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ABSTRACT 

Some methods of evaluation of mechanical properties have been used for the 

determination of properties in coated systems. These methods include the indentation 

test as well as the scratch test, which is equally easy to perform and regularly does not 

require special preparation of the test bodies. The scratch test has been carried out 

experimentally and numerically for several decades to analyze the adhesion resistance 

and failure modes of hard and thin coatings deposited on metal substrates. The test 

allows to establish the relationship of normal load values with the failures in the system, 

in this way, the test delivers a quantitative measurement of the load for the failure of a 

coating deposited on a substrate.  

The failure modes associated with the scratch test have been identified based on 

observations and analysis of the groove created during the sliding of the indenter in a 

single scratch movement. The main objective of this study was to analyze, via simulation 

by finite elements method, the behavior of longitudinal S11 and transversal S33 stresses 

and the correspondence with the failure of a coated system, considering the contact and 

displacement of a hard particle and rigid in repetition of up to five cycles of scratching 

along the same groove. The results showed that is possible to establish that with the 

increase of the scratch cycles lateral cracks may still be present on the sides of the 

groove since. The stress values reached were always higher than the stress value 

imposed to the coating in the simulation model. 
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1. INTRODUCTION 

In the literature is possible to found more than 20 methods to evaluate the adhesion and 

properties in coated systems include the indentation test, which has been the more versatile than 

methods such as tensile testing, due to the rapid response and the few requirements for the 

development of sample tests. Through this test, properties such as Elastic Modulus (E), Yield 

stress (σy) can be identified, up to the identification and characterization of cracking modes, 

hardness, and mechanical behavior in multilayer coated systems [1,2]. 

Other test used for the analysis of coated systems is the scratch test, which is analyzed 

experimentally [3-12] and by numerical simulation [13-19], to analyze the adhesion resistance 

and failure modes of hard coatings (HV ≥ 5 GPa) and fines (≤ 30 μm), deposited on metal 

substrates [20]. The test allows to establish the relationship of normal load values with the 

generation of failures in the coated system. The test to proves a quantitative measurement of 

the load necessary for the failure of a coating deposited on a ductile [8,11,12,23,24] or brittle 

substrate [21,22]. Likewise, it is possible to establish the failure ratio in function of the 

traditional test parameters such as indenter geometry, load rate, displacement rate, mechanical 

(elasto-plastic) properties of the materials, as well as recently with the thickness of the coating, 

roughness among other. According to Bull [5-7], failures on hard coating can be organized into 

three categories. The first category is related to cracking along the coating thickness. This 

failure mode occurs inside the groove and includes cracking due to tensile stresses in the back 

zone of contact with the indenter, cracking due to bending of the coating during scratching and 

Hertzian cracking. The second category is related to fragmentation, which may be due to 

compression or buckling of the coating, fragmentation at the front of the contact with the 

indenter or fragmentation at the rear of the indenter as a consequence of the portion elastic 

recovery. The last category is related to the chipping and detachment of the coating. This type 

of failure is observed in hard and thick coatings deposited on hard substrates [20]. 

In general, failure that occur in systems composed of hard coatings deposited on ductile 

materials are concentrated inside the groove of scratches during the movement of the indenter, 

while failures that occur in systems composed of hard coatings deposited on hard materials 

occur also in the lateral regions of the groove. In particular, Xie and Hawthorne [8] explain that 

in the case of materials with high plastic deformation, is possible to obtain high accumulation 

of the material in front and the edges of the contact with the indenter, in this case the surface of 

the system acquires high tensile stresses values as a consequence of the coating bending (Figure 

1). 

 

Figure 1 Schematic illustration of the bending induced stresses [8]. 

According to Bull and Berasetegui [7], the stresses generated during the movement of the 

indenter are complex and the literature does not present analytical models that describe exactly 

the types of failure that occur during scratching. For this reason, although the simulation models 
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do not reproduce all the phenomena that are presented in the scratch test, they allow to obtain 

qualitative results based on the mechanical properties of the materials, incorporation of defects, 

friction forces, geometries of the bodies in contact and possibly of roughness surfaces.  

Using numerical analysis, Holmberg [15-18] studied the evolution of stresses during the 

scratch test. This is how it explains that during the first stage of the test a deformation mark is 

generated favoring the flow of the material towards the edges of the indenter, then the groove 

is generated with the respective accumulation of material in the front part of the indenter. In the 

lower part of the indenter plastic deformation exists and in the rear part of the same plastic 

deformation (Figure 2).  

 

Figure 2 The stress field in the coated surface generated by a sliding sphere [15]. 

In the same way, Xiaoyu et al [24] indicate that when the indenter slides on the surface 

tensile stresses are created inside the groove, as well as compressive stresses in the front part 

of the indenter during the contact. The numerical and experimental studies of the modes of 

failure have been established from the realization of a single scratch. In the literature is 

unknown the effect of performing several cycles of scratching in a single groove, on surface 

failure. In this way, the principal aim of this study was to analyze, using the simulation by finite 

elements method, the influence of five scratch cycles in the same groove, on the behavior of 

longitudinal (S11) and the transversal (S33) stresses and the possible correspondence with the 

surface failure of the coated system. In the study was considered load normal as the principal 

variable for the study. 

2. MODEL SIMULATION DESCRIPTION 

The software ABAQUS was used to run the Finite Element Method simulations. The figure 1 

shows a schematic of the geometry considered and presents the mesh used in these simulations. 

The simulation model considers a coated system, composed of an ideally smooth coating with 

characteristics of TiN deposited on a substrate with elastoplastic behavior. The totality of the 

property values were taken from the literature presented in previous works [15,16]. 

The model considers the contact of an ideally rigid particle with the geometry of a Rockwell 

C indenter (cone of 120° opening and radius of curvature of 200 μm at the tip), on which applies 

a progressive force along a scratch distance on the surface of the system covered. The 

simulation model is made up of 107136 hexagonal elements of eight (8) nodes for reduced 

integration (C3D8R) that allow the simulation through the software for analysis of elements 

finite ABAQUS (figure 3). In the superficial region a refinement was imposed where the 

thickness of the coating was divided into 10 elements, in this way each element in the contact 

region was established with thick of 0.2 µm. The table 1 presents the materials properties and 

the parameters used in the simulations. 
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Figure 3 Schematic of the geometry and the mesh used in the scratch test simulation. 

Table 1 Characteristics of the FEM analysis. 

Film Condition Test 

E = 500 GPa, ν = 0.25, σy = 6000 

MPa Normal Load                                    

2 N, 5 N 

Distance 

scratch 

0.5 mm 

 

thickness = 2 µm 

  

Substrate 

E = 210 GPa, ν = 0.3, σy = 600 MPa 

1mm x 0.25 mm x 0.25mm 

3. RESULTS AND DISCUSSION 

Figure 4 shows the sliding direction of the indenter during the simulation of the scratch test. It 

also shows in detail the stress concentration in the area of contact with the indenter. In the rear 

area of the indenter identified as (A) the high tension values are consequence of the stretching 

of the material. In the below zone of the indenter identified as (B), are showed compressive 

stress due to the contact, finally the zone identified as (C) shows tension stress due to the coating 

bending for the accumulation of material during scratching.  

 

Figure 4 Contact and sliding direction of scratch test. 

Figure 5 and 6 shows the distribution of the longitudinal stress (S11) in the direction of 

scratching and the behavior of the transversal stress (S33) for the scratch load of 2N. The figures 

are obtained from a top view. 
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Figure 5 Longitudinal Stress (S11) map for scratch test at 2 N. a) First scratch, b) third scratch, c) fifth 

scratch 

 

Figure 6 Transversal Stress (S33) map for scratch test at 2 N. a) First scratch, b) third scratch, c) fifth 

scratch 

Figure 7 and 8 shows the distribution of the longitudinal stress (S11) in the direction of 

scratching and the behavior of the transversal stress (S33) for the scratch load of 5N. In the same 

way as the previous figures, these were obtained from a top view. 
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Figure 7 Longitudinal Stress (S11) map for scratch test at 5 N. a) First scratch, b) third scratch, c) fifth 

scratch 

 

Figure 8 Longitudinal Stress (S11) map for scratch test at 5 N. a) First scratch, b) third scratch, c) fifth 

scratch 

In the Fig. 5, is possible to observe the longitudinal stress S11 behavior, which in the first 

scratching cycle reaches the 6071 MPa value in the rear zone of the contact with the indenter 

(Figure 5a). From the second scratch cycle (Figures 5b and 5c) is observed that the highest 

stress values is reached in the frontal region of the indenter contact, which suggests that from 

the second scratching cycle the accumulation of material increases the tension stress to 6054 

MPa at the fifth scratch. Regarding the behavior of the transversal stress S33, in figures 6a, 6b 

and 6c is possible to observe that in all the scratching cycles carried out, the resistance value 
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imposed on the coating (6000 MPa) was exceeded. The values were reached in the region of 

high material accumulation (pile-up) in the frontal region of the contact with the indenter. 

When comparing figure 5 and figure 7 it is possible to observe that with the increase of the 

normal load the width of the groove in each of the lines is increased. It is also possible to observe 

the same behavior described in figure 5, in which during the first scratching the highest stress 

value in the rear region was reached on contact with the indenter. From the second scratch cycle 

the highest stress values were reached in the frontal region of contact with the indenter as a 

result of the material accumulation (pile-up). 

Figure 8 shows the same behavior as that described in figure 6. In this case, the stress values 

obtained in each scratching cycles surpassed the resistance value corresponding to the coating. 

In this case, is observed that as result of the increase in the normal load, the width groove was 

increased in comparison to the groove for 2 N load (figure 6). 

The results obtained are coinciding with the results of Bull [6], Bull and Berasetegui [7] and 

Xiaoyu et all [24]. They presented simulation results of the scratch test on a coated system 

composed of 2 μm TiN coating and steel substrate, indicating increased compressive stress at 

frontal zone of the indenter contact and tensile stress behind this. According to the Bull and 

Berasetegui [7], these results are probably a consequence of changes in the amount of buckling 

presented in the coating. In the regions of buckling (bending) around the indenter, stresses are 

increased as a function of the movement of the indenter. 

Holmberg and your research group [15-18] presents information on the cracking patterns 

and the coating detachment during the scratch test. A scheme of these failures can be observed 

in figure 9, where patterns of angular cracks (a), parallel cracks (b), semi circular cracks (c), 

chipping (d) and fragmentation (e and f) of the coating are presented. 

 

Figure 9 Cracks generated in a scratch test 

From the investigations Holmberg [15] identifies that the first cracks that appear during the 

scratch test are angular character and posterior to these the cracks of angular character arise. 

Finally, according to the results obtained for the simulation of a coated system composed 

of a ductile substrate and a hard coating and for the scratch load used, is possible to establish 

that the stress values S11 and S33 exceeding the resistance value are reached during the first 

scratch on the coating, which suggests a possible failure (cracking) of the coating inside the 

groove, as well as, on the side of the contact with the indenter. This suggests, unlike the results 

of Holberg [15], that the first crack that appears is not of angular pattern but a crack of traction 

inside the groove, followed by lateral cracks possibly due to the accumulation of material in the 

part front and side of the contact with the indenter. Likewise, the results of stresses reached 

(S11, S33) in subsequent scratch cycles on the same groove suggest the increase in the appearance 

of failures inside the groove since in some scratching cycles the highest stress values S11 are 

located in the groove at front region of the indenter. Likewise, it is possible to indicate that 

carrying out several scratch cycles on the same groove may favor the appearance of lateral 

cracks. 
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4. CONCLUSION 

Traditionally, the numerical and experimental studies of the failure modes have been 

established from the realization of a single scratch. The study of several cycles of scratching on 

the same groove suggests that during subsequent scratching cycles the traction cracks arise 

inside the groove is possible. Likewise, is possible to establish that with the increase of the 

scratch cycles lateral cracks may still be present on the sides of the groove since, according to 

the model and the simulations, the stress values reached were always higher than the resistance 

value imposed to the coating in the simulation model. 
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