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ARTICLE INFO ABSTRACT

Keywords: Supercrystalline nanocomposites are a burgeoning class of hybrid inorganic-organic materials. Studies showed

Nanocomposites that self-assembly of iron oxide particles surface-functionalized with organic (e.g. oleic acid) ligands produces a

SuPer.lamces ) supercrystalline nanocomposite with exceptional mechanical properties. Consequently, significant research has

Iganomdentatlon been conducted on these materials to experimentally characterize the mechanical properties of such materials.
reep

However, so far all modeling studies used time and rate independent elastoplastic material models. In the
light of new experimental results, we propose to extent this view and use time-dependent models to capture
viscoelastic behavior. To this end, we quantified this behavior using nanoindentation creep experiments and
modeled it using a rheological network model with several parallel Maxwell branches and an additional elasto-
plastic branch. We demonstrate how the parameters of such a model can be found using inverse analysis.
With the calibrated material model, a good agreement of the time dependent behavior between simulation
and experimental results is achieved. Thus, a method is provided to model time dependent behavior using
complex non-classical experiments like nanoindentation.

Material modeling
Parameter identification

1. Introduction vital role in augmenting the strength, hardness, and stiffness of the
nanocomposites [16-20].

In the realm of materials engineering, there has been an increasing
focus on structurally-ordered nanocomposites in recent years [1,2].

These materials are integral to the creation of hierarchical materials

Initially, Dreyer et al. [21] demonstrated the fabrication of face-
centered cubic supercrystalline nanocomposites composed of magnetite
particles (Fe;0,), surface-functionalized with oleic acid. They were

systems that exhibit complex functionalities [3-6]. Termed as super-
crystalline nanocomposites, these materials consist of inorganic nano
building blocks that are typically surface-functionalized with organic
ligands. They are organized into periodic arrangements, akin to crys-
talline structures, often referred to as superlattices. This new class
of materials find applications in a wide variety of fields like friction
coatings, energy storage, optoelectronics, catalysts and sensors etc. [7—
11]. The fabrication and assembly of these sturdy supercrystalline
inorganic-organic nanocomposites have emerged as key areas of inter-
est in this rapidly evolving field [12]. Numerous strategies have been
employed for the creation of self-assembled nanocomposites [9,13,14],
resulting in a broad array of techniques and potential applications [15].
The mechanical properties exhibited by these materials significantly
surpass those of hard polymers, and the consensus within the scientific
community is that supercrystallinity by ligand cross-linking plays a
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synthesized through a sequential process of sedimentation, drying,
pressing, and heat treatment. The resulting nanocomposites displayed
remarkable mechanical properties, particularly when heat treated at
higher temperatures (325 °C), due to an increased degree of cross-
linking.

To date, several material models have been employed in the simu-
lation of this new class of materials, in particular the Drucker—Prager
elastoplastic material model [22] and a nonlocal damage model based
on micropolar continuum theory, which focused on the inelastic and
damage behavior of the crosslinked organic interphase and was val-
idated using experimental data from microbeam bending tests [23].
In a recent study [24], a non-linear elastic material model was used
to capture the tension—-compression asymmetry observed in pentagonal
cross-sectioned micro-cantilever beam bending experiments. All these
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models have in common that they can only capture the instantaneous
(time-independent) material response. However, recent nanoindenta-
tion studies conducted by Yan et al. [25] have revealed that the
material exhibits notable time-dependent behavior. The objective of the
current study is to model this time-dependent behavior.

Modeling time-dependent material behavior for nanocomposites
is challenging due to experimental limitations. Conventional creep
characterization methods, including uniaxial creep testing, multiax-
ial creep testing, and stress relaxation testing, are not feasible for
supercrystalline nanocomposites, due to their characteristic small sam-
ple sizes. Hence, suitable experimental approaches are restricted to
nanoscale-mesoscale techniques, such as nanoindentation, microbeam
bending and microcolumn compression etc. These methods, however,
are intricate, as multiple material deformation mechanisms — including
plasticity, microcracking, crack deflection, strain hardening, stress con-
centrations, and material compaction — may occur simultaneously [26—
28]. This complexity makes it difficult to isolate and analyze the time-
dependent behavior of the material. Given its relative simplicity in ex-
perimentation, nanoindentation has been selected as the experimental
technique for the current study.

The investigation of material properties using indentation tech-
niques has a long history, dating back to Hertz’s work on elastic
solids contact [29]. Later developments by Sneddon [30], Bulychev
et al. [31], and Doerner and Nix [32] led to the extraction of elastic
and plastic material behavior. Oliver and Pharr [33] further refined
the method for determining hardness and Young’s modulus through
nanoindentation-based mechanical characterization. This contact-
theory-based analytical approach has been modified and applied to
characterize viscoelastic [34-37] and viscoelasto-plastic behavior [38—
40]. Although this analytical method enables determination of proper-
ties such as reduced modulus, storage modulus, and viscous coefficient
from nanoindentation tests, reliability is influenced by various as-
sumptions and correction factors, and importantly complex material
behavior laws remain inaccessible through this analytical approach.
Hence, alternative iterative methods have been proposed to character-
ize material properties by combining contact theory and finite element
methods (FEMs). One such method is inverse analysis.

The inverse analysis method uses an optimization algorithm and
numerous nanoindentation FEM simulations to find the best-fit material
parameters for a specific material model. The method inversely fits
FEM simulation results to the experiments by systematically varying
the material parameters. The quality of the solution depends on the
optimization algorithm, initial point, how the “best-fit” is defined and
calculated (i.e. error function), and stopping criterion for the iterations.
The method was first introduced by Kavanaugh and Clough [41] to
characterize non-linear elastic materials, by representing strain energy
function as a power series. Subsequently many studies have successfully
used this method to extract material parameters for elasto-plastic [42—
471, viscoelastic (plastic) [48-53], and viscoelastic-viscoplastic [54,55]
material models by mainly using nanoindentation force displacement
(P — h) curves, in some cases complemented with residual indent
measurements. It is already well known that the inclusion of residual
indent data improves the accuracy of inferred material parameters [44].
The Burgers model (linear and non-linear) [51,56-58], Kelvin-Voigt
model [57,59,60], generalized Maxwell’s model [61], and standard lin-
ear solid model [62] are the most prominent models used for modeling
viscoelasticity.

In this paper, we propose a generalized Maxwell’s model (imple-
mented as a parallel rheological framework (PRF) in Abaqus® [63]) to
capture the viscoelastic properties of supercrystalline nanocomposites
formed by self assembly of inorganic iron oxide nanoparticles surface-
functionalized with organic oleic acid and heat treated at 325 °C
to induce crosslinking. This model supports non-linear viscoelasticity
in combination with plasticity. It allows considerable variations by
varying the number of viscoelastic branches and the associated flow
rules to model the nanoindentation experiments. Our study aims at
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understanding and modeling time-dependent material behavior of oleic
acid nanocomposites. To this end, the material samples are prepared
(Section 2), nanoindentation creep experiments were conducted (Sec-
tion 3) and also simulated using the finite element method (FEM) with
the Abaqus® PRF material model (Section 4). The material model pa-
rameters were extracted using inverse analysis (Section 4). The results
of the parameter identification are presented and discussed (Section 5).

2. Material processing and microstructure

The material was developed by Institute of Advanced Ceramics at
Hamburg University of Technology as part of a collaborative project
SFB986 - Tailor made multi-scale material systems. The material is
composed of iron oxide (Fe;O, nanoparticles, coated with oleic acid
(CgH3,0,, 11% wt.), and is synthesized by CAN GmbH (Hamburg, Ger-
many). Initially, the surface functinalized nanoparticles are dispersed
in toluene and this emulsion is transformed into supercrystalline bulk
pellets through a three-step process: self-assembly, compression, and
heat treatment [21]. For sample preparation, the toluene suspension
containing the nanoparticles is placed into molds, and then exposed to
an ethanol-rich atmosphere in a sealed container for 15 days, allowing
for self-assembly. After this period, the solvent is removed, and the
samples are dried under vacuum. The dried materials, consisting of su-
percrystalline grains in a face-centered cubic arrangement, are pressed
into cylindrical pellets. This pressing is done uniaxially at 50 MPa
and 150 °C. The pressed samples undergo a final heat treatment. This
treatment is conducted under nitrogen gas at 325 °C for 18 min, with
controlled heating and cooling rates. This comprehensive process yields
supercrystalline materials with superior mechanical properties. Ac-
cording to previously conducted experimental investigations [26-28],
these nanocomposites possess an experimentally determined Young’s
modulus E of approximately 50 GPa, a bending strength of around
630 MPa, a hardness of 4.7 GPa, and a fracture toughness of 0.5 MPa\/E,
thus showing predominantly brittle material behavior. However, recent
nanoindentation experiments showed lower Young’s modulii at higher
indentation depths, namely 22 GPa at 2 pm and 16 GPa at 7.5 pm [64].
This discrepency will be discussed in detail later in Section 3.2.

The studied FCC supercrystalline material consist of iron oxide
(magnetite, Fe;0,) spherical nanoparticles with a radius of 7.9 + 1.3 nm
and surface functionalized with oleic acid. Small-angle X-ray scattering
(SAXS) analysis reveals these supercrystals exhibit a lattice constant of
approximately 24.5 nm, implying an organic material-filled interparticle
distance of about 1.5 nm within the densely arranged (110) directions.

Although the nanocomposites show remarkable mechanical prop-
erties, thanks to the cross-linking of the organic phase, fabrication
of supercrystalline nanocomposites in macroscopic scale leads to the
development of a very broad set of superlattice defects, ranging from
point defects (interstitials and vacancies) to line (dislocations), sur-
face/interface (grain boundaries), and volume defects (pores and
cracks). The presence of numerous defects in bulk macroscopic samples
fabricated by self-assembly has already been well documented in the
literature [16,65]. The Fig. 1 shows examples of superlattice defects,
detected in virgin samples (i.e. no experiments were conducted on
them after fabrication) showing that the defects formed during the
fabrication. An additional source of imperfections is the unavoidable
size scatter of the constituent nanoparticles (a size scatter of > 20%
often leads to “superamorphous” structures).

3. Experiments
3.1. Setup and loading

In many investigations, a Berkovich indenter is used for nanoinden-
tation analysis to extract hardness, elastic modulus, fracture toughness

etc. [33,66,67]. By contrast, we chose a spherical indenter for the
current creep study for three reasons: Firstly, the indenter is not self
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Fig. 1. Nanostructure and defects in bulk supercrystalline nanocomposite. (A) SEM image showing single supercrystal FCC nanostructure and bulk pellet after processing. (B) SEM
image of supercrystalline interface (high-angle grain boundary). (C) TEM image of low-angle grain boundary. (D) STEM high-angle annular dark field micrograph of Frank partial.

(E) TEM image of twins. All scale bars are 100 nm.
Source: Image taken from Giuntini et al. [28].

similar and hence the stress and strain fields change with indentation
depth. This reduces the risk of obtaining very similar P — h curves for
different stress-strain relationships [68]. Commonly, self similarity is
an advantage for parameter identification for experimental studies, but
for numerical parameter identification it is beneficial to have differ-
ent stress states at different indentation depths. Secondly, a spherical
indenter simplifies the simulation model, as it can be represented
as an axi-symmetric model. This helps in significantly reducing the
computational costs of the parameter identification. Third, the ob-
jective of the current study is to extract homogenized bulk material
properties. Hence it is important to probe the sample over a large area
(several grains) with as little material compacting as possible due to
stress concentrations (causing plastic hardening) especially during the
initial stage of indentation. At any given indentation depth, a spherical
indenter offers higher contact area than a Berkovich or cube corner
indenter, produces uniform stress fields during the indentation process,
and by choosing an indenter with a diameter of 10 pm it is assured that
multiple grains are probed.

The nanoindentation tests were performed with a Nanoindenter XP
(MTS Corp.) in continuous stiffness measurement (CSM) mode with a
spherical indenter of diameter 10 pm. CSM is a mode of nanoindentation
testing that allows for the continuous measurement of material proper-
ties such as dynamic contact stiffness, hardness etc. during the entire
indentation process, unlike the standard mode where you can extract
the material properties just once during unloading. By dynamically
oscillating the indenter during loading, it provides several unloading
states to measure the material properties, improving the accuracy of
measurements and offering a more comprehensive understanding of the
material’s behavior under different loading conditions.

Each nanoindentation test consists of 5 phases as shown in Fig. 2:

1. Loading in CSM mode (amplitude 2 nm, frequency 45 Hz) at a
specified indentation strain rate €; up to a specified target depth
h,.

. Holding the load at target depth A, for 1500 s.

. Unloading to 10% of the indenter load during hold time P,,.

. Machine enforced thermal drift correction phase for 500 s.

. Complete unloading and resting.

a b~ wN

The term indentation strain-rate £; was first coined by Lucas and
Oliver [69] and it can be described as follows:
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where £ is indentation depth, P is indentation load, and H is indenta-
tion hardness.
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Fig. 2. Load v/s displacement curve of a nanoindentation test showing different phases,
where h, is target depth, P,,, is force during phase 2, h, is displacement during phase 2
(creep displacement), h, is residual indent depth, 4, is maximum indentation depth, ¢;
is indentation strain-rate, and points A, B, C are points of interest for error calculation.

In a nanoindenter, the displacement is measured by using a three-
plate capacitor, to which a shaft is attached with the tip at the bottom.
Maintaining thermal stability in the instrument is crucial because small
changes in the spacing between the capacitor plates can be mistakenly
read as movement of the tip, leading to errors in depth measurements.
This kind of error is known as thermal drift. Typically, thermal drift
is measured before applying any load or at 10% of the maximum load
during unloading. Corrections are then made to negate the impact of
thermal drift. In the current CSM loading profile, the measurement of
thermal drift at 10% of the maximum load during unloading is auto-
matically included by the machine, lasting for a period of 500 s, and
this is seen in phase 4 of the current nanoindentation tests. However, it
is already well documented that this conventional method of thermal
drift measurement does not work well for long-duration measurements,
like creep and high-temperature experiments [70-73]. Hence, in the
current study thermal drift measurement (and subsequently correction)
is performed using the method proposed by Maier et al. [74]. The

method is based on the use of dynamic contact stiffness S,, obtained
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Table 1
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Nanoindentation experimental results showing average values of Young’s modulus E, hold force P,,,, final residual indent h, and creep

displacement h,.

Load case (Name - ¢; - h,) Experimental Young’s Hold force Residualindent Creep displacement
modulus E [GPa] P,y [mN] h,, [nm] h, [nm]

LC1 - 0.5/s-1600 nm 36 177 849 612

LC2 - 0.05/s-1600 nm 42 158 737 678

LC3 - 0.05/5-1400 nm 41 141 583 496

LC4 - 0.05/s-1200 nm 40 112 434 539

LC5 - 0.005/5-1400 nm 27 98 404 178

by CSM, to minimize thermal drift. This allows for reliable creep data to
be obtained from nanoindentation creep experiments even at enhanced
temperatures and for duration up to 10 h. The method involves contin-
uously recording the dynamic contact stiffness during the indentation
test by using the CSM mode. While the indentation depth recorded by
the system is highly influenced by thermal drift, the contact stiffness
is not, allowing the true contact area to be reliably determined using
Sneddon’s equation [75], provided the reduced modulus E, of the
material is known. The actual indentation depth is then calculated from
the contact area using tip area function and finally, the actual indenter
displacement is obtained after sink-in corrections are made.

A total of 5 experimental load cases (LCs) with 10 indents each,
were conducted and the load case parameters were as follows:

Load case 1 (LC1): Strain rate ¢; = 0.5/s, target depth

h, = 1600 nm.

+ Load case 2 (LC2): Strain rate ¢; = 0.05/s, target depth
h, = 1600 nm.

+ Load case 3 (LC3): Strain rate ¢; = 0.05/s, target depth
h, = 1400 nm.

+ Load case 4 (LC4): Strain rate ¢; = 0.05/s, target depth
h, = 1200 nm.

+ Load case 5 (LC5): Strain rate ¢; = 0.005/s, target depth
h, = 1400 nm.

In each load case, indentations were performed in a single row, main-
taining a consistent distance of 30 pm between any two consecutive
indents.

In this study, cross-sectional analyses of the three nanoindents per
load case are performed to measure the residual depths. A focused
gallium Ga™ ion beam (FIB) in an FEI Nova 200 dual beam FIB/SEM
microscope is used to mill through the mid-section of the nanoindents,
enabling precise depth measurements. To protect the sample surface
during the milling process, a 1 pm-thick platinum layer is deposited
across the mid-section of the indents prior to cross-sectioning. A repre-
sentative cross-section of one of the indents after milling is depicted in
Fig. 3a, b.

3.2. Experimental results and discussion

Upon examining the experimental displacement history curves
(Fig. 4), a significant amount of experimental scatter was observed, as
illustrated exemplarily in Fig. 4 for one load case. The experimental
data scatter arises from the large variety of defects present in these
nanocomposites. These defects can be (1) Processing-induced — due the
unavoidable nanoparticle size scatter (variation in particle size > 20%)
& various superlattice defects (Fig. 1) and the large scale of the self-
assembly process; and (2) Indentation-induced — due to the variety of
cracks formed during nanoindentation (Fig. 3¢, d) in this predominantly
brittle material.

Considering the significant uncertainty of experimental results, av-
erages have been calculated for residual indent values 5, hold force
Py, and displacement during phase 2 (creep displacement) 4., Young’s
modulus E calculated during phase 1, and tabulated in Table 1. It
should be noted that the reported residual indent values average at least
three residual indentation tests per load case.

The elastic modulus E obtained from the current nanoindenta-
tion experiments is significantly lower than the estimates reported in
previous studies [21,24-27]. This discrepancy can be attributed to
process and nanoindentation defects discussed earlier (Section 2) which
is typical of organic-inorganic nanocomposite supercrystals [76,77].
Other factors such as indenter type and indenter size effects based on
indentation depth could also come into play [78]. Most of the previous
studies [21,24-27] used Berkovich indenter instead of spherical inden-
ter and they did not indent to a depth of 2.5 pm like in the current
study. This could also explain lower experimental Young’s modulus E
values in the current study when compared to previous studies.

Additionally, the experimentally measured Young’s modulus E dur-
ing CSM loading via nanoindentation shows an inconsistency in its
rate-dependency. Typically, an increase of E with strain rate is expected
(given that the material is granted less time for viscoelastic relaxation).
This trend holds except for an outlier, load case 1. Intriguingly, the E
value corresponding to a strain rate of 0.5/s is actually lower than that
at 0.05/s, defying the expected behavior. This could be due to the same
factors that caused the experimental scatter.

As anticipated, the hold load P, increases with indentation depth
for a constant indentation strain rate (Table 1). This observation aligns
with the expectation that higher forces are necessary to achieve greater
indentation depths. Consequently, at a fixed target depth, the hold
force increases with the indentation strain rate, which can be attributed
to the material’s viscosity or rate dependency. The residual indent
depth consistently increases as the hold force rises. In contrast to
these observations, the creep displacement did not show any clear
dependence on Young’s modulus E, indentation strain rate ¢;, target
depth A, or hold load P,,,.

4. Modeling
4.1. Material model

The generalized Maxwell model used in this study was developed by
J.A. Hurtado and I. Lapczyk [79] and implemented in the commercial
finite element software Abaqus® [63] as parallel rheological framework
(PREF). It has been used successfully to describe the mechanical behavior
of a number of filled rubbers and polymers [80,81]. The framework
consists of an arbitrary number N of parallel viscoelastic branches
(Fig. 5). In addition, a purely elastic or elasto-platic equilibrium branch,
typically referred to as branch 0, can be added. The addition of plas-
ticity to the equilibrium branch allows for modeling permanent set, in
the present case residual indent.

The material response is always assumed to be isotropic. Both plas-
ticity and creep are assumed to be volume preserving (isochoric). For
each of the branches, the deformation gradient F is split into an elastic
part (superscript ‘e’) and an inelastic part due to creep (superscript ‘cr’)
or plasticity (superscript ‘pl’):

F = F/F;"
— vl
F= FSF0

i=1,...,N
®))

The total strain energy W; is equal to the weighted sum of strain
energies W' of all branches:
N
Wr =) sW'(C) 3
i=0
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Fig. 3. (a) Sample of a residual indent with platinum layer before milling, (b) Cross-section of an indent after milling, (c) Cracks after indentation for an indent, and (d) Cracks

under an indent after milling.
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Fig. 4. Experimental displacement history curves with large scatter band for the load
case with indentation strain rate ¢, = 0.05/s and target depth = 1400 nm.

with weights s; (stiffness ratios) forming a partition of unity, i.e., Efi 0 Si
= 1.0. The total stress response thus becomes

N oW (C¢ N
r=zsi{F?'2%'(Ff)T}=§si7i €]

i=0
where 7 is the total Kirchhoff stress tensor, and r; is Kirchhoff stress
tensor of branch i. The plastic response of the equilibrium branch 0
is formulated as the multiplicative split of the deformation gradient
containing elastic and plastic parts as shown below.

i~ pr . pe . ol ®)

NN—]
SN gN.nN
NA\—
E - SN-1 qN-1,PN-1.
— —e
S1 q1,7
{ |

So LI

Fig. 5. Abaqus® - Parallel Rheological Framework consisting of N viscoelastic branches
and a single elastoplastic branch (also called the equilibrium branch), with relevant
material parameters. Here, E is Young’s modulus, s; is stiffness ratios (weights), o, is
yield strength, and g¢;,n; are creep law parameters.

where the plastic deformation rate D? is given by the associated flow
rule

prl = ;—qu’? =n 6)

of the von Mises yield condition and

g-"E"=0. %)

Here, q is the effective Kirchhoff stress g =
deviatoric part of the Kirchhoff stress tensor, and 7” is the non-linear

%? : 7, where 7 is the
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work hardening function which depends on the so-called equivalent
plastic strain £”'.

The evolution of the creep part of the deformation gradient for any
branch i > 0 is given by

Fr=F DI FF ®)

where D{" the creep part of the deformation gradient for any branch
i > 0, which can be given by

D = 2%_5,?’?,. ©
1
with & the equivalent creep strain rate, 7; the deviatoric part of the

Kirchhoff stress tensor for a branch i > 0, and §; = 4/ %?i : 7;. To keep
the number of parameters in the inverse analysis small, a rather simple

power law model was used in the current study, represented as follows:

& = ("-) a0
4di

where ¢;, n; are material parameters to be determined for each branch
i.
In the current study, two PRF models were employed:

Material model 1PRF: PRF model consisting of one viscoelastic
branch and one elastoplastic branch, and

Material model 2PRF: PRF model comprising two viscoelastic

branches and one elastoplastic branch.

The material parameters to be determined through inverse analysis
are Young’s modulus E, stiffness ratios s;, yield strength o, stress
constants g;, and stress exponents n;, where i = 1,2,...,N, and N
denotes the number of viscoelastic branches. Therefore, the material
model 1PRF has five material parameters: E, s, oy, 41, 1. In contrast,
the material model 2PRF has eight parameters: E, s, s,, ffw q1, Ny,
4y, my. The parameter s, can be computed by sy = 1 - Y7, s;. It is
also important to note that the Poisson’s ratio v is assumed to be 0.3.
Additionally, the brittleness and compaction of the material are not
considered in the current model.

4.2. Finite element model

An axisymmetric finite element model was built using the commer-
cial software Abaqus®. The specimen was modeled as a deformable
body and meshed with linear triangular (Abaqus® designation CAX3)
and quadrilateral (CAX4) elements. The indenter was modeled as a
rigid surface. A gradient mesh where the mesh size increases with
distance from the indenter was employed (Fig. 8a). A sensitivity anal-
ysis confirmed that this mesh was sufficiently fine to achieve a nearly
converged solution, numerical stability, and largely mesh-independent
results. A general frictionless surface-to-surface contact is defined be-
tween the deformable body and the rigid indenter. It is assured that
a reasonable friction value (ur < 0.1) does not alter the results
significantly. Appropriate contact stabilization is used to deal with
single-point contact that happens at the beginning of the simulation.
Again, it has been checked that the influence on the simulation results
is negligible.

The bottom of the deformable body is fixed and appropriate ax-
isymmetric boundary conditions are applied along the edges. The ex-
perimental loading history is specified as a boundary condition on the
indenter. Once the indentation is complete, the indenter is removed
and the bulk material is allowed to rest for a very long time (10® s ~ 3
years) to dissipate the viscous effects. The indentation depth recorded
at the end of rest time is denoted as residual indentation, 4, since the
rate at that time displacement is less than machine accuracy, no further
relaxation can be calculated. The displacement history of the indenter
during the indentation and residual indent after the rest time are the
outputs of the simulation, as they are dependent on the input material
parameters.

Materials Today Communications 39 (2024) 108892

4.3. Parameter identification through inverse analysis

The parameters for the PRF material model are determined from
an inverse problem-solving approach henceforth called inverse anal-
ysis. The flowchart of this approach is shown in Fig. 6. The inverse
analysis starts with an initial guess of the material parameters. A
nanoindentation simulation with boundary conditions replicating real
nanoindentation experiments is performed. The simulated displacement
histories are then compared with experimental displacement histories
and the error is calculated using an error function. If the error satisfies
a defined stopping criterion, the parameters are accepted as the opti-
mized material parameters, else another iteration is performed. To this
end, the algorithm takes a ‘step’ in the parameter space using the Nelder
Mead algorithm and uses an updated set of material parameters for
the next iteration. This iterative process continues until the error value
meets the stopping criterion. The effectiveness of the inverse analysis
depends on the following factors:

» Optimization algorithm
+ Error function and stopping criterion
+ Initial parameter set

4.3.1. Optimization algorithm

Various optimization algorithms have been proposed so far. Global
optimization schemes like simulated annealing algorithms (e.g., dual
annealing, evolutionary algorithms like differential evolution, etc.) are
computationally expensive but often the best choice if there is no
prior information about the location of the solution in the parametric
space. However, in the current scenario where each finite element
simulation takes between 5-10 min, global optimization schemes are
on one hand practically infeasible due to their high computational
costs. At the same time, mechanistic insights into the physics of the
system allow at least some confinement of the region in the parameter
space where the optimal solution is likely located. In such cases, local
optimization algorithms are typically a good choice. Unfortunately, the
widely used class of gradient-based local optimization algorithms is
not suitable here because of the high computational cost of calculating
the Hessian of the error function. Among the many non-gradient local
optimization algorithms, the Nelder-Mead optimization algorithm has
been proven suitable for this application. Various previous studies [82-
86] have successfully used this algorithm for parameter identification
using nanoindentation albeit for other material models.

4.3.2. Error function and stopping criterion

The error function é(h*) at any given time ¢ is defined by a piece-
wise continuous linear function as shown in Fig. 7. Within the ex-
perimental scatter band (i.e. pink area in Fig. 7) the error is equal
to absolute value of the relative error of the simulation from the
experimental curve given by |":;hx | where h¢ and h* are experimental
and simulated displacements at the same time 7. By contrast, outside the
experimental scatter band, the error is calculated by a line with slope
of i:,?() indicating that the error increases steeply when the simulation
leaves the desired experimental scatter band.

The error function é(h*) at any given time ¢ is defined as
1000k, — ) + ¢,

, ifx<ht
hg, L
I~ h|
o(h') = ——2. if ¢ < x <he an
o
100(h* — RS ) + he
— 9 U ifx>he
h(e) u

where the superscripts e, s denote experiment and simulation, re-
spectively, subscripts L, U, O denote lower bound, upper bound and
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Fig. 6. Flow chart for inverse analysis.

\ 4
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Fig. 7. Piece-wise continuous error function é(h,) where the error increases much more
steeply outside the experimental scatter (red) band than inside. Here, the superscript
e, s denote experiment and simulation respectively, subscript L, U, O denote lower
bound, upper bound and average of experimental scatter band respectively, and # is
displacement.

average of experimental scatter band respectively, and 4 is displace-
ment (indentation depth). The error for a load case is given by average
of error function ¢ values at points A, B and C as shown below

&(h%) + &(hy) + ()

e= 3 12)

where h', hiy, hy, are simulated displacements at points A, B, C (see
Fig. 2) respectively.

The error of a nanoindentation simulation is calculated by averaging
the displacement error values at 3 different times: (1) the end of loading
period (Point A in Fig. 2, displacement corresponding to 4,), (2) at the
end of creep period (Point B, displacement 4,,,,) and (3) at the total end
time of residual indent calculation (10% seconds, Point C, displacement
h,).

The Nelder-Mead algorithm works by reflection and contraction
of vertices of a simplex in the parametric space. When all possible
transformations of a particular simplex did not improve the error by
more than 1075, the iteration scheme was stopped and the minimum
assumed to be reached.

4.3.3. Initial parameter set

The selection of an initial parameter set is critical for local op-
timization algorithms. These algorithms, including the Nelder-Mead
algorithm, are susceptible to becoming trapped in a local optimum
if the initial point is in proximity to a local optimum. Furthermore,
a suitable initial point enhances convergence speed and algorithmic
stability.

The average E during CSM loading for all load cases ( Table 1)
is 37.4 GPa. Additionally, microcantilever beam bending and micro-
column compression tests [24] showed that the yield strength under
compression is 1.2+ 0.1 GPa. Hence the trust region for E and o, is set
to be [15,40] GPa and [700, 1300] MPa respectively.

As for the material parameters that determine time-dependent be-
havior, for the material model 1PRF, it turns out difficult to make initial
guesses for the values of s; and ¢, necessitating a more expansive
parametric space for these parameters. Based on commercial material
model libraries like MCalibration [87], the parameter n; should lie for
polymer composites between 3 and 8. In summary, the trust region
for the material parameters of the 1PRF model is set as follows: E €
[15,40] GPa, s; € [0.1,09], q; € [500,10*] MPa, n, € [3,8], o, €
[700, 1300] MPa.

For the material model 2PRF, defining a reasonable region in the
parametric space is possible on the basis of the material model 1PRF
parameters. The range for parameters shared with the 1PRF model is
narrowed, as significant deviations are not expected. The new param-
eters ¢, and n, are anticipated to differ in magnitude from ¢, and n,.
Thus, their ranges are set as: ¢, € [10*,10%] MPa, n, € [6, 12]. The range
of s, is set such that 2?:0 s; = 1.0.

Before the inverse analysis is performed, a sparse brute force evalu-
ation of the error function is conducted throughout the whole above
defined trust region within the parameter space. This evaluation is
aimed to identify promising starting points with low error values,
representing initial input material parameter sets for subsequent local
optimization.

Finally, the inverse analysis is carried out using three load cases
LC1, LC4 and LC5, to ensure that the effects of strain rate and target
depth are captured. The load case LC3 is used for validation.

5. Computational results and discussion
5.1. Mesh sensitivity analysis

The effect of finite element size is investigated by simulating the
same load case with identical material parameters while varying the
element size. This mesh analysis is conducted using the LC1, as it can
be expected to exhibit a particularly high mesh sensitivity due to the
particularly high indentation depth and strain rate. The bulk material
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Fig. 8. (a) Indenter (simulated by a rigid contact boundary condition) and material sample meshed with optimal mesh (Mesh II) with element sizes varying from 0.1 to 1 pm, (b)

Displacement history curves (till 3500 s) for different mesh sizes.

is meshed using a gradient mesh, wherein the element size increases
with the distance from the indenter’s first contact point (Fig. 8a). The
displacement histories are compared for simulations with the following
gradient meshes: Mesh I (0.05 to 0.5 pm), Mesh II (0.1 to 1 um), Mesh
III (0.2 to 2 pm), and Mesh IV (0.4 to 4 pm) (Fig. 8b).

It is crucial to examine the effect of element size on the dis-
placement (indentation depth) at the end of the loading period (point
A), the end of the creep period (point B), and the time of residual
indent measurement (point C), as the displacements at these points are
utilized to evaluate the error function. The average percentage change
in displacement values at these points of interest (A, B, C) from Mesh IV
to Mesh III is 1.34%. Similarly, the change from Mesh III to Mesh II is
1.43%, and from Mesh II to Mesh I, it is 0.38%. Therefore, we consider
the solution obtained with Mesh II as sufficiently converged and thus an
optimal trade-off between accuracy and computational cost. It has also
been observed that, for Mesh II under LC1, the model’s surface length is
5.26 times the contact length at point B. Although larger models have
been shown to slightly alter the results, the size of the current model
represents an optimal balance between accuracy and simulation time.

5.2. Material model 1PRF

When performing the local optimizations, a set of spatially close
starting points was used to demonstrate convergence towards the same
local minimum. The material parameters of the local minimum are
summarized in the Table 2. The average error at the local minimum
between the simulated displacements and the corresponding experi-
mental displacements at points A, B, and C across the three load cases
was found to be 8.2%. The displacement histories till the end of the
creep period and displacement values of experiments and simulations
are shown in Fig. 9, respectively.

Among the starting points explored, none were found to yield a
lower error value than those presented in Table 2. This suggests that
the identified local minimum may also be the global minimum. The
simulations reached the residual indent position h, after (on average)
33.26 days after the unloading and approximately 95% of the relax-
ation occurred within the first 20.32 h after unloading, as averaged
across the three load cases.

5.3. Material model 2PRF

Similar to the material model 1PRF, the inverse analysis results us-
ing the material model 2PRF are tabulated in Table 2. The average error

at the local minimum between the simulated and the corresponding
experimental displacements at points A, B, and C across the three load
cases was found to be 7.6%. The displacement histories till the end of
creep period and displacement values of experiments and simulation
at points A, B, C are shown in Fig. 9, respectively. On an average, it
took approximately 5.68 h for the viscous effects to dissipate after the
experiments to reach 95% of the simulated residual indent position,
h,. The final value h, was reached after 7.79 days. Hence, the material
model 2PRF reaches 95% of the simulated residual indent position 3.57
times faster than the model 1PRF, s, was reached 4.26 times faster.

5.4. Validation

For model validation, we retained the data of the LC3. That is,
these data were not used during the parameter fitting process and
could thus not affect the values of the material parameters determined
in this process. To study how the material models defined by these
values generalize beyond the load cases used for the fitting process, we
simulated with these material models the indentation process in case
of the above defined validation load case. With the material model
1PRF and 2PRF, this yielded an average relative error between the
experimental and simulated results of 11.16% and 10.8%, respectively.
This demonstrates that our material model generalized well beyond
the load cases used for the determination of the material parameters.
The displacement histories for the experiments and simulations in the
validation load case along with the displacements at points A, B, and
C, are illustrated in Fig. 10.

5.5. Discussion

Both 1PRF and 2PRF material models exhibit a high yield strength
of approximately 800 MPa, which agrees well with the findings of
previous cantilever beam bending and microcolumn compression ex-
periments [24].

Whereas the CSM mode of the nanoindenter provided on average
the (instantaneous) Young’s modulus of 37.4 GPa, our inverse anal-
ysis yielded (on average) 19.77 GPa. This discrepancy can likely be
attributed to the inherent complexities and potential sources of error in
nanoindentation experiments on viscoelastic materials. As outlined in
the literature [88-91], nanoindentation tests for viscoelastic solids are
fraught with issues including measurement of time constants, actuator
dynamics, indenter size effects and inconsistencies between experi-
mental conditions and modeling assumptions. These errors can be
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Material model 1PRF, 2PRF parameters obtained from the inverse analysis.

Model E [GPa] K q, [MPa] ny 55 g, [MPa] n, [ [MPa] Error (e) [%]
1PRF 20.8 0.66 1385 3.4 - - - 805 8.2%
2PRF 18.8 0.56 1489 3.0 0.023 2.31e5 7.8 771 7.6%

further amplified in small contact dimensions, where the outputs may
be dominated by the measurement system itself. Generally, one can
assume that the CSM-based calculation of Young’s modulus is based on
a less accurate mechanical model than our inverse analysis. Therefore,
it appears reasonable to consider 19.77 GPa the more accurate and
trustworthy value of Young’s modulus.

Regarding the material time dependent behavior, the non-trivial
value for s, shows that the material has significant time dependent be-
havior. The values of the stress exponent n,, n, fall within the expected
range for polymers (3—8). However, these values are different from the
previous nanoindentation creep study [25], because the current study
calculates the stress exponent for the entire creep regime, as opposed
to quasi-secondary creep regime, done in the previous study [25].

In our study, we compared two different generalized Maxwell mod-
els (1PRF with 5 parameters, 2PRF with 8 parameters) and the optimal
material parameters of both resulting from the inverse analysis are in
good agreement. This supports that the parameters of the model are
representative of physical reality and not just rather random results of
the solution of an ill-posed problem, which may sometimes happen in
case of generalized Maxwell models with two many parallel branches.

6. Conclusions

In this study, the time-dependent behavior of supercrystalline
nanocomposites, specifically those formed by the self-assembly of iron
oxide particles surface-functionalized with organic oleic acid, was
explored numerically using a continuum mechanics framework for the
first time.

Initially, nanoindentation creep experiments are conducted using a
spherical tip under 3 different loading strain rates and 3 different target
indentation depths. These experiments are simulated using the finite
element software Abaqus®. Two types of generalized Maxwell material
models, referred to as 1PRF and 2PRF, were employed. They accounted
for elastic—plastic behavior as well as for viscoelasticity with one and
two parallel branches, respectively. This approach significantly goes
beyond the simple Drucker-Prager elastoplastic material model used
in previous studies. The parameters of our generalized Maxwell mod-
els were determined through inverse analysis, a method that proved
effective in this context.

The inverse analysis was performed on three load cases and a fourth
load case was used in the validation. The mean relative error between
the simulated displacements and the corresponding experimental dis-
placements at characteristic time points of the three load cases used for
inverse analysis was found to be 8.2% and 7.6% for our two generalized
Maxwell models, respectively. Using the parameters determined by this
inverse analysis in the fourth (validation) load case yielded errors of
11.16% and 10.8% for the two material models, respectively. This
confirms that the material models determined by our inverse analysis
generalize well beyond the loading scenarios used for parameter fitting.
Our analysis found creep stress exponents n,, n, in the range between
3 and 8 and an instantaneous elastic modulus of E = 19.77 GPa. Note
that this value is only around half as large as the one provided by CSM.
The reason is likely the more accurate mechanical model underlying to
our inverse analysis making the value of E = 19.77 GPa likely more
trustworthy than the one that can be obtained with CSM.

Considerations must be made for the unique constraints of this
study. Validation of the models under a broader range of experimental
conditions with lesser experimental scatter is recommended. However,
due to the small dimensions of the material samples used in this study,
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a more comprehensive range of experiments has not been feasible so
far and may form an avenue of future research.

This study not only advances the understanding of supercrystalline
oleic acid nanocomposites but also provides robust models for predict-
ing their time-dependent behavior. For practical applications, ideally
the current modeling methodology is more effective with lesser exper-
imental scatter. The large experimental scatter in the current scenario
affects the robustness of the material parameters. Finally, the current
study forms the basis for modeling a second hierarchical level in the
microstructure of these materials, which is the matter of our ongoing
research.
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