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Summary: This paper presents the results of the introductory part of a proposed 
project aimed at identifying long-term time-dependent mechanical characteristics 
of viscoelastic materials on the basis of microindentation data. Indentation 
simulations using ANSYS FEM probabilistic modelling and some experimental 
data based on MTS XP system are introduced.   
 
 

1. Introduction 
   The purpose of microindentation hardness testing is to study fine scale changes in hardness, 
either intentional or accidental. The applied load and the resulting indent size are small 
relative to bulk tests. Microindentation testing methods have a number of advantages as a 
modern static nondestructive investigation approach to the determination of mechanical 
properties: small amounts of material are subjected to investigation, and the technique and its 
implementation are simple. Microindentation parameters are sensitive to structural parameters 
and also to mechanical behaviour.  In recent years, micro and nanoindentation techniques for 
measuring the Young’s modulus of linearly elastic materials, hardness and yield strength of 
elastic-plastic materials have been very well established for time-independent materials 
(Giannakopoulos, 2006).  
   However, the techniques developed for time-independent materials cannot be suitably used 
in the case of time dependent solids. Cheng et al. (2005) derived analytical solutions for 
linearly viscoelastic deformation, and provided a method for measuring viscoelastic 
properties using a flat-punch and spherical tip indenters. In the paper by Lu et al. (2003), 
techniques for measuring the linear creep compliance of solid polymers in the glassy state 
using nano-indentation with Berkovich and spherical indenter tips were validated. The 
Berkovich indenter is modelled as an axisymmetric conical indenter with an effective cone 
angle that provides the same area-to-depth relationship as the actual pyramidal indenter. Then 
Sneddon´s elastic solution for the relation between indentation depth h and indentation load P 
on an axisymmetric indenter can be used to solve this moving boundary problem in linear 
viscoelasticity theory. Instead of the correspondence principle between a linearly viscoelastic 
solution and a linear elastic solution, hereditary integral operators are used based on 
Sneddon´s associated solution (Riande et al. (2000)). This approach enables us to find the 
creep compliance in shear J(t) under prescribed loading histories for a conical indenter with 
the angle between the cone generator and the substrate plane α and a spherical indenter with 
the radius R  
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Both cases require computation of derivative of indentation depth with respect to indentation 
load, which evokes the elastic solution for Young’s modulus with all inherent problems. 
   In addition to the representation of viscoelastic properties in the time-domain, the material 
properties of viscoelastic materials can also be represented by complex material functions in 
the frequency domain. Loubet et al. (1995) proposed a method for computating the complex 
modulus of viscoelastic materials. The method uses data acquired from an MTS nano indenter 
XP system installed with a continuous stiffness measurement (CSM). CSM allows cyclic 
excitation in load or displacement, and records of the resulting displacement or load. In this 
way the CSM system provides information on the dynamic viscoelastic behaviour in a time 
domain usually less than 1s. 
    Numerical simulations of indentation processes were first developed for higher loadings 
and spherical indenters. Many authors learned about negligible influence of wear and 
adhesion between indenter and sample on simulation results for different forms of indenters 
(see for example Huang et al. (2005), Bláhová (2007)).  

The aim of this paper is to point out some preliminary steps for converting microindentation 
data to mechanical viscoelastic properties by experimentally checked numerical simulations. 
The results introduced here represent the introductory part of a wider project being prepared 
by the authors.  

 
Figure 1. Indentation simulation by ANSYS FEM modelling 

 
 

   2. Numerical simulations 
   ANSYS offers the complete range of linear and nonlinear material models required for 
accurate representation of material behaviour. An advanced curve fitting toolkit offers 
accurate conversion of experimental nonlinear material data from to a mathematical model for 
analysis. A comprehensive list of material models supported by ANSYS includes also rate-
dependent materials with viscoelastic and creep processes. This part of the package was used 
for parametric modelling in 3D.  



   Indentation of a bulk material can be considered as a process of indenting a half-space with 
a rigid indenter (Figure 1). The strains and stresses during indentation were analyzed by FEM 
using a probabilistic approach. Ideal kinematic and mechanical behaviour was assumed 
during the test, and so the condition of axisymmetry was applied. The wear and adhesion 
between indenter and sample were neglected. Viscoelastic isotropic material of the half-space 
was assumed and the indenter was characterized as a rigid material. An epoxy matrix with 
known mechanical characteristics (see e.g. Minster & Hristova (2005), (2006)) was chosen as 
a model material. Long-term mechanical characteristics were defined in the form of the Prony 
series (see Figure 2). Scatter of the input variables (±10%) was assumed in the sensitivity 
analysis of the scatter of the input variables to the deformation of the half-space in the z 
direction (Figure 3).  
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Figure 2. Relaxation modulus of the epoxy matrix Rm (t) as four-term Prony series 
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Figure 3. Simulation of the depth histories uz (t) for Vickers indent and unit unloading of the 

epoxy matrix characterised by three different sets of input mechanical characteristics:  
(i) average, (ii) average +10%, and (iii) average – 10% 

 
Indentation is a three-dimensional problem and can induce deformations in both the linearly 

and nonlinearly viscoelastic regimes. Practically full recovery in a time interval of one day 
(see Figure 3) can serve as an indicator of linearity (Lu et al. (2003)) corresponding with 
small deformation regime. 

 



3. Measurements 
   Application of the Nano Indenter XP enables us to receive quantitative data on Young’s 
modulus, conventional microhardness, contact depth, stiffness and area during loading-
unloading, and also data on creep and relaxation properties during dwell time intervals. In 
addition, by so called continuous stiffness measurement (CSM technique)), the system allows 
quantitative measurements of hardness and modulus to be made during the loading cycle at 
every data point acquired.  
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Figure 4. A typical ramp loading-unloading diagram using MTS XP (Epoxy matrix, 

maximum load 50 [gf], allowable drift rate 0.05 [nm/s], time to load 15 [s], peak hold 60 [s], 
T= 22oC) 
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Figure 5. Dependence of Vickers microhardness on indent depth (time) during loading 

(MTS XP, epoxy matrix) 
 

   With the CSM method, the indenter applies a load to the indenter tip and simultaneously 
superimposes an oscillating force with a force amplitude several orders of magnitude smaller 
than the nominal load. The resulting amplitude and phase relation between load and 
displacement oscillation then provides direct and accurate measurements of the contact 
stiffness at all depths and also of the uniaxial storage modulus and the loss modulus for 
viscoelastic materials (i.e. information on the viscoelastic behaviour in a time domain less 
than 1s). Typical results of the epoxy matrix examination using the MTS XP system are 
shown in Figures 4-6. Fig. 4 shows a ramp loading-unloading diagram, and Fig. 5 shows the 
dependence of Vickers microhardness on indent depth (time) during loading shows.  



   Figure 6 illustrates the history of relaxation modulus E (t), derived with the use of equation 
(1) for creep compliance in shear, and the history of depth h (t) during loading. The results 
show evidence of surface layer (thickness about 6 µm) of investigated sample with less 
microhardness and a lower relaxation modulus. Figure 7 compares the influence of dwell time 
intervals (peak hold) on Vickers microhardness values previously measured conventionally 
using the Anton PAAR tester and continuously using the MTS XP tester. As in this case, the 
results presented in Figures 4-6 are also well comparable with previously obtained 
experimental data (see Minster et al. (2004), Minster & Hristova (2005)). 
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Figure 6. Histories of relaxation modulus E (t) and indent depth h (t) during loading  

(MTS XP, epoxy matrix) 
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Figure 7. Influence of dwell time intervals on Vickers microhardness values 

(Epoxy matrix, P=25 [gf], dP/dt=5 [gf/s] (A. Paar tester), T=21.7±0.6 [oC]) 
 

 
Conclusion 
A combination of instrumented measuring of hardness and material parameters during 
indentation, providing us with the whole time-dependent story (properties versus depth), and 
Monte Carlo numerical parametric simulations using FEM modelling can be used to find optimal long-
term viscoelastic characteristics of solids.  Our future efforts will be aimed at this goal. 
 



Acknowledgement 
Grateful acknowledgement is due to ITAM (Institutional Research Plan AV0Z2071913) for 
the support of this investigation. 
 
 
References  
Bláhová, O. (2007) Nanoindentation measurements of surface layers. Inaugural dissertation 
 (in Czech, with a resume in English), University of West Bohemia, Plzeň   
Giannakopoulos, A.G. (2006) Elastic and viscoelastic indentation of flat surfaces by pyramid 
 indenters. Journal of Mechanics and Physics of Solids, 54, 1305-1332 
Huang, G., Wang, B., Lu, H. (2004) Measurements of viscoelastic functions of polymers in 
 the frequency-domain using nanoindentation. Mechanics of Time-Dependent 
 Materials, 8: 345-364 
Cheng, L. (2005) Spherical-tip indentation of viscoelastic material. Mechanics of Materials, 
 37, 213-226 
Loubet, J.L., Lucas, B.N., Oliver, W.C. (1995) Some measurements of viscoelastic properties 
 with the help of nanoindentation. Int. Workshop on Instrumental Indentation, San 
 Diego, CA, (D.T. Smith ed.), 31-34 
Lu, H., Wang, B., Ma, G., Huang, G., Viswanthan, H. (2003) Measurement of creep 
 compliance of solid polymers by nanoindentation. Mechanics of Time-Dependent 
 Materials, 7, 189-207 
Minster, J., Berka, L., Hristova, Ju. (2004) Microindentation hardness of particular polymer 
 composites. Engineering Mechanics, 6, 417-428 
Minster, J., Hristova, Ju. (2005) Time-dependent response of an epoxy system to 
 compressive loading.  10th Jubilee National Congress on Theoretical and Applied 
 Mechanics, 13-16 September, Varna, Book of abstracts, 58-59; Proceedings, Volume 
 I, Section 2 “Solid Mechanics”, Eds. Ivanov Ya., Manoach, E., Kazandijev, R.,  
 Prof. M. Drinov Publishing  House, ISBN-10: 954-322-123-5, Sofia 2005, pp. 293-
 299 (Keynote lecture) 
Minster, J., Hristova, Ju. (2006) Moisture effects on long-term relaxation and creep 
 characteristics of an epoxy resin. Proceed. 11th International Conference on 
 Mechanics and Technology of Composite Materials, Sofia, October 2-4, 257-262 
Riande, E., Diaz-calleja, R., Prolongo, M.G., Masegosa, R.M., Salom, C. (2000) Polymer 
 Viscoelasticity – Stress and Strain in Practice. Marcel Dekker, New York 
 
 


