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Abstract

In this paper, recent advances in the minimum-destructive testing of the adhesion of coating-substrate
systems are reviewed, focusing on key techniques such as micro- and nano-scale levels of indentation,
scratching, laser-induced wave shock, as well as the blister and buckle approach. Along with adhesion failure
tests, the latest and most extensive applications of the adhesion test methods in nano-, micro- and bulk-
coating technology and the associated techniques to determine the minimum damage defects left on the
coatings are discussed and their use reviewed.
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1. Introduction

Coating-substrate systems embrace a wide range of diverse materials, including metals, metal alloys and
compounds, polymers, organics and composites. The coating thicknesses produced range from sub-
nanometre thin films (such as few-layer 2D-graphene) through to films hundreds of microns in thickness and
depend on the specific physical properties of the materials. Such coatings play important roles in protecting
surfaces in the aerospace and automobile industries, as well as in the Microelectronics and Nano-
technological fabrication industries, such as is used for creating Micro Electromechanical Systems (MEMS).

Coating adhesion failure will occur as a result of various internal or external forces. These include mechanical
stress, environment-induced thermal stress and corrosion, as the typical main causes of adhesion failure.
The adhesion testing of a coating to a substrate is of particular significance, as coating failure is usually a long
and slow process for in-service coating systems and therefore coating adhesion tests can help to accelerate
and actively promote the de-adhesion and delamination process. The adhesion strength measurements
carried out can provide guidelines on both the design and choice of better coating methods, as well as
material pairs for a good coating-substrate system. Graystone and Kennedy [1] have previously reviewed a
range of non-destructive techniques for coating adhesion detection and analysis. They proposed that if only
a minimum localized coating or substrate were destroyed or ruptured during the testing process, the
method was effectively a type of non-destructive testing (NDT) technique. Testing techniques of this kind
should include mechanical-based micro-indentation testing, micro-scratch testing (using both stylus and
pulsed infrared laser methods), laser induced shock spallation and blister and buckle testing — topics which
this paper will review. Although the blister and buckle testing approach has been implemented for many
decades, it is particularly important today for its extensive application in graphene-based 2D nano-materials.
Except for laser-induced shock spallation, the other testing techniques mentioned above have also advanced,
enabling them to be generally applied for bulk coating-substrate systems and thin film nanomaterial coatings
(as reviewed earlier by Volinsky et al [2] and later by Chen et al [3]). These reviews had briefly introduced



adhesion testing, but nevertheless highlighted the importance of theoretical modelling and of analytical
methods of adhesion. The mathematical models reported in these reviews are classic approaches (and as
such do not require repetition in this present review). On the other hand, the rapid advances in technology
warrant that the latest applications of adhesion testing must be included in this review paper for it to be
topical and authoritative. Apart from non-destructive testing, the minimum physical defect phenomena left
on the coatings examined are, for example, micro- and nano-indentations, pile-ups, cracks, scratches, chips,
blisters, bulges and buckles. Associated with these local damage defects, many different measurement,
detection and characterization techniques have been employed. These include acoustic emission (AE)
detection, thermal wave imaging and infrared thermography imaging, laser interferometry, raster-scanning
microscopy techniques such as atomic-force microscopy (AFM), acoustic probe microscopy (APM), scanning
electron microscopy (SEM), scanning electrochemical microscopy (SECM) and Raman spectroscopy. Detailed
consideration of this range of testing methods and measurement techniques will form the basis of this
review.

2. Micro- and Nano-indentation testing

Micro-hardness testers or indenter testers were developed historically for measuring surface hardness,
Young's modulus of elasticity and other material properties [4] by continuously recording the force and the
indentation depth achieved. The International Organisation for Standardization (ISO) has specified this
approach for coating testing, especially for nano- and micro-scale thin films, which include metallic, non-
metallic and organic materials [5]. Graystone and Kennedy suggested that good adhesion at the interface is
indicated by a smooth transition from coating to substrate (or primer) on the indentation profile, whereas
poor adhesion will show non-uniformity. From the papers considered in this section, it can be noticed that
the micro-hardness testing approach can provide the quantitative, semi-quantitative or qualitative
measurement of adhesion needed, this based on the degree of influence of the indenter on the rate of
change of load with penetration depth.

According to the indenter tip positions used, indentations can be classified as: the interfacial indentation
(Fig.1); coating surface indentation in the direction normal to the coating and substrate, shown in Fig.2 (a)
and on cross-sectional indentation on the substrate near to the interface shown in Fig.2 (b). Various
indenter tip geometries such as circular cone (Rockwell) [6], triangular pyramid (Berkovich) [7], rhombic
pyramid (Knoop) [8]and right pyramid (Vickers) [9] have been implemented historically.

The use of interfacial indentation testing has been shown to be particularly effective for the measurement of
the adhesion strength of a brittle coating on a ductile or a brittle substrate. Based on the Vickers hardness
testing and the attached/separated optical microscope, the interfacial indentation test activities reported by
Yamazaki et al [10][11] have led to the release of two ISO standards in the adhesion of thermal spaying
coatings on bulk materials [12]{13]. In reference [12] of his work, the adhesion is classified by the critical
indentation force: the greater the critical indentation force, the higher the adhesion strength. It stipulates
the criteria of interfacial crack initiation and the critical indentation force. The interfacial crack initiation is
defined by a crack length greater than 50 um, and the critical indentation force is defined by the maximum
indentation force which induces the interfacial crack initiation with a visible cracking frequency (CF) less than
50%. The CF is given by

CF = N¢/N, (1)
where N, is the number of indentations with visible cracking and N; is the total number of indentation. The
report in reference [13] recommends quantitively evaluating the adhesion of thermal spray ceramic coatings
using interfacial toughness Kirc. This is given by
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where c is the mean value of half crack length, a is the diagonal half-length of impression parallel to the
interface, 77is a constant (0.081) and F is the test force. The bimaterial constant ¢is defined as

Kipc =
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where E; and w1 are the Young's modulus and Poisson's ratio of ceramic coating, respectively and E; and 1,
are Young's modulus and Poisson's ratio for the substrates, respectively. Equation (2) indicates that the
shorter the crack length, the higher the coating interfacial toughness or the adhesion strength.

Fig.1 Schematic |IIustrat|on of an interfacial indentation test by use of a Vickers indenter [12], where 1-
coating; 2-substrate; 3-indenter; 4 interfacial crack.

Indenter

(a) (b)

Fig.2 Schematic configuration of indentation in (a) normal direction of coating-substrate interface and (b)
cross-section[14], where R is the radius of buckle around the indenter, d is the distance of indenter tip away
from the interface.

The coating surface indentation and the cross-sectional indentation are more effective for adhesion strength
measurement of ductile films on brittle substrates. On recently investigating the effect of thickness on
adhesion strength of ductile TiW thin films on brittle single crystal silicon wafers, Roshanghias et al [14]
found that cross-sectional nano-indentation resulted in cracking similar to that shown in Fig.1, whilst normal
direction nano-indentation induced blisters. After undertaking indentation testing, this study used focused
ion beam and transmission electron microscopy (TEM) techniques to evaluate the adhesion more fully.

Indentation-based stress, adhesion energy or other quantitative and semi-quantitative analysis models have
been implemented for determining the adhesion and interfacial toughness of several thin coatings [15][16],
especially by using finite element modelling (FEM) [17][18][19]. The models thus produced have been
established in close relation to the loaded forces and detected indentation-induced crack geometry
parameters, as reviewed by Chen [20]. For the qualitative analysis of the adhesion of hard and brittle thin
coatings, ISO have updated one evaluation standard document based on Rockwell indentation testing [21]
normal to the coating-substrate interface, where the adhesion cracking and delamination is classified by four
qualities, as determined by crack and delamination observations from the use of optical microscopy.

Other examples of surface inspection and morphology analysis techniques being employed are 3D images
raster-scanned by SEM, TEM [22][23], and AFM [24][25]. In some examples, specialized techniques have
been integrated into the indenter itself. These include digital speckle pattern interferometry [26][27] and



capacitive plate transducers [28] which measure the local displacement or penetrating depth of the
indentation field generated by the tester. Another example of this is where the indentation damage effects
were also measured by an indenter equipped with an AE sensor [29][30].

Interfacial indentation testing has recently been applied to determining the interface toughness of coatings
obtained by vacuum plasma spray (VPS) [31], thermal barrier coating (TBC) [32], arc-ion plating [33], and
cold-sprayed coating [34] techniques. The indentation methods have also been applied in composites [35]
and polymer materials [36].

Annamalai et al [37] have exploited nano-indentation to tailor the surface ripples using an AFM cantilever tip
as the nano-indenter in bilayer graphene, which explored a novel fabrication of flexible electronic devices
and strain sensors from graphene. Suk et al [38] recently used nano-indentation testing to investigate the
adhesion interactions of graphene, when it was transferred onto the SiO, substrate. The nano-indenter was
integrated with a capacitive MEMS force sensor to acquire the traction-separation interaction between the
SiO; and graphene interfaces as well as the SiO; and graphene pair and diamond indenter tip schematically
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Fig.3. The classic Hertz, Johnson-Kendal-Roberts (JKR) and Derjaguin-Muller-Toporov (DMT) contact
mechanics models were utilized to convert the mapped force profile into the adhesion energies. Other
researchers have used AFM cantilever tips of different materials and shapes as the nano-indenter so as it
approaches or moves away from the graphene, the measured resultant forces can be converted to the
appropriate adhesion energies. The graphene was either in the form of a few layers as a free-standing beam
[39] or on a metallic substrate [40][41][42].
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Fig.3 Schematic sketch of nano-indentation on graphene on silicon dioxide [38]

These indentation procedures discussed represent one-cycle loading and unloading tests. It should be
emphasised that irrespective of the use of nano-indentation (load scale: 10 uN~10 mN) or micro-indentation
testing, multi-cyclic indentation tests are always conducted for selected, specialist thin films [43][44].



3. Micro- and nano-scratch testing

Scratch testing involves applying an increasing force, normally using a diamond stylus or indenter, while the
sample is moved tangentially with a frictional force. Both normal load and frictional force are
simultaneously measured by the force sensors and the indentation depth and lateral displacement can be
recorded as well. Eventually, the resulting stresses cause chipping, flaking or cracking of the coatings on
substrates, as illustrated by Fig.4. A sharp diamond stylus is more suitable for investigating soft coatings on
hard substrates and a ball-shaped indenter is often used for hard coatings [45]. The critical load Lc, is
defined as the minimum load that causes a failure event. If the critical load is for a particular product, for
example a scratch test, keeping the applied force below the critical load can be useful to create a ‘pass/fail’
criterion for adhesion strength and deformation behaviour in a quality control test, as recommended by the
BS 1071-3:2005(E) [46].
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Fig.4 Schematic of scratch coating adhesion testing method modified from [45]: the surface cracks occur in
the scratch test which can be characterized as (a) scratch, (b) angular scratch, (c) circular cracks, (d) coating
chipping and spalling, (e) coating breakthrough, (f) exposed substrate, and (g) coating pile-up.

The coating failures in the scratch test result from a complex combination of elastic-plastic indentation stress,
frictional stress and residual stress in the coatings. Therefore, the scratch test can be regarded as a semi-
guantitative adhesion test method, due to the critical load measurement being related to these interior and
exterior parameters [47]. The loading rate, scratching speed, indenter tip radius, indenter abrasion and
testing-machine stiffness are interior factors, while the coating-substrate system properties are the main
exterior factors involved. The use of the Finite Element Method (FEM) has regularly been shown as a
forceful tool in 3D CAD sketching to characterize the stresses, failure generation and fracture toughness of
coating systems in the execution of the scratch test [48][49]. The critical load has detected by measuring the
contact friction force variations [48] and plotting these as a function of the normal load. Historically, AE
sensors have been an integral part of scratch testers, for the detection of the initial fracture, this being done
by analysing the plotted AE signal against the normal loading [50][51][52][54]. A sample plot of the acoustic
emission and frictional force against normal load, as well as critical load discrimination, is shown in Fig.5.
Here, scratch tests coupled with AE detection were carried out on brittle coatings. The scratch process now
described is defined as a mechanical deformation process: the diamond indenter moves across the surface
of the specimen and a groove is formed. Different types of scratch damage have been observed in different
materials. The relationship between the AE signals and scratch damage has been examined and the results
show that the typical AE signals from the scratch process of the coatings comprise continuous waveforms
and bursts with high amplitude, but only acoustic emission bursts are observed in the scratch process of
brittle coatings. It can be concluded that the detected bursts are generated due to the cracks whilst the
continuous waveforms are generated due to ductile tearing, as illustrated in Fig.5. In addition, the AE
amplitude, root mean square (RMS), kurtosis and mean frequency change with increasing applied load and
scratch velocity in different ways. The results of the AE mechanism are also further discussed by considering
the effects due to stress, strain rate and temperature.
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Fig.5 Example acoustic emission and frictional force vs. normal load, where X-normal load (N), Lc-critical
normal load, Y-frictional force (N) and Z-acoustic emission (a.u.) [46]

The scratch patterns mapped by optical microscopy, SEM, AFM or X-ray photoelectron spectroscopy
morphologically indicate and discriminate the failure types, such as stripping or flaking for soft coatings and
buckling, and wedge spallation for hard coatings. The first failures are always determined from the
photomicrographs, which are considered at the critical load.

Most research groups working in the field have combined analysis of frictional-force versus normal load,
acoustic emission versus normal load, and photo-microscopy and raster-scan microscopy together in their
scratch testing. Singh and Suri [53] have tested the adhesion and wear properties of magnetron sputtered
NbN films on mild steel, stainless steel and high-speed steel substrates. The photographic evidence is
depicted in the change of the scratch pattern change with increasing normal loads. Two critical loads have
been defined — the first related to the initial cracking of the coating and the second corresponding to
observations of chipping and partial delamination so that the substrate beneath coating was exposed.
During the scratch test, factors including the friction coefficient, the depth of indentation and the acoustic
emission were plotted on the deposition spraying line as a function of the normal load and scratch distance.
Some ten years ago, Gallego et al [54] characterized coating damage mechanisms by applying wavelet
transformation of the AE signals during the scratch testing carried out, whilst illustrating the scratch cracks
left on the corroded coating due to O and Cl diffusion along the interface of galvanised steel in SEM
micrographs. As acoustic emission is a stochastic non-stationary process which involves elastic wave
generation and propagation, they had found that the AE wavelet power spectrum reached its maximum
when the coating failure occurs. Recently, Hassan et al [55] were able to identify the critical load for scratch
an adhesion test process of Ni-based thin films by applying wavelet transform to the indentation depth
versus scratch displacement curve generated.

In a way similar to micro-indentation testing, micro-scratch testing has been used extensively to evaluate the
adhesion strength of hard thin coatings on a substrate. For example, Cai et al [56] recently investigated the
adhesion and deformation of 21.3 um thick NbC coatings on grey cast iron substrates using scratch testing.
The critical load was determined from the AE intensity signals against the normal loads; radial (angular)
cracks, lateral (circular) cracks, chipping and breakthrough along the scratch groove were identified in the
high magnification of SEM micrographs, while the crack propagation along grain boundaries was observed in
the ultrahigh magnification of SEM micrographs. Zawischa et al [57] have studied the adhesion failure of
1~3 um super-hard carbon coatings on softer steel substrates by using scratch testing. Their view was that
the adhesion failure of an ultra-hard thin coating on softer substrate is caused by plastic flow of the
substrate and they calculated the stress distribution at the critical load based on Hertz contact mechanics
model. Consequently, they found that adhesion failures depend on the critical load-induced maximum
stress location, relative to the coating-substrate interface. The adhesion failure occurred in the form of
angular cracks, circular hair cracks, wing-shape delamination, bending cracks and delamination at a bending



crack. What is notable about the result is that the authors quantified the adhesion failure size by means of
micrographic image segmentation, and found its correlation to the calculated shear stresses at the interface.

Some researchers have reported the application of the scratch test to ultrathin films. Recently, Covarel et al
[58][59] investigated the feasibility of applying scratch testing to the adhesion and damage behaviour of sub-
micron electronic polymer coatings on a 125um thick flexible semi-crystalline polymer substrate. The elastic,
viscoelastic and plastic deformations caused ‘pile-up’ of the polymer film ahead of the scratch indenter (with
a radius of 200 um), which could be seen in the SEM micrographs and optical micrographs. They could not
detect any sudden bursts of the signals from the plotted AE intensity against normal load curve and thus it
was inferred that to find the critical load from acoustic emissions and micrographs was not feasible.
However, when a scratch indenter with a tip radius of only 5 um was used, the delamination was induced at
the position where the maximum 340MPa shear stress is located 0.7um beneath the tip-coating contact.
Subsequently, it was calculated that the scratch indenter with 200 um tip radius resulted in the 280MPa
maximum shear stress, this being located about 23 um beneath the tip-coating contact.

Many scratch tests are typically performed under ambient conditions. Such commercially available scratch
testers such as the microscale Tribometer® or nanoscale Triboindenter®, are equipped with either a low or
high temperature and humidity test chamber or a sample stage heater to conduct the scratch test at a
temperature as high as 1000 °C. For example, Pujante et al [60] reported the results of scratching a hard
physical vapour deposition (PVD) coating deposited on the surface of treated tool steel, at high
temperatures, up to 500 °C.

The outcomes from scratch tests are not only the adhesion strengths of coatings on substrates, but also the
mechanical properties of the coatings, such as their tribological behaviour and corrosion resistance.
Therefore, scratch tests have recently been employed for bilayer and multilayer hard, but ductile, metal and
alloy coatings on ductile metal substrates, although micrographic morphology of scratch traces scarcely
unveiled the cracks, delamination and other adhesion failures [61][62][63] that occurred.

Since most commercially available instruments can conduct both indentation and scratch tests, many
researchers have deployed both micro- and nano-indentation and scratch testing in their experimental
coating-substrate adhesion studies [64][65][66][67]. These sometimes are undertaken in test to compare
adhesion properties, but more often for determining hardness and Young’s modulus of elasticity.

Due to the high values of thickness and surface roughness of thermal spray ceramic coatings, scratch testing
on the cross-section of coating-substrate systems has advantages over the standard scratch test method,
shown in Fig.1. As a result of this, ISO/TC 107 recently has standardized scratch testing on cross-sections of
thermal sprayed ceramic coatings [68]. Four years before the publication of that standard, Vencl et al [69]
had evaluated the adhesion or cohesion bond strength by using the scratch testing of thick plasma spray
coatings on cross-sections and the indenter was slid from substrate towards the coatings. In this work, the
thickness of four coating-substrate samples was seen to vary from 270 um to 400 um. However, the scratch
adhesion testing of the thermal spray ceramic coatings considered has not just been restricted to cross-
section studies. Palanivelu and Kumar [70] conducted scratch testing of plasma spray nano-ceramic bilayers
coated on titanium substrates in order experimentally to verify that a bilayer-coated medical grade titanium
surface had an improved wear rate coefficient of friction, compared to monolayer coated surfaces (although
in the work the bilayer coating thicknesses were not revealed).

The laser scratch or ablation method, just as the name implies, can be implemented by using pulsed light
from an infrared (e.g. Nd:YAG) laser to characterize the interface bond strength, os, by detecting the scratch
damage using thermography [71][72][73]. The coating layer absorbing the laser energy is heated and
diffuses the heat, so a temperature gradient is formed. Due to the differences in the thermal expansion and



the consequent temperature arising between the coating and substrate, a bending thermal stress, given by

Ow, is generated mainly in the normal direction of coating. It can be expressed by

oy, = M = WEN 6 _ atE )

Wy 12 h2 2

where M is bending moment in coating's rectangular cross-section area with thickness h and unit length b=1,
M = atEbh?/12 (unit: mm?), W; is anti-bending cross-section modulus, W; = bh?/6 (unit: mm?3), « is the
thermal expansion coefficient of the coating, t is temperature difference of top-surface and bottom-surface
of the coating and E is elastic modulus. If it rises to a certain value at which the original stress in the coating
thickness direction is given by oz ,and the normal peel-off stress by o5 = oy, + 07 (and this is larger than the
interfacial bond strength og), then with the stress beyond og, cracks may appear. Thus, if the normal crack
stress is ox, and the shearing force between coating and substrate is 7zx, beyond that value, if the laser
energy further increases, cracks will expand and spread and as a result, the coating will delaminate and peel
off. The force diagram is shown schematically in Fig.6(a), with the experimental set-up used to create it
shown in Fig.6(b). Considering equation (4), the peel-off stress, g can be rewritten as

atE
Og = T + (/4 (5)
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Fig.6(a) Force diagram of coating peel-off after scratched by laser [71]; (b) Schematic of Nd-YAG pulse laser
active and lock-in thermography for non-destructive testing [72].

The analysis of laser scratching of coatings was based on having a metal as a substrate and other non-
metallic materials as a coating, to find the critical damage point of the coating position. The infrared laser
first heats the coating and then gradually changes the temperature of the upper surface of the substrate
through its thermal conductivity. Due to the difference in the absorbance of the laser power, the thermal
expansion coefficient, the thermal conductivity and the heat sensitivity of the coating and the substrate, the
relationship between the surface temperature and the laser power will change during the laser irradiation,
as shown in Fig.7. There are two stages in the temperature change process. From Fig.7, it can be seen that
in the section AB, the coating temperature rises most quickly, whereas in the section BC this effect saturates
since the laser power has destroyed the coating and the laser irradiates the surface of the substrate. As the
substrate metal material has a very low rate of absorption of the long wavelength of the laser, the
temperature rises slowly. The turning point (shown as point B on Fig.7) of the temperature change is the
critical position at which the coating begins to completely peel off the substrate. The corresponding laser
power, Po, is thus the minimum power required for the coating to peel off from the substrate and the
corresponding critical temperature is given by T,. Combining equation (5), Fig.6 (a) and Fig.7, the de-
bonding stress, o, can be expressed as

o, = aE(Tl;—TA) to, (6)



where E is elastic modulus,« is the thermal expansion coefficient of the coating and Ta is initial temperature
of the coating when laser scratching starts. However, it can be seen from Fig.7 that the critical temperature
point, B, is not so well defined and so establishing its position is open to judgement.

Temperature of coating surface /C

Power /W
Fig.7 Schematic of the relationship between the temperature reached and the laser intensity impacting on
the coating [74]

In contrast to the situation where a continuous scratch along one direction of a coated surface with
increasing normal load exerted is created with a mechanical indenter, in the laser scratch test discrete
scratching/ablating has been performed at different pre-set points along one direction on the coating
surface. This is done by using the focused laser beam as a shock-scratching tool (with increasing power at
different set-points), this being shown schematically in Fig.8, where the points labelled 1, 2, 3 and 4 are the
illustrated set-points with increasing laser power. It can thus be inferred that it may take time for the
coating at these pre-set points to absorb enough laser energy to induce de-adhesion. When investigating
the effects of laser ablation-induced coating removal, Shamsujjoha et al [75] proved that multiple laser
passes were required to remove the epoxy-based coatings used.

lazer bean

The area of the direction of
lazer shock lazer shock

Fig.8 Schematic of laser scratch points and their positions [76]

However, the laser scratch test was shown to be effective not just for epoxy-based coatings on metal
substrates. Yin et al [76] attempted to use a pulsed laser scratch test approach to study the adhesion of a
TiN coating on steel substrates as this seemed to be a feasible method for this. The particular setup used in
laser scratching was different from that used in the laser shockwave spallation method, in which the incident
laser beam was focused onto the absorbing layer bounded on the substrate surface. The laser spallation
adhesion test will be considered in Section 5 of this paper.



4. Blister, bulge and buckle testing

Blister, bulge and buckle tests are suitable to examine the interfacial adhesion of elastic or flexible coatings
to plastic or rigid substrate systems. Jiang and Zhou et al [77][78] have updated the numerical modelling of
a pressurised blister test. Blister testing can be used quantitatively to estimate the interfacial fracture
toughness and adhesion. Pressurised blister testing has mainly been applied to thin coating systems, such as
thin membrane films.

For blister and buckle testing, an external force (or pressure) is exerted through an inlet hole onto one
surface of the test film, which then induces the blister, bulge and buckle phenomenon, as shown
schematically in Fig.9. Given the recent extensive progress in the field of blister testing, a number of
different types of blister tests have been categorized as follows: a) shaft loaded blister test, b) thermos-
induced blister test, c) gas and liquid pressurised blister test, d) electrochemical reaction blister test, e)
indentation and scratch induced blister test and f) the complicated blister test.

? Substrate

Pressure

Fig.9 Schematic of the pressurized blister test: a through-hole of radius a, a circular blister with radius AA
and height Wo [77]1[78].

4.1 Shaft loaded blister test

As shown in Fig.10, a shaft loaded blister test can be implemented, for example, by using a spindle, a pillar or
a ball [79][80]. In recent work, Islam and Tong [81] have experimentally investigated the relationship
between the shaft diameter and the de-bonded blister radius, in order to establish their effects on the
energy release rate for a metal-polymer composite coating system. Sun et al [82] developed a theoretical
model for interfacial adhesion and the coating mechanical properties, such that Poisson’s ratio and Young’s
modulus could be derived synchronously from the shaft-loaded blister test.

(a) . Nut
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Coating d 2b
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Fig.10 Schematic diagram of the setup of (a) a tested piece and (b) spindle cut through inducing blister [79]

4.2 Thermo-induced blister test

Guo et al [83] have tested circular blisters induced by annealing temperatures between 300°C and 500°C, to
measure the brittle TiN film adhesion to brittle Si substrates coated with silicon dioxide at these high



temperatures. This annealing-induced blistering is actually a gas pressurised blistering effect. Galindo et al
[84] implanted helium ions on the metal substrate before ceramic-coating, so that the expanding helium gas
at the ceramic-metal interface induced blistering on heating. Wu et al [85] have made use of an alternating
current generated thermodynamic impact load to investigate dynamic buckling of thin and flexible
constantan film lines from polymer substrates. Under the thermodynamic impact load, the temperature of
the film lines increases rapidly, which causes the film to expand and induce partial delamination from the
substrate to form buckled blisters.

4.3 Liquid and gas pressurised blister test

The typical liquid and gas-pressurised blister test setup is shown in Fig.11 and in Fig.12 respectively. During
pressurized-blistering, the diameter of the blister and the liquid or gas pressure are monitored to calculate
numerically the adhesion, according to the theoretical model given in the literature [86][87].

In practical terms, the blister can be induced by pressurised deionised water [86][87], oil [88] or compressed
air [89]. Hailesilassie and Partl [90] have experimented with liquid generated blisters and their propagation
under a 500mm x 500mm modified polymer bitumen membrane (PBM) on the similar-sized concrete plate.
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Fig.11 Schematic of the liquid pressurized blister test apparatus which is modified from [86][87]
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4.4 Electrochemical reaction blister test

Corrosion-induced blistering has long been identified as a problem with polymer coatings on metal
substrates. Electrochemical reaction blister testing is an accelerated means to simulate the aggressive
environmental corrosion and erosion causing the adhesion loss of coating-substrate systems. Investigating
corrosion-induced adhesion loss, Mills and Jamali [91] used sample immersion for the accelerated laboratory



testing of the coated metals, both in terms of intermittent and continuous immersion techniques.
Schachinger et al [92] have experimented using osmotic- and cathodic-blistering on galvanized coatings on
steel in oxidizing alkaline solutions and studied blister formation and growth by using electrochemical
impedance spectroscopy (EIS). Souto et al [93][94] have characterized organic coating degradation and
blistering on the metal substrate system induced by electrolytic immersion and using scanning
electrochemical microscopy (SECM). The same SECM technique was employed to look at the issue of paint
coating damage [95]. ISO has updated the standards on using electrochemical noise measurements [96], EIS
[97][98][99][100][101] and cathodic polarization [101] to process, analyse and determine the mechanistic
information generated in the breakdown of coatings. In addition, eddy current pulse thermography has also
been investigated as another technique for the detection of corrosion blistering [102].

4.5 Compression-induced buckling blister or delamination

When a thin elastic film on a rigid substrate structure is subjected to a compressive stress, buckling occurs in
the form of either blisters inside, or delamination from, the edge of the film. Hydrogen ion fluxes directed
onto nanometre thick single-layers [103] or multilayer structured films [104][105] penetrate the films to the
coating interfaces. The compressive stress, g; in the film layers causes buckling blisters attributed to the
over-pressurised hydrogen gas trapped in the delamination zones. The blister severity was found to be
related to the intensity of hydrogen ion energy, with high energy ions resulting in more severe blistering.

When the compression load applied along the direction parallel to the film-substrate interface exceeds the
critical strain, the buckling-induced bulges and delamination happen inside and from the edge of the film. In
conducting compression-induced buckling delamination experiments, Zhu et al [106] applied FEM simulation
and characterized the interfacial adhesion of a Ni thin film on a steel substrate. In fact, they developed
contoured 3D plots of the evolution of the buckling morphologies under different compressive strains, &g, to
find the critical buckling strain, where the interface defect initiates and the buckling bulge propagates.
Consequently, they quantitatively analysed the process of buckling-induced delamination using analytical
modelling, based on the energy minimization principle and numerical models based on FEM simulations.
Wang et al [107] considered that a film-substrate system, when subjected to uniform compression, would
generate a buckling delamination induced micro-channel, with a potential to direct and manipulate micro-
fluids flowing through it. The study not only predicted the buckling delamination evolution but also
characterised the buckling induced micro-channel. These investigators also analysed the relationship
between micro flow and compressive strain.

Silicon Substrate

Fig.13 A typical circular blister traps a nanoparticle at the interface: (a) a 3D characterization; (b) schematic
of blister for modelling and analysing [111].
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Fig.14 (a) Schematic pressure changes of a graphene-sealed micro-cavity in radius ao: before it is inside the
pressure chamber (PC) with pressure Py, cavity inside pressure Pin=Pex: (external pressure), so that the
graphene membrane is flat; after about 5 days inside the PC Pint increased to PO. (b) After the micro-cavity
is removed from the PC, Pix< Po, which causes graphene to blister over the cavity and causes the blister
radius a to increase [113].

Blister testing has been broadly applied to thin films of nanomaterials, especially for the fabrication and
manufacture of large-area 2-dimensional graphene. Its surface adhesion to substrates and matrixes plays a
very significant role when 2D graphene is integrated into MEMS devices and microelectronics, as well as
composite materials. The surface adhesion has also a strong positive or negative influence on transferring
the fabricated graphene onto or from the substrate [108]. Xin et al [109] have employed a similar liquid-
pressurised blister test to gauge the adhesion energy of graphene, grown on a copper foil by the chemical
vapour deposition (CVD) process. They have developed a method to create a through-hole in the copper foil,
which can avoid damaging the graphene layer. Bunch and Dunn [110] have reviewed the adhesion
mechanics of graphene membranes. They concluded that the graphene conformation to the silicon
substrate is due to the strong influence of van der Waals forces, based on their theoretical analysis and
experimental blister-testing. Additionally, Zong et al [111] have utilised the vacuum of a SEM chamber to
measure graphene adhesion on silicon wafers. They deployed intercalated nanoparticles on the substrate
surface to support the blisters, so on pump-down, the vacuum chamber causes the air trapped in the blister
voids to expand. Based on the geometrical sketch of blisters shown in Fig.13, the measurement of adhesion
energy was given by a theoretical equation model, as shown below

v = AEh (g)4 (7)
where the geometrical factor A=1/16, h is the film thickness, a and w are the blister radius and height
respectively and E is the elastic modulus of the film. Using the same pressurised graphene blister
mechanism, Li et al [112] fabricated an array of nano-pillars on the silicon substrate and then transferred the
CVD graphene sheet onto the substrate, to produce an array of circular blisters. They used this novel blister
approach to quantify the adhesion energy. Koenig et al [113] have designed and fabricated a pressurised
blister test for the measurement of the adhesion energy of mechanically exfoliated graphene sheets on a
silicon oxide substrate ion-etched with predefined wells. In a nitrogen gas pressure chamber, a few layers of
graphene were conformed to the SiO,substrate and formed membranes over the wells sealing the micro-
cavities, containing trapped nitrogen (N,) gas molecules. After removal of the sample from the pressure
chamber, the differential between the internal and external pressure of the cavities causes the membrane to
blister over the cavities (as shown in Fig.14). An AFM was used to measure the 3D shape of the graphene
membrane to find the deflection height, o, and radius, a, of the blisters. In a similar way, Metten et al [114]



ion-etched cylindrical pits on a Si/SiO; substrate and deposited the mechanically exfoliated graphene over it
to form the micro-cavities. By contrast, they used micro-Raman spectroscopy to determine the blister
height, from the intensity of the Raman spectrum obtained, because the intensity of the Raman G- and 2D-
mode features are very sensitive to the distance between the graphene membrane and the Si substrate.

In addition to these techniques, other well-known adhesion failure testing methods can also induce blisters,
such as laser shock blasting, nano-indentation and nano-scratching. The adhesion of polymer coatings on
metal substrates was previously studied using pulsed laser-induced blistering [115]. In this case, the blister
shape and height were measured using a stylus profilometer in tandem with blister pressure measurements
from a separate gas circuit set-up. A controlled, pulsed laser beam delivered pulses perpendicular to the
polymer film, causing the metal substrate to absorb infrared radiation, which releases gas and initiates
blister growth. Nano-scratch induced blistering [116] has usually been looked at with a micro- and nano-
indentation tester, primarily for metal /non-metal (or vice versa) coating systems.

5. Pulse laser induced shock spallation

Pulse laser induced shock spallation can test the dynamic failure of coatings as a result of delamination,
which is also termed laser spallation.

Laser-induced spallation and shock testing is a mechanical stress-related de-adhesion process. Silicone
grease or sodium silicate is injected on to the rear side of a substrate to form a confining layer. The
substrate had previously been coated with a transparent thin layer of gold or aluminium, so a sandwich
structure is created on that side and the metal coating can act as an energy absorbing layer, as shown in
Fig.15 (a) [117]. A laser pulse then impacts the absorbing layer, resulting in the generation of a strong and
high amplitude acoustic pulse wave. The elastic wave propagates through the substrate thickness to the test
coating which is on the other side of the substrate and is reflected at the free surface of coating. This leads
to interference of the incident and the reflective wave, which then impacts on the interfacial stress. When
the stress reaches the critical interfacial strength of the coating, delamination and spallation may happen, as
shown in Fig.15 (b). The parameters relating to this physical approach of the laser-absorbing layer/matter
interaction, the shock wave propagation and the interface fracture were reviewed in published work
[118][119].
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Fig.15 Schematic setup of laser-induced spallation in (a) [117] and schematic principle of laser-induced film
delamination in (b).

Laser spallation for interface toughness measurement methodology was proposed as early as 1990 by Gupta
et al [120]. They applied the method for the adhesion determination of Si/SiC systems using a transparent
fused quartz film as the confining layer and choosing a thin gold film as the energy absorber because of its



optimum properties. Gold has a high melting temperature, large coefficient of thermal expansion and elastic
modulus, but a low thermal diffusivity, which means that it is very efficient in converting laser pulses into
pressure pulses. The same group experimentally optimized the effect of the thickness and materials of the
constraining and energy-absorbing films in terms of the strength of generated stress pulse. They reported
that using a 0.5um Al film as the energy absorbing film and a 5um layer of solid sodium silicate as the
constraining material was optimal. In 2008, they developed laser spallation to determine the tensile
strength of cell and biomaterial interfaces [121].

The effect of delamination and spallation of coatings during adhesion testing reflects an out-of-plane-
displacement velocity, which as a function of time was measured by a Doppler-principle based laser
interferometer. When laser shock adhesion testing was exploited for ductile-ductile systems such as cold-
sprayed Cu coating on Cu and Al substrates [122], the highest tensile stress that causes the interface de-
adhesion could be morphologically observed from well prepared TEM cross-sections or metallography and X-
ray diffraction [123]. The images captured were compared with the respective velocity profiles obtained
when the coated samples underwent different powers of laser pulsing, so that the threshold laser power
could be identified. Further, Kingstedt and Lambros [124] have captured spallation area evolution and
spallation front velocity over about 40ns duration using ultra-high speed photography. In a different study,
a laser-induced surface acoustic wave device was utilized to detect the occurrence of de-adhesion and
delamination of coatings on substrates left behind by laser spallation shockwave testing [125]. Schneider
[126] started characterizing the thin films and material surfaces using acoustic wave detection technology. A
schematic setup of the pulse laser-induced surface acoustic wave detection device is shown in Fig.16.
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Fig.16 Schematic setup of the laser acoustic wave measuring systems [126]

To measure the out-of-plane-displacement velocity, a high frequency-response non-contact sensor, such as a
high dynamic responding laser ultrasonic interferometer [127], is needed. The degree of damage and
damage dimensions (i.e. fracture), including the minimum width of delamination radius can be measured
from the scanned profiles. To convert the stress from the measured out-of-plane displacement, a one-

dimensional wave equation is first employed [128]:

1 ou
o= EPCL FY (8)

where o is the normal stress, p is the material density, C; is the longitudinal wave velocity, and du/dtis the
velocity of out-of-plane displacement of the coating. Arai et al [129] have undertaken an experiment with a
laser spallation setup similar to that reported in [127] and used a laser interferometer to measure the stress
wave de-bonding displacement velocity using a Ti-coated film on an Al-alloy substrate. As part of this, they
analyzed the bond fracture toughness using a transfer function computed from the recorded displacement.



Based on the same debonding mechanism, laser spallation testing has been the subject of further
developments. Perton et al [130], Ecault et al [131][132] and Gay et al [133] have applied laser-induced
shockwaves to study the damage and delamination of structured layers of carbon-epoxy and carbon fibre
reinforced polymer (CFRP) composite ply respectively. More recently, the model for the laser-induced shock
de-adhesion testing of the layered-composite materials has been numerically updated [134]. Rafieerad et al
[135] have applied laser spallation to investigate the adhesion strength of a ZrO2-TiO,-Nb,0s-Al,0; mixed
nanotube arrayed layer structure grown on TigAl;Nb alloy implants, by physical vapour deposition (PVD).

Courapied, Berthe, et al [136] have in their work improved the laser spallation test by developing a 752nm
Nd:YAG laser pulse-delayed double shock-wave generation apparatus, where the tested sample is immersed
in water to act as the confining layer. This same technique has also been applied to evaluate the adhesion of
thermal sprayed coatings on a textured surface [137].

All these techniques discussed have used the pulse laser-induced tensile spallation test shown in Fig.15 and
the interface failure of the coating and the substrate is caused by the tensile stress. Wang et al [138] and
Kitey et al [139] modified the tensile spallation testing by sandwiching a fused silica disk between the
energy-absorbing layer and the substrate, as shown in Fig.17(a). They further improved the set-up by
incorporating the fused silica in the form of a triangular prism so that the tensile spallation test evolved into
a tensile and shear mixed-mode spallation test, as shown in Fig.17 (b). In this case, the interface failure
between the coating and the substrate is caused by the tensile and shear stresses.
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Fig.17 Schematic of (a) laser tensile spallation and (b) mixed-mode spallation specimen geometry [139]

Further work on laser tensile spallation testing by Tran et al of the UIUC [140] has compared dynamic laser
tensile spallation testing and quasi-static four-point bend testing on the adhesion of an Al thin film on a Si
substrate.

Aiming at the future practical application of the laser shock spallation adhesion test (LASAT) directly on
ceramic TBS-coated metallic turbine blades, Bégué et al [141] qualitatively approached the LASAT by
directing the laser radiation not only from the metallic side (MS) but also from the ceramic coating side (CS).
The interfacial cracks that resulted from both the MS and CS tests were observed as white spots appearing in
the optical images taken from the ceramic side. The relationship between the spot diameter and the real
interfacial crack size was established for both the MS and CE tests by experimentally examining the cross-
sections under the SEM and from lifetime-decay maps of photoluminescence measured by
piezospectroscopy. In order to study further the shear loading influence on the growth of interfacial white
areas initiated by the laser shockwave spallation, Sapardanis et al [142] applied biaxial loadings (compression



loading in one axis and tension loading in another axis) to cruciform shaped metallic substrates with alumina
coatings in the centre deposited by plasma spray with 28mm diameter areas. It was observed that the initial
interfacial circular crack blistering near the centre, induced by laser shockwave spallation MS testing, grew
to quasi-elliptical forms with semi-major axes(a) in the tension direction and semi-minor axes and (b) in the
compression direction. The ellipse ruptured along the biaxial loading directions.

In an alternative setup to induce laser shockwave damage, the laser irradiation has been configured from the
inside of the crystal film interface layer, as reported in the literature [143].

The phenomenon observed that laser pulsed shockwave spallation induces thin film de-bonding and local
rupturing has also been exploited for the nanofabrication of microstructures. As an example, a pattern of
micro square, circular and star-shaped holes was created in an Au-film coated on polyimide and K9 glass
substrates, as shown in Fig.18, using a micro-mould with similar shaped holes [144] (i.e. similar to a photo-
mask technique in the optical lithography).

The testing of coating adhesion on a super-hard aluminium substrate can be fulfilled by employing
pressurised blister and AFM scratch methods for one coating material [145] or by using laser spallation,
bulge and blister testing for another coating material [146].
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Fig.18 Schematic of spallation de-bonding induced by laser driven-flyer (absorbing layer) shockwave for
micro-punching process in (a) and the punched a pattern of micro holes on the film in (b) [144].

6. Other adhesion tests induced acoustic emission and measurements

Measuring the acoustic emission requires the detection of an elastic wave which is generated when the
micro-scale defects instantaneously occur [147]. For coating-substrate systems, the coating or substrate
micro-scale defects and failures are induced by several different mechanical testing methods.

As an established NDT monitoring technique in mechanical and materials research for detection of plastic
deformation, fracture initiation and crack growth, acoustic emission refers to the generation of transient
elastic waves produced by a sudden redistribution of stress in a material. When a coating-substrate system
is subjected to an external stimulus, such as the change in pressure load or temperature, localized sources



trigger the release of energy in the form of stress waves. The stress waves propagated to the surface or
interface of coatings and substrates and were recorded by different sensors [148][149]. Using the right
sensors and detection instruments, displacements of the order of picometres (102 m) can be detected.
Interesting AE sources result from the initiation and growth of cracks, slips and dislocation movements, as
well as melting, twinning, and phase transformations in metals. Matrix cracking, fibre breakage and
debonding in composites also contribute to acoustic emissions [150]. Acoustic emissions have also been
measured and recorded in polymers, wood and concrete, among other materials.

Formerly acoustic emission was regularly applied to the detection of leaks in valves, pipeline, sewers and
tanks, and the detection of corrosion and stress corrosion cracking in plant equipment. Since 2010,
numerous investigations into various aspects of coating technologies [151][152][153][154][155][156],
including corrosion and fluid immersion processes have been undertaken.

Yang et al [157] have measured and evaluated the acoustic emission of fracture in thermal barrier coatings
by using bending testing methods. A tensile test coupled with AE detection and combined digital image
correlation [158] was carried out especially in thermal barrier spray coatings. During thermal cycle test of the
fracture behaviour of ceramic coating, the AE signal was analysed and measured by using laser
interferometry [159][160]. Lowers, Yoshida, et al [161][162] have applied low frequency acoustic waves to
agitate the thin film system from the real surface of the substrate. As the acoustic wave magnitude is
insufficiently high to excite an acoustic wave in the rigid substrate but high enough to stimulate the
harmonic motion in the coating-substrate interface with lower stiffness than the thin film or substrate, the
displacement of the thin film is considerably larger than that of the substrate and subsequently the de-
adhesion of thin film coating happens. The displacement was measured by use of a Michelson
interferometer.

The key advantage of AE testing is that it is often performed on structures whilst they are in operation, as
this provides adequate loading for propagating defects and triggering acoustic emissions. However, in
summary, the disadvantages of AE testing are:

a) AE testing systems can only qualitatively measure how much damage is contained in a structure. To
obtain quantitative results about other key parameters such as size, depth, and overall mechanical
properties such as coating bond strength/adhesion to the substrate, other NDT methods (e.g.
ultrasound detection [163]), modelling and model-based calculation analysis [164] are necessary.

b) Other acoustic emissions also originate in the noisy service environments in which the AE testing is
taking place, which contributes extraneous noise to the signals. For successful applications, the
application of signal discrimination and noise reduction methods is crucial [165][166].

7 Option of adhesion testing methods and discussion

Coating-substrate systems can be categorized as ductile-ductile (D-D), brittle-ductile (B-D), ductile-brittle (D-
B), brittle-brittle (B-B) systems. This classification is based on the ability of a material to experience plastic
deformation. Ductile materials exhibit substantial plastic deformation with high energy absorption before
fracture, whilst brittle materials have little or no plastic deformation with low energy absorption [167]. For
ductile materials, extensive plastic deformation resists any further extension of a crack unless there is an
increase in the applied stress, however, for brittle material, the cracks may spread extreme-rapidly without
increase of applied stress. Many researchers, especially Guo et al [168] and Zhang et al [169], have reported
in their papers on the adhesion strength and the interfacial toughness of a coating-substrate system, under
the terms 'brittle' and 'ductile’. Therefore, from the published literature reviewed in this paper, the
applicability of indentation, scratch, blister and laser spallation testing to the adhesion of coherently
catalogued coating-substrate systems has been summarized. This is shown in Table 1, where indentation 1,
2 and 3 denote on-coating surface indentation, cross-sectional indentation and interfacial indentation,
respectively.

Table 1 The applicability of different testing methods to the coating-substrate system



Thin coatings (<20 um) Thick coatings (>20um)

D-B D-D B-B B-D D-B D-D B-B B-D
Indentation 1 v \ v
Indentation 2 | | v
Indentation 3 | | \
Scratch (by stylus) y N N
Scratch (by laser) 4 4 4
Blister v v ~ ~ ~
Laser spallation v v | |

Due to the differences in the mechanical and thermal properties noted between the coating and the
substrate materials, under the various mechanical and thermal loads resulting from indentation, scratching,
blistering and laser spallation, the mismatch between the stress and strain of the two materials leads to
coating failures. Therefore, those adhesion testing methods are well suited to cope with a coating-substrate
system with different mechanical and thermal properties. Several points can be noted below:

(1) Indentation and scratch methods have the widest applicability amongst those mentioned above,
particularly for either thin or thick coatings, although for on-coating surface indentation and scratching
by the use of a stylus, these are the two most effective and applicable methods for adhesion testing of
thin coatings;

(2) Regarding a blister method, although it is difficult to prepare the testing specimens for the ductile thin-
film to have performed buckles and blisters prior to the testing itself, it should be noted that this is the
most effective method to test the adhesion of 2D nanomaterial thin-coating-substrate systems;

(3) Looking at the laser spallation method, it is limited by the need for expensive pulsed laser and velocity
laser interferometer equipment and it is difficult to build the appropriate underpinning theoretical
modelling. However in spite of this, it seems a most promising method for testing the adhesion of
ductile coatings on ductile substrates.

Conclusions

The above review has considered and discussed a number of techniques and approaches used in the field
and shown the range of advances in testing and measurements on interface adhesion and bond strengths in
coating-substrate systems. The analysis of the wide range of published material considered has shown that
coatings must exhibit sufficient adhesion to the coated substrates to enable them to provide the desired
practical benefits when put into service. Importantly, the work reported has demonstrated that no single
adhesion test is sufficiently versatile or universally applicable to be used for every coating-substrate system.
In many cases, a nhumber of different adhesion tests may be required to fully satisfy the need for an
adequate analysis of the coating. It is also worth noting that for some of the testing techniques, specifically
prepared coating-substrate arrangements need to be created for the test, and this may not match the way
the coating is prepared in practice. Clearly in such cases, it is important to know that the same degree of
adhesion can be achieved by the same coating arrangements.
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