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Abstract: The scratch test, as probably the most widespread technique for assessment of the
adhesive/cohesive properties of a film–substrate system, fully depends on reliable evaluation based
on assessment of critical loads for systems’ failures. Traditionally used evaluation methods (depth
change record and visual observation) may sometimes give misleading conclusions about the failure
dynamics, especially in the case of opaque films. Therefore, there is a need for another independent
evaluation technique with the potential to complete the existing approaches. The nondestructive
method of acoustic emission, which detects the elastic waves emitted during film cracking and
delamination, can be regarded as a convenient candidate for such a role even at nano/micro scale.
The strength of the combination of microscopic observation of the residual groove and depth change
record with the acoustic emission detection system proved to be a robust and reliable approach in
analyzing adhesion/cohesion properties of thin films. The dynamics of the gradual damage taking
place during the nano/micro scratch test revealed by the combined approach is presented for SiC
and SiCN thin films. Comparison of critical load values clearly reflects the higher ability of the AE
approach in detecting the initial material failure compared to the visual observation.
Keywords: scratch test; acoustic emission; thin films; silicon carbide

1. Introduction
Rising demands for modern materials with application-optimized physical properties are the main
driving force in contemporary material engineering. The use of surface films and coatings is a logical and
successful solution to this challenge as materials and components interact with their surroundings through
their surface. Nowadays, various types of physical vapor deposition (PVD), chemical vapor deposition
(CVD), and sol-gel techniques are used for production of films in nearly all branches of industry [1–9].
Regardless of the primary functional property of the films predetermined by their application, their
mechanical properties and stability are also essential for their long-term service. Mainly, adhesion of the
films to the substrate is the primal parameter governing the performance of the system.
The definition given by the American Society for Testing and Materials (ASTM) says that “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” [10]. This “basic or also theoretical adhesion” depends on the
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electrostatic, chemical, and/or van der Waals forces, which act on the whole contact surface between film
and substrate. However, the measured “experimental adhesion” exhibits significantly smaller values due
to structural voids and material peculiarities (internal stresses, porosity, homogeneity, roughness of contact
area, etc.) and also due to the effects associated with the measurement methods (fixing of the sample,
tangential forces, experimental errors, etc.) as well as the rigidity of the testing instrument itself [11,12].
Various experimental techniques have been introduced, aiming for not only the qualitative differentiation
between the measured samples but also for the quantification of adhesion forces. In addition to the
non-mechanical methods (thermal, nucleation, x-ray diffraction, etc.) [13–15], the more direct mechanical
methods (scotch tape, bend test, laser spallation, direct pull-off, etc.) [12,15–18] have been used with
varying success. Nevertheless, their mutual comparison is questionable and the level of proximity to
the basic adhesion varies. It is mainly the difficulty of the experimental approaches and the cost of
measurement which makes many of them impractical solutions [19–21].
Among all of these techniques, the instrumented scratch test method is probably the most
widespread technique for assessment of adhesion/cohesion parameters of a film–substrate system [22–25].
This traditional mechanical method is based on the interaction of the diamond testing probe with
the coated surface. A probe with a linearly increasing load is pulled across the measured surface,
while depth change is continuously measured. A moving indenter induces stresses in the tested film,
which in reaction deforms elastically and/or plastically. Despite the experimental/principle simplicity,
the scratching process is very complex [26–29]. When the deformation is sufficient to overcome the
cohesive bonds in the film, cracks emerge. When the adhesive forces between film and substrate are
surpassed, delamination or chipping of the film occurs. The objective of the scratch test is to find the so
called critical loads (LC ), which are the forces inducing the typical failure modes. The great advantage
of the scratch test stems from its possibility of tailoring the experimental parameters (normal load,
indenter size), allowing the position of the von Mises stress maximum to be specified and, in turn,
the sensitivity of the test for specific depth regions to be optimized. With increased load, the position
of the von Mises stress is shifted to the substrate and this is more pronounced for larger indenter
radii [30]. The proper dimensioning of the test can be performed based on Finite Element Modelling
(FEM) [31–36] or analytical models [30]. Localizing the von Mises stress maximum—which in fact
is supposed to be higher than yield stress—to the film–substrate interface is recommended when
adhesion is the main concern. Due to its universality, the scratch test has spread from research to
industrial use. The scratch test has been proved to be an efficient method for evaluation of adhesion
and cohesion properties of various types of coated systems including hard protective coatings [37–40],
optical thin films [41–43], medicinal coatings [44], and so on. Besides, it has been shown that also other
types of materials can be beneficially explored such as plasma spray coatings [45], where for example
the cohesion of individual splats can be studied [46]. In general, the tribological properties, including
wear, of any material [47] can be studied as shown for example by Sola et al. for surface modified
steel [48–50].
The evaluation of the critical loads is traditionally performed through the microscopic observation
of the residual scratch groove and the indenter depth change record. While both techniques can be
adequate in some cases on their own, they are often and beneficially used in combination to obtain
more precise results. Nevertheless, even their combination may fail in the accurate determination of
the critical loads in specific cases [30]. As a result, misleading conclusions about the film’s durability
and, in turn, improper inputs into the service life estimation and optimization process can be deduced.
For example, consider the case of an opaque durable film on a hard brittle substrate (e.g., silicon),
that is often the scenario in the semiconductor industry. In this case the stresses introduced during
the scratch test can induce film and/or substrate cohesion failure or the adhesion failure between
both components. Especially in the last two cases, the failure type classification and critical load
identification can be misleading. When cohesive strength of the film itself is strong enough, the film
can endure even after the first initiation of adhesion failure or substrate cohesion failure until it
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breaks away from the substrate at the latter part of the scratch track. As a result, the point of the film
detachment is incorrectly identified as initial failure mode in the measured film–substrate system.
One of the possible solutions to overcome the abovementioned shortcomings of the standard
evaluation techniques may be detection of acoustic emission (AE) signals recorded during the scratch
test [51]. In general, acoustic emissions are elastic waves that are emitted during cracking or other
irreversible changes in a material’s internal structure. Although the AE method was already introduced
in the scratch test some decades ago, its broader use has been hampered by insufficient hardware,
impractical solutions, or weak software support for analysis. To the best of our knowledge, the use
of AE during mechanical testing of thin films has been restricted mainly to thicker films (more than
5 µm) [52] or high normal loads (more than 1 N) [52–54]. Besides, these tests were often performed
with spherical indenters of large radii (more than 100 µm) [52,54]. As a result, the von Mises stress
maxima were shifted to the substrate, that is, further from the film–substrate interface. The analytical
potential of the AE method is however extremely high. Combined use of AE detection with traditional
techniques creates an unmatched approach for not only the detection of the initial cracks in the tested
system, but also for deeper analysis and understanding of the failure modes’ dynamics and causality
during the scratch test.
Although the SiC thin films and their doped modifications are very promising materials in many
structural applications and their mechanical properties have been studied thoroughly [55–57], there is
a lack of systematic information about their deformation response to the scratch loading and adhesion
strength. The tribological properties of various types of SiCx Ny films and coatings have been studied
and compared [57–61]. However, in most cases the deformation mechanism or the failure dynamic
were neglected.
In this paper a combined scratch test evaluation based on the synergic use of the AE signal record
along with the confocal microscope visual observation of the residual groove and the analysis of depth
change record is presented. Hard a-SiC and a-SiCN thin films with the Si/C~1 on brittle Si substrates
are explored and used as a demonstration system. The dynamics of the films’ gradual damage is
revealed and the individual failure modes are distinguished.
2. Acoustic Emission Introduction
Acoustic emission (AE) is the phenomenon describing the emission of elastic waves generated
by release of internally stored energy during abrupt permanent changes in materials. Significant AE
accompanies the initiation and propagation of cracks in rather brittle materials, however weaker AE
also accompanies sliding of dislocation (slip planes) during deformation of crystalline material [62,63].
AE sensors have been routinely employed at macro-level for monitoring of structural strength
of constructions and pipelines. They have been used for health monitoring and detecting of cracks
in large pressure vessels, for control of water cooling pipeline systems in nuclear power plants,
monitoring corrosion of reinforced concrete, or as failure control of important structural points [64–70].
Acoustic emission based methods also found their way to biological research with a drought stress
experiment on leaves of common European trees [71]. Although the use of AE methods at macro
scale has been successfully proved to be a reliable tool, their application at smaller scales is still
a challenging task in terms of construction and data interpretation. Nevertheless, AE may provide
a large amount of unique information about the structural integrity of a material/device and is still
a very live topic [72,73].
The implementation of an acoustic emission method in the evaluation of the scratch test has
been accompanied by various technical solutions throughout history. First, AE sensors based on
accelerometers were introduced in the 1980s. Even with a cut-off frequency of around 50 kHz they
were strongly disturbed by ambient mechanical vibrations, such as footsteps, motors’ movement,
and surface roughness during the tip move. This technology has been overcome by the utilization of
the resonant AE sensors working at a frequency range of 30–1000 kHz due to the fact that the majority
of the parasitic signals are rather low frequency signals below 50 kHz [74].
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Localized stress fields and processes in a material during the scratch test results in acoustic
emissions with frequencies up to 1 MHz, which leads to the demand for broadband piezoelectric
detectors. The piezoelements are nowadays used in nearly all cases of modern AE systems.
The piezoelectric response of used materials allows fabrication of compact sensors compatible with the
majority of commercial scratch testers [75,76]. It should be noted that special sensors can be used even
at elevated temperatures up to 1150 ◦ C [77].
Since a scratch test on thin film is a sensitive micro-technique that can be affected by its
surroundings, specific demands are made on the experimental arrangement. During the test,
a micrometer radius tip interacts with the tested thin film causing a localized deformation zone with
a size of hundreds of nanometers. The appropriate position of the AE sensor near the emission
zone during the scratch test is of the highest importance. Small sensors can be placed on the
mount of the scratching tip [75,78,79] or glued to the surface of sample [80,81]. Both solutions are
often used in practice and both possess some advantages and disadvantages. A sensor attached
to the tip benefits from its proximity to the material interaction volume from where the AE signal
is emitted. However, the disadvantage is a small contact surface between the tip and the film’s
surface, which eventually transmits only a minor part of the signal that spreads omnidirectionally
from the point of origin. Also the fixing procedure of the sensor itself is an issue, as its weight can
interfere with the correct movement of the tip. In addition, such mounting makes manipulation
during tip’s change more difficult. Alternatively, the AE sensor can be directly placed on the sample
surface. This approach benefits from its high sensitivity and easy implementation on pre-existing
experimental setups. It should be noted that this is a preferable approach nowadays. The mounting
position must be chosen appropriately as contact of the sensor with the tip must be avoided. On the
other hand, the contamination of sample surface with the used adhesive is undesirable and may
be considered as one of the biggest drawbacks. Since both abovementioned approaches possess
substantial shortcomings, the use of AE methods in scratch testing has been only marginal and mostly
devoted only to very specific case studies, some of which are listed below.
For example, research on AlN coated stainless steel by Choudhary [75] was focused on the use
of the AE method as an indicator of a coating’s cracking during the scratch test without use of any
complex signal analysis. Similar use of the method concerning only the amplitude of the AE signal
as a signalization of changes in material was used in bone toughness analysis by Kataruka [82] and
research on several types of ceramics coatings (TiB2 , TiN, Al2 O3 -SiO2 -Cr2 O3 , CrN) by Ishikawa [83],
Bhansali [84], Sekler [85], and Jensen [51].
A more sophisticated approach focusing on energy (wavelet transform) rather than amplitude of
the AE signal was adopted in Piotrkovsky’s research related to scratch test behavior of commercial
galvanized coatings [86,87], grit scratch tests on aerospace alloys by Griffin [88–90], as well as a different
type of tests on reinforced concrete by Sagasta, Zitto, and Piotrkovsky [91,92]. Research on deformation
processes during scratch tests of molybdenum and tungsten by Zhou [93] also uses analysis of more
complex outputs of the AE record. The deformation response of TiN thin films and the underlying Si
substrate under sliding indentation was investigated by Benayoun [53] or Shiwa [94]. To reveal the
substrate deformation, the film was chemically etched [94]. The combination of Focused Ion Beam
(FIB) cross-sectioning of the residual groove and the AE was used to study the effect of substrate
surface finish on the scratch induced failure mechanism of TiN on WC-Co substrate by Yang et al. [54].
It is not surprising, that the amount of data obtained from AE is massive. One of the solutions to
handle the analysis of such an amount of data is the use of artificial neural networks [70,90].
Acoustic Emission Signal
The amplitude and frequency of AE events are functions of sample’s material properties and
geometry, and also depend on the source of AE. The complete record of the AE signal represents a large
amount of data that may be inappropriately sizeable and too detailed for basic determination of critical
events representing various types of film–substrate failure. It is more common to use a time compressed
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AE record, a so-called Envelope (see Figure 1a), that can be directly compared with the depth change
record and the microscopic image of residual scratch groove. To visualize the dynamic of gradual
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The samples were loaded on the special AE sample holder of our own design with the inbuilt
high-sensitivity piezoelectric sensor and the dedicated preamplifier. Its design reflects the needs of
high sensitivity and universal applicability and addresses the need of simple sample manipulation
and avoiding the surface contamination by adhesive. Samples can be easily fixed to the holder using
traditional cold or warm bonding (glue or wax, respectively).
3.2. Scratch Test Setup
The scratch tests were performed using the fully calibrated NanoTest instrument (MicroMaterials
Ltd., Wales, UK) with the diamond cono-spherical Rockwell indenter with an actual radius of 9 µm.
Samples were fixed on the special AE holder using a low temperature wax. In fact, the AE holder
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4.1. Combined Approach—Dynamic Revealed
A typical example, where the traditional approach lead to the incorrect determination of critical
loads, can be instructively presented on two scratch tests performed on the SiC thin film (see Figure 3).
A microscopic image of the first test’s residual groove shows gross spallation beginning at the point
marked by number “2”, see Figure 3a. Small cracks inside the residual groove were detected with
difficulty using higher magnification (not shown here) in the earlier stages starting from the point
labeled by number “1”. However, the acoustic emission record (see Figure 3b) shows an abrupt
amplitude increase in the 25th second, indicating that the very first cracking in the film–substrate
system (LC1 ) occurred sooner than expected from the microscopic observation (marked by number “1”
in Figure 3a). Besides, analysis of the depth change record reveals, that point “2”—considered as the
onset of the gross spallation—is determined incorrectly, see Figure 3c. While the red curve representing
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film delaminates significantly in the reverse direction until point “1”. The last piece of information for
designated LC2), where the film delaminates significantly in the reverse direction until point “1”. The
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Since the position of LC1 from this second scratch actually matches the LC1 in the first scratch,
Since the position of LC1 from this second scratch actually matches the LC1 in the first scratch, it
it can be concluded that substrate cracking below the still adhering film is indeed the very first failure
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Figure 3. Advanced analysis of two ramped scratch tests on 00SiC sample with (a,d) the microscopic

Figure 3. Advanced analysis of two ramped scratch tests on 00SiC sample with (a,d) the microscopic
records, (b,e) the acoustic emissions records and (c,f) depth change records.
records, (b,e) the acoustic emissions records and (c,f) depth change records.

4.2. Extended Approach—Failure Type Revealed
The information content obtained from the scratch test and its reliability can be further enhanced
via analysis of the residual groove by SEM-EDX mapping. The strength of such a complex approach
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observation may be misleading in terms of evaluation of scratch test.
Typical residual scratch groove for the SiCN film with the N content of 36 at % is shown in
Typical residual scratch groove for the SiCN film with the N content of 36 at % is shown in Figure 4.
Figure 4. At the first glance, using only microscopic evaluation one may conclude that coating seems to
At the first glance, using only microscopic evaluation one may conclude that coating seems to be
be scratched through in the area highlighted by the violet rectangle, while the first critical load LC1 is
scratched through in the area highlighted by the violet rectangle, while the first critical load LC1 is
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failure mode caused by the film–substrate interface cracking, as described in the previous case on SiC
interface cracking, as described in the previous case on SiC samples (shown in Figure 3) and evidenced
samples (shown in Figure 3) and evidenced in the FIB-milled longitudinal cross-section. The lateral
in the FIB-milled longitudinal cross-section. The lateral and median cracks are clearly identified in
and median cracks are clearly identified in the film and substrate as can be seen in Figure 5. A detailed
the film and substrate as can be seen in Figure 5. A detailed inspection of the SEM image shows no
inspection of the SEM image shows no evidence of through-thickness cracking as all the cracks were
evidence of through-thickness cracking as all the cracks were stopped within the film. This may be
stopped within the film. This may be related to the compressive stress in the films [56]. The initial
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Figure 4. Detailed analysis of selected scratch test on sample SiCN with an oxidized surface using (a)
Figure 4. Detailed analysis of selected scratch test on sample SiCN with an oxidized surface using
microscopic record, (b) the acoustic emission record and (c) the depth change record. Detail (d) shows
(a) microscopic record, (b) the acoustic emission record and (c) the depth change record. Detail (d) shows
profile measurement of SiOx oxide film thickness and detail (e) shows the oxide SiOx film first
profile measurement of SiOx oxide film thickness and detail (e) shows the oxide SiOx film first
penetration using the SEM-EDS linear mapping.
penetration using the SEM-EDS linear mapping.
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Figure 5. SEM images of the Focused Ion Beam (FIB) milled on the SiCN film for the(a) longitudinal
Figure 5. SEM images of the Focused Ion Beam (FIB) milled on the SiCN film for the(a) longitudinal
cross section in the area of Lc1 with (b,c) details and (d) the perpendicular cross section of the final
cross section in the area of Lc1 with (b,c) details and (d) the perpendicular cross section of the final part
part of the residual scratch groove with (e,f) two successive cross-sections.
of the residual scratch groove with (e,f) two successive cross-sections.

4.3. AE as a Tool for First Failure Detection
4.3. AE as a Tool for First Failure Detection
The strength of the AE method in terms of the very first failure detection during the scratch test
The strength of the AE method in terms of the very first failure detection during the scratch
is clearly manifested by the comparison of values of critical loads evaluated by in situ AE and visual
test is clearly manifested by the comparison of values of critical loads evaluated by in situ AE and
observation methods for SiC and SiCN thin films, see Figure 6. The as-deposited as well as air
visual observation methods for SiC and SiCN thin films, see Figure 6. The as-deposited as well as
annealed films (700, 900 and 1100 °C) were explored. The primary goal was to test the effect of
air annealed films (700, 900 and 1100 ◦ C) were explored. The primary goal was to test the effect of
annealing temperature on tribological properties of these films with potential use for high
annealing temperature on tribological properties of these films with potential use for high temperature
temperature protective purposes. Introduction of nitrogen into the SiC structure led to the
protective purposes. Introduction of nitrogen into the SiC structure led to the improvement of scratch
improvement of scratch resistance of originally deposited and also annealed coatings. However, the
resistance of originally deposited and also annealed coatings. However, the main finding in the context
main finding in the context of combined scratch test evaluation described in this article is that the
of combined scratch test evaluation described in this article is that the sensitivity of acoustic emissions
sensitivity of acoustic emissions exceeded the visual microscopic method in all cases. Critical loads
exceeded the visual microscopic method in all cases. Critical loads obtained by the AE method were
obtained by the AE method were always lower (=detected sooner) than the microscopic ones. In
always lower (=detected sooner) than the microscopic ones. In extreme case the difference in the
extreme case the difference in the critical load values reaches 22%.
critical load values reaches 22%.
The use of the AE method as a complementary technique has been proved to be an important
The use of the AE method as a complementary technique has been proved to be an important
step forward in enhancement of the reliability and accuracy of the scratch test evaluation. However,
step forward in enhancement of the reliability and accuracy of the scratch test evaluation. However,
the AE may go far beyond just identification of the very first cracking. The high sampling frequency
the AE may go far beyond just identification of the very first cracking. The high sampling frequency of
of modern AE hardware units allows the recording of the AE signal with sub-microsecond resolution.
modern AE hardware units allows the recording of the AE signal with sub-microsecond resolution.
As a result, the individual AE hits representing the particular physical events (cracking, chipping,
As a result, the individual AE hits representing the particular physical events (cracking, chipping,
delamination, etc.) in the film–substrate system can be subjected to a thorough analysis in time as
delamination, etc.) in the film–substrate system can be subjected to a thorough analysis in time as
well as frequency domain. Applying such an enhanced approach, it is possible to distinguish between
well as frequency domain. Applying such an enhanced approach, it is possible to distinguish between
various types of failures. Figure 7 illustrates the difference between the hit representing cracking in
various types of failures. Figure 7 illustrates the difference between the hit representing cracking in the
the SiC film only occurring at low load and the combined SiC film and underlying Si substrate
SiC film only occurring at low load and the combined SiC film and underlying Si substrate cracking.
cracking. The corresponding frequency spectra confirm the different response of the film–substrate
The corresponding frequency spectra confirm the different response of the film–substrate system at
system at different loads. Since various types of material failure are frequency dependent it is possible
different loads. Since various types of material failure are frequency dependent it is possible to online
to online monitor and even classify the material/device/component deterioration that further
monitor and even classify the material/device/component deterioration that further emphasizes the
emphasizes the beneficial role of AE method.
beneficial role of AE method.
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Figure 7. Detailed evaluation of specific observed AE hits. Firstly the microscopic record (a) was
compared with the envelope of AE record (b). Then detailed evaluation in form of hit visualization
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(c) and hit’s spectrum (d) of two AE events belonging to the lone film crack (marked “1”) and jointly
(c) and hit’s spectrum (d) of two AE events belonging to the lone film crack (marked “1”) and jointly
cracking of substrate and film (marked “2”). Note the different axis scale in both spectra (d).
5. Conclusions
cracking of substrate and film (marked “2”). Note the different axis scale in both spectra (d).

The importance of the combined evaluation of the scratch tests on thin films was presented. In
5. Conclusions
5. Conclusions
this
combined approach, the standardly used visual observation of the residual groove and the depth
The importance of the combined evaluation of the scratch tests on thin films was presented. In
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It was shown that proper analysis of the AE signal and its correlation with standard techniques
conclusions about the material response to external loading can be drawn. The present combined
can significantly increase the informative value of the scratch test. As a result, more reliable
scratch/acoustic emission test evaluation has provided an excellent insight into the physical
conclusions about the material response to external loading can be drawn. The present combined
scratch/acoustic emission test evaluation has provided an excellent insight into the physical
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It was shown that proper analysis of the AE signal and its correlation with standard techniques
can significantly increase the informative value of the scratch test. As a result, more reliable conclusions
about the material response to external loading can be drawn. The present combined scratch/acoustic
emission test evaluation has provided an excellent insight into the physical behaviour of SiC and
SiCN films on silicon substrates during the single asperity scratching contact simulated by the
diamond indenter.
The AE method provides unique information that enables the elucidation of the dynamics of the
material failure with the potential to differentiate between the film and substrate cracking even at
nano/micro scale. The use of AE in scratch testing is especially beneficial in the case of nontransparent
thin films, where the AE signal can reveal subsurface cracking. Ignoring and/or neglecting the internal
cracking may dramatically affect the scratch test results/findings. When they are used as input
parameters into finite element modeling then the simulation findings can be distorted. Besides, it was
shown that AE always detects critical loads sooner than visual observation.
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Kulikovsky, V.; Vorlíček, V.; Boháč, P.; Stranyánek, M.; Čtvrtlík, R.; Kurdyumov, A. Mechanical properties of
amorphous and microcrystalline silicon films. Thin Solid Films 2008, 516, 5368–5375. [CrossRef]
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