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Abstract 

Various methods have been designed to determine the elasto-plastic properties of metals. Instrumented indentation 
test (IIT) is considered to be a good candidate to determine local properties after manufacturing operations. In order 
to acquire elastoplastic properties from IIT, either dimensional analysis or inverse analysis of the force-displacement 
curve is performed. However, the major drawback of those methods is the uniqueness of the solution. Some materials 
may exhibit almost identical force-depth curves, although they have different elastoplastic properties. Those materials 
are referred as “mystical materials”. In this contribution, topological features of the indentation surfaces, i.e. indent 
size, pile-up and sink-in behaviour, are investigated to find a differentiating property. According to the results, indent 
size, pile-up and sink-in behaviour may help to find the unique solution to the inverse problem.  
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1. Introduction 

. There is a wide range of tests to determine elastoplastic properties. Unlike conventional tensile, compression, 
torsion and bulge tests, indentation tests can be used to determine local properties of manufactured parts without 
preparing a specimen. Indentation test, which is typically used to determine the hardness of the materials, may serve 
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as a powerful tool if it is well-equipped by proper data acquisition systems. Even before the presence of the new 
generation hardness test machines of instrumented indentation tests (IIT), several researchers already studied the 
feasibility. The first efforts were spent for extracting some mechanical properties from hardness test. For instance, 
Tabor proposed an empirical relation between the hardness and the ultimate tensile strength (UTS) of metals. Tabor is 
followed by Doerner et al., who have succeeded to compute the Young’s modulus from the unloading portion of 
indentation test data [1]. King also worked on the determination of the elastic modulus of thin films from unloading 
part of IIT [2]. Owing to the advances in finite element analysis techniques and computation capabilities, indentation 
tests have studied widely by numerical techniques. Giannakopoulos et al., [3] examined the Vickers indentation test 
with small and large deformation assumptions and they were able to predict, the rate independent, isothermal, isotropic 
hardening elasto-plastic constitutive behaviour from IIT. Larson et al., [4], similarly investigated the Berkovich 
indentation and showed the excellent agreement of numerical and experimental results. They also detected the 
dependence of the size effects on the numerical results. Though, they proposed some preventions in numerical 
solutions of nano-indentation. Cheng et al., [5], Giannakopoulos et al., [6] and Dao et al., [7] have derived a set of 
dimensionless parameters by means of which the elasto-plastic properties could be extracted. All of those three studies 
propose special algorithms to treat the IIT test data. Tekkaya [8] also proposed a new correlation to determine the 
present yield stress of the metals from Vickers hardness test which had a plastic deformation history beforehand. Koska 
[9] showed the agreement of the reverse analysis result of IIT and uniaxial compression test.  Bucaille et al., [10] and 
Chollacoop et al., [11] subsequently extended the method proposed by Dao et al., [7] for forward and reverse analysis 
with the concept of dual sharp indenters. The basic idea for the employment of dual indenters is to solve the uniqueness 
problem of inverse analysis. Swaddiwudhipong et al., [12] and De Smedt [13] also achieved to overcome the 
uniqueness of the solution problem by dual sharp indenters. In other words, by using two different indenter geometries, 
some of the mystical material problems may be eliminated. 

This paper proposes a method to differentiate mystical materials through the final imprint geometry. Two materials 
with same force-depth curves are examined in detail. These two steels are DP600 (Dual Phase steel with minimum 
600 MPa ultimate tensile strength) and TWIP980 (TWinning Induced Plasticity steel with minimum 980 MPa ultimate 
tensile strength). 

The next section describes the mystical material problem and is followed by a detailed description of the finite 
element model and indentation tests. Finally, the paper is concluded by the results and discussion of numerical and 
experimental results.   

2. Mystical Material Problem  

Determination of elasto-plastic properties from instrumented indentation is fundamentally an inverse problem and 
the challenge of finding the unique physical solution of inverse problems is well-known. Dimensional analysis of the 
indentation also proves the existence of multiple materials which will eventually yield the same force-displacement 
curve if only a single type of indenter is used. In fact, infinitely many mystical materials can be generated from a 
known material by keeping the dimensionless numbers governing the process constant.  

Chen showed that it is possible to resolve a number of those materials using a second indenter which has 
significantly different apex angle [14]. However, this method also requires a-priori knowledge of Poisson`s ratio and 
sometimes the required change in cone angle can be so large that it is not easily applicable. Practically, a mystical 
material cannot be resolved if the Poisson`s ratio, Young`s modulus are known and determined parameters (K, n) are 
estimated with a good precision before the evaluation. This limits the application of instrumented indentation in elasto-
plastic property determination as a research field rather than an accepted test method. 

Former studies in the field, clearly shows that the elasto-plastic can rarely be uniquely determined by solely 
instrumented indentation. The pile-up and sink-in behavior near the indentation can also be used as an additional 
parameter to limit the number of mystical materials. However, it should be noted that there still can be mystical 
materials which yield the same surface relaxation as the same surface shape can be obtained by many different strain 
distributions. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.proeng.2017.10.967&domain=pdf
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generation hardness test machines of instrumented indentation tests (IIT), several researchers already studied the 
feasibility. The first efforts were spent for extracting some mechanical properties from hardness test. For instance, 
Tabor proposed an empirical relation between the hardness and the ultimate tensile strength (UTS) of metals. Tabor is 
followed by Doerner et al., who have succeeded to compute the Young’s modulus from the unloading portion of 
indentation test data [1]. King also worked on the determination of the elastic modulus of thin films from unloading 
part of IIT [2]. Owing to the advances in finite element analysis techniques and computation capabilities, indentation 
tests have studied widely by numerical techniques. Giannakopoulos et al., [3] examined the Vickers indentation test 
with small and large deformation assumptions and they were able to predict, the rate independent, isothermal, isotropic 
hardening elasto-plastic constitutive behaviour from IIT. Larson et al., [4], similarly investigated the Berkovich 
indentation and showed the excellent agreement of numerical and experimental results. They also detected the 
dependence of the size effects on the numerical results. Though, they proposed some preventions in numerical 
solutions of nano-indentation. Cheng et al., [5], Giannakopoulos et al., [6] and Dao et al., [7] have derived a set of 
dimensionless parameters by means of which the elasto-plastic properties could be extracted. All of those three studies 
propose special algorithms to treat the IIT test data. Tekkaya [8] also proposed a new correlation to determine the 
present yield stress of the metals from Vickers hardness test which had a plastic deformation history beforehand. Koska 
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with the concept of dual sharp indenters. The basic idea for the employment of dual indenters is to solve the uniqueness 
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some of the mystical material problems may be eliminated. 

This paper proposes a method to differentiate mystical materials through the final imprint geometry. Two materials 
with same force-depth curves are examined in detail. These two steels are DP600 (Dual Phase steel with minimum 
600 MPa ultimate tensile strength) and TWIP980 (TWinning Induced Plasticity steel with minimum 980 MPa ultimate 
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3. Numerical Modeling 

To examine the process in detail, a finite element model of Vickers indentation was developed using Transvalor 
Forge commercial software package. Symmetry of the Vickers indenter allows for modelling of only one eight of the 
indented area, using symmetry boundary conditions, elastic-plastic isotropic material model and implicit time 
integration, Fig. 1a. Indenter was assumed to be rigid. Ideally, the indenter should be modelled as an elastic body, 
however at this stage, this is considered to be an acceptable assumption. 

A numerical sensitivity study was conducted to validate the model. Sensitivity of analysis results to four key 
parameters was investigated: (1) element size and distribution, (2) friction, (3) remeshing parameters and (4) size of 
the modelled material. Mesh under the indenter and around the indentation area was locally refined to capture high 
stress and strain gradients expected in this area. Effect of element size was examined by using three different  element 
sizes in the locally refined area: 1/5, 1/10 and 1/20 of the indentation depth (0.04 mm). Effect of friction was 
investigated by varying the coefficients of a combined shear-coulomb friction model by a factor of 10; 0.02 coulomb 
and 0.04 shear (shown as low μ in Fig. 2) and 0.2 coulomb and 0.4 shear (shown as high μ in Fig. 2). Effect of 
remeshing was examined by adjusting the remeshing criterion, with two criteria used to trigger remeshing: increment 
number and change in equivalent plastic strain. Lastly, size of the cube representing the indented material was adjusted 
to see the effect it has on the results. Three different cube (representative volume) sizes were used: 10, 20 and 30 times 
the indentation depth.  

In the sensitivity analysis, effect of four key parameters on force, strain distribution and indent geometry was 
studied. Results indicate that for an accurate estimate of the strain field, the cube size should be at least 30 times the 
indentation depth, and element size should be at least 1/20 of the indentation depth. Results of element size and friction 
are shown here, as these two parameters have a significant effect on the results.  

Fig. 2a below shows the effect of element size on equivalent plastic strain and indentation force and shows that 
element size (for the range examined) has no effect on indentation force. On the other hand, the effect on strain field 
underneath the indenter is significant with equivalent plastic strain varying by up to a factor of 2.4. However, it is seen 
that as the element size is reduced, the strain field values are converging. The maximum difference is at the node 
directly under the tip of the indenter, and except for that node, the remaining part of the distribution is converging 
with a maximum difference of 10%. Effect on indent geometry is less than 2%. 

Fig. 2b shows the effect of friction on the strain field, showing that an increase in friction coefficient by a factor of 
10 reduces the equivalent plastic strain underneath the indenter by a factor of 2.1. The effect on indentation force is 
less than 1%. 

The effect of remeshing parameters is negligible for the range of element size used. Size of the cube (representative 
volume) has an effect of up to 30% on both indentation force and the strain field. Sensitivity analysis shows that at 
the cube edge should be at least 30 times the indentation depth. These results therefore suggest the following 
parameters should be used: locally refined mesh around the indenter with mesh size of 1/20 of the indentation depth, 
representative volume edge length of at least 30 times the indentation depth. These parameters allow for accurate 
modelling of stress and strain fields, and a smooth force-displacement curve, Fig. 1d. 

 

(a) (b) (c) (d) 
Fig. 1. Finite element model: (a) complete geometry, (b) 1/8th model, (c) element size distribution, and (d) calculated force-depth curves. 
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Fig. 2. Sensitivity analyses, effect of element size and friction on (a) force-depth curve, and (b) strain gradient. 

4. Experimental Studies  

At the beginning, a number of steel samples were tensile tested first to generate the material properties. These were 
later used in Finite Element simulations to find a mystical material couple. As shown in Fig. 1d, DP600 and TWIP 
980 were found to be mystical, although their sink-in/pile-up behaviors were different. Material properties are 
tabulated in Table 1.  

Table 1. Material properties from tensile test, used in simulations 

Steel Yield stress (MPa) E (GPa) K (MPa) n 

DP600 390 210 1004 0.17 

TWIP 980 520 203 2247 0.44 

 
In this study, IIT could not be performed. Instead, the final imprint geometries predicted by FE models were 

compared with indent imprints of standard Vickers tests. Vickers hardness tests at 13 different loads in the range of 
10gr to 10 kg were conducted on 1.0 mm thick DP600 and TWIP980 steels. For indentation tests, firstly specimens 
were sectioned via Struers Secotom-10 precision cut-off machine. Afterwards the specimens were subjected to 2-step 
grinding (320 and 500 grit, ANSI) with SiC papers and 3 step polishing (9m-3m-1m) with diamond paste using 
Struers Tegramin-25 automatic grinding and polishing machine. The hardness tests were performed on the prepared 
sections at randomly selected positions with Zwick / Roell ZHV 10 instrument using the prescribed loads applied at 
an average speed of 25 mm/min. 

In order to differentiate mystical materials exhibiting similar force vs. depth curve after indentation test, topography 
of indents have been studied in the sink-in, pile-up, and imprint zones. For these studies, Alicona Infinitefocus G5 
surface metrology system is used. The scanning was performed by means of polarized coaxial lighting using focus 
variation technique. The pictures are captured with a magnification of 50x which provides 20 nanometer depth and 1 
µm lateral resolution. The obtained 3D point-cloud of the imprint zone have been sectioned aiming to have a 2D data 
for the comparison with the FEA results.  

5. Results and Discussion 

As shown in Fig. 1-d, DP600 and TWIP980 steels exhibit the same force vs. depth curves, despite having diverse 
pile-up and sink-in results (surface profiles are shown in Fig. 3). Initial indentation experiments were performed on 
DP600 and TWIP 980 sheets which have nominally 1 mm thickness. Using 3-D micro CMM, it was possible to see a 
distinct pile-up, sink-in behavior between two materials, as shown in Fig. 3.  
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for the comparison with the FEA results.  

5. Results and Discussion 

As shown in Fig. 1-d, DP600 and TWIP980 steels exhibit the same force vs. depth curves, despite having diverse 
pile-up and sink-in results (surface profiles are shown in Fig. 3). Initial indentation experiments were performed on 
DP600 and TWIP 980 sheets which have nominally 1 mm thickness. Using 3-D micro CMM, it was possible to see a 
distinct pile-up, sink-in behavior between two materials, as shown in Fig. 3.  
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Fig. 3. Comparison of experimental measurements and simulation predictions: (a) DP600, and (b) TWIP980. 

Fig. 3 further shows the comparison between simulation and experiments. Imprint geometry from simulation and 
experiments agree well, to within 10% and this maximum difference occurs at the tip of the indenter. This is expected 
since the indenter was modelled with a geometrically perfect, sharp tip. However in reality, there will be a radius at 
the tip. Outside the tip area, maximum difference between simulation and experiments is 3%. 

The surface topology measurements shown in Fig. 3 indicate that the material in the vicinity of indenter contact 
area tend to deform upward (pile-up) or downward (sink-in) with respect to the surface plane. Those indentation 
morphologies depend on flow behavior of the test material, specifically to strain hardening exponent (n-value in 
Hollomon’s power law) and yield strength-to-elastic modulus ratio (yield / E) [15]. Moreover, the pile-up patterns 
have been reported to depend on crystallographic orientation [16] and local distribution of dislocation densities [17, 
18]. The crystallographic orientation and dislocation structure dependence are actually linked, since the topological 
indentation patterns have been correlated with the intersection of vectors between the primary crystallographic slip 
planes and the indented surface planes [19]. The indenter geometry has also been reported to influence the indentation 
morphology [20]; specifically at loads equal to lower than 0.45mN during nano-indentation. At load levels higher than 
2mN, indentation morphologies depend predominantly on crystallographic orientation of the test material [21]. 

Materials having lower strain hardening rate show stronger localization of the plastic zone, hence create a local 
pile-up [22, 23]. Rapid strain hardening around the indenter cause plastic deformation to occur gradually further away 
from the contact region, causing sink-in patterns. When the indented volume is smaller than the grain size of the 
material, those local effects should have a stronger influence [19, 24]. 

 

6. Conclusions and Future Work 

It was both numerically and experimentally shown that, two mystical steels may be differentiated using pile-
up/sink-in behaviors. Finite element results had good correlation with the experimental results, except for the total 
imprint depth. This can be explained by the perfectly sharp indenter in the finite element model. To model a radius of 
few microns, the mesh size has to be reduced drastically. Thus, to avoid high CPU-times, indenter was modeled with 
a sharp edge. 

The mesh structure is not very effective on force vs. depth profiles whereas it changes the stress-strain distribution 
especially in the imprint zone significantly. This finding also necessitates the existence of the stress and strain fields 
with the same force vs. depth profile, i.e., mystical materials.  

Some numerical trials were conducted in order to determine the effect of friction in pile-up or sink-in behavior. It 
is concluded that the dependence of friction on these parameters was negligible. 

Pile-up and sink-in behavior has a microstructural aspect as explained in Section 5. The microanalysis of these 
deformed zones after indentation tests may create new perspectives by defining some correlations with strain 
partitioning and local dislocation density between them. 

Regarding to the micro-hardness measurements, it is always an issue that the response of the materials is originated 
from the bulk material itself or any possible defect at the surface such as some oxide layers. For this reason, the 
indentation depth of >25 μm was decided to be a proper solution. Furthermore, for steels grain sizes in the range of 
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microns and for aluminum grain sizes in the range of millimeters could be the case. Therefore, indenters with very 
small dimensions could lead to representativeness problems. 

As a future work, an optimization strategy can be developed to match both the force vs. depth curves and the final 
imprint geometry (i.e., 3-D scan) of the experimental data with various K and n values.  
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Fig. 3. Comparison of experimental measurements and simulation predictions: (a) DP600, and (b) TWIP980. 

Fig. 3 further shows the comparison between simulation and experiments. Imprint geometry from simulation and 
experiments agree well, to within 10% and this maximum difference occurs at the tip of the indenter. This is expected 
since the indenter was modelled with a geometrically perfect, sharp tip. However in reality, there will be a radius at 
the tip. Outside the tip area, maximum difference between simulation and experiments is 3%. 

The surface topology measurements shown in Fig. 3 indicate that the material in the vicinity of indenter contact 
area tend to deform upward (pile-up) or downward (sink-in) with respect to the surface plane. Those indentation 
morphologies depend on flow behavior of the test material, specifically to strain hardening exponent (n-value in 
Hollomon’s power law) and yield strength-to-elastic modulus ratio (yield / E) [15]. Moreover, the pile-up patterns 
have been reported to depend on crystallographic orientation [16] and local distribution of dislocation densities [17, 
18]. The crystallographic orientation and dislocation structure dependence are actually linked, since the topological 
indentation patterns have been correlated with the intersection of vectors between the primary crystallographic slip 
planes and the indented surface planes [19]. The indenter geometry has also been reported to influence the indentation 
morphology [20]; specifically at loads equal to lower than 0.45mN during nano-indentation. At load levels higher than 
2mN, indentation morphologies depend predominantly on crystallographic orientation of the test material [21]. 

Materials having lower strain hardening rate show stronger localization of the plastic zone, hence create a local 
pile-up [22, 23]. Rapid strain hardening around the indenter cause plastic deformation to occur gradually further away 
from the contact region, causing sink-in patterns. When the indented volume is smaller than the grain size of the 
material, those local effects should have a stronger influence [19, 24]. 

 

6. Conclusions and Future Work 

It was both numerically and experimentally shown that, two mystical steels may be differentiated using pile-
up/sink-in behaviors. Finite element results had good correlation with the experimental results, except for the total 
imprint depth. This can be explained by the perfectly sharp indenter in the finite element model. To model a radius of 
few microns, the mesh size has to be reduced drastically. Thus, to avoid high CPU-times, indenter was modeled with 
a sharp edge. 

The mesh structure is not very effective on force vs. depth profiles whereas it changes the stress-strain distribution 
especially in the imprint zone significantly. This finding also necessitates the existence of the stress and strain fields 
with the same force vs. depth profile, i.e., mystical materials.  

Some numerical trials were conducted in order to determine the effect of friction in pile-up or sink-in behavior. It 
is concluded that the dependence of friction on these parameters was negligible. 

Pile-up and sink-in behavior has a microstructural aspect as explained in Section 5. The microanalysis of these 
deformed zones after indentation tests may create new perspectives by defining some correlations with strain 
partitioning and local dislocation density between them. 

Regarding to the micro-hardness measurements, it is always an issue that the response of the materials is originated 
from the bulk material itself or any possible defect at the surface such as some oxide layers. For this reason, the 
indentation depth of >25 μm was decided to be a proper solution. Furthermore, for steels grain sizes in the range of 
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microns and for aluminum grain sizes in the range of millimeters could be the case. Therefore, indenters with very 
small dimensions could lead to representativeness problems. 

As a future work, an optimization strategy can be developed to match both the force vs. depth curves and the final 
imprint geometry (i.e., 3-D scan) of the experimental data with various K and n values.  
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