial / median crack in the coating
deflects to interface to cause delamiantion; (b) multiple cracks in the film (such as picture-frame cracks)
divert to interface to cause delamination; (c) delamination resulting from an edge flaw at the interface;
(d) compressive stress inbuckling in the film (e) a crack in the substrate divert to the interface to cause
del amination.



Different modes of failure needs to be identified (Figure 2). In the case of a thin film on a
substrate a mixture of these failure modes can be observed, depending on test conditions. This
mode mixity is characterised in terms of a phase angle, ¢, where pure mode | (see Fig. 2a) has
an angle of 0° and pure mode Il (see Fiog. 2b) is 90°. In most cases the lowest toughness is
recorded for mode | fracture when coating and substrate have the same stiffness but will increase
with phase angle and the degree of modulus mismatch.

—
=

@ (b)

Fig. 2. Schematic of (a) mode | failure and (b) mode Il failure.

For amixed mode failure the interfacial toughnessis given by[17],

— H _i i_ﬂ e AlE
K =K, +iK, _\/E(\/f ItS’ZJt e (4a)
p=yl-0a)/1-B?) (4b)

The phase angle ¢ isgiven by,

b= tan‘l( Ptsinw—2+/3M cosa)J (40)

Pt cosw+ 2+/3M sinw

Where M is the bending moment caused by load P, « isthereal angular function, and
the bimateria constant e,

g:im[l‘ﬁj (4q)
2 \1+p

For non-zero values of ¢ the stress fields oscillate because the asymptotic solutions for stress
fields yield a compex solution equation (4a). The stress fields oscillate for nonzero values of &,
therefore, the ratio K, / K, does not correspond directly to the ratio ayy/txy.

For plane strain, the Dundurs parameters, a and £, which account for the differencesin elastic
response of the coating and substrate are originally given by [18, 19],

- (ﬂllﬂz)(l_vz) _(1_V1)
(,u1 /ﬂz)(l_ Vz) +(1- Vl)

(4e)

:8 — (,ul/:uz)(l_ 2V2) B (1_ 2V1)
2(/,11/,L12)(1— Vz) + (1_ Vl)

(4f)



Where p; and i, are shear moduli, v; and v, Poisson’ sratios for materials 1 and 2.

These two parameters can be further smplified as [20]

_E; -E 4
a= E L (49)
ﬁ :1 Ef (1_Vf )(1_2Vs) - Es(l_vs)(l_zvf) (4h)

4 (E; +E))A-v)d-v,)

where E, and E, arethe plain strain moduli and vs and v¢ are the Poisson’ s ratios of coating and

substrate respectively. The parameter a denotes the mismatch in extensiona stiffness between
the two bonded materials whereas 3 indicates the mismatch in volumetric stiffness. If the elastic
properties of coating and substrate are the same then a=3=0 and the bimaterial constant €=0. As
the modulus mismatch increases both a and 3 (and hence &) diverge from zero.

3 Techniquesto assessinterfacial toughness

In this part, we will review the methods to determine the interfacial toughness by inducing the
various types of failure as shown in Fig.1. These include pull-off and peel tests(tape tests [21]),
scratch testing [22-25], four point bend tests [26, 27], stressed overlayers [28-30] , indentation
tests [24, 31-33], laser gspallation tests [34, 35], double cantilever beam test§[36, 37] and
microcantilever deflection etc. We will start with brief review of the most common techniques
before going into more detail about the indentation and scratch tests which are often the only
available tests for thin hard coatings.

3.1 Brief review of the techniquesfor adhesion assessment

Pull-off methods: These methods include the tape peel test or the tangentia lap shear technique
(e.0. [38], [39]). The tape test uses a pressure sensitive adhesive tape to pull off the coating to
determine the peel force per unit tape width. It is quite easy to apply, but the main disadvantage
isthat it can be only applied to thick and rather weakly bonded coatings. Alternatively, one may
bond rods to the coating and substrate by a structural adhesive and then perform a tensile test to
pull off the coating (see Fig. 3.), which can measure tougher interfaces. However, the perfect
alignment necessary to ensure uniform loading across the interface is difficult to achieve in
particular for small samples. The mixture of tensile and shear stress during the test also leads to
difficulty in the interpretation of the results. When the coating becomes thinner, diffusion of the
adhesive through the coating to the interface may be important. This test measures the strength
of the interface rather than interfacia toughness. The test is limited by the strengths of available
adhesives to an interfacial strength of less than ~50MPa. For some coating/substrate systemsit is
possible to braze or weld the rods to the coating to increase this maximum strength but with
penalty that considerable residual stresses are introduced and the coating/substrate system may
be damaged by the bonding process.

A variant of the tensile test which is very useful for brittle coatings on very ductile or compliant
substrates involves loading the coating/substrate system into the jaws of a conventional
mechanical test frame and stretching so that the substrate extends beyond the fracture strain of
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the coating (Fig 3b). In this case an array of parallel tensile through-thickness cracksis formedin
the brittle coating by stress transfer from the substrate. At higher deformations the Poisson’s
contraction induces compressive stresses in the parallel-sided segments of coating bounded by
these tensile cracks and this can lead to delamination of the coating. This is a very common
failure modes for metal-coated polymer samples [40].

e I
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Fig. 3. Schematic of (a) Pull-off adhesion test and (b) tensile test of brittle coating/ ductile substrate
system. Through-thickness cracking perpendicular to the loading axis is followed by adhesive buckling
failure between the cracks. (c) Light micrograph of adhesion failure in copper/polyimide after the test in

(0).

Stressed overlayer test: This requires depositing a thick superlayer on the top of the film of
interest so that it increases the apparent film thickness and the total residua stress in the
combined coating without altering the tested interface ([2],[28]). This makes it easier to debond
the interface. This method is almost always applied to metal-ceramic systems.

C I
— T o~
-Ltt
Gl
2

Fig.4. Schematic of residual stressinduced failure at the tested interface by a highly stressed overlayer on
top of the tested coating.

In this case, the interfacial toughness can be directly estimated based on simple stress analysis.
Hutchinson and Suo considered the contribution to the energy release rate G for the interface
by the critical buckling stress . and driving stress o, of the film (i.e. the residua stress in the
coating), thus[17],
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kt’E, (5b)
o, =—————
¢ 12(1-v?)a?
For example, when a 400nm highly stressed indium doped tin oxide (ITO) coating (~3GPa
compressive stress) was deposited on the top of an Ag/ZnO hilayer on glass it caused

spontaneous delamination at the ZnO/Ag interface as shown in Fig. 5. This gives a strain energy
release rate of 2.7+0.1J/m?for the Ag/ZnO interface based on equation (5).

»

-

1 B 0 15 20m

Fig.5. Delamination of ZnO/Ag interface due to a highly stressed 400nm ITO overlayer on top.

A more advanced superlayer test which requires more sample preparation and experimental set-
up was described by [2]. Although an accurate adhesion strength can be measured by this
technique, it requires tedious tests to alter the thickness of and stress within the superlayer until
controlled delamination occurs. Furthermore, the interface between the overlayer and the test
coating should be stronger than the interface between the test coating and substrate, which is not
always possible to achieve.

Bending test: Thisisusually used for metal-ceramic system where through- thickness fracture in
the coating diverts to the interface to cause interfacial failure as shown in Fig.6 [e.g. [41], [42]].
This method usually requires arelatively big sample with athick coating which is robust enough
to remain free-standing after detachment and it cannot account for pre-existing residual stressin
the coating [2]. This method may not work well for ceramic-ceramic systems since it is more
likely to cause catastrophic failure of the whole coated system due to the brittle nature of the
coating and substrate. However, it iswidely used to assess the adhesion of thick ceramic coatings
on metallic substrates (e.g. [42]).
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Fig.6 Schematic of the four point bending test for adhesion measurement.
The four point bending test is preferred since the region between the central rollers is subject to

pure bending and the analysis of interfacia is relatively simple provided there is no plastic
deformation. Thus

2 2 2
_211-v )P L

G 2 3
16Eb "t

(6)

wheret is coating thickness, b is the width of the plate, L is the distance between Point A and C .

Sometimes, three point bend tests have also been used to measure adhesion [43]. Indentation (or
nanoindentation) techniques can also be combined with bending tests to measure adhesion; in
such tests the indentation test is used to produce an interfacial defect of a known size and thisis
propagated by the bending stresses applied. In most cases it is the reliable production of the
starter crack which limits the application of the technique since discontinuous crack growth of a
non planar crack front is common.

Blister test: In a blister test, pressure is applied on the free-standing film to cause film debond
from the substrate as shown in Fig.7. This requires etching the substrate to obtain a free-standing
thin film window and the application of pressure on one side to cause deflection of the film. It is
relatively straight-forward method to analyse the delamination stresses.

The strain energy release rate is given by [44]

G= pak—v(ﬂ"j (73)
m\4+4¢
c 2
p=2E" [éj (7b)
ClaO r

Where E isthe biaxial modulus of the tested film, oy is the initial tensile stress in the film, r is
the bulge radius, ¢ is the blister height, c; and c, are geometry related parameters, k, is blister
shape-dependent parameter and (1.62 and 194 for a circular or sguare window,
respectively[44]). This analysis assumes that the bulge dimensions are controlled by the film
properties alone which may not be the case for compliant substrate materials.
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Fig. 7. Schematic of Blister test.

The etching may lead to contamination of the interface especialy for thin ceramic films on
ceramic substrates during processing of the free-standing films. It was also argued that it may not
work for thin films (<2um) due to possible wrinkling effects [45]. As commented in [2], it IS
difficult to interpret the results the when crack does not propagate uniformly along the perimeter
of the blister.

Double Cantilever Beam test: In the origina test (Fig. 8), the coating is bonded between two
rigid plates. The energy release rate can be determined by measuring the fracture load, precrack
length and the height of the specimen ([2], [46]). The advantage is that this method leads to
almost pure mode | failure which makes it easier to analyze. It works well for relatively thick
coatings, however, it is difficult to apply to thin films because it is hard to create a suitable pre-
crack (as for other bend tests) and the bonding of the rigid plates may damage the interfaces to
be tested. However, recently this approach has been successfully applied to very thin multilayer
oxide coatings on glass where the thickness of each individual layer isbelow 50nm [36, 37, 47].

The energy release rate determined by this sort of adhesion test is given by [48],

352
N =)

= (8)
16(L +0.6t)%

Where E is Young' s Modulus and t is the thickness of the glass beam, and ¢ and L are the crack
opening and crack length respectively.

2t

L
Fig. 8 Schematic of the DCB test for the adhesion measurement[47].

This method yields reasonabl e results for multilayer coatings on glass as shown in Table 1.
Table 1 Interfacia toughness determined by DCB tests [37, 47]

Multilayer Strain Energy release rate (J/n)
SigNJ/TiO/Ag/ITiO,/glass 0.75+/-0.01
SisN4/ZnO/Ag//ZnOlglass 1.0+/-0.02

SisN4/ZnO/Ag//ZnO/ SisN4/glass 2.1+/-0.04

SisN4/ZnO/Ag// SnO,/glass




Shockwave tests (laser spallation): In this group of tests delamination is produced by a
shockwave [49]. The fracture dissipated energy may come from impact of erosive particles or
from an impinging laser pulse. The main problem is that the process of creating the shockwave
may influence the surface in particular for thin films. It is also difficult to couple the laser
radiation to the surface if the coating or substrate is transparent at the laser wavelength.

Microcantilever deflection tests. With the aid of focused ion beam (FIB), the microcantilever

can be fabricated. Nanoindentation can be then utilized to perform cantilever deflection
experimentg[50] as shown in Fig.9.

5\\

substrate

/ / /
coati ng! /

Fig. 9 Schematic of the microcantilever deflection test.

The energy release rate can be determined based on fracture mechanics [51], assuming that the
bending stresses may be determined by a simple beam theory.

K =1.120m (9a)
= 6_Pi (9b)
W

where P is the maximum applied load and W is the width of the cantilever beam. This technique
has been successfully applied to determine the interfacial toughness of SiO./metal coatings on a
Si(100) substrate which yields an energy release rate of 0.7 to 4.8 Jm*[50] This method is very
sensitiveto theinitia defect size and the sample preparation is tedious.

Scratch test: This test involves dragging a stylus across the surface of the coating with a
stepwise or continuously increasing normal load until an adhesion related failure occurs at what
is termed the critical load, L. This critical load is often used to compare different materials but
this is only valid if the same failure mode occurs. This is a simple way to estimate adhesion,
which is usually regarded as semi-quantitative because it can be affected by various extrinsic
(instrument-specific) factors such as scraich speed and loading rate and intrinsic
(coating/substrate system) parameters such as coating thickness, substrate hardness and surface
roughness which influence the results. It is very useful for qualitative assessment of hard
coatings on a softer substrate (e.g.[52-57]).

For a hard coating with relatively small thickness (<5um), buckling is the most common failure
mode which is usually caused by the compressive stress generated ahead of the moving indenter
(see Fig.10). Unlike for the case of spontaneous buckling, where a pre-existing interfacial defect
is required, the shear stresses associated with plastic deformation in the substrate tend to create a
suitable defect with dimensions comparable to scratch width, and buckling failure is widely
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observed. However, since plastic deformation is responsible for the initial defect the critical 1oad
is dependent on substrate hardness and comparisons between coatings on different substrates are
difficult to make reliably. For a much thicker coating, through thickness cracking is preferred to
occur during scratch testing which can lead to wedge spallation (see Fig.11). Thisis because the
bending stiffness of the coating has increased. When such wedge spallation occurs comparisons
between different coatings are more meaningful and reliable quantification is possible [57]. More
detail s about the models to determine the interfacial toughness will be discussed in the following

\_hjﬂ\__"“
@

a

e

(b)
Fig. 10. Buckling failure mode in thin coatings during scratch testing : (a) pile-up ahead of the moving
indenter; (b) interfacial failure resulting in buckling. After [57].

S
\ S

Fig. 11. Wedge spallation failure mode in thick coatings during scratch testing: (a) wedge crack is
generated some distance ahead of the moving indenter; (b) the coating is driven up the wedge opening an
interfacial crack (c) through thickness cracking close to indenter leads to spallation. After [57]

If the coating is soft, significant plastic deformation may be associated with delamiantion. When

the interfacial shear stress is bigger than the shear strength of the softer component, the scratch

test is not very useful. In such case, stripping or flaking may occur if adhesion is very poor but

often there is little to see but a plastic groove after the test is done. For thin soft films, the
11



nanoscratch can be very useful. Due to the relatively small size, it is difficult to relocate the
scratch track under off-line SEM or AFM. Therefore, an in-situ scanning probe microscopy can
be very useful to image the nanoscratch induced delamination (e.g. Fig. 12). The initiation of
delamination can aso be correlated to the sudden change of friction coefficient.

500.0 1.506

250.0 -1.370

-4.245
Image Scan Size: 10.000 pm Image Scan Size: 10.000 pm

@) (b)
Fig. 12. (a) Topographical and (b) gradient in-situ images of a scratch (with aramping load up to
2mN) induced delamination in a multilayered low-k polymer coating on silicon substrate.

Indentation: For thin films, nanoindentation is a very effective technique to measure the
mechanical properties of the coatings such as Young's modulus, hardness, and fracture
toughness and interfacial toughness [[24], [58], [59]]. For a soft coating (usually not brittle),
when the indenter penetration reaches a critical value, the high compressive stress in the coating
may result in double buckling as depicted in Fig.13a (if the interfacial toughness is not too high
and there is an appropriate interfacial defect). If the crack length does not reach its critical
buckling length on each side of indenter, single buckling may occur during the unloading cycle
(Fig.13b). The initial double buckling may change into single buckling during the unloading
because the constraint of the coating underneath the indenter is removed. It is also possible that
the double buckling remains even after removing the indenter.

Double buckling Single buckling

@ (b)
Fig.13. Schematic of (@) double buckling forms during loading and (b) single buckling during unloading
for arelatively soft coating on hard substrate.
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Fig. 14. Schematic of the different stages in nanoindentation fracture for a brittle coating on a hard
substrate. Modification is made after [60].

However, for brittle coatings the failure mechanisms can be more complex. A schematic of the
different stages in nanoindentation fracture for a brittle coating on a hard substrate is depicted in
Fig.14. Considering that the buckling interfacial failure is more likely than the shear induced
delaminaiton when the coating is relatively tough compared to the interface, some modification
was made to the originally proposed indentation induced failure mechanism by [60]. The
fracture evolution in atypical brittle coating on a hard substrate can be described in the
following. Stage| : aring, picture frame or radia crack may occur depending on the
coating/substrate system and indenter geometry; Stage I1: with the increase of the load, the crack
opening increases and the coating delaminates and buckles; Stage I11: secondary through-
thickness cracks form and coating spallation (either partial or full) may occur depending on the
flaw size distribution at the interface. A typical example for this was depicted in Fig.15.
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(b) (©

Fig. 15. Reflect light micrographs corresponding to indentations made in 200nm SiC on Si (111) by a
Berkovich indenter at (a) 100mN, (b) 250mN and (c) 500mN. Where the crack evolution is represented in
Fig.14.

3.2. Critical review on adhesion assessment by indentation techniques

Most work to date deals with a crack which initiates at and propagates aong the interface.
However, even in this case, the detailed failure mechanism needs to be examined before
choosing an appropriate model. Therefore, it is necessary to identify the delamination
mechanism: (&) compressive stress induced delamiantion during loading (b) tensile stress
triggered delamination during unloading. Generally speaking, if the interface is very weak
compared to the coating and substrate, the coating/substrate interface tends to fail during loading
as shown in Fig 16a. If the interface is relatively strong or the whole coated system tends to
dissipate the indentation energy by plastic deformation, the coating/substrate interface will only
fail during unloading (if at all) rather than loading as shown in Fig. 16b. In the case of Fig.16a,
the coating tends to buckle and this can cause chipping if the coating is brittle as shown in
Fig.17a. In this case, the crack tip of the delamination crack extends outside the contact zone. In
the case of Fig. 16b, the delamination is normally confined to the contact region as shown in
Fig.17b.

L~

e

@ (b)
Fig.16. Schematic of indentation induced delamination during (a) loading and (b) unloading.
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Fig.17 (a) Delamination generated during loading for a 1um SIC on Si (100) and (b) delamination
generated during unloading for a multilayer solar control coating (with the total thickness less than
200nm) on glass.

3.2.1 Delamintion formed during loading

3.2.1.1. Models based on normal indentation techniques

The theoretical approach by He et al [61] analyses the kinking of a crack at and out of the
interface between two dissimilar elastic solids, and this forms the basis for the indentation

analysis of other workers.

Marshall et al developed a model to determine the energy release rate by delamination from
comparisons between the unbuckled and buckled coating [32]. The strain energy release rate s,

1
Gy = 2tc7i2(1—l/?)+t(1—67)(1"/f)(Ur2 ~(@-0%)°) (10a)
in Ef

where

—1- 1 (10b)
1+0.902(1-v, )

And the indentation stress o, is,
ViEs

= (10c)
2m(l-v ; )ta®

where V; is the indentation volume (which can be estimated either based on the load-
displacement curve and indenter geometry or the profile of the indentation impression) and a is
the crack length . The subscript f denotes the properties of the film, ¢; and og are the indentation
stress and buckling stress, respectively. The parameter o is the slope of the buckling load versus
the edge displacement which is 0.38 for materials with Poisson’sratio of 1/3. In the case of non-
buckling fracture («=1), delamination is only driven by the indentation stress and the residual
stress does not make contribution. The term a is defined as zero if the film does not buckle.

Assuming the crack tip is far from the indenter, then
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JB
Where a is crack length, k is a boundary condition-dependent constant, k=42.67 for a double
blister and k=14.68 for asingle blister.

This model was further developed by Hutchinson and Suo [14], such that

_t-a)@-v, )(02 - O'CZ)

int E, (11a)

N VIE,
"o2ml-v,)ta’

(11b)
Where o; is the residual stress. These models all assume no strain energy dissipated for possible
cracks in the substrate.

Recently, these models have been further extended by [62],

In the case of non-buckling,

_[@-vto?

G, 3 , (12q)
In the case of buckling,
G. = (1‘E"°)t 40,0, -302) (12b)
Where the critical buckling stressis given by,
T E. |t.,
Og =—Y| ——|(— 12c
° 24 [1—vcj(r) (120)

where Y is a dimensionless constant which was found to be 1.488 for a circular buckles [63] , tis
the coating thickness and r is the radius of circular crack caused by a conical tip.

The indentation induced stressis given by,

.V
o =E - 12d
=Ey (12d)

C

It is assumed that the film around the tip is incompressible and thus the volume is conservative.
The plastic indentation volume V; is given by,

Vv :gag tan® @ (12¢)

Where 6isthe semi-included tip angle and J, isthe plastic depth.
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The volume of delaminated material is,
V. =r’m (12f)

The effective modulusis given by [62],

E.=E , for conical indenter or pyramid tip (129)

‘2(1-v,)

C C

E.=E % for wedge indenter (12h)
@-ve)

c

This approach yields reasonable results for low-k dielectric films with various thicknesses on a
Si substrate [62, 63].

For a soft coating on a rigid substrate, approaches based on contact radius at the initiation of
delamination under the indenter have been proposed [64]. The following expression linking
interfacial shear strength to coating hardness was given by [64],

_ 0.56H,
Ky (g 1t) ] K (B 1) + 1t ¢

Where H. is the hardness of the coating, K is a modified Bessel function of the second kind,

I, (139)

K. is the derivative of the function K ; a. i the contact radius, and
p=[6(1-v)/(4+V)]'? (130)

The interfacial toughness, Ky is then given by [65],

Kint = o/ TG (13c)

where interfacial failure was treated as mode I failure and ¢ i's the appropriate flaw size at the
interface. In this way, Malzbender et a [12] obtained an average interfacial toughness of 0.18
MPam °° for their hybrid coatings on glass which falls into the range of results determined
previously based on the work by He et a [61]. This indicates that this model works well,
however, cin IS not easy to accurately determine. Therefore, it may be more convenient to relate
the interfacial toughness to a crack dimension that can be readily measured. It should be pointed
out that the thickness t of the soft coating may not be constant from point to point on the surface
due to process irregularities (e.g. [66]) which can have a mgjor effect on the scatter of results
determined.

For the adhesive failure of relatively soft films with axisymmetric geometries, Rosenfeld et al
[67] proposed a model which relates interfacia fracture toughness to coating hardness H, applied
load P, and delamination size c,

0.792H+/(1-v2)t (14)

C[L+v +2(1-v)Hc?/ P

int

This assumes that the pressure at the interface is approximately equal to the hardness of the
coating, which is reasonable for a soft coating or a sufficiently thick coating on a substrate under
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the condition that the effect of cracking on the hardness can be ignored. It is easy to use dueto its
concise formulation, but it tends to considerably overestimate the adhesion depending on the
actual coated systems investigated. Table 2 depicts the interfacial fracture toughness for CN
coatings (1um thick) deposited on different samples determined by equation (14). The results are
too high for these interfaces when compared to results from other tests. Overestimation was also
found for sol-gel coatings with thickness of several ums on float glass[12].

Table 2. Vdues of theinterfacial fracture toughness for 1um CN, coatings deposited on different samples
determined by equation (14) [68].

Coated system Kint, MPavym
CN,/ Si(001) 5.92
CNy/ Al,O3 4.67

CN,/3C SIC(001) | 5.51

CN,/ SIC(111) 558

To account for this deviation, Malzbender et al [67] treated the delamination occurring between
radia cracks as three separate circular clamped plates with deflection at the centre instead of the
initial assumption of a clamped circular plate without deflection at centre. Thus the buckling
stress and shear stress at interface can be reduced by approximately one third [61] and
Malzbender et a [12] obtained reasonable results for interfacial toughness. In addition, friction
between the fracture faces may aso contribute overestimation of the interfacial fracture
toughness especially for mode II failure [69].

All these models treat the buckling as an elastic blister which is reasonable when the crack tip is
far from the plastic deformation zone; otherwise plastic deformation must be accounted for.
Therefore, instead of elastic plate theory, a model of atravelling plastic hinge at the apex of the
buckled coating was adopted during stress analysis was presented to assess indentation induced
delamination for a ductile film on elastic substrate to deal with the problem that buckling is
inside the plastic deformation zone [70]. Compared to the models based on LEFM (e.g. Marshall
et a [71] and Hutchinson and Suo [17]) this travelling plastic hinge model gives very good
prediction of adhesion for interfaces with intermediate toughness where the plastic deformation
zone does not extend beyond the buckling height. However, it shows significant deviation from
numerical simulations (see detailsin [70]) for both very weak and very strong interfaces.

The models discussed above are based on stress analysis, and energy based models represent the
other major approach. Sometimes it is observed that there is a slope change in the plot of
irreversible work during indentation (W) against the applied load P when delamination occurs
[58]. The difference between the measured W, and the extrapolated W, was assumed to be the
energy dissipated by delamination (see Fig.18) [58]. The presence of radial cracking prior to
delamination may change the Wi—P relationship. With the increase of the load, the substrate
begins to play a significant contribution to the Wi—P behaviour. Therefore, such a model may
not be as accurate as expected. For example, the method tends to significantly overestimate the
interfacial toughness in [58]. To eliminate the change of apparent Young's modulus and
hardness caused by cracking, delamination and substrate deformation, it was further suggested to

obtain the fracture dissipated energy by extrapolating AW,, versus the inverse of coating

thickness to infinite coating thickness. In this way, the reasonabl e approximation (the same order
of magnitude) of interfacial toughness can be achieved [58]. However, this method requires tests
at a number of loads on coatings with different thickness, which is tedious and costly and relies
on the adhesion being constant for different deposition runs. It should be pointed out that
actually the W, method is also only valid in the case of a feature in load-displacement curve
otherwise the slope change may not be observed (e.g. [72]).
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Fig.18 Schematic of the change in irreversible energy dissipated as a function of applied load after
adhesion failure during indentation [58].

3.2.1.2 Some special indentation techniques

In addition to the development and improvement of the models described above, some special
indentation techniques have aso been proposed. For instance, testing with a special indenter
such as the wedge indentation test was proposed to measure adhesion of thin meta lines (see
Fig. 19) [73, 74],. This method is less sensitive to the measurement accuracy of crack length and
it is easier to induce interfacial failure compared to the normal indentation test by conical
indenters or pyramids due to its geometry. Later it was applied to a brittle coating on a ductile
substrate [75] . For a brittle coating on ductile substrate, a stress analysis based model was
derived based on the expanding cavity model. The schematic of the wedge delamination test is
depicted in Fig.19.

Compared to the axisymmetric indentation test, radial crack formation is not a problem in this
technique because no tensile hoop stress develops in the coating [75]. The other significant
advantage is that this technique is suitable for the study of relatively strong interface which may
not be assessed by the normal axisymmetric indenter. But this model ignores the bending effect
in the film and substrate during the indenting cycle thus causing errors especialy for ductile
substrates[2].

If a ductile coating adheres strongly to the substrate, the above methods will not work since no
delamination will occur during normal indentation tests. For this reason, a superlayer enhanced
indentation test was introduced. A highly stressed hard superlayer was deposited onto the ductile
coating which causes additional stress to enhance delamination and eliminate pile-up around the
indenter during indentation. By altering the residual stress in the superlayer, it is possible to
measure interfacial toughness at different phase angles[76].
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Fig.19. Schematic of the wedge delamination test.

substrate

In order to eliminate the influence resulting from plastic deformation, in particular, for a ductile
coating on a much stiffer substrate, a cross-sectional indentation test was suggested [77-80]. An
indentation is made in a polished cross-section in the substrate close to the film interface which
then causes delamination (see Fig.20). Assuming the interface is a homogeneous material with
the Y oung's modulus and hardness as combined parameters of coating and substrate, analogy to
an equivalent bulk material is made and the interfacial toughnessis given by [79],

K., =0.015(E/H), ' ?P/a®? (154)

where P and a are the critical load and contact radius for the delamination at the interface,
respectively.

E E
P N G
(E/H)p’ =—H——+—1 (15b)
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Fig.20 Schematic of the cross-section indentation test.

Where the subscripts s, f and int refer to the substrate, film and interface.

Equations (15a) and (15b) provide reasonable results for very thick ceramic (hundreds of
micrometers) coatings on steel. However, if the mismatch between the coating and substrate
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properties is very significant, it is not reasonable to treat the interface as an equivaent bulk
material given in equation (15b).

This method was further developed by Sanchez et a [80]. Based on a plate model, the energy
release rate for the interface is given by [80],

= B R 4R (162)
™ 12(a-b)*

2ind+ 1102 5
F(A) = 1=/ (160)

[(@+2)InA+2(1-2)]?

where a, b are the delamination radius and contact radius, respectively ; up is the maximum film
deflection, t isfilm thickness, 1=a/b, and F' =dF/dA.

This method is particularly useful for a coating on a brittle substrate. The crack initiates in the
brittle substrate and can propagate along the weaker interface as indicated in Fig.1e. The essence
of this method is that it induces a pre-crack at the interface. The disadvantage of this method is
that there are some critical parameters such as orientation of the indenter tip and the indentation
position with respect to the interface for controlled delamination, which must be accurately
known.

3.2.2. Delamination induced during unloading

If the coating/substrate interface is relatively strong but still much weaker than the coating and
substrate, the coating may fail during unloading rather than loading. This is observed in both
experiments [31-34] and numerical simulations [35]. For a multilayer stack, the failure
mechanisms are much more complex because the multilayer stack may alter the fracture
pathway. In such cases, even the nominaly weak interface may not fail during loading but falil
during unloading during an indentation test as observed in [16].

Little work has been done for the delamination generated when withdrawing the indenter from
the tested sample. A model based on elastic equilibrium and the solution for the unloading of a
centrally loaded disc to assess debonding was proposed by Hainsworth et al [31]. It was assumed
that the fracture dissipated energy associated with debonding equals the total elastic energy
stored in the flexed annular coating segment.

The energy release rate for the debonding is then given by [31],

W, _ 26639, - 3,)’

(17)
7Cq Cr

Gi nt —

where, o, and o, are the maximum and residual depth, Cr is the radius of the delamination.

However, this model dramatically overestimates the interfacial toughness. For example, for a
4pm TiN/ZrN multilayer on steel indented at 500mN, the calculated Gy =173 to 716J/m?from a
debonding length of 5to 7 um which is larger than results determined using other approaches for

21



the same samples (~50J/m?). It is very sensitive to the measured debonding length since the
exponent of Cr in EQ.(17) is 4. When applying this method to the ceramic coatings tested in this
study, a value of around 20000 J/m? is calculated for 400nm TiOxNy on glass which is clearly
unrealistic [17]. Such overestimation was also demonstrated based on the use of a cohesive zone
model embedded in afinite element simulation of the debonding during the indentation of strong
films on ductile substrate [35]. The main reason for the overestimation is that significant stored
energy remains in the coating due to bending and only a small fraction of the total stored energy
was released during interfacial fracture.

An aternative energy based approach has been presented in [33-34] based on the modification of
the indentation unloading curve when fracture takes place. When the coating is detached, the
bent ligament of coating is still attached at the edge of the contact and acts like a spring pushing
the indenter out of the impression during unloading. A linear unloading segment with a different
slope to that in an undebonded sample is often observed. The work dissipated in this processis
assumed to be given by the area between the experimental data and the extrapolation of the
unloading curve from higher loads where no interfacial failure has taken place (as marked in
Fig.21). This provides more reasonable results but it still overestimates the adhesion energy by
more than 10 times for some coated systems (e.g. [34]).
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Fig.21. (a) Extralinear elastic recovery in the load-displacement curve observed during unloading for an
ITO/AY/ZNOITIO, multilayer on commercia sodalime glass (b) finite element simulation of
delamination for water degraded ZnO/Ag/ZnO/glass.

Therefore, aternative approaches are still required for more accurate determination of interfacial
toughness which will be discussed in the following. Recall that the delamination generated
during unloading is caused by the tensile stress generated when elastic recovery is hindered by
the presence of the plastic deformation zone beneath the indenter which is similar to the
formation of lateral cracking around indentations in a bulk ceramic materia. A method
developed based on the expanding spherical cavity model to determine the toughness based on
stress analysis of the lateral cracking processin bulk materials [36] gives

K4

c

PA coteys A
——(cotd)®*—H
9% (cot6) E (18)
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where Py is threshold load for latera cracking, A and dp are dimensionless constants, (Ay =3/4
and oo =1200) and @ is the half-included angle for the indenter, the H and E are hardness and
Y oung's modulus.

Coating
- ¥ A %__
Substrate Ia Lateral crack at interface
Plastic zone

Fig.22. Schematic of lateral cracking at an interface during unloading.

Modifying this model by replacing the properties of a bulk material with those of the coated
system, gives the interfacial toughness for a coated system provided that the interface is weaker
than the coating or substrate. In this analysis the hardness and elastic modulus are composite
parameters resulting from the contribution of the coating and substrate which can be directly
measured or estimated based on the energy based model given in [37-38]. The critical load is not
easy to directly measure due to the resolution limit of the microscopy techniques used to identify
the extent of lateral fracture. As the lateral cracking normally occurs when the plastic
deformation zone reaches the interface [16], the critical load can be estimated by the model
presented in [39].

The advantage of applying this method to transparent coated glass samples is the fact that the
lateral crack is visible in the light microscope since all coating materials and the substrate are
transparent. In fact the reflectivity of the barely open segment of the crack near the crack tip is
sufficiently high that accurate measurements of crack length are possible. Evidence of latera
cracking at the interface has been observed when the load exceeds 200mN (e.g. Fig.17b). It is
clear that the lateral cracking is confined to the contact radius which suggests tensile stress
induced delamination during unloading has occurred as well-documented in [16]. Therefore, Eq.
(18) can be applied and we get an estimate of G of 1.9+0.4 Jm? for the Ag/ZnO interface in
this study, which is in good agreement with the results determined by the other methods such as
DCB [81] asshownin Table 1.

To validate this model, we have incorporated a cohesive zone model into finite element
simulations of the indentation of coated systems. As documented in [40-42], the cohesive zone
model alows the simulation of fracture initiation and propagation. The input parameters in the
cohesive zone model are the interface strength and the energy release rate at the interface. For
typical metal/ceramic coated systems, it shows that the calculated energy release rate by equation
(18) is very close to the input value in the cohesive zone model (difference less than 10%) (see
more detailsin [66, 82] ).

3.3. Adhesion assessment by scratch testing

As discussed previously the scratch test produces a lot of different failure modes but only a few
of these are associated with adhesion and it is essentia that the stylus geometry, norma and
tangential loads are accurately measured at the point of failure if quantitative analysis is to be
attempted. In addition, the size and shape of the detached region needs to be accurately
determined.
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One of the first energy based models was developed to determine the energy release rate of the
interfacial crack, associated with the in-plane stresses stored in the coating ahead of the dliding
stylus [83, 84].

ot

2Ef (19)
Wheret isthe coating thickness, E; isthe Y oung’'s modulus of the coating,
Thecritical stress o is given by,
o.=0,+0, (19b)

Where oc and o, arethe applied stress component in the sliding direction (x direction) and oy
isthe residual stress[85].

3n(4+v,)
8

o, = K {(1—21/3)—;1 (19¢)

“2m?

Where Pcisthe critical load, v.isthe Poisson’sratio of the substrate, ais the contact radius, and
M is the friction coefficient between the coating and the indenter. In this model, no plastic
deformation is accounted and it is assumed that the contact radius is overwhelming the coating

thickness.

Burnett and Rickerby [86, 87] split up the driving forces for coating loss in three different
components: (i) an elastic-plastic indentation stress; (ii) an internal stress component; (iii)
tangential frictional stress. Considering the elastic-plastic deformation, Bull and Rickerby [88]
suggested that,

2
32Pst
G= C

el S (20)
ﬂzdgEf

Where the d_ isthe scratch track width.

By taking account into the stress contribution to the friction coefficient, this model was further
modified by Bull et al [89],

2..,2, 2
G:F’C“/_ﬁ;c (21a)
2Ef A
Where A is the cross-sectional area of scratch track.
5 de. def[o2 deoTH?
A=R arcsm(—c)——c{R - (=) } (21b)
2R" 2 2

This model assumes that the coating is loaded in pure compression without shear at the interface.
With the increase of the coating thickness, the shear stress starts to play more important role. If
the coating is delaminated and spalled simultaneously, the area that the friction force acts on is
the cross-section of the coating instead of the scratch track, and thus,
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A=td C (21C)

Considering the shear stress contribution and residual stress[2, 90-92], we get,

2 2 2
2 rétd+v  )cA-v,) oSt@+v )A-v )
G:J_rt+z ] f t f f (22)
2E ¢ Ef 2E ¢
2 2

MMaequnaﬁ

are the average shear and normal stress in the delaminated coating.
Thouless [22] developed amodel to infer the critical load and hence calculate interfacial
toughness based upon the geometry of the spalls. Upon the observation that the film delaminates
and spalls within a sector of adisk region of length L ahead of the indenter, Thouless (1998)
proposed the following model to determine energy release rate G based on stress analysis given
by [93].
2

T — (23)

8E(Ltan S +a)’t

where P is the load component at scratch direction, E is the plane strain Young's modulus of the
film, 2a is the width of the scratch and t is the film thickness, f is the angle between the edge of
coating spallation and the scratch direction.

In this modél it is assumed that delamination occurs in response to the in-plane compressive
stress imposed by the indenter. It is also assumed that the coating is so brittle that through
thickness radial cracks are generated and they extend at an angle Sto the direction of scratch.
Theresidual stressis not taken into account.

Provided that the interfacial toughness is much smaller than the substrate toughness, the
delamination under uniform compression will be confined to the plane of interface. Interfacial
crack extends with increasing load and it will buckle when the in-plane stress reaches a
threshold. It will lead to spaling if the coating is brittle enough. Supposing the driving force for
delamination equals critical load for buckling, Thouless derived the following equation for
interfacial fracture energy, [22]

G, =035

EtS(tan,B+2a/Lj2 ”

1*  tanB+all
Where L, a, f are the geometry parameters for the chip as depicted in Fig.23.

By considering the curved geometry instead of the initially assumed triangular shape and the
residual stress, o, den Toonder et al modified the model giving ([24], [94]]

2

a,6 pm , . (24 prr
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G, =142 E'[4 L 2|, tl-v)o; N 3.36(1—2I/)t gL 2 (25)
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Fig.23 Schematic of achipped areain analysis by Thouless[22].

This moddl is valid because the delaminated layer is often bounded by chevron radia cracks
which point in the direction of sliding and are formed prior to interfacial failure. Another model
based on the delamination occurring after the radial cracks leading to chipping ahead of the
scratch was given by Malzbender et al [94].

Et°, . . to? 1
G, =0.158——(sin +— 263
A e (262)
Where the so-called elastic modulus of the interface, Ej.; is given by[17],
e Sif1,t (260)
2| E, E,

Eq.(26) provides similar results for experiments carried out by indentation or scratch for sol-gel
coatings on glass ([12],[53, 54],) Table 3 depicts the interfacial fracture toughness for 1um CNy
coatings (1um thick) deposited on different samples determined by equation (26) which are
sensible. The application of the method has yielded reasonable results for other coated systems
elsewhere [95].

Table 3. Values of the interfacia fracture toughness for CN, coatings (1um thick) deposited on different
samples determined by equation (26) [68].

Coated system Kint, MPavym
CN,/ Si(001) 0.75
CN,/ Al,O3 0.68

CN,/3C SIC(001) | 0.40

CN,/ SIC(111) 0.41

However, different failure mechanisms can occur during scratch depending on the coated
systems and the testing conditions. For example, a complete circular blister can be generated
without the presence of the radia cracks as shown in Fig.23. When little or no plastic
deformation or fracture occurs in the substrate (or coating) at the point of interfacial failure this
Is unconstrained and circular buckle failures starting from interfacial defects are likely to form.
These are formed by the compressive stresses well ahead of the moving indenter and may be
closed as the indenter slides over them and open up again once it has passed. Through-thickness
cracking of the buckled coating may occur during this process leaving a pit. Alternatively a
circular blister may be left asin Figure 24. Asdiscussed in [16-18], for a soft metallic Ag layer
sandwiched between ZnO coatings on glass the squeezed silver layer between the hard oxides
coating increases the in-plane compressive stress at the interface which enhances the formation
of a blister by buckling from a defect at the Ag/ZnO interface. Further analysis by XPS, EDX
confirms that it is Ag/ZnO interface fails in the multilayer stack [18-19]. More details about
experimental setting-up can be found in [96]. From equation (24), the contribution of the stress
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generated during the scratch goes to zero in case of the complete circular blister as B=n.
However, in the absence of the scratch /indentation induced stresses, the residual stress is not
sufficient to induce delamination. This implies that the model described in equation (26) cannot
apply to the failure mechanism as shown in Fig.25. In the same way, the applicability of equation
(25) isaso in doubt.

Topography. 0728000F HDF

Fig.24. AFM image of scratch induced circular blisters at the Ag/ZnO interface in the full solar control
coating stack.
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Fig.25 Schematic of the relationship between the locations of circular blisters formed in this study and the
scratch track that generated them [97].

Therefore, a more appropriate method is required. Recall the models described in Section 3.2
(i.e. Equations (10) and (11)) initially developed for indentation tests, which can be extended to
scratch tests at constant load. This yields G, values of 0.8 Jm?and 2.1 Jm? by equations (10)
and (11), respectively for the Ag/ZnO interface investigated here. An estimation can also be
made based on equation (1) which gives the overall stress (around 3 GPa) to cause this blister
and Gi is around 2+0.4 Jm?®.  Equation (10) mainly takes account of the energy dissipated by
buckling. Thus, it can be expected that equation (11) is more reasonable as it considers the
energetics of both buckling and crack propagation. The results determined by equation (11)
agree well with the extended application of equation (5). It is the constant load testing condition
and the unconstrained circular buckle failure mode that makes equations (10) and (11) more
applicable than equations (25) and (26). This emphasises the fact that adhesion assessment by
scratch testsis very sensitive to the test conditions.
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3.4 Other considerations during adhesion assessment

It can be seen that the elastic modulus of the coating appearsin the all of the models to determine
the interfacial toughness described here whereas the hardness of the coating is also involved in
some cases. The approaches described to extract quantitative adhesion data are therefore most
valid when there is little or no plastic deformation in the coating or substrate. It is essential to
accurately determine the mechanical properties of the coatings if reliable adhesion datais to be
extracted. When the coating becomes very thin, the nanoindentation/nanoscratch technique is
one of the few techniques that can be used to extract this information but caution is required
when interpreting the results as well documented in [98-103].

Another general observation is that the stress analysis-based methods for extraction of interface
toughness contain geometric parameters such as coating thickness which are raised to high
powers. The accuracy of the toughness data is thus critically dependent on the reliability of the
thickness measurement and the uniformity of the coating. Energy-based analysis methods are
less susceptible to this sort of error since measurement of crack area gives only a first order
error. However, it can be difficult to identify what fraction of the total energy dissipation is
accounted for by the observed fracture and careful correction for other dissipation sources
(plasticity, microcracking, phase changes, heat, etc) must be undertaken if accurate data is to be
obtai ned.

Nearly all tests assume that an accurate measure of crack geometry is possible and that the crack
has a well-defined geometry. This is not aways easy to achieve. For instance, as the coating
thickness is reduced it is difficult to guarantee that the starter crack is at the coating/sustrate
interface in a double cantilever beam test and the crack front does not remain linear as the crack
propagates. In such circumstances it is necessary to repeat the testing many times to determine
the variability of adhesion and exclude tests which deviate too much from the ideal geometry.

In al models the importance of residual stress cannot be overemphasised since the driving force
for delamination will be a combination of residual stress and any applied stresses generated in
the test. An accurate assessment of residual stress is therefore essential; whereas thisis relatively
straightforward for thick, crystalline coatings using x-ray diffraction or deflection methods
(using the Stoney equation) it becomes a greater challenge as the coating thickness decreases.
Many oxide coatings deposited on glass are poorly crystaline and cannot be assessed by x-ray
diffraction. To get reliable data from coatings of a few tens on nanometres thick on glass in such
circumstances requires depositing coatings on very thin glass substrates (<100um) or polishing
thicker substrates to this thickness to achieve measurable curvature. In addition, if the calculation
Is based on chipping, it is recommended to measure the actual fracture area instead of assuming
the circular plate. The circular plate is partially separated due to the pre-existing radial crack or
the pre-dominant severe plastic deformation at an edge. Examination of the surface profile can
help to identify the mechanism.

4 Selection of adhesion tests

For the most reliable adhesion test it is necessary to minimise plastic deformation in the
coating/substrate system and maximise the stresses responsible for delamination. When selecting
an appropriate adhesion test there are therefore a number of key guestions which need to be
answered:
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1) What are the bulk properties of the coating and substrate? In nearly all adhesion tests
stresses need to be transferred to the interface through the coating or substrate and the
substrate must be rigid enough to withstand these stresses without failure during the
adhesion test. It is usually assumed that the interface strength is lower than the bulk
cohesive strength of the coating or substrate but thisis not always true. Brittle substrates,
such as glass, are not usually suitable for bending tests but can be used in double
cantilever tests where the bending stresses are usually lower. However, sometimes a pre-
crack isintentionally induced in the brittle substrate and it may divert to the interface to
cause delamiantion.

2) What isthe coating thickness? The defects in coatings which lead to interfacial failure
tend to have sizes comparable to the coating thickness. This provides apractical limit to
the thickness of coating which can be reliably assessed. For instance, in pull-off tests
with an epoxy adhesive (strength 50MPa) it is not usually possible to assess coatings of
less than 10um thickness since the defects are too small to propagate at the maximum
stress before the adhesive fails. The adhesion of thinner coatings may aso be
compromised by glue penetration to the interface. Buckling failures are most common
when the coating is thin enough to bend so adhesion tests based on generating buckles or
blisters (bulge tests, indentation tests) are most useful for thin coatings (<5um). For
thicker coatings with higher bending stiffness then shear cracking in the coating is
observed which may not propagate along the interface if the substrate is brittle or the
adhesion is good.

3) How good is the adhesion? For arange of coating and substrate materials, the values of
Gin recorded typically vary between 1 and 300J/m? with interfacial toughness varying
from 1-15MPam”?. Nearly all tests are suitable when the adhesion is poor (Gin<5Jm?)
but as the adhesion strength increases the choice of tests becomes increasingly limited,
particularly is the coating is thin and brittle. For Gi; greater than 50/m? it is usually
necessary to use indentation or scratch methods to generate interfacial failure; dueto the
frictional (shear) term in the stresses during scratching the failure will tend to occur at
lower applied loads with |ess damage to the substrate. However, this may change the
mode mixity in the test. For highly adherent coatings, the combination of overstressed
layer and scratch may be required to generate interfacial failure but quantitative analysis
isdifficult due to excessive plastic deformation in the coating/substrate system. In
addition, the cross section indentation tests by a wedge indenter can be a good option.

4) Cantheresidual stress be controlled? To use the stressed overlayer method it is necessary
to be able to deposit coatings with controlled stress onto the test coating with better
adhesion than between the tested interface. For highly stressed coatings spontaneous
delamination often occurs and this gives avery reliable interfacial toughness. Increasing
the residual stressin a coating until such failures occur can be a very good way of
assessing adhesion.

5) What causes in-service adhesion failure? Since thereis no ideal adhesion test it is often
better to choose atest which closely matches the conditions which will cause in service
failure. For instance, for microelectronics metallisation coatings which undergo alot of
thermal cycles and multiple depositions during processing, the stressed overlayer (or
controlled residual stress) methods are most appropriate whereas for coated architectural
glass where delamination around transit scratches is an issue then an indentation or
scratch test is most appropriate.

For the thin oxide coatings on glass tested in this study (<400nm thick) the adhesionis
sufficiently good that only the most highly stressed ITO filmswill spontaneously delaminate.
The brittle glass substrate makes four point bend testing impossible but some success has been
achieved with double cantilever beam tests (opened with a wedge) where the substrate thickness
iIsminimised to minimise bending stresses and substrate fracture. In cases where the adhesion
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has been compromised by environmental exposure (e.g. SnO, coatings after water exposure ([8],
[104]) it is possible to use indentation tests to generate detachment. However, the only reliable
measure of delamination of all the different oxide coatings on glass was obtained using the
scratch test. Introducing a softer metal layer into the coating stack (e.g. Agin asolar control
coating) reduces interfacial toughness and makes adhesion testing easier using both double
cantilever beam and indentation tests.

5 Summary

Adhesion isacritical parameter in most coating applications and many tests have been
developed to assessiit. It shed the light on the analysis of failure mechanisms at specific test
conditions and coated systems before choosing the model s to assess the adhesion.

When adhesion is poor, most tests can be used to generate reliable interfacial toughness data,
although some calibration is necessary if results are to be compared for different tests or for
different analysis methods using the same test. As adhesion gets better, the choice of testsis
reduced.

Reducing the coating thickness also adds complications since the stored elastic energy in the
coating which drives delamination is reduced and it is very difficult to generate stable starter
cracks with well-defined geometry into the interface.

To achieved fully quantified adhesion testing for thin films when interfacial toughnessis high
(>8MPam®?) may be almost impossible in many cases. However, in such circumstances
performance is usually dominated by failure of the coating or substrate and the need for a precise
value for interfacial adhesion is secondary. Thus, the vary fact that interfacial failure does not
occur in an indentation or scratch test may be sufficient to guarantee coating adhesion unless
very high bending or shear stresses are applied to the coating/substrate system.
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