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3. Results and Discussion
3.1. Morphology Analysis and Density Measurements

SEM images of the reinforcement are shown in Figure 1. Figure 1A depicts particles
constituting DE used in this study. Figure 1B reveals the morphology of a single diatom
frustule characterized by a cylindrical shape with regular openings. The main species
within the diatomaceous earth used in the current investigations is Aulacoseira sp. This
species, found currently in seawaters, feature a zip lock between shells (Figure 1C) and
delicate struts reinforcing openings in their frustules (Figure 1D). This locking and struts
impart to the frustules’ high strength, taking advantage of which was one of the aims of
the present study.

v pot  mag el
200kV 60 5000x 4L4pum ETD 50mm 500,00 ns

Figure 1. SEM images of the reinforcement—diatomaceous earth: (A,B) frustules of Aulacoseira sp.,
(C) magnification of the zip between frustules, (D) magnification of the openings and structures
inside the openings.

Representative images of the composites’” structure prove fairly uniform distribution
of the DE within the polymeric matrix (Figure 2 and Figure S2 in the Supplementary
Information). Additionally, penetration of the diatoms’ inner cavities by PLA is evidenced.

Results of the measurement of the density of manufactured composites are presented in
Figure 3. The results obtained in the measurements of density clearly indicate a considerable
porosity, which increases linearly with the content of DE.

Images in Figure 4 reveal two major forms of the pores/voids: (a) delamination
between frustules and PLA matrix, (b) unimpregnated cavities of the frustules.
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Figure 2. SEM images of the cross-sections of PLA-DE composites showing the uniform distribution
of the reinforcement within the polymer matrix (A) 2003-5, (B) 3001-15, (C) 3251-10, (D) 4043-10.
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Figure 3. The average density of the manufactured samples against DE weight content in composites
with (A) 2003D; (B) 3001D; (C) 3251D and (D) 4043D PLA matrices: E—experimental, T—theoretical.

3.2. Effects of Diatomaceous Earth on the Crystallization of PLA

The effect of DE reinforcement on properties of PLA matrices is demonstrated by the
results of DSC test. DSC first heating curves of the composite with the PLA3001D matrix
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are shown in Figure 5. Experimental glass transition (Tg), melting temperature (Tr), heat
capacity and degree of crystallinity (X.) are given in Table 2. The DSC first heating curves
of other used PLA matrices are presented in the Supplementary Information (see Figure S1).

.o L
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Figure 4. SEM images of the voids (white arrows) in manufactured composites: (A) 2003-10, (B) 3001-5,

(C) 3251-15, (D) 4043-5.
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Figure 5. DSC scanning of PLA3001 and 3001 enriched with DE.
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Table 2. DSC results for the PLA and the PLA-DE composites.

o AC o AH, o AHn o
Sample Ty [°C] []4(g~°PC)—1] T, [°C] g1 Tm [°C] g 11 X [%]
2003-0 60.7 0.755 119.6 19.26 151.6 21.38 2.28
2003-5 61.1 0.734 125.1 11.35 151.9 15.76 4.97
2003-10 61.1 0.708 1211 7.16 151.1 13.29 7.30
2003-15 60.9 0.691 117.4 11.06 151.3 17.76 8.41
3001-0 61.9 0.710 121.0 33.34 169.2 41.44 8.69
3001-5 62.3 0.621 107.1 33.09 169.7 41.25 9.10
3001-10 62.2 0.599 104.6 29.69 170.4 37.69 9.45
3001-15 62.1 0.618 102.1 28.56 170.1 37.22 10.84
3251-0 61.7 0.719 107.3 36.46 171.7 44.58 8.75
3251-5 61.6 0.572 103.0 31.77 170.5 41.44 10.88
3251-10 61.4 0.683 102.1 33.11 170.5 45.12 14.28
3251-15 61.7 0.549 101.5 30.20 170.1 40.66 13.16
4043-0 61.5 0.759 122.3 11.90 151.8 16.63 5.09
4043-5 61.3 0.688 126.0 13.56 152.3 18.28 5.30
4043-10 61.4 0.685 123.9 13.50 152.7 18.72 6.21
4043-15 60.9 0.634 122.7 7.99 152.8 14.48 8.01

where (see Section 2.3 Experimental techniques for details): Tg the glass transition temperature; AC, change in
the heat capacity; T. maximum temperature pick of cold crystallization; AH, the cold crystallization enthalpy; Tr,
the maximum temperature peak of melting; AH,, melting enthalpy; X, the degree of crystallinity.

It can be concluded from DSC tests that addition of DE increased the enthalpy of PLA
crystallization phenomena taking place at lower temperatures (ca. 107-102 °C), proving the
nucleating properties of DE for PLA.

It can be concluded from DSC tests that addition of DE promoted the crystallization
phenomena taking place at lower temperatures (ca. 107-102 °C), making DE a nucleating
agent. Similar phenomenon was observed by Li et al. [6]. This in turn impacts formation
of « crystals, which are favored at temperatures below 110 °C [11]. The disordered o/
phase is reported to shift to stable form of o crystals at higher temperatures [12]. As a
consequence of its looser chain packing and disordered structure, the o crystal leads to
a lower modulus and barrier properties and to higher elongation at break compared to o
crystal [13].

A small exothermic peak can be noticed just before the melting peak at samples 3001-5,
3001-10 and 3001-15. This peak was increasingly visible with the growth of the amount of
DE in the material. The most probably it occurred due to the transformation of disordered
o crystals to the ordered a—form [13]. The exothermic peak before melting was visible
also in the case of 3251 samples with the addition of DE, whereas the crystallization peak
temperature was found to be below 120 °C.

Degree of crystallinity (Xc) calculated from DSC curves increases with the DE content
and ranges from 2.28 to 8.41% and from 5.09 to 8.01% for 2003 and 4043, respectively. The
observed effect might be a result of the limited molecular mobility, the 2003 and 4043
melting flow index (MF]I) is reported by NatureWorks company to be the same, having a
value of 6. Low MFI suggests significant resistance, whereas the polymer chain changes its
conformation and retards kinetics of the matrix crystallization. At the same time, samples
3001 and 3251 are characterized by an MFI of 22 and 80 (at 210 °C), representatively.
Macromolecules can move easier; therefore, the kinetics of crystallization are expected to
be higher.

The results obtained indicate also that the addition of DE has no significant impact on
the melting point. Significant differences of the melting temperatures are ascribed to the
additives of commercial PLA materials. Similarly, no effect on glass transition temperature
was found.
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3.3. Effects of Diatomaceous Earth Reinforcement on the Mechanical Properties of PLA

The effects of the diatomaceous earth (DE) as mechanical reinforcement are presented
in Figures 6-8. The corresponding values of Young’s modulus (E), ultimate tensile strength
(Rm) and elongation to failure (¢f) together with the values of the degree of crystallinity
have been listed in the Supplementary Information (Table S3).
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Figure 6. Young’s modulus (E) against the DE content for PLA-DE composites with (A) 2003D;
(B) 3001D; (C) 3251D and (D) 4043D PLA as a matrix.
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(A) 2003D; (B) 3001D; (C) 3251D and (D) 4043D PLA as a matrix.
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Figure 8. Elongation to failure (¢f) against the DE content for PLA-DE composites with (A) 2003D;
(B) 3001D; (C) 3251D and (D) 4043D PLA as a matrix.

For all PLA used in this study with various MFI ratio, a significant increase in the
stiffness of the composites (Figure 6) was observed. This can be explained taking into
consideration that DE increase in the degree of crystallinity of the manufactured com-
posites. Such mechanism, also observed by Li et al. [6], is experimentally confirmed by
the results presented in Supplementary Information (see Table S3). It is also confirmed
by SEM observations of breakthroughs of exemplary composites after applying tensile
stress within elastic regime, revealing good adhesion between the matrix and reinforce-
ment (Supplementary Information, see Figure S3). Thus, the increase in the stiffness of the
manufactured composites can be strictly connected with the morphology of the diatom’s
frustules. The PLA matrix penetrates to a certain depth into the frustules, which adds value
to the adhesion, at least in the range of elastic, reversible stresses, see Figure 9. According
to Li et al. [6], such interpenetrating structures may enhance the interfacial interaction,
resulting in effective stress transfer and energy dissipation between PLA and DE.

M 200kV 6.0 10000x 20.7ym ETD 7.4 mm 500.00 ns 2 ™y 1 200kV 60 10000x 20.7um ETD 6.8mm 3.00 us

Figure 9. SEM images of the manufactured composites: (A) 3251-15, (B) 4043-5 showing the created
unique structure.
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An increase in the crystallinity of the polymer matrix results also in a decrease in its
deformation capacity (both elastic and plastic). This effect is confirmed by the significant
reduction in the strain to failure (ef) with filler content (Figure 8). This effect seems
particularly relevant when the material transitions from the elastic to plastic deformation
range. With limited adhesion of the matrix to the DE, where adhesion is mediated by
the above-mentioned mechanical interlocking of the PLA matrix in the frustule openings,
internal de-cohesion of the composite occurs at the onset of plastic deformation.

4. Conclusions

Biodegradable composites in the form of extruded filaments made of various commer-
cial PLA matrices and diatomaceous earth (DE) have been manufactured in a multi-step
fabrication process.

The microstructures of the composites revealed uniform dispersion of the reinforce-
ment in the range of 5-15 weight%. During the process of filaments fabrication PLA matrix
partially infiltrated into diatom shells. Such partial infiltration results in increased bonding
of the matrix to DE frustules by mechanical locking. On the other hand, cavities of frustule
which were not fully filled out bring about frustule-originated “caged” porosity, which
reduced the specific weight of the composites without reducing their strength. The compar-
ison of true and theoretical density indicates that the porosity is increasing linearly with
the content of DE from 1.5 to 8.6%. However, the increase in the porosity does not reduce
elastic modulus, which is either maintained or increases with increasing porosity.

Static tensile tests revealed a complex effect of the DE additives on the mechanical
properties of composites. Firstly, withing elastic range of strains a noticeable increase
in the stiffness of the composites with the addition of DE was observed, which can be
attributed to the specific features of diatoms shells. Diatoms shell have a higher stiffness
than PLA matrix as their made of bio-5iO;, and have shape rendering high resistance to
compression. On the other hand, a decrease in ultimate tensile strength and elongation
to failure was observed. This is related to the composite failure mechanism that occurs
once the elastic limit is exceeded. In the plastic deformation case, diatoms can be treated
as stress concentrators initiating of progressive destruction of composites. In the current
study adhesion of diatoms shells to PLA matrix was primarily due to mechanical locking.
We believe that further improving the adhesion of PLA to DEs could increase the ultimate
tensile strength of the composites.

DE addition also changes the mechanical properties of the PLA matrix (increase in
stiffness, limitation of ultimate tensile strength and elongation to failure) due to the effect
of an increased degree of crystallinity. DSC results showed that the DE filler acts as a
nucleating agent increasing the degree of crystallinity of the PLA matrices. The crystalline
phase increases the stiffness of the matrix but at the same time limits its abilities in large
(plastic) deformation, which consequently causes a limitation of ultimate tensile strength.

The conducted investigations showed that biogenic filler in the form of diatomaceous
earth can be used as an environmentally friendly additive in biodegradable PLA matrices.
Possible applications of these bio-composites are filaments for 3D printing. It should
be noted in this context that PLA is one of the most popular filaments used for Fused
Deposition Modelling (FDM) printing. The performance of the fabricated filaments in 3D
printing is the subject of ongoing investigations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15186210/s1, Experimental section: description of true density;
Figure S1. DSC scans of the 1st heating of manufactured composites PLA-DE with (A) Ingeo™
Biopolymer 2003D, (B) Ingeo™ Biopolymer 3251D and (C) Ingeo™ Biopolymer 4043D PLA as
a matrix; Figure S2. SEM images of breakthroughs of composites with (A-C) PLA2003D, (D-F)
PLA3001D, (G-I) PLA3251D, (J-L) PLA4043D matrix and (A,D,G,J) 5 wt% DE, (B,E,HK) 10 wt%
DE and (C,ELL) 15 wt% DE reinforcement; Figure S3. SEM images of breakthroughs of composites
(A,B) PLA4043D-5 wt% and (C,D) PLA4043D-15 wt% after tensile tests in elastic range; Table S1. The
results of the true density; Table S2. The theoretical and experimental composition as well as density
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of PLA and PLA-DE composites; Table S3. Tensile results and degree of the crystallinity for the PLAs
and the PLA /DE composites.
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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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living archimats, which acquire special functional properties because of their intricate morphology, as
in the case of diatoms [9-13].

Diatom shell, called frustule, are made of bio-silica (Si0O;), a material which hardly can be regarded as
offering exceptional properties, both mechanical and physical. On the other hand, it should be
reminded that the frustules are grown under conditions limited access to substrates and at ambient
temperature. The number of species of these unicellular organisms is estimated in rage of 100 000 —
200 000 [14], whereas the size of the single cell wall is between 2 um to 5.6 mm [15]. In general, the
shell consists of two halves, within which larger overlap smaller, and both are surrounded by several
girdle bands.

In the context of architectured materials, diatoms silica frustules show unique, species specific,
morphologies in which one can distinguish the features listed in Table 1 and visualized in Figure 1,
using example of Didymosphenia geminata, Aulacoseira sp.

Table 1: The features of diatoms frustules' and properties which they determine

Feature Length scale Properties influenced

Resistance to mechanical forces
Buoyancy

Frustule box 0.002 to 5.6 mm [15,16] | Water flow
Superhydrophilicity and
superhemophilicity

Frustule’s Gas permeability

openings 0.064-0.5 pm Light diffraction

Glazing bars 0.049 — 0.095 um (width) | UV diffraction
0.58 £ 0.03 pm (width)

Ribs 125+ 0.15 um (height) Micro and nano-mechanics
1.05 £ 0.07 pm (length) . )

Struts 0.111 4031 um (width) Micro and nano-mechanics

Pores ca. 10 nm” | Specific weight reduction
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Figure 1: SEM images of diatom frustule (Didymosphenia geminata — DG; Aulacoseira sp. — AU)
and their characteristic features: (A) girdle band view (DG); (B) valve view (DG); (C) view of the
internal of the frustule — ribs (DG); (D) magnification of the connection between frustules (4U)
(E) magnification of the external valve surface — openings (areaolas) (DG), openings with glazing
bars (A0)

The features listed in Table 1 can be characterized by a number of parameters as listed in Table 2.
These parameters can be determined from images of the frustules which, because of the length scale
span, require simultaneous use of microscopic techniques, including:

a) light microscopy,

b) scanning electron microscopy,

¢) transmission electron microscopy,
d) micro and nano X-ray tomography.



Table 2: Parameters describing the diatoms’ frustules and the imaging techniques

Feature Parameters Imaging technique

length, height Light microscopy (LM)

frustule box slope angle Scanning Electron Microscopy (SEM),
front and end curvatures X-ray tomography (TXM)

frustgles dlameter, areal density, Scanning Electron Microscopy (SEM)

openings lattice constant

glazing bars thickness, diameter Scanning Electron Microscopy —

ribs height, width Focused Ion Beam (SEM-FIB)

struts height, width X-ray tomography (TXM)

pores diameter, areal density Transmission Electron Microscopy

(TEM), X-ray tomography (TXM)

Due to their structure, among others and nano- to micro-scale porosity of the siliceous diatoms shells
can be used in a number of applications, i.e.,, in filtration processes for molecular and particle
separation [9,17,18]. Openings in the shells and their hierarchical structure allow for applications in
optics [10,19]. The siliceous cell could be regarded as a ‘photonic box’ with walls consisting of
photonic crystals. In addition, it has been showed that valve of the Coscinodiscus walessi focuses an
incoming laser light in a small spot of few microns. Recent results reported by Pyia et al. [20] show
also potential of using diatoms at living templates for fabricating flower-shaped, auto-fluorescent
silver-silica (Ag-Si0,).

Diatoms frustules, also in the form of so called diatomaceous earth, have been also investigated as
a biogenic filler in composite materials [21-24]. The preliminary results indicate that the shells
increase composite modulus with no specific weight ‘penalty’. The frustules have been also
considered as a ‘caged pores’ which reduce the weight of the composite with preservation of its
strength far beyond the limitations of the rule of mixing [21] — decoupling of specific weight and
strength of the composite [22]. The idea also emerged recently to replicate the intricate morphology of
frustules in higher dimensions meta-materials by 3D printing using well established engineering
materials such as titanium and polylactide. This new concept has been already presented within several
publication in example of titanium shells [25,26].

Highly useful properties of living archimats can only be fully exploited, either directly or indirectly, if
precise description of their structure is available. Because of structure complexity the required
description need to address all relevant length scale, ranging from nano- to micro-meters. In the
present communication, we demonstrate how such description can be obtained with advanced methods
of modern materials science, using as an example shell of diatoms obtained from nature (called wild
samples) and cultivated within the Szczecin Diatom Culture Collection (SZCZ) (called cultured
samples).

2. Experimental procedure
2.1 Material

Described investigations were conducted on diatom frustules obtained from nature (called wild
samples) or cultivated within the Szczecin Diatom Culture Collection (SZCZ) (called cultured
samples). The preparation procedure included boiling in 37% hydrogen peroxide (H,O,) to remove
organic matter, rinsing in deionized water and drying in a vacuum dryer at 37°C for 12 h.



2.2 Methods

Light microscopy observations of diatom frustules within aqueous suspension were conducted with
a Zeiss Axioscope (Carl Zeiss, Jena, Germany) using phase contrast (PhC) and DIC with a 100x oil
immersion objective and Carl Zeiss Axio Imager A2 (Carl Zeiss, Jena, Germany) equipped with
Differential Interference Contrast (Nomarski) optics. Images were captured using the Zeiss ICC
5 camera.

For scanning electron microscopy (SEM) observations, the diatom frustules from aqueous suspension
were spread over a double-adhesive carbon tape on an aluminum stubs using a pipette and dried. For
imaging at highest resolution with field-emission scanning electron microscopy (FE-SEM) samples
were coated with conductive (ca. 7 nm) layer (i.e., Au/Pd, Cu/Ni) using Precision Etching Coating
System Model 682 (Gatan, Pleasanton, CA, USA). Cross-sectioning and imaging were carried out
using dual-beam FIB-SEM tools (Scios2, Thermo Fisher Scientific, USA and Hitachi NB5000, Japan)
using acceleration voltages from 2 to 5 kV for the electrons.

The lamella from diatom frustules for transmission electron microscopy (TEM) observations were
prepared using a dual-beam FIB-SEM system (Carl Zeiss NVision 40, Carl Zeiss AG, Oberkochen,
Germany). The investigation was conducted using a STEM (Carl Zeiss Libra 200 MC Cs, Carl Zeiss
AG, Oberkochen, Germany), operating with accelerating voltage of 200 kV to image the nano-
structure and nano-porosity.

Scanning transmission X-ray tomography investigations were conducted with a photon energy for Si,
range from 1830 to 1890 eV at National Synchrotron Radiation Centre SOLARIS. During
experiments, the diatom frustules from aqueous suspension were spread over a TEM grid using pipette
and dried. The microscopic images of the raster-scanned sample were obtained by detecting the
transmission intensity of the focused X-rays. The spatial resolution of the STXM, typically 20-100
nm, allows to visualize the characteristic for diatom structures, i.e., ribs, areolas. The applied for each
region image stack allowed to collect a series of images against the photon energy to obtain a dataset
with space (XY) and energy (E) dimensions.

The micromechanical behavior of the D. geminata frustule was characterize using microindenter
system (Hysitron/Bruker Picoindenter PI87, Brukre/Hysitron, Minneapolis, MN, USA) as
a micromanipulator in a DualBeam SEM-FIB system (FEI Helios NanoLab 660, Thermo Fisher
Scientific, Waltham, MA, USA). This system allows to conduct in situ indentation experiments on
specific locations of the frustule in order to obtain structure response information. A conical indenter
with a spherical tip with 3.2 um was used. The SEM images were recorded during the indentation
experiments, and the load versus displacement data were extracted. Indentations have been performed
with 1000 and 2000 nm displacement.

Finite element modelling has been carried out using Ansys software (ANSYS Inc., Canonsburg, PA,
USA) using geometric models imported from X-ray tomography and refined on the basis of
SEM/TEM images. A 3D model of the ribbed surface was built based on the imported geometry. The
final mesh consisted of 218 020 finite elements. Pressure of 12.5 Pa and force of 9.5 10° N were
assumed. ANSYS program was used for computations with automatic meshing and under assumption
of purely elastic deformation.



3. Results and discussion
3.1 Imaging techniques

Based on light microscopy observations identification of the diatoms date backs to the early 1700s
[15]. The first description has been published in 1783 by O. F. Miiller [27]. This identification rely on
the light microscopy observations which allow to distinguish specific features of different frustules.
Light microscopy is still used to study size and overall shape of the frustules. Recent advances in
digital microscopy, including image stacking increased readily available magnifications and depth of
focus, allowing for imaging also such details as openings on the valve or girdle band.

It is worth noted, that light microscopy may be used in bright field (BF) and dark field (DF), Figure
2A and Figure 2B respectively. The first one is more common, nevertheless the dark field allows to
differentiate topographic surface features on such varied surface as diatom frustule.

Figure 2: Light microscopy images of Didymosphenia geminata frustule in (A) bright field, (B)
dark field. Scale bars: 20 pm

Scanning (SEM) images of frustules can be readily obtained with magnification ranging from 100x to
10 000x. This is of particular importance in the case of relatively small species, with frustules size
below 50 micrometers. SEM 2D images provide more flexible approach to categorizing of diatoms,
which in general either adopt pennate (Figure 3A-E) or centric (Figure 3F, Figure 4A-D) shape. Under
higher magnification SEM images reveal fine details of openings in diatoms shells and types of
locking between valves, see Figure 4 and Table 3, which depend on their habitat.



Figure 3: SEM images of diatoms from various habitats: (A) Craspedostauros sp., (B)
Planothidium sp., (C) Psammoneis obaidii, (D) Pseudostaurosira brevistriata, (E) Mastogloia vasta
Hustedt, (F) C. taylorii

Table 3: Exemplary diatom species from various habitats with their measured characteristic

dimensions
. . Sl Lenght of Average dlanoleter
No. Species Origin (%] the frustule of the opening
00
[um] [wm]
1. | Craspedostauros sp. Black Sea 35 40.837 0.191+0.020
2. | Planothidium sp. China 7 13.764 0.087+0.008
3. | Psammoneis obaidii Indian 40 4.936 0.064+0.005
Ocean
4, | Pseudostaurosira Baltic Sea 5 14.203 0.450+0.031
brevistriata
Mastogloia vasta
5. Husteds Turkey 33.8 31.754 0.309+0.040
. South
6. | C. taylorii Africa 34.62 6.080 0.065+0.026




Figure 4: SEM images of characteristic features of (A) Stephanodiscus parvus (Biebrza river,
Poland) (B-C) Aulacoseira cf. islandica (Okmin Lake, Poland), (D) Aulacoseira sp. (diatomaceous
earth, DIATOMIT, Perma Guard), (E-F) Didymosphenia geminata (Wisloka river, Poland).
Inputs: SEM images of the whole frustules with the designated places of the observations

A new insight into structure of diatoms shells has been offered by instruments offering both imaging
with Electron with Ion Beams (SEM+FIB). This is because of possibility of precision sectioning of
frustules revealing details of their inner surface. A review recent results obtained with SEM+FIB can
be found in Witkowski ef al. [28]. An example of cross sectioning made to reveal ribbing system of
the shell is shown in Figure SA. As discussed further, such images provide information fundamental to
understanding of outstanding mechanical resilience of frustules. In addition, precision cross-sectioning
of diatoms frustules (Figure 5A), FIB may be also used for preparation thin samples (Figure 5B) for
observations conducted with Transmission Electron Microscopy (TEM).



----------------------

NBS000 5.0kV 4.9mm x7.00k SE(L) 5.00um [ NB5000 5.0kV 4.9mm x5.00k SE(L) 10.0um

Figure 5: SEM images of the Coscinodiscus sp. frustule prepared using dual beam microscope
(FIB-SEM): (A) cross-section, (B) lamella

TEM technique requires thin (less than 100 nm thick) samples. On the other hand, imaging with TEM
allows for obtaining high resolution images revealing structure of frustules walls and mapping
constituent elements, see Figure 6. Meaning of pores and particles revealed in the wall to the
biological processes taking place in diatoms is not known yet. Also research on their impact on
properties of frustules has only being initiated.



Figure 6: TEM dark field images. Cross-section of Didymosphenia geminata frustule: (1) epoxy
filling, (2) frustule, white arrowheads: Pt protection layer; (a) single rib with increased contrast
to visualize the pores; (b) central area with dense layer on outside; (c) other rib shows also
uneven distribution of pores; (d) central area close to stigma with some bigger pores (white
arrowheads) (adapted from [21])
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X-ray tomography provide a spatial, three-dimensional description of geometry and information on
connectivity/curvature/topology of frustules. What is of special importance for testing properties of
diatom shell, X-ray tomography can be carried out prior to loading them with mechanical forces
and/or fluids. The computed tomography may be realized in several modes within which absorption
and phase contrast modes are the most popular. The absorption, X-ray beam passes through the sample
and the transmitted radiation is detected to form a simple attenuation contrast image [29]. The phase
contrast is used if the material has low-density — attenuation contrast is not sufficient due to the small
differences in the attenuation coefficients of materials [29]. It must be noted that investigations using
CT imaging may be realized in multiscale — from millimeter resolution to submicron resolution
achievable using nano-XCT.

The already conducted investigations on diatoms frustules with nano-XCT revealed fine details of
raphe and stigma [30]. Additionally, tomographic data set allows taking a cross-section through any
region of the frustule.

Figure 7: STXM images of Didymosphenia geminata frustule: (A) middle part, (B) ending with
a pore field. Scale bars: (A) S pm, (B) 1 pm

The more accurate X-ray tomography technique, STXM — scanning transmission X-ray tomography,
allowed to obtain a microscopic images of the raster-scanned sample by detecting the transmission
intensity of the focused X-rays. The high-resolution images because of the length of the whole frustule
were possible to obtain only for region of interest (ROI) within the single shell. Therefore, the
observations were made sequentially for the endings and the middle part of the shell, see exemplary
images on Figure 7. The data from computed tomography can be the input for further investigations
like, i.e., computer simulations and 3D models for additive manufacturing [25,26].

Based on the obtained image stacks, the comprehensive analysis of the content of silica in specified
regions has been conducted. It must be noted that such results and measurements have been realized
for diatom shells for the first time (Figure 8).
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Figure 8: STXM image of the middle part of D. geminata frustule with the marked regions and
corresponding plot of the optical density (OD) against the photon energy

The region with the highest content of silica is shown in Figure 8 in the border of the frustule, further
in the center area of the shell and within the ribs. The exact values of the SiO, may be calculated based
on the obtained energy spectra. Also, presence of other elements, in addition to Si and O, can be
quantitatively determined using this technique.

Results presented in this section provide an example of holistic description of a diatom frustule in the
length scales ranging from nano- to micro-meters. This example clearly demonstrates complex and
hierarchical character of frustules, which need to be taken into account in modelling their properties
and designing applications. Depending on a property in question, different elements of such a holistic
description are relevant. For example, mechanical resistance to compression of shall primarily depend
on data, which can be extracted from light microscopy images of diatoms. On the other hand,
resistance to localized force can only be analyzed based on higher resolution SEM images (analysis of
mechanical properties is subject of the next section). On the other hand, X-ray microscopy and high-
resolution TEM provide information relevant to functional properties of frustules, in particular
photonic. If a basket of required properties includes both mechanical and physical, the approach
adopted here sets the stage for such advanced applications of diatoms frustules.

3.2 Mechanical properties

The main component of the diatoms’ frustules is silica, one of the most complex and most abundant
materials, existing as a compound of several minerals but also as a synthetic product. It is known that
silica (silicon dioxide, SiO,) is not material of remarkable mechanical properties (see Table 4).
Modulus of elasticity is in the range of 71.2 — 74.8 GPa. Because of a low density — 2.2 g/cm’ —
specific modulus of silica is similar to that of engineering composites or alloys [31].
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Table 4: The comparison of physicochemical properties of synthetic and biogenic silica (data for
diatomaceous earth has been designated with *)

Synthetic silica Ol
No. Property . (diatoms frustules / diatomaceous
(5i0»)
earth)
1. | Density 2.650 g/cm’ 2.274 g/em’
Compressive 7.67 MPa [32]
2| sirength 1100 -1600 MPa 330-680 MPa [33]
3. | Hardness 4.5-9.5 MPa 1-12 GPa [34,35]
4, | Modulus of 110-200 MPa no data available
rupture
5 Poisson’s ratio 0.15-0.19 no data available
6. | Shear modulus 27.9-32.3 GPa no data available
155 - 560 MPa [33]
7. | Tensile strength 45-155 MPa girdle bands: 155 MPa
costae: 560 MPa
7 — hundreds GPa [34,35]
transapical rib: 7-20 GPa
8. | Young’s modulus 66.3-74.8 GPa central rib: 15-100 GPa
central nodule: 30 — hundreds GPa
22.4 GPa [33]
9. | Glass temperature 1230-1830 K no data available
10. | Specific heat 680-730 J/kg*K no data available
11. Therma! . 1.3-1.5 W/m*K no data available
conductivity
3. | Thermal 0.55-0.75 10°/K no data available
expansion

Special, complex architecture of silica frustules results in their mechanical properties exceeding
properties of a simple-shaped dense lump of silica. High strength and resilience of silica frustules, i.e.,
crush resistance [33] can be explained by analyzing results of micro- and nano-indentation tests
[34,36,37].

Of special interest are the results of micromechanical characterization of the diatom frustule via in situ
SEM indentation. SEM images recorded during indentation tests allowed to conduct comparison of
properties/behavior of various regions on diatom frustules. Three main places of the shell have been
chosen: (a) valve with complex morphology; (b) dense middle part of the frustule; (c) raphe in the
distal end of the frustule. The obtained load-displacements curves for each micro-indentation spots are
presented in Figure 9. The micro-indentation experiments revealed that central part of the frustule,
which is solid, is characterized by higher values, see Figure 9.
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Figure 9: SEM image during in situ indentation with marked places of investigations.
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Indentations have been performed with (a) 2000 nm, (b) 1000 nm, (c) 2000 nm displacement

Importance of detailed high-resolution description of geometry to understanding of mechanical
properties of frustules can be demonstrated by modelling their reaction to mechanical loading by
pressure and localized force. These two types of loading are typical of diatoms natural habitat.
Pressure is exerted by water and localized force by predators. For both types of loads, ribbed structure
of frustules is a key factor, as supported by results of Finite Element Modelling (FEM). Two models
als of ribbed-geometry and used to conduct

(Figure 10) have been prepared, which capture essenti

computer simulations. Pressure of 12.5 Pa and force of 9.5 10° N were assumed. Span and cross-

section of ribs were assumed according to the results obtained in FIB-SEM imaging. ANSY'S program
was used for computations with automatic meshing and under assumption of purely elastic
adopted as in given Table 4. Results of FE

deformation. Mechanical properties of bio-silica were
analysis are illustrated in Figure 11 and 12.
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Figure 10: Models of the part of diatom frustule: (A) pressure applied on the upper surface of
the structure

A
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direction [um], (B) displacement in Z direction [um] (C) accidental displacement and (D)
reduced stresses
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Figure 12: Maps obtained for the force applied on the upper surface: (A) displacement in Y
direction [pm], (B) displacement in Z direction [pm] (C) axial displacement and (D) reduced
stresses

The obtained results clearly show that the deflection of the shell under pressure and localized force is
generally low and concentrates in the central part (along raphe). Such a reaction to these loads,
because of mechanical locking along raphe, impart high resilience of frustules to loads experience in
their habitat. These results can also be used for bio-mimicking resilient and crush resistant structure, in
particular obtained by 3D printing [25].

3. CONCLUSIONS

We presented a comprehensive approach to the characterization of highly hierarchical diatoms’
frustules in the context of explaining their unique properties. The methodology adopted here provided
a comprehensive description with in the length scale spanning from fraction of millimetres to fraction
of micrometres.

A particularly important benefit of using adopted approach is the acquisition of hitherto unavailable
information about the details of the structure of diatom shells, including interior, cross-section, but
also details of silica walls in nanoscale. These studies allowed to obtain complete topology of the
shells, which is important in the context of their mechanical properties but also possible applications.

It has been shown that specific features of various diatoms’ frustules, such as regular pattern of
openings, struts, ribs imparts high stiffness and resistance to localized forces under reduced
mass/weight of the entire structure.
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