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| Forthe first time, the three-dimensional (3D) internal structure of naturally produced Didymosphenia
. geminata frustules were nondestructively visualized at sub-100 nm resolution. The well-optimized

" hierarchical structures of these natural organisms provide insight that is needed to design novel,

' environmentally friendly functional materials. Diatoms, which are widely distributed in freshwater,

| seawaterand wet soils, are well known for their intricate, siliceous cell walls called ‘frustules’. Each

! type of diatom has a specific morphology with various pores, ribs, minute spines, marginal ridges and
. elevations. In this paper, the visualization is performed using nondestructive nano X-ray computed

' tomography (nano-XCT). Arbitrary cross-sections through the frustules, which can be extracted

* from the nano-XCT 3D data set for each direction, are validated via the destructive focused ion beam

! (FIB) cross-sectioning of regions of interest (ROIs) and subsequent observation by scanning electron

| microscopy (SEM). These 3D data are essential for understanding the functionality and potential

. applications of diatom cells.

* Diatoms (Bacillarophyceae) are unicellular, eukaryotic and ph trophic organisms that inhabit aquatic and
! terrestrial environments. An estimate of diatom diversity ranges from 100,000 to 200,000 species', Diatoms are
! characterized by the presence of a siliceous cell wall called a ‘frustule! The size of a single diatom frustule ranges
. between 1 um and 5.6 mm**, The species from the lowermost region of the spectrum can range from lpm toa
\ couple of dozen micrometres (e.g. Li et al., 2016)". Likewise, the species from the largest part of the size spectrum
i can exceed 5 mm at the maximum but are never smaller than ca. 0.8-1.0 mm. Despite a broad size range of the
* siliceous exoskeleton in diatom cells, their ultrastructural elements (ornamentation) possess a strict pattern and
! quantitative measure. Morphometric characters, where characters are described in proportion to the cell size,
* such as the density of ribs, stria, or pores in 10pm, or mathematical descriptions of the pore shape have become
: more common in diatom identification. These morphometric characters have been shown to be species specific
! and genetically controlled". Therefore, if the measurements are performed on cells across the size range, these
! patterns of ornamentation remain the same, For example, the stria density in 10 pm will remain within the same
* range in a species, regardless of cell size.

. The diatom frustule is mainly composed of biogenic opaline silica and either organic polymers” or chitin'".
! The frustule comprises two overlapping valves with a few to many girdle bands that enclose the protoplast''""".
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Diatom frustules, with their diverse three-dimensional regular silica structures and nano- to micrometer
dimensions, represent perfect model systems for biomimetic fabrication of materials and devices. The
structure of a frustule of the diatom Didymosphenia geminata was nondestructively visualized using
nano X-ray computed tomography (XCT) and transferred into a CAD file for the first time. Subsequently,
this CAD file was used as the input for an engineered object, which was manufactured by applying

an additive r facturing technique (3D Selective Laser Melting, SLM) and using titanium powder.

The self-similarity of the natural and the engineered objects was verified using nano and micro XCT.

The biomimetic approach described in this paper is a proof-of-concept for future developments in the
scaling-up of manufacturing based on special properties of microorganisms.

Diatoms have been studied by biologists since the 18" century because of their unique, intricately patterned
silica cell walls (frustules) coupled with their abundance in various aquatic and terrestrial environments. Even
today, frustule shape, size, patterning and structure, observed in light and electron microscopes, are still the
primary characteristics to identify diatom species' . Recently, diatoms have attracted growing attention from
the engineering community since their hierarchical structure and the functionality of their frustules (which is
comprised of parts or two valves) have, through the long evolution of the group, achieved levels of precision
not accomplished with artificial structures factured by h Natural organisms like diatoms, which are
characterized by a hierarchical architecture and a large variety of morphology, have a huge potential to be utilized
as original patterns for the Jesign of advanced materials with dedicated application-specific properties. Some
applications have been described in literature (see*).
The major engineering approaches based on diatoms include:

(a) understanding and modelling of their mechanical properties™;

(b) exploring the use of diatom shells in drug delivery™'’;

(c) development of a next-generation solar cells'''*, micro-lenses'*'*, optical sensors and biosensors'*'*;
{d) production of biofuels on a commercial scale'’;

(e) formation of nanostructured metallic micro-shells using frustules as templates' ",

‘lo understand the unique properties of diatoms, their interior (hierarchical sub-structure) has been studied
based on microscopic imaging of cross-sections of the shells***. Such two-dimensional (2D) visualization of
biological objects is a routine task. Commonly, focused ion beam (FIB) serial cutting and subsequent scanning
electron microscopy (SEM) imaging is the approach of choice for preparing and examining specimens at target
sites™’. The three-dimensional (3D) object is reconstructed from a large number of 2D images. However, the
serial cutting approach has several disadvantages for the accurate representation of structures. A major drawback

*Faculty of Mechanical Engineering, Bialystok University of Technology, 45C Wiejska Str., 15-351, Bialystok, Poland.
*Fraunhofer Institute for Ceramic Technologies and Systems IKTS, Maria-Reiche-Strasse 2, 01109, Dresden,
Germany. 'Faculty of Materials Science and Engineering, Warsaw University of Technology, 141 Woloska Str.,
02-507, Warsaw, Poland. *Materialscare LTD, 10/1 Zwierzyniecka Str., 15-333, Bialystok, Poland. *Dresden Center
for Nanoanalysis, Dresden University of Technology, 01062, Dresden, Germany. *National Institute of Water &
Atmospheric Research Ltd., 10 Kyle Str., Riccarton, P.O. Box 8602, Christchurch, New Zealand. *email: i zglobicka@
pb.edu.pl
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Abstract: Numerous engineering applications require lightweight structures with excellent absorp-
tion capacity. The problem of obtaining such structures may be solved by nature and especially
biological structures with such properties. The paper concerns an attempt to develop a new energy-
absorbing material using a biomimetic approach. The lightweight structure investigated here is
mimicking geometry of diatom shells, which are known to be optimized by nature in terms of
the resistance to mechanical loading. The structures mimicking frustule of diatoms, retaining the
similarity with the natural shell, were 3D printed and subjected to compression tests. As required,
the bio-inspired structure deformed continuously with the increase in deformation force. Finite
element analysis (FEA) was carried oul to gain insight into the mechanism of damage of the samples
mimicking diatoms shells. The experimental results showed a good agreement with the numerical
results. The results are discussed in the context of further investigations which need to be conducted
as well as possible applications in the energy absorbing structures.

Keywords: bio-inspired structure; diatom frustule; compression test; energy absorption

1. Introduction

Nowadays, light materials are of high interest almost in every branch of industry.
Examples of extensively researched materials of light specific weight include high closed
porosity foams and open porosity percolated structures. In the case of foams, the metal-
based one, especially metal matrix syntactic foams (MMSFs) have become more and more
important due to their desired properties (high energy absorbing and damping capability
and low density) as well as numerous perspective applications (e.g., automotive) [1-6].

A relatively new research line emerging recently is focused on filling out load-bearing
elements with light constructs of specific morphology—see for example [7-12]. The di-
rection of these experiment is strictly related to their (materials and structures) energy-
absorption properties.

The crushing behavior of axially loaded square aluminum extrusions with aluminum
foam filler has been investigated by Hanssen et al. [7]. The parameters which were consid-
ered by Authors were: loading condition, foam density, extrusion wall strength as well as
extrusion wall thickness. The experimental data were used to develop design formulas in
order to predict average crush forces for both quasi-static and dynamic loading conditions.
Nevertheless, also numerical prediction of the crushing behavior of aluminum foam-filled
columns, can be investigated [8]. The finite element modeling developed by Santosa et al.,
based on available experimental data, clearly showed that crush behavior of the foam-filled
column may be correctly predicted. In turn, Toksoy et al. investigated the strengthening
effect of commercially available polystyrene foam as a filler for Al tubes [9]. As a result,
the existence of an interaction effect which appeared as increase in average crushing load
for foam filled tubes, in comparison to results of investigations of the tube and the foam,
has been separately confirmed. Further experiments of the mechanisms of interaction
effect between the tube and foam has been conducted by Yamada et al. [10]. The internal

Metals 2021, 11, 881. https:/ /doi.org/10.3390/met11060881
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OPEN Insight into diatom frustule

Scientific Reports |

structures using various imaging
techniques

Izabela Zgtobicka® *, Jirgen Gluch?, Zhongquan Liao?, Stephan Werner’,
Peter Guttmann®, Qiong Li?, Piotr Bazarnik®, Tomasz Plocinski‘, Andrzej Witkowski® &
Krzysztof J. Kurzydlowski*

The diatom shell is an example of complex siliceous structure which is a suitable model to
demonstrate the process of digging into the third dimension using modern visualization techniques.
This paper demonstrates importance of a comprehensive multi-length scale approach to the bio-
structures/materials with the usage of state-of-the-art imaging techniques. Imaging of di 1
applying visible light, electron and X-ray microscopy provide a deeper insight into the morphology of
their frustules.

Nature is a source of complex materials which possess a wide range of complementary or synergistic properties.
Multi-scale structures in biological organisms determine their behaviour, simultaneously this elegant perfection
makes scientists awestruck. Beyond delight, engineers make attempts to emulate solutions as well as designs
invented by Nature in man-made innovations. A range of technological advances inspired by living organisms
also known as biomimicry is broad and become widespread'=. There is no doubt that solutions presented by
Nature are well ahead of every engineering material. The standard approach in materials science as well as
mechanical engineering is to conduct insightful observations of such materials/structures. Nevertheless, the
key for understanding the structures of natural organisms is to develop new but firstly adapt already known
methods for high resolution imaging.

One group of ubiguitous microorganisms demonstrating the diversity in the morphology and structure, on
various scales, are diatoms'~"", The morphology of their siliceous shells (= frustules) is highly elaborated. Sub-
stantially, many details responsible for the properties of these structures, e.g. mechanical ones, may be observed
by high-resolution imaging'“"*, According to the literature, the mechanical properties of the diatom frustule
depends on the location. Experiments conducted on Navicula pelliculosa showed that the highest values of the
clastic and hardness modulus, respectively up to hundreds of GPa and up to 12 GPa, have been obtained at the
central part of the frustule’’. These results have been confirmed by Subhash et al.'” conducting investigations of
hardness and fracture modes of the frustule of Coscinodiscus concinnus, higher values have been obtained in the
central nodule which is solid. In addition to this, the fracture resistance also depends on the size of the diatoms'™.
‘This values are regarded as remarkably high, for shells made of relatively soft bio-silica'* and discussed in terms
of guarding cells inside frustules against predators'".

Advances in studies of diatoms are dating back until the early nineteenth century™’. Beginnings were associ-
ated with hand illustrations, based on light microscopy observations. The further development of this technique,
lead to the possibility to record images of observed samples using a camera. Further improvement of the research
methods include application of electron microscopy (EM), both scanning and transmission electron microscopy
(SEM, TEM)'", Electron microscopy allows to examine the structures of a single shell with much greater detail.
Nevertheless, progress in knowledge of the construction, based on EM, is always a matter of good luck—as a
consequence of the sample position arrangement. Authors made also attempts of various sample preparation
procedures relying on putting a single frustule on a stub. However, none of these approaches did allow to observe
cross-sections of the natural structure. This limitation has been overcome by the Focused lon Beam (FIB) tech-
nigue. This technigue is an option to provide information about internal structure by ion-based cutting of the
sample. Several diatoms species have been investigated using FIB-SEM'"*'~*". Non-destructive investigations

*Faculty of Mechanical Engineering, Bialystok University of Technology, Bialystok, Poland. *Fraunhofer
Institute for Ceramic Technologies and Systems (IKTS), Dresden, Germany. *X-Ray Microscopy Department,
Helmholtz-Zentrum Berlin (HZB), Berlin, Germany. ‘Faculty of Materials Science and Engineering, Warsaw
University of Technology, Warsaw, Poland. *Institute of Marine and Environmental Sciences, University of Szczecin,
Szczecin, Poland. “email: i.zglobicka@pb.edu.pl

(2021) 12:14555 | https://doi.org/10.1038/s41598-021-94069-9 nature portfolio
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Titanium matrix composites
reinforced with biogenic filler

Izabela Zglobicka® ", Rafal Zybala®?, Kamil Kaszyca?, Rafal Molak®, Monika Wieczorek?,
Katarzyna Recko*, Barbara Fiedoruk* & Krzysztof J. Kurzydlowski*

Novel metal matrix composites (MMCs) have been fabricated with Ti6Al4V matrix and a biogenic
ceramic filler in the form of diatomaceous earth (DE). Mixtures of DE and Ti6Al4V powders were
consolidated by the spark plasma sintering (SPS) method. Microstructure of the consolidated samples
has been investigated with microscopic techniques and XRD. Thermomechanical characteristics

have been obtained using small-sample techniques. The results obtained indicate that the fabricated
composites show outstanding mechanical and thermal properties due to synergic effects between the
filler and the matrix (beyond the rule of mixtures).

Metal matrix composites (MMCs) are a new class of engineering materials of tunable mechanical and functional
properties’. One of the most frequently used matrices of MMCs is titanium and titanium alloys, such as dual-
phase Ti6Al4V™.

Widely used reinforcements of Ti alloys-based composites reported in the literature are: TiB, TiC, TiB,, TiN,
B,C, ZrC, SiC, AL,O,, and carbon nanotubes™’. Because of the high chemical reactivity of Ti during the con-
ventional ingot metallurgy process, but also to reduce the cost and material loss in the manufacturing process,
the commonly employed method of manufacturing TMC with discontinuous filler (particles or short fibers) is
powder metallurgy (PM)*-*". The key parameters that ensure good composite performance are homogeneous
dispersion of reinforcement and high adhesion to the matrix.

Depending on the reinforcement and matrix reactions, ex-situ and in-situ fabrication methods may be
distinguished''. Composites with thermodynamically stable ceramics, such as SiC, TiC, TiB, or ZrC, are pro-
cessed ex-situ. This route does not change either the particle size or their morphology and results in superior
mechanical properties (wear resislance and friction coefficient under dry sliding conditions, etc.). The reactivily
of the titanium matrix with boron, carbon and nitrogen allows for in-situ processing. The better interfacial bond-
ing obtained by in-situ methods results in enhanced tribological performance of these composites.

Furthermore, there are two possible approaches of MMC in PM, known as the blended elemental (BE) method
and the pre-alloyed (PA) powder method™". The elements obtained via the BE method show lower mechanical
properties, whereas the mechanical properties of MMCs in PM manufactured by the PA method are comparable
to those produced with Ti alloys”.

Wrought Ti6AI4V alloy exhibits tensile strength in the range of 850-1200 MPa, with ductility between 3 and
269" -'*, Tensile strength of PM Ti6Al4V depends on the porosity and microstructure.

Element sintered by BE imparts strength in the range 750 to 900 MPa™"~*" with elongation 3 to 13%"'"-*,
PA Ti6Al4V exhibits a wide range of the tensile properties - 700 to 1070 MPa with 7.5-21% for ductility™'™*" *,
The higher limit of strength is obtained for PA elements with 100% density™.

Ti is also known to react with Si, and because of the beneficial effect of Si addition on the oxidation and creep
resistance of Ti-X-Si alloys, Ti-Si systems continue to attract technological interest’". The equilibrium phase
diagram indicates five silicide phases, four fully stoichiometric (TiSiy, TiSi, TisSi;, and Ti;Si), and one non-
stoichiometric (Ti;Siy). Metal silicides, among intermetallic compounds, are generally considered as imparting
good mechanical/physical properties™.

The potential source of Si may be silica (SiO;) which occurs in different types, i.e., fumed silica, precipitated
silica from alkali silicates, clays, glass as well as silica from the dissolution of minerals™ ",

As previously mentioned, Si-rich fillers for advanced composite materials are diatom frustules. There has
been a systematic growth in the number of publications reporting advanced applications of diatoms in recent
years”. ‘The interest in material properties of diatoms is determined by their unique hierarchical organization
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Abstract: The poly(lactic acid) (PLA) biodegradable polymer, as well as natural, siliceous reinforce-
ment in the form of diatomaceous earth, fit perfectly into the circular economy trend. In this study,
various kinds of commercial PLA have been reinforced with diatomaceous earth (DE) to prepare
biodegradable composites via the extrusion process. The structure of the manufactured composites
as well as adhesion between the matrix and the filler were investigated using scanning electron
microscopy (SEM). Differential scanning calorimetry (DSC) analyses were carried out to determine
crystallinity of PLA matrix as function of DE additions. Additionally, the effect of the ceramic-based
reinforcement on the mechanical properties (Young’s modulus, elongation to failure, ultimate tensile
strength) of PLA has been investigated. The results are discussed in terms of possible applications of
PLA + DE composites.

Keywords: PLA composites; diatomaceous earth; extrusion; biodegradable composites

1. Introduction

The latest trends in the development and manufacturing of novel materials are strictly
related to the idea of the circular economy because of the environmental concerns as well
as finite petroleum resources [1]. This approach particularly applies to polymer-based
materials and results in increasing interest in research and development (R and D) work
focused on biodegradable polymers.

One of the most promising and during the last decade the most intensively investigated
biodegradable polymer is poly(lactic acid) (PLA). An advantage of the PLA is its commercial
availability and remarkable properties which shall be tuned-up to meet the needs of
specific applications. Properties of PLA can be further enhanced by various reinforcements:
fibers (e.g., flax, kenaf, glass fibers) as well as particles (e.g., talc, hydroxyapatite, calcium
carbonate) [2]. In the context of circular economy, diatomaceous earth—naturally occurring
and consisting of fossilized remains of diatoms—is a promising modifier of PLA. One
characteristic feature of diatoms is their highly ornamented siliceous shells, called frustules,
which are known to have excellent resistance to cracking [3,4]. Recent research results
clearly show that diatoms may also impart useful functional properties to diatom-reinforced
composite materials [5-7].

Composites of PLA modified by DE have been recently studied by Dobrosielska
et al. [6]. They demonstrated that addition of diatomaceous earth results in an increase in
the tensile strength. Highest mechanical strength has been observed for the composites with
1 wt% of reinforcement, which transforms to 5.5 vol%. Additionally, intact diatoms frustules,
obtained by aqua-agriculture, have been used as PLA reinforcement by Li et al. [8]. They
reported penetration of the siliceous frustules by polymeric matrix. The results obtained
by X-ray diffraction and differential scanning calorimetry analysis revealed that this type
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Abstract

Materials with complex hierarchical structure; called architectured materials or archimats, allow to
obtain properties unattainable for their standard form. This paper demonstrates that a multi-length
scale imaging is essential for explaining unique properties of such materials/structures, in particular
mechanical resilience. Original procedures for multi-scale imaging of biological structures/materials
using modern microscopic techniques (electron, ion and X-ray microscopy) are described as applied to
an integrated multi-scale description of the diatoms’ frustules. The results obtained allowed to advance
understanding of their mechanical properties and set the stage for production of advanced structural
and functional composite materials.

Keywords

architectured/hierarchical materials, frustules, imaging techniques, properties, bioinspiration

1. Introduction

Properties of standard materials are determined by their chemical compositions and microstructures,
the latter being controlled by fabrication technologies. With the variety of technologies available
nowadays and large number of well-established ways to select chemical composition, modern
materials science offers access to abundance of engineering materials with required mechanical and
functional properties. Nevertheless, for some advanced applications there is need to go beyond
properties offered by materials already to our disposal. This in particular is likely to happened if high
mechanical properties need to be combined with specific characteristics, e.g. light weight. Composites
are one of the examples of the ways of increasing the degree of freedom in shaping properties of
engineering materials. Over last decades, a number of metal-ceramic composites have been developed
for a variety of applications, among others for heat management [1,2]. However, the composites,
which by definition are made of dissimilar materials, have some inherent shortcomings related to the
interfacial phenomena (such residual stresses, heat and electricity resistance). Also, recycling of
devices made of composites is by far more difficult in comparison to one-material solutions.

Thus, a new approach has been recently proposed which is based on the concept of so called
architectured materials [3—6], morphology of which imparts functionalities otherwise not achievable.
This is possible because of the inner makeup of these architectured materials, or archimats which
include composition and internal structure designed at various scale levels. Examples of engineering
archimats include periodic cellular or ‘lattice’ materials, frequently 3D printed, which depending on
topology may have unusual mechanical properties, i.e., negative Poisson’s ratio [7,8]. It should be
noted that complexity of currently designed lattice materials is much reduced in comparison with
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