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Abstract 

Thin films are used as a functional coating of components. These coatings should improve or 

modify the surface properties of the component materials in operation, or they serve as protective 

tribological films with sufficient load bearing capacity, wear resistance and with good sliding 

properties, alternatively. The limiting factor of their application is the adhesion to substrate. Scratch 

test is the laboratory method used to investigate their adhesion and mechanical toughness. This 

method emulates a mechanism of the abrasive wear in a way. 

Irreversible deformations (either plastic or brittle fracture), which arise during the scratch test, 

are also a source of an acoustic emission (AE). By recording the increasing depth of penetration 

together with the increasing load applied to the tip of the moving stylus in the nanotester and 

alongside by synchronous recording of the generated digitized AE signal, one can obtain data files, 

which contain a course of the whole experiment including AE. Using appropriate software one can 

process and analyze the AE data from different points of view and with various settings in the post-

processing at any time (i.e. independently on time, place and environment of the experiment). For 

example hits corresponding with inception of micro cracks in the investigated sample can be 

calculated from particular events. Start of the AE recording is synchronized with the start of the actual 

load and penetration of the stylus tip (during the scratch test), which enables very accurate matching 

of acoustic events with the progress of the stylus loading. It is a sort of an “in-situ” experimental 

method of the scratch test. 

The method is demonstrated on various thin film–substrate systems. It can be mainly used for 

investigation of brittle films. It can reveal cohesion rupture either on the surface or inside of the 

material or adhesion ruptures of the film to the substrate. The method is also useful for investigation 

of transparent films in cases where the microscopic scanning is failing. Results of testing experiments 

are presented and compared. 
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Introduction 

Scratch test is a common method of characterizing the adhesive strength of thin coatings 

[1-9]. The test consists of applying an incrementally or continuously increasing load on the 

coating surface by a Rockwell C scratching point while the sample is displaced at constant 

speed. The scratching point causes increasing elastic and plastic deformation in the sample 

until a damage occurs in the surface region. This damage can be a spalling off of the coating 

at the interface, which would be an adhesive type of failure. The damage can also consist of 

chipping within the coating itself, which would be a cohesive type of failure. In reality one of 

these two types or a mixture of them can be encountered. The adhesive mechanical strength 

of the coating-substrate system is characterized by the critical load LC, defined as the 

minimum load at which the first damage occurs.  
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Standard and the most straightforward method for examining the surface damage caused 

by the scratching tip is the optical microscopy (or SEM – scanning electron microscopy) 

observation. The distance between the start (and the end) of the scratch and the damage site 

can be visually measured and directly related to the load. In principle any optical microscope 

can be used to perform this measurement. The panoramic scanning is commonly essential to 

observe the full length of the testing scratch on the surface.  

Acoustic emission (AE), sometimes also called stress wave emission, is defined as the 

elastic wave generated by the release of energy internally stored in the material structure. 

During scratch testing, the AE can be detected provided that the binding energy between the 

coating and the substrate is sufficient. When a failure limit is reached, spontaneous shock 

wave bursts occur as a result of the formation and propagation of microcracks. Microcracks 

originate at surface notches, inside the coating or inside the substrate, where the local stresses 

exceed the fracture stress. It is indeed important that the scratch test operators realize that, 

once the critical load has been reached, a succession of a single shock wave bursts and the 

emitted signal spectrum is not continuous. The shock wave propagation is affected by the 

sample geometry with respect to surface reflections which cause surface waves (Raleigh or 

Lamb wave propagation). 

To make an automatic recording of the results possible, there is an essential need for a 

physical measuring method that would achieve reliable, reproducible and operator-

independent critical load data. Initially, because of the lack of adequate sensors, 

accelerometers with a cut-off frequency at about 50 kHz were used to detect the (partially 

audible) signals generated during scratching. However, the main disadvantage of 

accelerometers is the fact, that while they are basically measuring mechanical vibrations, they 

are also very sensitive to footsteps, shocks, resonance frequencies of driving motors, surface 

roughness of the sample etc. Resonance AE sensors have a resonance frequency of about 

200 kHz [10-11] and detect acoustic bulk waves in the frequency range of approximately 

50 – 400 kHz, thus, they are insensitive to the mechanical vibration frequencies of the 

instruments (from 0 to about 30 kHz). Since the frequency range of the AE generated by the 

growing cracks is larger (up to 1 MHz), the sensitive broadband piezoelectric transducers are 

required. For example, piezoelectric sensors were placed either on the indenter shaft [12] or 

on the tested surface of sample [13-15] during scratch tests of different coatings. 

Obtained amplitudes and frequencies of the signals are modified by the sample 

geometry, by the sample fixture and by transmission through the scratching point to the AE 

sensor. The charge signal must be amplified by a very high input impedance precision 

electronics with high gain and must be conditioned for recorder input. Each individual signal 

burst corresponds to a damage event with amplitude corresponding to the magnitude of the 

event. For the purpose of interpretation and possible further signal analysis, the AE signal 

must be considered as a discontinuous stochastic event. The signal appears as random, 

obeying the statistical signal theories. Neither the amplitude (damage size) nor the repetition 

rate (damage occurrence) can be predicted, owing to the fact that the mechanical properties 

and certain coating defects (microcrystals, porosity, microcracks etc.) are random intrinsic 

properties of the coating. Consequently, the signal cannot be described by classical methods 

used to characterize deterministic signals. Instead, statistical signal methods for so-called 

stochastic signals must be used. Because of this statistical nature of the failure probability, an 

exact numerical critical load value obtained in a single measurement is not significant. 

Several scratches must be performed on a single sample to be able to obtain relevant data. 



Thin films are used as a functional coating of components. These coatings should 

improve or modify the surface properties of the component materials in operation, or they 

serve as protective tribological films with sufficient load bearing capacity, wear hardness and 

with good sliding properties, alternatively. The limiting factor for their application is their 

adhesion to the substrate. Scratch test is the laboratory method of investigation for their 

adhesion and mechanical toughness. This method emulates the mechanism of the abrasive 

wear in a way. The nanotester is equipment commonly used for scratch testing. It was 

adapted for simultaneous synchronous recording of the AE along the whole experiment from 

the beginning to the end of the scratching. Besides the standard optical method (microscopic 

observation of the scratch), corresponding recordings of the AE were also evaluated. Three 

thin films developed for tribological and optical applications were investigated: the titanium 

carbide doped with hydrogen, chrome oxides, and a dielectric multilayer. The results are 

discussed. 

Experimental 

All experiments have been performed on a commercial nanotester NT600 [16] adapted 

for the DAKEL IPL analyzer [17]. The analyzer performs an on-line (2 MHz) digitalization 

and recording of a complete continuous AE signal by four synchronous channels with input 

amplification gain adjustable for each channel from 0 to 80 dB and stores the resulting data 

onto a hard disc of a PC during the scratch test performed by the nanotester. The nanotester 

also records the instantaneous load of the diamond tip and its corresponding penetration by 

the means of the DSI (depth sensing indentation). 

The following three samples representing systems of thin film-substrate were measured 

(H and Er have been also measured on the NT600 nanotester with Berkovich tip): 

Cr 7:  CVD deposited chrome oxides, on BK7 glass substrate; 

bhc 1139:  PVD deposited Ti-C:H film, on Si(111) substrate; 

DML 002: CVD deposited dielectric multilayer on BK7 glass substrate. 

Prior attaching to the measuring point in the nanotester one sample was pasted by the 

means of an optical wax to the holder – Fig. 1. Within the holder, beneath the sample, there is 

a piezoelectric transducer with an integrated 35 dB pre-amplifier mounted. 

 

Fig. 1: The holder with the pasted sample 

before mounting in the nanotester for scratch 

testing. 

 

 

Scratch test conditions (using Rockwell 

C tip): Load continuous from 0 to 500 mN, 

speed of loading 13 mN/s, relative speed of 

sample vs. loading tip 10 μm/s; first 50 μm 
topography at 0,02 mN loading; lengths of 

scratch under loading 450 μm. Scratch test 

has been six times repeated on undamaged surface of each thin film.  

Optical observations of scratches were performed by the confocal microscope OLS 

LEXT 3100. 



Results and discussion 

System of dielectric multilayer coating - BK7 glass substrate 

DML002 is the softest of all the tested samples. Indentation on NT600 discovers 

hardness H = 3.3 ± 0.26 GPa and elasticity modulus Er = 43.62 ± 1.93 GPa. The typical 

scratch test results on DML 002 sample are on Fig. 2. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: DSI record of the DML 002 sample scratch test (a); micro-photo of the scratch (b); 

AE signal along the scratch test (c)  



System of Ti-C:H film – Si(111) substrate 

Sample showed the medium hardness and elasticity modulus. Indentation on NT600 

discovers hardness H = 6.81 ± 0.52 GPa and elasticity modulus Er = 48.95 ± 1.43 GPa. The 

typical scratch test results on the bhc 1139 sample are on Fig. 3. 

 

Fig. 3: DSI record of the bhc 1139 sample scratch test (a); micro-photo of the scratch (b); 

AE signal along the scratch test (c) 



System of chrome oxides film – BK7 glass substrate 

Cr 7 sample was the hardest and the most elastic system among the three investigated 

due to NT600 measurement: hardness H = 11.72 ± 0.94 GPa and elasticity modulus 

Er = 166.39 ± 6.23 GPa. The typical results of scratch test on the Cr 7 sample are on Fig. 4. 

Fig. 4: DSI record of the Cr 7 sample scratch test (a); micro-photo of the scratch (b); 

AE signal along the scratch test (c) 



The tested films differ from one another. While the hardest and most elastic sample Cr 7 

shows in the DSI graph and microphotography elastic response almost on entire length of the 

scratch (microcracks appear in the vicinity of the end), the softest multilayer coating DML 

002 is very early plastically deformed until the sinking tip (porosity, bubble?) and flaking of 

the coating. The corresponding graph and a micro-photo for medium hard film Ti-C:H (bhc 

1139) indicate initial elastic deformation on surface and then stick-slip movement of the tip 

during the test. After reaching the load of about 190 mN the layer peels off in flakes. As a 

consequence of the PVD technology, the microcrystals of TiC are likely to occur within the 

film, which are much stiffer than the surrounding amorphous layer and thus cause it to peel 

off by the scales. The (c) graphs show time-compressed AE signal envelopes of the entire 

scratch test. The first high-amplitude peak in these graphs indicates the first large-sized 

damage of the coating, i.e., disruption of adhesion of the film to the substrate. Corresponding 

critical load LC can be obtained from the DSI graph (a). For the DM 002 the LC = 330 mN, 

for the bhc 1139 the LC = 190 mN and for the Cr 7 the LC ~ 420 mN. 

To obtain the critical load for disruption of the adhesion, it may be sufficient only to find 

the first high peak of the recorded AE as presented. As shown in graphs (c), other much 

smaller peaks which precede in the AE signal are suppressed by the time-compression of the 

envelope curves. But they can just indicate brittle fractures, which are generated in the 

substrate-layer system during the scratch tests before disruption of the adhesion. This requires 

processing of a huge amount of data filtered from the recorded AE using different criteria to 

obtain hidden information. The results presented are just a hint of the potential use in the 

evaluation of the AE from the scratch tests. 

As for the software used to collect the AE data, first the Data Streamer (DAST) software 

used to acquire the raw data from the DAKEL IPL analyzer had to be modified to begin 

recording exactly at the time when the tip of the nanotester begins to descent onto the sample 

and to stop recording exactly when the tip stops scratching and is risen up from the sample 

again. To process the raw recorded AE signals stored within the SDCF format files and create 

the envelope data from the record (as displayed on Fig. 2-4 (c)), the sdcfenv software tool was 

specially created for that task that creates the envelope, based on user-provided time-

compression parameter. The purpose of this task is to visually compress the rather lengthy 

and detailed recorded AE signal into a graph that can be visually displayed along the 

micrograph of the scratch and the DSI record of the scratch test, so that the events popping up 

in the AE signal can be matched to the load and the penetration of the tip as well as to the 

damage on the sample. Also while the image should not be overwhelmed by the mess of 

excessive signal details, and also while being able to be visualized in one graph without 

excessive memory and time requirements by display tools such as a GNU Plot (such tools are 

not meant to display such a huge amount of data into a single plot). In addition to the sdcfenv 

tool a special script was also created to take the signal envelope and some signal parameters 

extracted from the original SDCF record and display them using the GNU Plot tool [18] into 

a graph as the ones you can see on Fig. 2-4 (c). The user interface for this script and the 

sdcfenv tool was integrated into the DAKEL UI user interface (that comes with the DAKEL 

IPL device) under the “Envelope” table, so that it can be easily used for processing of the 

recorded data.  

Conclusions 

Data acquisition and evaluation of acoustic emission was applied to the tests of 

mechanical toughness of the interlayer between the substrate and the coating, i.e., the 

adhesion, where the criterion is the value of the critical load at which it is disrupted during 



the scratch test. Three samples represented three different systems of coating-substrate. They 

had been intended to determine their hardness and elasticity module. Performed scratch tests 

and the corresponding AE envelope curves and microphotographs served to determine the 

critical load LC of each sample. Thus, the presented contribution demonstrates the ability to 

determine the critical load LC for disruption of adhesion through the AE. 

Moreover, as these curves differ one from another, it indicates further potential of 

acoustic emission to reveal more of the hidden information, e.g., to determine the critical load 

of the first microcrack in such systems and thus expand usefulness of current measuring 

techniques. 
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