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Summary:

To get a better insight and understanding concerning the mechanical behavior of bio-inspired
layered materials consisting of oxide ceramics (Titanium dioxide, TiO;) and organic layers
(Polyelectrolyte, PE), numerical and analytical methods and models are applied on the
microscopic scale. The investigations are concentrated on the elastic properties of the ceramic
phase, the viscous behavior of the organic phase as well as the interlayer properties and the
single layer dimensions and their influence on the elasticity, hardness and ductility of the bio-
inspired layered structures. Finite Elements simulations of nanoindentation and tensile tests
have been performed of the layered nanocomposite (see Fig. 1 right) in order to derive the
mechanical properties of the nanocomposite and of the pure components. In Figure 2 one
example of a nanoindentation simulation of a nanocomposite with a 10 nm thick layer of PE
is presented. The influence of the thickness ratio of the organic phases on the hardness and
Young’s modulus on the layered nanocomposite are analyzed.

Si substrate

Fig. 1: The shell of an Abalone and the detailed view of it. Nacre, a part of the shell composed out of
protein and Aragonite, which is interesting for its mechanical properties, is shown in even more detail
in the yellow colored magnification. On the right a microscopy picture of artificial nacre is shown. The
different layers and the substrate are marked.!"

[UBurghard, Z.; Zini, L.; Srot, V.; Bellina, P.; van Aken, P.A.; Bill J., Toughening through nature-
adapted nanoscale design, Nano letters 2009 American Chemical Society, 9(12), 4103 8.
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Fig. 2: Contour plots of von Mises stresses at different stages of simulation of a nanoindentation test
of a five-fold layered TiO,/PE-nanocomposite, the layer thickness of TiO, is 100 nm and the layer
thickness of PE is 5 nm. a) and b) show two stages of the beginning of the indention process, c) shows
the maximum depth of the indenter and d) and ¢) show two stages of relaxation during unloading of
the material. The stress is distributed up to the base of the model. The figure in the left upper corner
shows the stages a) to e) on the Force-Penetration curve (with different PE-layer thicknesses).
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The modeling of the material behavior of composites is generally based on a model for the
behavior of each constituent or phase of the composite. For the calculation of the
nanoindentation behavior of a layered TiO./PE structure the stress-strain curves of both
phases (TiO; and PE layer) are required. For the definition of the stress-strain behavior of the
constituents a own developed methodology involving the combination of nanoindentation
technique and Finite Element Method to characterize the mechanical (elastic and plastic)
behavior of the titanium oxide thin film is applied. An example for a parameter study is
shown in Fig 3a compared to the experimental results.

Based on the results of the parameter study, the simulations of the nanocomposite can be
conducted. Compared with the experimental results, it shows a difference in the Young’s
modulus. With incorporation of the concept of mineral bridges, (which are structures in
natural nacre that connect two layers of Aragonite) the resulting Force/Penetration curves of
the nanoindentation experiment can be explained and simulated. The results of the simulations

and the results of the analytical model with mineral bridges are presented in Fig. 3b.
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Fig. 3: Parameter studies of mechanical properties of the constituents of the artificial nacre using
continuum mechanics methods: a) The comparison of Force-Penetration curves, obtained from
nanoindentation experiments (continuous line) and from FE-simulations with a variation of
parameters: Young’s modulus E = 27 GPa and yield stress 0y, = 0.2 GPa and variation of work-
hardening coefficient: h = 5.84, 4.84 and 5.44 GPa; b) The dependence of the Young’s modulus of the
layered TiO,/PE-nanocomposite on the thickness ratio of the constituents. The comparison of the
experimentally defined Young’s modulus with the one derived from FE-simulations of
nanoindentation test. All models include mineral bridges with a very high Young’s modulus of
282 GPa (experimental curve and the curve calculated with the Zahl et al. model are overlapping).

As can be seen, at all volume fraction ratios of the layers, the results show good qualitative
agreement with the experimentally gained results but the nanoindentation simulation
underestimate the Young’s modulus as obtained in the experiments and from the analytical
model with taking into account the same volume fraction of mineral bridges. This can be
attributed to the complex state of stress during indentation and the anisotropic nature of the
layered material. For the verification of the results obtained from FE-simulations of the
nanoindentation tests, the tensile test experiments have been simulated with the same volume
fraction of mineral bridges.

Future works will concentrate on the influence of the thickness ratio of the layers on crack

propagation and crack prevention.
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