Sharif Mechanical Engineering Journal (2025), 41(1), 69-81

Sharif University of Technology Gt =W

Sharif Mechanical Engineering Journal

https://sjme.journals.sharif.edu

Research Article

Characterization of the Linear Viscoelastic Properties of Materials by the Results of

Nanoindentation Test

Hossein Salami and Taha Goudarzi *

Department of Mechanical Engineering of Amirkabir University of Technology (Tehran Polytechnic), Tehran, Iran.

* corresponding author:(tgoudarzi@aut.ac.ir)

Article Info

Abstract

Article history:

Received: 24 November 2024
Revised: 1 February 2025
Accepted: 1 March 2025

Keywords:

Nanoindentation,

linear viscoelastic behavior,
non-convex optimization,
Genetic Algorithm (GA).

In this paper, the linear viscoelastic properties of materials are calculated using results
from the nanoindentation test. The generalized standard linear solid (GSLS)
viscoelastic models describe the material behavior, with the mechanical properties
(model parameters) obtained by minimizing the error between the GSLS response and
the experimental results under the same loading conditions. Since the test data are in
the force-displacement not the stress-strain form, obtaining the material properties is
less straightforward than the conventional tests (e.g., the tensile test) and requires
analytical solutions. Specifically, the Hertzian contact theory and its closed-form
solution for spherical indentation into a semi-infinite medium are employed. We fit
the experimental results to the closed-form solutions, with error minimized via the
least squares. This leads to a non-linear, constrained, and non-convex optimization
problem, necessitating robust global optimization strategies beyond conventional
local methods. Considering these challenges, the model coefficients—meaningful in
the experiment time span —are computed using a genetic algorithm (GA) suited for
the optimization. Several examples demonstrate ability of the method to accurately
characterize the viscoelastic responses from nanoindentation test results, showing up
to 50% difference compared with the values reported in the open literature.

Introduction

Several prior works, including those by Bembey et al. [16]

The accurate determination of viscoelastic properties for
many materials, like thin layers, and various biological
tissues, is critical but often challenging due to limited
availability or infeasibility of conventional tests like the
tensile test. Non-destructive techniques, particularly
nanoindentation, are widely employed to characterize the
behavior of these materials. However, extracting viscoelastic
properties from nanoindentation data requires solving a non-
linear, constrained, and notably non-convex optimization
problem. Despite extensive research over recent decades,
many studies have overlooked the non-convex nature of the
needed optimization, leading to limitations in accuracy and
reliability.

and Cheng et al. [19], utilized standard optimization tools
such as Levenberg-Marquardt or the MATLAB fmincon to fit
experimental data, but these methods are prone to local
minima and may fail to find globally optimal solutions of
non-convex problems. Even advanced methods such as
inverse iterative finite element techniques [20] exhibit
sensitivity to initial conditions and may converge to
suboptimal solutions for an inherently non-convex problem.

The paper emphasizes the importance of recognizing the non-
convex and constrained nature of the characterization
problem. To address these challenges, a GA, known for its
robustness in non-convex optimization, is employed. The
study demonstrates that considering these critical aspects
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substantially improves the accuracy of the linear viscoelastic
property characterization from the results of the
nanoindentation test.

Methodology

The nanoindentation test can be conducted as load-controlled
or displacement-controlled. This paper focuses on the load-
controlled mode, wherein a specified force is applied to the
sample at each moment, and the corresponding displacement
is measured, i.e., the loading function is always known, and
displacement is recorded over time.

Equation (16) serves as a basis for characterizing the linear
viscoelastic properties of materials from nanoindentation
results. Experimental data obtained from nanoindentation
tests on materials exhibiting linear viscoelastic behavior
under the ramp-hold loading with a spherical indenter,
expressed as displacement versus time, are fitted to the
behavior predicted by Equation (16), allowing calculation of
the model constants B; and 7;. Notably, since biological
materials typically contain water, they are generally assumed
incompressible (their Poisson’s ratio considered near 0.5).

To characterize the behavior, Equation (16) is fitted to the
nanoindentation data using the least squares method outlined
in Equation (17), which requires minimizing an error function
dependent on the mechanical properties. Although the
relationships are non-linear with respect to the material
parameters, having an explicit function form simplifies the
optimization. Importantly, the mechanical properties must be
constrained to remain positive to ensure physically
meaningful results.

A significant challenge affecting the optimization process is
the non-convexity of the error function. The non-convexity
implies the presence of multiple local minima, making the
solution sensitive to the initial guess. Conventional convex
optimization methods may converge to local minima if the
initial guess is close, potentially yielding suboptimal or
physically invalid parameter values. Therefore, special
treatment of the optimization approach is necessary to obtain
reliable and meaningful viscoelastic properties.

Results and Discussion

This section evaluates the effectiveness of the proposed
framework for predicting the linear viscoelastic properties
from the nanoindentation test results acquired from the
literature. Nanoindentation results for cartilage properties
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under the ramp-hold loading are reported in [11]. Using the
ramp part from [11], the initial shear modulus is estimated at
0.252 MPa here versus0.32 MPa reported, both within typical
macroscopic range of 0.1-1 MPa.

Using the ramp loading data from [16], the initial shear
modulus for PMMA was calculated as 1.29 GPa here,
compared with 1.37 GPa in [16].

Nanoindentation results for PL 1 polymer under four
different ramp-hold tests at varying ramp times (20, 50,
100,200 s) are reported in [28]. Curve fitting using a genetic
algorithm shows that the experimental trend can easily be
captured with different number of material parameters
(Tables 2 and 3, Figure 7).

Extrapolating material behavior beyond the experimental
time range caused notable errors in [28]. Applying the current
method with the shortest ramp time (20 s) similarly fails to
predict the behavior for longer times accurately (Figure 8),
however, using the parameters computed at the longest ramp
time (200 s) can accurately predict the response for the other
studies (Figure 9). These findings emphasize that the
characterization is reliable primarily within the experiment
time span and not beyond that.

Conclusion

This study presents a robust framework for characterizing the
viscoelastic behavior of materials via the nanoindentation test
results, addressing long-standing challenges in non-convex
optimization.  The proposed GA-based approach
demonstrates superior accuracy and reliability compared with
conventional methods.

Inherent to the nature of the optimization problem which is
non-linear, constrained, and non-convex, mostly overlooked
in prior studies a GA was used to solve the problem
effectively, producing satisfactory results.

Recommendations include: using fewer material parameters
for experiments over short times, using longer test times for
better curve fitting and characterization. The characterized
model parameters are only valid within the time span of the
test; extrapolations may lead to significant errors. Due to the
non-convexity, solutions are nonunique but valid when
accurately follow the experimental results.
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Figure 3. Representation of two local minima of the error
in a limited range of the material parameters for the
three-element model (the third material parameter is
assumed to be constant for the sake of illustration).
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Figure 4. Curve fitting to the experimental results of
[11] for cartilage with the 5-element model .
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Table 1. Comparison of the results reported in [16] and
those of the current paper.
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1 0,
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concentration
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concentration
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Figure 7. Curve fitting to the experimental results for

the ramp loading in 50 seconds of [28] using the 3-

element model.
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element model corresponding to the experimental data of
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Table 2. Calculation of material parameters for different models based on experimental results of [28] for the
ramp loading in 50 seconds.

3 elements 5 elements 7 elements 9 elements parameter
By x10"°
4.57 4.57 4.60 4.57 1
(Pa’)
B, <10"
4.96 2.15 2.05 0.90 !
(Pa)
49.06 40.78 102.11 78.97 z(s)
B, =x10"
2.57 2.45 1.56 i
(Pa)
6.19 44.59 59.18 (&)
B, =x10"
0.47 2.63 :
(Pa)
21.32 6.95 25 ()
B, x10"
1.37
(Pa)
52.11 z,(s)
1.23 1.22 1.22 1.27 G, (GPa)
1.09 1.09 1.09 1.09 G, (GPa)
Error
5.03 5.00 5.01 4.89 ———x10°
Norm(Jd)
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Table 3. Calculation of material parameters of different models based on the experimental results of [28]
for the ramp loading in 200 seconds.

3 elements | 5 elements | 7 elements | 9 elements parameter
B, x10"°
4.44 5.14 4.94 5.50 .
(Pa™)
B, x10"
3.69 5.73 2.78 3.81 i
(Pa™)
12.10 159.55 103.18 200.00 7, ()
B, x10"
3.50 3.71 0.94 B
(Pa™)
183.56 167.05 67.86 7, ()
B, x10"
0.67 7:23 g
(Pa™)
197.72 199.95 7, (s)
B, <10"
1.20
(Pa™)
200.00 7, (s)
1.23 1.19 1.18 1.19 G, (GPa)
1.13 0.97 1.01 0.91 G, (GPa)
1.48 1.50 1.49 1.55 - N
' Norm(J)
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