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Abstract  
This paper presents and analyzes the cyclic indentation response of a linear viscoelastic material over 
the entire time range of the relaxation processes using conical or spherical indenters. Finite Element 
simulations of cyclic indentation on two Generalized Maxwell materials with different relaxation 
spectra were performed. A variety of cyclic responses to indentation were generated and analyzed 
using an analytical method based on elastic contact. It is shown that the elastic contact depth and 
contact stiffness from the loading curves should be used to identify the relaxation modulus 
corresponding to the time of loading. The stabilization of the loop has also been studied through the 
energy ratio, a parameter that describes the evolution of the dissipated energy with cycles. A simple 
time shift between cyclic creep and monotonous indentation creep of a linear viscoelastic material is 
demonstrated. The simulated indentation curves and the parameters derived from them were found 
to be qualitatively similar to the experimental cyclic indentation data on HDPE polymer at different 
loading rates. Assuming that the first loading is affected by plasticity due to the use of a sharp indenter, 
a correction was suggested to obtain the elastic relaxation modulus from the experiments. The values 
of the modulus identified in this way for HDPE compared well with the relaxation modulus identified 
for this material from previous cyclic tensile experiments. The small discrepancy was attributed to the 
non-linear viscoelasticity or the viscoplasticity of the polymer. 

Keywords:  
Linear viscoelasticity, instrumented indentation, finite element simulations, cyclic loading, 
indentation creep, polymer 

1. Introduction 
The use of instrumented indentation, or nanoindentation, as an experimental technique to explore 
the mechanical behavior of materials has been steadily growing over the last thirty years. It is 
employed across a wide range of materials, from metals to polymers, ceramics, and glasses. Its ability 
to probe the mechanical response of a volume of only several microns makes it irreplaceable for 
measuring the local properties of heterogeneous materials, such as polymer composites [1-4]. The 
force-displacement response of a polymer to penetration by a rigid tip of known shape is usually 
analyzed using analytical models [5, 6] or employed in numerical identification procedures through 
inverse methods [7, 8] to obtain the parameters of a chosen constitutive law. The advantage of the 
former is its simplicity in manipulation, while the latter can describe more complex behaviors and are 
useful for parametric studies. 
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The standard analysis method implemented in all nanoindentation software is the one suggested by 
Oliver and Pharr [5]. This method was developed for metallic materials and provides the elastic 
modulus and hardness. In contrast, polymers demonstrate time-dependent behavior, which can be 
described by viscoelastic or viscoelastic-plastic laws. This behavior has been extensively documented 
in indentation experiments by studying indentation creep [9-11] or rate dependence [12]. The time-
dependent response can also be probed through dynamic nanoindentation tests, in which oscillating 
loading with small amplitude and analysis are similar to Dynamic Mechanical Analysis [13-14]. 
However, to this day, there is no standard procedure to characterize polymeric materials using a 
nanoindentation experiment. 

The analytical solution for the indentation of a homogeneous isotropic linear viscoelastic material with 
a rigid spherical indenter was first developed from the elastic solution by Lee and Radok using a 
method of functional equations [15]. This solution is limited to the case of a monotonically increasing 
contact area, which, in practice, means the loading or holding phase of a trapezoidal loading path. The 
results of Lee and Radok were confirmed by Ting [16] and extended to the viscoelastic solution for a 
more general case of loading history and the shape of the axisymmetric punch. L. Cheng [17] 
developed an analytical solution for spherical indentation of a viscoelastic material described by a 
standard linear solid model. This solution was successfully fitted to the experimental indentation creep 
and relaxation responses of PS and PVOH polymers. Vandamme and Ulm [18] derived closed-form 
solutions for several simple linear viscoelastic models under conical indentation using the method of 
functional equations. This solution is applicable to load-controlled experiments and two loading paths: 
step loading and trapezoidal loading. Three models were studied: the 3-parameter Maxwell model, 
the 4-parameter Kelvin-Voigt model, and the 5-parameter combined Kelvin-Voigt-Maxwell model. 

Although the method of functional equations provides a solution only for the monotonically increasing 
contact area, Vandamme and Ulm [18] and Cheng and Cheng [19-21] demonstrated that it can also be 
applied to the initial unloading due to the retardation of the polymer's response. In particular, Cheng 
and Cheng [19-21] showed that knowing the Poisson’s ratio of the material, it is possible to obtain the 
instantaneous shear modulus 𝐺0 (or the elastic modulus 𝐸0) from the unloading stiffness of the 
“converged” unloading curve with a high unloading rate. The Finite Element (FE) simulations on a 
standard solid material provided a converged unloading curve for three different loading histories 
(constant loading rate, constant displacement rate, and constant strain rate) with the unloading rate 
of 𝑣 > 0.01𝜏1, where 𝜏1 is the relaxation time of the material. The authors also showed that the Oliver 
& Pharr method of estimating the contact depth is inaccurate for a viscoelastic solid. The measured 
contact depth was found to be consistent with the elastic solution, corrected by a small coefficient 
𝛼 = 1.034 and 𝛼 = 1.04 for the conical and spherical indentations, respectively. The error in the 
estimation of the contact depth was as high as 45% for the cone and 82% for the sphere under certain 
loading conditions.  

Other methods, such as using a sufficiently long holding period at the maximum load or maximum 
depth [10, 11], or using a constant strain rate during the loading phase [22, 23], have been suggested 
and utilized by a number of nanoindentation users. Both protocols aim to decrease the impact of the 
viscoelasticity on the elastic modulus obtained from the unloading. A combination of the constant 
strain rate loading with the holding at a constant depth was proposed by Baral et al. [24] to obtain the 
relaxation spectrum of a polymer. However, comparing the results obtained on PMMA with other 
experimental data proved to be challenging. 

In our previous paper [25], we explored the experimental indentation response to cyclic loading of 
several polymeric materials. In particular, a High-Density Polyethylene (HDPE), a 
Polymethylmethacrylate (PMMA), and a PR520 epoxy resin were tested. All of these materials 
demonstrated pronounced viscoelastic behavior that depended on the loading rate. We suggested 
the cyclic indentation method as a way to study viscoelasticity at several time scales: the 
instantaneous elastic modulus was calculated at each cycle, the energy ratio between irreversible and 
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total work was associated with the time scale of one cycle, and cyclic creep, along with the evolution 
of elastic modulus and energy ratio with cycles, was associated with the time scale of the entire test. 
In this way, the viscoelasticity was characterized qualitatively across multiple time scales. Another 
significant novelty was the evaluation of the instantaneous elastic modulus from the reloading curves 
instead of unloading. The experimental data demonstrated that reloading better respected the 
condition of elasticity, which is the underlying hypothesis of the analysis. 

The aims of the current work are to explore the multitude of possible nanoindentation cyclic responses 
of a polymer material over the full range of the relaxation processes, and to suggest a new method 
for identifying the parameters of a viscoelastic law from the force-displacement curves provided by 
nanoindentation experiments. This is achieved by using a number of finite element (FE) simulations 
on two Generalised Maxwell materials with different (artificial) relaxation spectra. Different ratios of 
the loading time to the maximum relaxation time of the material using conical and spherical tips are 
explored. To begin, the validity of the Oliver and Pharr procedure and the elastic solution to obtain 
the contact depth is examined. The difference between the elastic modulus obtained by the Oliver 
and Pharr procedure and the elastic modulus evaluated from the loading is then demonstrated across 
the entire range of time. The effect of the unloading rate on the elastic modulus is also evaluated. 
Finally, the suggested method is applied to the experimental results on HDPE polymer and discussed 
in light of its viscoelastic behaviour identified previously from cyclic and monotonic creep tensile tests. 
A procedure is proposed to identify the relaxation modulus from the cyclic indentation tests on linear 
viscoelastic materials using sharp indenter. 

2. Finite element model and materials 
The finite element model of a cyclic indentation experiment was created using Abaqus software (see 
Figure 1). The tests involved an axisymmetric rigid conical indenter with an opening angle of 70.3° or 
a spherical indenter with a radius of 10 µm penetrating a large deformable sample measuring 500 x 
500 µm². The bottom surface of the sample is clamped and the horizontal displacements of the left 
edge (the axis of symmetry) are restrained. The impact of the boundary conditions, sample size, and 
mesh on the indentation curves had been investigated previously, and the optimal parameters were 
selected. The mesh in the square zone of 10 x 10 µm in the vicinity of the indenter was regular, with a 
size of 0.1 x 0.1 µm2, and the size of the elements progressively increased toward the of the sample. 
The contact was frictionless and the viscous procedure with geometric non-linearity was employed.  
The loading path was cyclic, with constant and equal loading and unloading times without any hold. 
The maximum and minimum forces were 10 mN and 0.5 mN, respectively. Several simulations of ten 
cycles were performed, with the total time of the test 𝑡𝑡𝑒𝑠𝑡 presented in Table 1, while the time of 
each cycle was 𝑡𝑡𝑒𝑠𝑡/10. Each simulation included at least 4000 iterations. 
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Figure 1. Schematic diagram of the finite element model and an example of deformation plot under 
maximum load. 

 

𝑡𝑙𝑜𝑎𝑑, s 2. 10−5 2. 10−4 2. 10−3 2. 10−2 2. 10−1 2. 100 2. 101 2. 102 2. 103 

𝑡𝑡𝑒𝑠𝑡, s 4. 10−4 4. 10−3 4. 10−2 4. 10−1 4. 100 4. 101 4. 102 4. 103 4. 104 

𝑡𝑙𝑜𝑎𝑑/𝜏𝑚𝑎𝑥 5. 10−6 5. 10−5 5. 10−4 5. 10−3 5. 10−2 5. 10−1 5. 100 5. 101 5. 102 

𝑡𝑡𝑒𝑠𝑡/𝜏𝑚𝑎𝑥 10−4 10−3 10−2 10−1 100 101 102 103 104 

Table 1. Duration of the simulated tests and the ratio of the test time 𝑡𝑡𝑒𝑠𝑡 to the maximum relaxation time 𝜏𝑚𝑎𝑥 of the 
materials MAT1 and MAT2. 

The viscoelasticity was modeled with the Generalised Maxwell law available in Abaqus. The shear 
relaxation modulus 𝐺(𝑡) and bulk relaxation modulus 𝐾(𝑡) are defined as follows: 

 𝐺(𝑡) = 𝐺0 (1 − ∑ 𝑔𝑖 (1 − 𝑒−𝑡
𝜏𝑖⁄ )𝑁

𝑖=1 ) Eq. 1 

 𝐾(𝑡) = 𝐾0 (1 − ∑ 𝑘𝑖 (1 − 𝑒−𝑡
𝜏𝑖

⁄ )𝑁
𝑖=1 ) Eq. 2 

where 𝐺0  and 𝐾0 refer to the instantaneous shear and bulk moduli, and 𝑔𝑖  and 𝑘𝑖 are the weights of 
each viscoelastic branch with a relaxation time 𝜏𝑖. The Poisson’s ratio 𝜈 was chosen to be constant and 
equal to 0.4. Thus, the weights for shear and volumetric relaxation processes are equal (𝑔𝑖 = 𝑘𝑖), and 
the time-dependent relaxation modulus 𝐸(𝑡) can be described as follows: 

 𝐸(𝑡) = 𝐸0 (1 − ∑ 𝑔𝑖 (1 − 𝑒−𝑡
𝜏𝑖⁄ )𝑁

𝑖=1 )  Eq. 3 

Two materials with different relaxation spectra, as given in Table 2, were simulated. The instantaneous 
elastic modulus 𝐸0 of both materials was equal to 4 GPa. The relaxation times were also similar 
between two materials, but the weights of each relaxation process differed. The maximum relaxation 
time, 𝜏𝑚𝑎𝑥, was 4s. This simplified distribution is referred to as a double box and can be described by 
width and height of the two boxes instead of two parameters for each relaxation branch. The relative 
contribution of each box was inverted between the materials MAT1 and MAT2. In the former, the fast 
relaxation had a low weight in the overall relaxation process, and in the latter, its weight was 
significantly higher. That means that after 0.047s of the test, the modulus of MAT1 reaches 
𝐸(𝑡 = 0.047𝑠) = 3.92 𝐺𝑃𝑎, while the modulus of MAT2 reaches 𝐸(𝑡 = 0.047𝑠) = 2.4 𝐺𝑃𝑎. The 
completely relaxed modulus is 𝐸(𝑡 = ∞) = 1.36 𝐺𝑃𝑎. The stabilization of the modulus at this value 
occurs after 20 s, or 5 𝜏𝑚𝑎𝑥, for MAT1, and 14s, or 3.5 𝜏𝑚𝑎𝑥, for MAT2.  

These materials are not intended to represent a real polymer material. This distribution is greatly 
simplified compared to actual polymers, but it is more complex than simple analytical models that 
consider only one or two relaxation times studied in the literature, and it encompasses a wide range 
of relaxation times.  

MAT1 
𝑔𝑖 = 𝑘𝑖 0.01 0.01 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 

MAT2 𝑔𝑖 = 𝑘𝑖 0.21 0.21 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

MAT1 
& 

MAT2 

𝜏𝑖, s 0.0078 0.0156 0.0313 0.0625 0.125 0.25 0.5 1 2 4 

𝜏𝑚𝑎𝑥
𝜏𝑖

⁄  512 256 128 64 32 16 8 4 2 1 



5 
 

Table 2. Distribution of the bulk 𝑘𝑖 and shear 𝑔
𝑖
 dimensionless weights and the relaxation times 𝜏𝑖 for materials MAT1 and 

MAT2.  

3. Results and discussions 

3.1. Force-displacement curves 
The force-displacement curves resulting from the eight tests of 10 cycles, with 𝑡𝑡𝑒𝑠𝑡/𝜏𝑚𝑎𝑥 varying 
between 10−3 and 104 for MAT1 and 10−4 and 103 for MAT2, are presented in Figure 3 and Figure 4, 
respectively. The loading time of each test varied between 2. 10−4 s and 2. 103 s for MAT1, and 

2. 10−5s and 2. 102 s for MAT2. These results show the evolution of the mechanical response, 
transitioning from purely elastic at very short test durations, through viscoelastic and hysteretic 
behavior in the intermediate range, to purely elastic at the longest test durations. Notably, all curves 
of 10 cycles are superposed for the first test for both materials. In the fastest test on MAT1, presented 

in Figure 2(a), the loading time is 5. 10−5 times lower than the maximum relaxation time of materials 
𝜏𝑚𝑎𝑥 and 2.56. 10−2 times lower than the minimum relaxation time 𝜏𝑚𝑖𝑛 of the materials. At this 
loading time, MAT2 presents some evolution of the behaviour with cycles, see Figure 3(b), due to the 
higher weight of 𝜏𝑚𝑖𝑛, 0.21 for MAT2 compared to 0.01 for MAT1, in the relaxation process. This effect 
is reversed in the tests with the longest time: MAT2 becomes elastic when the loading time is 50 times 
higher than 𝜏𝑚𝑎𝑥 (see Figure3(h)), while the behaviour of MAT1 remains slightly hysteretic at this 
loading rate (see Figure 2(g)). This can be explained by the weight of 𝜏𝑚𝑎𝑥 of 0.08 in MAT1 compared 
to its weight of 0.03 for MAT2.  

In the first non-elastic tests on both materials presented in Figure 2(b, c, d) and Figure 3(b, c, d), the 
indentation cycles shift from left to right without establishing a closed loop. These are the tests with 
a cumulative test time that is lower than the time necessary for the material to stabilize its behavior. 
However, it is not straightforward to determine stabilization from the force-displacement curves only. 
The time of stabilisation will be estimated from the evolution of the area of the loop and discussed in 
Section 3.5. In contrast, in the second family of tests shown in Figure 2(e, f, g) and Figure 3(e, f, g), a 
stabilised loop is formed after some cycles or even from the first cycle, as in Figure 2(f, g) and Figure 
3(g). The loop stabilizes from the beginning of the test with a loading time of 20s, or 5𝜏𝑚𝑎𝑥, for both 
MAT1 and MAT2. This indicates that the loading time is the characteristic time for this test and its 
ratio to the maximum relaxation time conditions the stabilization of the loop.  

 

(a) (b) (c) (d) 
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(e) (f) (g) (h) 

Figure 2. Simulated indentation curves on MAT1 for the following ratios of ttest/τmax : a) 0.001, b) 
0.01, c) 0.1, d) 1, e) 10, f) 100, g) 1000, h) 10000. 

 

(a) (b) (c) (d) 

 

(e) (f) (g) (h) 

Figure 3. Simulated indentation curves on MAT2 for the following ratios of ttest/τmax : a) 0.0001, b) 
0.001, c) 0.01, d) 0.1, e) 1, f) 10, g) 100, h) 1000 

3.2. Analysis of viscoelastic indentation curves 
In this section, the application of various analysis methods available in the literature for viscoelastic 
indentation curves will be examined. The primary aim is to obtain the relaxation elastic modulus as a 
function of time. The error due to the use of elastic or elastoplastic solutions will be evaluated, and 
available in the literature viscoelastic solutions will be discussed. 

For a homogeneous, isotropic elastic material, the relationship between force and displacement 
depends on the shape of the indenter. For a cone with an opening angle 𝜃, it is expressed as follows:  
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 𝐹𝑐𝑜𝑛(ℎ) =
2 𝑡𝑎𝑛 𝜃𝐸𝑟

𝜋
ℎ2  Eq. 4 

This relation can be inverted to obtain the reduced modulus of contact 𝐸𝑟, which depends on the 
contact stiffness 𝑆 and the projected contact area 𝐴𝑝 for all indenter shapes as [26] 

 𝐸𝑟 =
√𝜋𝑆

2𝛽√𝐴𝑝
  Eq. 5 

The contact stiffness at a given contact depth is obtained as the derivative of force with respect to 
displacement. The coefficient 𝛽 has been extensively studied in the literature [27], and it has been 
found to vary between 1.0026 and 1.1 for a variety of experiments and FE simulations on elastic and 
elastoplastic materials. It is typically taken as 1.034 for the Berkovich indenter. If the indenter is rigid, 
the indentation elastic modulus 𝐸𝐼𝑇, which in theory is equal to Young’s modulus 𝐸 of the material, 
is obtained from the reduced modulus and Poisson’s ratio as follows: 

 𝐸𝐼𝑇 = 𝐸𝑟(1 − 𝜈2) Eq. 6 

For an ideal cone with an opening angle of 70.3°, the projected contact area is 

 𝐴𝑝 𝑐𝑜𝑛 = 24.5ℎ𝑐
2 Eq. 7 

In the case of purely elastic behavior, the contact depth can be obtained from the total depth of 
indentation at any loading moment as follows: 

 ℎ𝑐 𝐸𝐿 𝑐𝑜𝑛 =
2

𝜋
ℎ Eq. 8 

When the material is elastoplastic, the most commonly used method in instrumented indentation is 
that of Oliver and Pharr [5]. This method assumes that the material exhibits elastoplastic behavior 
under loading, while the unloading is elastic at least initially. In this case, the solution for elastic 
behavior, given by Eqs. 4-8, can be applied with the contact stiffness and the contact depth evaluated 
at the beginning of the unloading. In practice, to calculate the stiffness, the unloading curve is fitted 
with a power law equation 

 𝐹 = 𝐴(ℎ − 𝐵)𝑚 Eq. 9 

The contact depth is obtained from the following relationship: 

 ℎ𝑐 𝑂&𝑃 = ℎ𝑚𝑎𝑥 − 𝜀 𝐹𝑚𝑎𝑥 𝑆⁄   Eq. 10 

where 𝜀 is equal to 0.72 for elastic indentation with conical indenters. However, it is usually taken as 
0.75, which corresponds to a spherical indenter, because of the evolution of the contact area during 
unloading.  

Firstly, the application of contact depth estimation using the elastic (Eq.8) and elastoplastic (Eq. 10) 
solutions for the cyclic response of a viscoelastic material is examined by comparing them to the actual 
contact depth measured in FE simulations. To obtain the contact stiffness during loading and 
unloading, the data were fitted with Eq. 9 over 20-100% and 20-98% ranges, respectively. All the 
contact depth estimations, ℎ𝑐 𝑂&𝑃 𝑙𝑜𝑎𝑑 and ℎ𝑐 𝑂&𝑃 𝑢𝑛𝑙 evaluated at the maximum load, ℎ𝑐 𝑒𝑙 evaluated 
at each moment, and the measurement from FE simulation ℎ𝑐 𝐹𝐸𝑀 are plotted in Figure 4 for one 
numerical test on Material 2 with 𝑡𝑡𝑒𝑠𝑡 = 0.4𝑠. To obtain ℎ𝑐 𝐹𝐸𝑀, the contact pressure was analyzed 
along the path on the surface of the sample and the contact radius was set to the point where contact 
pressure drops to 0. The contact depth as a function of time is calculated as the difference between 
the displacement of the indenter and the vertical displacement of the point at the edge of contact.  

It is evident from Figure 4 that the elastoplastic approach during unloading significantly overestimates 
the contact depth in all cycles. Using loading curves to evaluate contact stiffness at maximum load is 
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more accurate. The elastic formula provides a very accurate value of contact depth during the first 
loading and at the maximum load of each cycle. However, in the final stages of unloading, material 
retardation occurs as the indenter is removed, leading to an overestimation the contact depth by the 
elastic solution. When the indenter is completely removed, the elastic solution yields a contact depth 
value of 0.4 µm due to the residual impression. 

Secondly, the quality of the fit for the loading and unloading curves was verified. It can be observed 
that several of the indentation curves presented in Figures 2 and 3 exhibit a “nose” effect during 
unloading. It is known that indenting a viscoelastic material can induce a negative stiffness at the 
beginning of the unloading phase. To avoid this, some authors [28] suggest evaluating the contact 
stiffness not at the maximum load but at a point after unloading has started. Unsurprisingly, despite 
the unloading being fitted up to 98 and not 100%, many of the unloading curves are poorly fitted with 
the Eq. 9. Moreover, the power law coefficient 𝑚, which is equal to 2 for cone and less than 2 for 
paraboloid, spherical and flat punch geometries, varies significantly for the simulated viscoelastic 
curves. Figure 5(a) presents the evolution of the power law coefficient 𝑚 calculated from the loading 
and unloading of all cycles and tests as a function of the cumulative time 𝑡𝑐𝑢𝑚𝑢𝑙 normalised by the 
maximum relaxation time 𝜏𝑚𝑎𝑥.of the materials MAT1 and MAT2. The cumulative time of test 
𝑡𝑐𝑢𝑚𝑢𝑙  is defined as the mean time of each cycle, corresponding to the end of each loading phase 
where the elastic modulus is usually evaluated. The results in Figure 5(a) indicate that the power law 
coefficient is greater than 2 during unloading and lower than 2 during loading for all cases where 
viscoelastic hysteresis is present. However, a power law coefficient greater than 2 is theoretically 
impossible, as it would imply a concave indenter shape. The poor fit also affects the determination of 
the contact depth from unloading and contributes to its overestimation. 

 

Figure 4. Evolution of contact depth with time for the 0.4s test with conical indenter. 

 

Lastly, the elastic moduli at the end of each loading phase were evaluated using Eqs. 5 and 6 from two 
estimates of the contact depth, ℎ𝑐 𝑂&𝑃 𝑢𝑛𝑙 and ℎ𝑐 𝑒𝑙, along with the loading 𝑆𝑙𝑜𝑎𝑑 and unloading 𝑆𝑢𝑛𝑙 
contact stiffnesses. Figure 5b presents the moduli of the first cycle from all tests as a function of time 
corresponding to the end of loading normalized by the maximum relaxation time of both materials.  It 
appears that for all tests across the entire viscoelastic range of the materials, the moduli calculated 
from the unloading stiffness are higher than those obtained from the loading stiffness. The 
discrepancy is particularly pronounced in the intermediate time range, reaching a difference of 1.74 
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GPa for the cycle of 0.01𝜏𝑚𝑎𝑥 for Material 2 (𝐸𝐼𝑇𝑂&𝑃 𝑢𝑛𝑙 = 4.38 𝐺𝑃𝑎, 𝐸𝐼𝑇𝑒𝑙 𝑙𝑜𝑎𝑑 = 2.64 𝐺𝑃𝑎). In 
some cases, the elastic moduli evaluated from the unloading contact stiffness exceed the 
instantaneous elastic modulus of the materials 𝐸0 = 4 𝐺𝑃𝑎, which invalidates the use of the 
unloading data. The overestimation of the elastic modulus by Oliver & Pharr method is related to both 
the overestimation of the contact depth and the incorrect stiffness with a high-degree power law.  

 
(a) 

 

(b) 

Figure 5. a). Power law coefficients m obtained from the fitting of loading and unloading curves in 
each cycle of each test b). Elastic indentation moduli of the first cycle of each test obtained using 

different combinations of contact stiffnesses and contact depths 

 

3.3. Identification of the relaxation modulus from cyclic indentation tests  
Based on the considerations presented in the previous section, the elastic indentation modulus for all 
cycles was calculated using the elastic contact depth corresponding to each maximum load and the 
contact stiffness obtained from the loading of each cycle. Initially, the 𝛽 factor was set to 1. The values 
of the indentation elastic moduli for the slowest and fastest tests were compared with the 
instantaneous 𝐸0 and relaxed 𝐸∞ moduli of MAT1 and MAT2 to establish the value of the 𝛽 coefficient. 
The values of 𝛽 = 1.029 and 𝛽 = 1.035 were obtained, respectively. These values are not significantly 
different from the 1.034 suggested in the literature for the Berkovich indenter, which was 
consequently applied to all the results. 
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The elastic indentation moduli obtained through elastic analysis from each loading are presented in 
Figure 6 as a function of cumulative time normalised by the maximal relaxation time of both materials, 
𝜏𝑚𝑎𝑥 = 4𝑠. The relaxation moduli 𝐸(𝑡) of both materials defined by Eq.3 are also included in this 
figure for comparison. One can see that the indentation elastic modulus is stable for the first and last 
tests on the time scale, while it increases with cycles for the intermediate tests. The evolution of the 
elastic indentation modulus with cycles does not follow the relaxation modulus curve; however, the 
value of 𝐸𝐼𝑇 of the first loading nearly coincides with the 𝐸(𝑡) curves for all tests. The small 
discrepancies that exist for some values can be attributed to the 𝛽 value, which is slightly time-
dependent, as explained in the previous paragraph. Thus, the evolution of the relaxation modulus with 
time can be derived from the first loading with different loading rates using elastic analysis.  

 

Figure 6. Instantaneous moduli calculated from the loading of all cycles in all the simulations for the 
two materials. Continuous lines represent the relaxation moduli of the two materials, while dashed 
lines indicate the fits using Generalised Maxwell law for the elastic indentation moduli from the first 

loading of each test. The parameters of these fits are presented in Table 3. 

 

The indentation moduli obtained from the first loading, 𝐸𝐼𝑇1𝑐, of all tests were fitted using the 
Generalized Maxwell law, similar to Eq.3. Three relaxation processes were employed since only 8 
points were available for fitting. The parameters of the fit are presented in Erreur ! Source du renvoi 
introuvable. and the resulting curves representing the evolution of relaxation moduli with time are 
shown in Figure 6 by dashed linesErreur ! Source du renvoi introuvable.. It is evident that the 
transition region is not adequately described by only three viscoelastic branches. However, this can 
be improved if more experiments are conducted with loading times falling within this region. In the 
time range where the transition is no this rapid, the identified from the viscoelastic cyclic response 
curves are close to the relaxation moduli of both materials incorporated into the simulations.  

 

𝐸0, GPa 𝑔1 𝜏1, s 𝑔2 𝜏2, s 𝑔3 𝜏3, s 

𝑅2 

MAT1 𝐸𝐼𝑇1𝑐 
3.976 0.133 0.032 0.191 0.138 0.338 1.937 

0.9999 

MAT2 𝐸𝐼𝑇1𝑐 3.977 0.333 0.009 0.231 0.105 0.098 2.315 1 

Table 3. Viscoelastic parameters identified from 𝐸𝐼𝑇1𝑐   of 8 indentation tests with Eq.3. 

These results indicate that it is not possible to identify relaxation times shorter than the loading time 
from cyclic loading. This is an important observation regarding experiments on real polymer materials, 
as the experimentally accessible loading rates cover only 2 or 3 decades on the logarithmic time scale, 
while many polymers relax over a larger time scale. If the loading rate is too short, nanoindentation 
equipment has difficulty following the change in loading direction, which can lead to a loading 
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overshoot in the resulting curves. Conversely, if the loading rate is too long, the experimental response 
becomes increasingly affected by thermal drift, which is challenging to correct for polymers. Usually, 
nanoindentation experiments on polymers are conducted in the transition range of the relaxation 
modulus, which, for the materials modeled with the Generalized Maxwell law, is 10−4 <
𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ < 10. Nevertheless, fitting the evolution of the elastic moduli obtained from the cyclic 
test with time using a viscoelastic law provides relaxation time constants that reflect the relaxation 
times of the tested material. Moreover, if stabilization of the force-displacement loop is observed, the 
maximum relaxation time of the material, 𝜏𝑚𝑎𝑥, can be estimated from the time of stabilization.  

3.4. Is it possible to obtain the instantaneous modulus from the unloading slope? 
The finite element simulations conducted by Cheng and Cheng [20, 21] demonstrated that the 
unloading curves at different rates converged to a single curve, which provides the instantaneous 
elastic modulus 𝐸0 from its stiffness when the unloading rate was “fast enough”. In their simulations 
of a standard linear solid material, this unloading time was 0.01s, which corresponds to 0.01 of 𝜏1, the 
relaxation time of this material, when the loading time was 5s, or 5𝜏1, in the displacement-controlled 
test, and 10s, or 10𝜏1, in the load-controlled test. It is important to note that, in both cases, the entire 
viscoelastic relaxation was exhausted during loading (𝑡𝑙𝑜𝑎𝑑 ≥ 5𝜏𝑚𝑎𝑥). To match the elastic modulus 
obtained from the indentation with the one incorporated into the model, they introduced a correcting 

coefficient of 𝛼 = 1.034 for the contact depth and another coefficient 𝛽 = 1.06 for the elastic 
modulus. Let us now examine the effect of the unloading rate on the contact stiffness over a wide 

range of 
𝑡𝑙𝑜𝑎𝑑

𝜏𝑚𝑎𝑥
⁄ . The aim is to verify whether there is a universal unloading rate that provides 

the instantaneous elastic modulus for any loading rate.    

 

 (a)  (b) 

Figure 7. (a) Normalized unloading elastic modulus of MAT1 for different loading and unloading 
times; (b) two cycles with a similar loading rate tload = 20s = 5τmax and different unloading rates 

ranging from 0.1 s to 100 s, simulated on MAT1. 

The elastic moduli obtained from the initial stiffness of the unloading, 𝑆𝑢𝑛𝑙  , and the elastic contact 
depth hc EL , normalized by the instantaneous elastic modulus 𝐸0, are presented in Figure 7a. Different 
loading times in the range of 0.001 s to 5 s were tested following loading times of 0.2 s, 2 s and 20 s. 
All tests were performed in load control mode with a triangular loading-unloading trajectory and fall 
within the transition range of viscoelastic relaxation. It is not surprising that the values of 𝐸𝑢𝑛𝑙 depend 
on the unloading rate; however, the simulations reveal that it does not appear to be a universal “fast 
enough” unloading rate that would provide 𝐸𝑢𝑛𝑙 = 𝐸0for all loading rates. The response is influenced 
by the loading rate and, in all tested cases, is either higher or lower than 𝐸0. This indicates that the 
corrective 𝛽 coefficient depends on both the loading and unloading rates. 
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It is interesting to note that the unloading rate does not affect the stabilization of the loops, as shown 
in Figure 7b. This figure presents two cycles with a loading time of 𝑡𝑙𝑜𝑎𝑑 = 20𝑠 = 5𝜏𝑚𝑎𝑥 and different 
unloading times ranging from 0.1 s (0.025𝜏𝑚𝑎𝑥) to 100 s (25𝜏𝑚𝑎𝑥). In all tests, the second cycle 
perfectly overlaps with the first one. While the elastic indentation modulus evaluated from the loading 
at maximum load is already relaxed and equal to 𝐸∞, the unloading stiffness varies significantly 
depending on the unloading rate. The reloading curves all overlap at the upper part, and the maximum 
indentation depth ℎ𝑚𝑎𝑥 is the same in all tests and both cycles. It can be concluded that the unloading 
rate does not affect the elastic indentation modulus evaluated from the loading of the second cycle 
when stabilization occurrs from the first cycle. 

3.5. Energy dissipation in cyclic indentation tests 
The dissipated energy in each cycle is usually evaluated by considering the part of irreversible work 
𝑊𝑖𝑟𝑟  in the total work 𝑊𝑙𝑜𝑎𝑑 of indentation [19, 25]. This energy ratio, denoted as 𝜂, is calculated as 
follows: 

 𝜂 =
𝑊𝑙𝑜𝑎𝑑−𝑊𝑢𝑛𝑙

𝑊𝑙𝑜𝑎𝑑
× 100% =

𝑊𝑖𝑟𝑟

𝑊𝑙𝑜𝑎𝑑
× 100% Eq. 11 

To examine the viscoelastic dissipation and the stabilization of the behaviour with time, the energy 
ratio 𝜂 is plotted for the entire range of tests with both materials in Figure 8. It can now be established 

that the dissipation is actually close to zero in the first tests with 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ = 5. 10−5, which 
corresponds to 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑖𝑛⁄ < 0.0256 for MAT1 (𝜂 = 0.25%) and 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ = 5. 10−6 for MAT2 
(𝜂 = 0.16%). The dissipation is also almost negligible in the last test of 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ = 500 of MAT1 
(𝜂 = 0.45%). Stabilization occurs from the beginning when the energy ratio does not evolve during 
cyclic tests. The previous sections demonstrated that the loading time is responsible for the 
stabilization of the relaxation modulus. Thus, it is interesting to examine the ratio of the loading time 
to the characteristic relaxation times of the materials that provide stabilization. This is the case for the 
tests with both materials when 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ > 5. When the loading time is higher than 0.0256𝜏𝑚𝑖𝑛 
and lower than 5𝜏𝑚𝑎𝑥, the energy ratio decreases during the cyclic test. This decrease follows the 
exponential relaxation law of the material and can be fitted with one or more relaxation times. The 
results also show that the stabilization of the loop occurs in the tests with 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ = 0.5 after 
several cycles when the cumulative test time is higher than 3.5𝜏𝑚𝑎𝑥 for MAT1 and MAT2. This 
indicates that the evolution of the energy ratio with cycles describes the long relaxation behavior of 
the material. Thus, it might be interesting to apply many cycles to obtain the stabilization of the loop 
and estimate the maximum relaxation time of the material. However, the time scale of this process is 
logarithmic, and the stabilization may not be attainable in a reasonable time frame for an experiment. 

 

Figure 8. Energy ratio η of all simulations for all cycles but the first and the last ones. 
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When 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ = 5, as shown in Figure 7b, and the loop is stabilized from the beginning regardless 
of the unloading rate, the energy ratio calculated from the second cycle decreases from 51.2% for the 
fastest unloading (0.1s) to 16% for the slowest one tested (100s). The simulations do not indicate 
whether a completely anhysteretic behavior can be achieved when the unloading time is very long. 
However, a significant “nose” is visible during the unloading at 100s.  

3.6. Cyclic versus monotonic indentation creep 
Viscoelasticity is often characterized by indentation creep tests, where the load is kept constant for a 
long time after loading, and the indentation depth continues to evolve due to the retardation of the 
viscoelastic response of the material. The evolution of the depth during the holding period is fitted 
with viscoelastic rheological models to estimate the time constants of the tested material [6, 9, 12]. 
However, since the loading is not instantaneous, the creep behavior is affected by the loading time, 
similarly to the tension creep test. Thus, it is difficult to relate the time constants obtained from the 
fitted indentation creep curve to the time constants of the tested material. Another, and even more 
significant, problem with this test is that the constant indentation load does not imply constant stress. 
The time constants identified from the indentation creep may not be comparable to those measured 
under uniaxial tensile loading.  

The indentation creep test was simulated on MAT1 and MAT2 with a loading time of 0.00002 𝑠 
(0.0025𝜏𝑚𝑖𝑛) and a holding time of 400 s (100𝜏𝑚𝑎𝑥) at the maximum load of 10 mN, as in the cyclic 
tests. The finite element simulations reveal that the compressive stress and strain in the area under 
the indenter relax with time. At the same time, they increase in the area around the indenter due to 
its sinking under constant load and the increase in the tested volume. This behavior is well-
documented in the literature for viscoelastic materials [15, 16].  

It is interesting to note that the elastic modulus obtained by the Oliver and Pharr method from the 
unloading in 0.00002 𝑠 following 400s of creep on MAT2 is equal to 3.05 GPa, which is far from 𝐸0 =
4 𝐺𝑃𝑎. This confirms that a very long holding of the constant load, combined with a very fast 
unloading, does not necessarily provide the instantaneous modulus from the unloading.  

The relationships between cyclic creep and monotonic creep under tension have been studied in 
polymers both experimentally and numerically [29, 30]. This relationship is of particular interest for 
models when ratcheting behavior conditions damage and the fatigue life of polymers. It will now be 
examined from the perspective of indentation of a viscoelastic material.  

The indentation cyclic creep is defined as the evolution of the indentation depth ℎ𝑚𝑎𝑥 at maximum 
load 𝐹𝑚𝑎𝑥 of each cycle with time. The comparison between the cyclic creep and the monotonic 
indentation creep on MAT1 and MAT2 is shown in Figure 9. One can note that the evolution of 
indentation depth in the monotonic load test qualitatively resembles the curves of the relaxation 
moduli of both materials (see Figure 6). It is constant during the initial moments after loading and 
becomes constant again after around 7𝜏𝑚𝑎𝑥. Once the relaxation has finished, the indentation depth 
becomes the same, namely 1.84 µm, for both materials. The indentation depth at maximum load of 
each cycle ℎ𝑚𝑎𝑥 in all tests follows the same tendency and superposes on the monotonic creep curves 
in the shortest and longest tests. For the tests in the transition region, the cyclic creep is lower than 
the monotonic creep. This is due to the longer loading in cyclic test for the first cycle and the 
contribution of the unloading to the other cycles. However, the tendency of evolution of ℎ𝑚𝑎𝑥 with 
cycles in each test resembles the evolution of the elastic modulus shown in Figure 6, i.e., it increases 
with time. The stabilization of the loops, observed in the energy ratio previously, also impacts ℎ𝑚𝑎𝑥. 
If the loop is stabilized, the cyclic creep will never reach the indentation creep under constant load.  
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Figure 9. Cyclic creep (hmax of each cycle) and monotonic creep for two materials. 

 

The linearity of the constitutive law provides a simple relation between monotonic and cyclic creep. 
Looking at the trends presented in Figure 9, one can note that the evolution of the maximum 
indentation depth of the first loading, ℎ𝑚𝑎𝑥1, with time follows the same tendency as the monotonic 
creep but is constantly shifted on the time scale to longer times. A near-perfect superposition is 
obtained with a ratio of 2.5, such that ℎ(𝑡𝑐𝑟) = ℎ𝑚𝑎𝑥1(𝑡𝑙𝑜𝑎𝑑/2.5), as demonstrated in Figure 10. In 
these relations, 𝑡𝑐𝑟 is the time of the monotonic creep test elapsed from the beginning of the creep, 

which started 2. 10−5 𝑠 after the beginning of the test and ℎ(𝑡𝑐𝑟) is the temporal evolution of the 
indentation depth under constant load.  

 

Figure 10. Superposition of the monotonic creep and the shifted indentation depth of the first cycle. 

 

3.7. Cyclic indentation with spherical indenter 
When one seeks to characterize the viscoelastic behavior of a polymer material, it is a good idea to 
use a spherical indenter since the stress concentration under the tip is less pronounced and plastic 
behavior can be limited or completely avoided. In the case of a spherical indenter, the contact 
mechanics equations of the elastic solution presented in Section 3.2 apply as well, with only a 
difference in the contact depth and the projected contact area of the indenter. The former is defined 
from the maximal depth of indentation as 
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 ℎ𝑐 𝐸𝐿 𝑠𝑝ℎ =
ℎ𝑚𝑎𝑥

2
 Eq. 12 

while the latter is defined as follows: 

 𝐴𝑝 𝑠ℎ𝑝 = 𝜋(2𝑅ℎ𝑐 − ℎ𝑐
2)  Eq. 13 

where 𝑅 is the radius of the indenter. The elastic indentation modulus can then be calculated using 
Eq. 5.  

The cyclic indentation behavior of MAT1 under a spherical tip with the radius of 10 µm was simulated 
using the same finite element model and loading protocol as for the conical indentation. The resulting 
force-displacement curves were similar to those of the conical indenter, but the indentation depth 
was generally lower. First, the elastic contact depth defined by Eq. 12 was compared with the actual 
contact depth measured in the FE model. The result, presented in Figure 11(a), shows that the contact 
depth of the viscoelastic material in contact with a sphere is again better represented by the elastic 
contact formula, Eq. 13, than by the Oliver & Pharr method. The indentation elastic moduli, energy 
ratio and cyclic creep are compared between the results of the conical and spherical indentations in 
Figure 11(b-d). The same analysis method used for the conical indenter, with 𝛽 = 1.034 and Eqs. 12 
and 13 for the contact depth and contact area, was applied to obtain the elastic modulus from the 
spherical indentation. It is clear that the elastic moduli and energy ratio are nearly the same for both 
conical and spherical indentations, and all the conclusions drawn for the indentation with cone also 
hold for the sphere. Since the contact depth is lower with the sphere, there is a difference in cyclic 
indentation creep between the two indenters. However, as shown in Figure 11(d), the maximum 
indentation depth ℎ𝑚𝑎𝑥 of all the tests and cycles is simply shifted to a lower depth by a constant 
value.  

 

 (a) (b) 
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 (c) (d) 

Figure 11. Contact depth with spherical indenter (a) and comparison of elastic modulus (b), energy 
ratio (c) and cyclic creep (d) between the results obtained with conical and spherical tips on MAT1. 

 

4. Comparison with experimental results of cyclic nanoindentation of a polymer using a 
Vickers tip 

To evaluate the relevance of cyclic indentation loading to study viscoelasticity of polymeric materials 
and to compare the simulated response with experimental results, a previously published dataset [25] 
was analyzed using the proposed method. In this study, the mechanical response of high-density 
polyethylene (HDPE) to cyclic indentation loading was obtained using a pyramidal Vickers indenter. 
The loading trajectory was triangular, consistent with the current simulation, with loading times of 
0.5 𝑠,  4.8 𝑠 and 47.5 𝑠, and maximum and minimum loads of 10 mN and 0.5 mN, respectively. The 
number of applied cycles varied from 60 for the longest loading time to 1200 for the shortest. The 
force-displacement curves for characteristic cycles at the three loading times are presented in Figure 
12.  

The parameters identified for the same HDPE material in cyclic uniaxial tensile stress-controlled tests 
[31] were used as references for this nanoindentation study. In this work, the behavior of the polymer 
was found to be non-linear viscoelastic and was described by a small strain isothermal Maxwell-like 
constitutive model with a non-linear relation between stress and strain. The relaxation times varied 
from 0.8 s to 80000 s, and the weights were distributed between two plateaus (as in MAT2 in this 
study) with a smooth transition between 150 s and 1500 s. The instantaneous and relaxed elastic shear 
and bulk moduli were found to be 𝐸0 = 1.04 𝐺𝑃𝑎 and 𝐸∞ = 0.83 𝐺𝑃𝑎, respectively. The evolution of 
loops with frequency and the ratchetting behavior were qualitatively similar between tensile and 
indentation tests on the same material.  
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Figure 12. Experimental force-displacement response measured on High-Density Polyethylene 
(HDPE) for different durations of a cycle, with similar loading and unloading times of (a) 0.5 𝑠, (b) 

4.8 𝑠 and (c) 47.5 𝑠. 

Figure 13 presents the results of the analysis conducted according to the method presented in this 
paper, applied to the experimental cyclic indentation data. There are six indentation tests for each 
condition, which are averaged, and the standard deviation is represented as the error bar. The 
evolutions of ℎ𝑐 𝑂&𝑃 and ℎ𝑐 𝑒𝑙  with time are shown in Figure 13(a). These data closely resemble those 
observed in the FE simulations using the Generalised Maxwell law (see Figure 4). Figure 13(b) presents 
the elastic moduli obtained from the elastic contact depth ℎ𝑐 𝑒𝑙 and the contact stiffness at the end of 
each loading phase, with Poisson’s ratio set at 0.4. Note that the elastic indentation moduli calculated 
using the contact depth ℎ𝑐 𝑂&𝑃, obtained from the loading and unloading contact stiffnesses by the 
Oliver & Pharr method, were presented previously [25]. The energy ratio and cyclic creep evolutions 
with time are shown in Figures 13(c) and (d), respectively. The results from the three tests are 
qualitatively similar, and none of the parameters stabilize within the tested time range. The error bars 
from the six tests are small and are only visible in Figure 13(d), indicating that the results are not 
significantly affected by thermal drift.  
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 (a) (b) 

 

 (c) (d) 

Figure 13. Experimental values of contact depth (a), elastic indentation modulus (b), energy ratio (c) 
and cyclic creep (d) measured with a Vickers indenter on the High-Density Polyethylene (HDPE) 

polymer. 

 

Comparing the experimental nanoindentation results with those of the FE simulations presented in 
this study, it can be noted that they are qualitatively similar to the numerical results within the time 
range at the beginning of the transition 0.001 < 𝑡𝑐𝑢𝑚𝑢𝑙 𝜏𝑚𝑎𝑥⁄ < 0.1. The absence of the stabilization 
in the tested time range is consistent with the maximum relaxation time identified in the tensile tests, 
𝜏𝑚𝑎𝑥 = 80000 𝑠. None of the indentation tests lasted this long; therefore, it is natural that the entire 
spectrum of the viscoelastic modulus cannot be identified from these indentation tests. However, the 
experimental data can be used to attempt to identify the viscoelastic relaxation modulus at three 
loading times.  

Since a pyramidal indenter was used in these tests, the formation of a plastic core around the tip is 
very likely. The indentation results are thus affected by this plasticity and cannot be analyzed within 
an elastic framework. To address this issue, we hypothesize that only the first loading is affected by 
plasticity. To obtain the relaxation modulus using the elastic equation (Eq.5), it is necessary to 
calculate the contact stiffness and the projected contact area at the time corresponding to the end of 
the first loading. The plastic depth can be estimated from the residual indentation depth after the 
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viscoelastic strain has recovered. In one of the experiments on the HDPE material published in [25], 
holding period at a small force of 0.1 N was applied for 3000 s after cyclic loading for 3000 s, during 
which the residual depth was measured at approximately 1.5 µm. Considering that the recovery was 
not complete and was measured under a small load, we will assume that the actual plastic depth, ℎ𝑝, 

is 1 µm. In this case, the projected contact area can be obtained using the corrected viscoelastic 
indentation depth ℎ𝑐𝑉𝐸, given by the following equation: 

 ℎ𝑐𝑉𝐸 =
2

𝜋
(ℎ𝑚𝑎𝑥 − ℎ𝑝) Eq. 14 

To obtain the contact stiffness corresponding to the end of loading of the first cycle, it is possible to 
use the loading contact stiffnesses from the subsequent cycles and extrapolate them to the time 𝑡𝑙𝑜𝑎𝑑.  

The loading stiffnesses 𝑆𝑙𝑜𝑎𝑑 of the cycles from the second to the fifth were fitted using the following 
equation, which is similar to the Generalized Maxwell law with one viscoelastic branch:  

 𝑆𝑙𝑜𝑎𝑑(t) = 𝑎𝐸 + bE (1 − exp (−
t

𝑐𝐸
)) Eq. 15 

The quality of fit of the stiffness curves with this equation was good, and the 𝑅2 coefficients were 
higher than 0.996 in each case. The coefficients of fit, 𝑎𝐸, 𝑏𝐸 and 𝑐𝐸, are given in Table 4, along with 
the relaxation moduli calculated directly from the first loading, 𝐸𝐼𝑇𝑉𝐸, and the relaxation 
moduli, 𝐸𝐼𝑇𝑉𝐸𝑃, obtained from the extrapolated stiffness 𝑆𝑙𝑜𝑎𝑑 and the corrected viscoelastic 
depth  ℎ𝑐𝑉𝐸. 

As expected, the elastic moduli obtained directly from the first loading, 𝐸𝐼𝑇𝑉𝐸, are lower than those 
extrapolated from the fitting, 𝐸𝐼𝑇𝑉𝐸𝑃. The short-time modulus (𝑡𝑙𝑜𝑎𝑑 = 0.5 𝑠) is higher than the 
instantaneous tensile modulus of 1.04 GPa when the viscoelastic-plastic hypothesis is applied, but 
lower when considering pure viscoelastic behavior. The moduli obtained from the longest tests 
(𝑡𝑙𝑜𝑎𝑑 = 47.5 𝑠) can be compared with the relaxed tensile modulus of 0.83 GPa. This value is close to 
that obtained with the viscoelastic-plastic behavior but is higher than that estimated with pure 
viscoelastic behaviour. The difference may be attributed to the non-linearity of the viscoelastic 
behavior or to the viscoplasticity of the plastic core, which are not considered in the indentation law.  

𝑡𝑙𝑜𝑎𝑑, s 𝑎𝐸, GPa 𝑏𝐸 𝑐𝐸, s 𝐸𝐼𝑇𝑉𝐸𝑃, GPa 𝐸𝐼𝑇𝑉𝐸, GPa 

0.500 1,03 0,85 1,96 1,22 0.781 

4.800 0,87 0,68 17,29 1,04 0.649 

47.500 0,73 0,48 170,72 0,84 0.541 
Table 4. Fitted values for the experimental cyclic indentation data on the High-Density Polyethylene (HDPE). 

5. Conclusions 
This paper presents a study of the mechanical response to cyclic indentation loading of viscoelastic 
materials described by the Generalized Maxwell law. The results are similar for conical and spherical 
indenters, assuming a linear viscoelastic response in both cases. Finite element simulations across the 
entire range of relaxation of two artificially created materials revealed the evolution of the cyclic 
response, transitioning from purely elastic behavior at very short time, when  𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑖𝑛⁄ < 0.00256, 
through hysteretic behavior with ratcheting and hysteretic behavior with a stabilized loop, to purely 
elastic behavior again at long times, when 𝑡𝑙𝑜𝑎𝑑 𝜏𝑚𝑎𝑥⁄ > 500. The stabilization of the loop occurs at 
𝑡 = 3.5𝜏𝑚𝑎𝑥 from the beginning of the test, independent of 𝑡𝑙𝑜𝑎𝑑. The analysis of the force-
displacement curves revealed that it is possible to identify the relaxation modulus 𝐸(𝑡) of the 
viscoelastic material by using the equation of elastic contact depth with the contact stiffness 
computed from the first loading. This provides the values of 𝐸(𝑡) at 𝑡 = 𝑡𝑙𝑜𝑎𝑑 from each indentation 
test. By varying the loading time of the test, it is theoretically possible to identify the relaxation 
modulus across the complete time range.  
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The effect of unloading rate across the range of loading rates on the elastic modulus evaluated from 
the beginning of unloading was investigated. The results revealed the absence of a converged 
unloading curve, which would provide the instantaneous elastic modulus, as suggested in the 
literature [20, 21]. In contrast, the unloading elastic modulus was either higher or lower than the 
instantaneous modulus for all tested unloading and loading rates.  

A relation between indentation creep, defined as the evolution of the indentation depth with time 
under constant load, and cyclic indentation creep, defined as the evolution of maximum indentation 
depth, ℎ𝑚𝑎𝑥, with time, was also studied. The evolution of ℎ𝑚𝑎𝑥 in cyclic tests follows the same 
viscoelastic trend as the elastic indentation modulus. Simple linear time shifts were observed between 
the indentation depth under monotonic creep tests and the indentation depth after the first loading 
at different rates.  

Finally, the results of the numerical simulations were compared with the experimental results of the 
cyclic indentation tests on the high-density polyethylene (HDPE) polymer. The trends in the evolution 
of contact depth, elastic moduli, energy ratio and maximum indentation depth are very similar to the 
transitional behavior of the simulated viscoelastic materials described by the Generalized Maxwell 
law. To account for the impact of plasticity developed around the tip of the sharp indenter, the 
relaxation modulus was identified by fitting the loading contact stiffnesses of subsequent cycles and 
extrapolating to 𝑡 = 𝑡𝑙𝑜𝑎𝑑. The contact depth was corrected by a constant plastic depth value 
estimated from the recovery after cyclic loading. The relaxation moduli of the HDPE at three different 
loading times were identified, falling within the range between the instantaneous and relaxed 
modulus identified on this material from previous cyclic tensile tests. It should be noted that the 
behavior of the polymer was likely affected by non-linear viscoelasticity and possibly viscoplasticity, 
which complicates the comparison with the Generalized Maxwell law.  
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