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Insight into diatom frustule
structures using various imaging
techniques

Izabela Zgtobicka'*, Jirgen Gluch?, Zhongquan Liao?, Stephan Werner?,
Peter Guttmann3, Qiong Li2, 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 diatoms
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 ubiquitous 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
elastic 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 Ion Beam (FIB) tech-
nique. This technique 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'4?!-2%, Non-destructive investigations
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Figure 1. Flow diagram presenting the subsequent observations methods.

Figure 2. Light Microscopy (LM) images of (A) Coscinodiscus sp.; (B) Didymosphenia geminata. Scale bars:
10 um.

of the structure can be achieved by nano X-ray computed tomography. A detailed study of frustule structure
using advanced high-resolution imaging—comparison of FIB and nano-XCT—has been published'*. Nano-XCT
allows to non-destructively obtain a 3D data set of the diatom structure with detailed morphological informa-
tion. Tomographic data sets allow to take arbitrary virtual cross-sections through any region of the frustule, so
this technique provides access to additional dimensions. In the aim to capture the finer details of the diatom
frustules, synchrotron based soft X-ray nano-tomography can be used.

The aim of the presented paper is to show the advantage of using multi-length scale imaging techniques
applied to get insight into biological structures on an example of diatom frustule. The paper shows examples of
the images obtained with light microscopy (LM), electron microscopy (both scanning and transmission) and
X-ray microscopy, each the resolution varying from standard to high.

The novelty of the approach presented here is in the comprehensive multi-length scale description of the
bio-artefacts in question allowing for holistic approach to their structure-functionality (Fig. 1).

Results

Light microscopy (LM) images (Fig. 2) show the overall diatom frustule based on which the distinct shape (sym-
metry) as well as size (Coscinodiscus sp.—100 pum, Didymosphenia geminata sp.—100 um) can be defined. The
characteristic, periodic features occurred on the valve can be also distinguish. The D. geminata frustule has been
imaged with the usage of the dark field microscopy which allow to visualize spacing of the shell.

The whole frustule, like in LM, can be also visualized with scanning electron microscopy (SEM). This tech-
nique gives a possibility to demonstrate the intricate, highly patterned silica shell, from both valve and girdle
view (Fig. 3A,B). Furthermore, complex structure of the frustules is also well visible in a variety of the patterns
depending on the surface—outer (Fig. 3C) and inner (Fig. 3D).

Nevertheless, arrangement of the shell on the stub, without additional intervention, is an issue related to the
drying process (Fig. 3A). The preparation procedure, which aim is to get rid of organic matter as well as impuri-
ties (Fig. 4A) embedded on the surface, may result in separation of the valves. It gives a possibility to observe
interior of the shell (Fig. 4B,D).

Higher magnifications used during SEM observations allow to distinguish openings (Fig. 4C), which good
examples are areoles in Didymosphenia geminata. Images present their funnel-shaped shape as well as roughly
in the middle of the height of each funnel the horns around and a membrane at the bottom. SEM images allow
to depict differences in appearance of outside (Fig. 4A) and inside (Fig. 4B) surface.

In must be noted that the internal structure is the best visible on the cross-section of the frustules (Fig. 5A,B).
It can be obtained via usage of scanning electron microscopy-Focus Ion Beam (SEM-FIB). Based on images it
can be concluded that exemplary openings in D. geminata, areolae, originate through a series of ribs and bridges
which connect ribs between themselves (Fig. 5B). Additionally, the preparation procedure is very important
due to the fact that delicate morphology (Fig. 5D) may be lost with the usage of the Tungsten layer (Fig. 5C).

Every diatom species is characterized by their own morphology and structure. Some of them, like i.e. Cos-
cinodiscus sp. (Fig. 6A) presents hierarchical structure of the frustule. It is characterized by a different size of
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Figure 3. Scanning Electron Microscopy (SEM) images of (A,B) Endyctia sp. and (C,D) Coscinodiscus sp.: (A)
valve and girdle view; (B) morphology from the girdle view; (C) outer side, (D) inner side of the valve.

the pores, frequently from micrometers to nanometers (Fig. 6B-D). Except of the preparing cross-sections of
various samples, FIB-SEM is very often used for sample preparation—lamellas (Fig. 6C,D)—for i.e. transmission
electron microscopy (TEM) as well as computed tomography (CT).

Representation images of transmission electron microscopy of D. geminata frustule embedded in epoxy filling
prepared using FIB in the SEM are presented in Fig. 7. Thin membranes with unique structure in between the
openings (areolas) between the ribs can be observed (Fig. 7a). The thickness is about 50 nm. Based on obtained
images of D. geminata (Fig. 7), it can be concluded that density in the frustule is not constant. The ribs of the
frustule show an entire porous structure (Fig. 7a), whereas the central part shows a dense outer layer and a porous
layer towards the inside of the frustule (Fig. 7b). Some of the ribs show uneven distribution of the pores (Fig. 7c).
In the central region, next to stigma, bigger pores can be observed (Fig. 7d). The thickness of the layers depends
on the location in the frustule. A dense layer can be up to 200 nm in thickness.

Visualization of the diatoms frustules structures can be also conducted with the full-field transmission X-ray
microscope using synchrotron radiation. Soft X-ray nano-tomography experiments performed at the electron
storage ring BESSY II result in a set of images which allow to prepare the 3D visualization of the investigated
samples (Fig. 8).

The soft X-ray nano-tomography resolution allows to distinguish the hierarchical architecture of the frustule
(Fig. 8) as well as tiny structural elements (Fig. 9). This hierarchical architecture results from the various sizes
of the holes from inner and outer side of the shell. Furthermore, the connection between subsequent layers also
can be distinguished on the cross-section of the frustule.

The laboratory based nano X-ray computed tomography (nano-XCT) allows to non-destructively visualize
the structure of diatom frustule. It must be noted that computed tomography allows to conduct visualization in
two contrast modes—absorption (AC) and phase (PC) contrast.

The experiments conducted on exemplary diatom—D. gemianata because of the overall length of the shell (ca.
100 pm)—required to prepare two separate tomography data sets, which afterwards have been combined. The
combination of two sets of data may results in unnecessary voids created during reconstruction (Fig. 10, white
arrowheads). The visualization of the shell in case of diatoms with smaller frustule, like i.e. centric Thalassiosira
lacustris (size ca. 25 um) do not require such treatments and there are no concerns about discontinuities in the
visualized 3D data (Fig. 11).

The visualization of the diatom T. lacustris allows to observe tangentially undulated valve faces, organized
and coarse striae and a ring of marginal fultoportulae (Fig. 11).
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Figure 4. SEM images of Didymosphenia geminata frustule: (A) valve view; (B) inner side of the valve; (C) close
up of the valve view—note the areolae openings; (D) magnification of the inner side of the valve—head pole.

Discussion

The natural organisms like diatoms present seemingly simple, yet sophisticated structure which can be shown
with the usage of various imaging techniques. It is essential to provide both, an entire view of the sample as well
as accurately visualize the details.

The presented paper covers the results obtained for the selected diatoms. It must be noted that variety of
diatom species (ca. 100,000-200,000%>2) gives wide possibilities for scientists for further investigations.

Based on the approach, the “work-flow” which covers the proper order of observations has been established.
There is no doubt that within chosen ones should include the techniques which provides information about the
entire structure as well as features at appropriate for them degree of accuracy.

The most common method based of studying diatoms in the past was Light Microscopy (LM). The images
obtained in this way are widely used for determination of size as well as shape of the single frustule and are
bases for their classification. The resolution of light microscopes, however, is insufficient to reveal details of the
diatom frustules.

Scanning electron microscopy (SEM) offers higher magnification and depth of focus in comparison with LM.
This technique allows to identify smaller structural elements in the architecture of frustules, like openings and
what is important their curvature. Nowadays when combined with Focus Ion Beam options, it can also be used to
reveal details which can be visualized only by sectioning of the diatoms. FIB makes a target preparation possible.

The characteristic features of the morphology revealed with the use of SEM-FIB include, at least: connections
between outer and inner layers, degree of areolae closure. The FIB technique can be also used to prepare thin
sections for transmission electron microscopy (TEM).

The newest technique used in study of bio-artefacts is Transmission X-ray Microscope (TXM). Unquestion-
able advantage of transmission mode is providing the detailed structural information with up to atomic resolu-
tion. Some of findings presented in this paper, like uneven porous structure of the ribs, are a new knowledge
about diatom frustule and require further investigations. Such tiny elements may be observed due to the thickness
of the investigated sample which has been translucent as well as low density of the material.

The 3-D nondestructive visualization of the sample can be realized with the use of computed tomography
(CT). This technique gives wide possibilities of visualizations the whole frustule as well as small part of it. The
undisputed advantage is that data obtained from computed tomography can be converted into 3D file and up-
scaled for better visualization.

Additionally, based on data obtained during insight into biological structures, the calculations of characteristic
features can be conducted. The comparison of all techniques allow to conclude that CT measurements, due to
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Figure 5. SEM images of cross-section of D. geminata valve: (A) naturally broken shell; (B-D) after FIB cut.

the possibility of evaluation of size and density of the openings, dimensions of ribs as well as depth of stigma
are more accurate and easier to obtain. It must be noted that all these measurements can be conducted without
destroying the investigated sample.

Conclusions
The natural architected materials show great variety in shape, morphology and structure, which makes it difficult
to obtain a complete set of information using standard imaging techniques. The HR-SEM/HR-TEM observations
may require additional preparation process in form of sectioning the sample. This approach may result in mak-
ing changes in the structure or distort the view of the investigated structures. The most modern X-ray radiation
techniques (XCT as well as TXM) are now available and allow to obtain full 3D description of the investigated
samples as well as characteristic, particular features. These techniques give comprehensive non-destructive visu-
alization of the biological structures.

The usage of these sophisticated visualization techniques, like XCT and TXM, have a special meaning of
possible upscaling such biogenic based solution by 3D printing.

Materials and methods
Materials. The diatoms frustules used in this study were taken from the nature (called wild samples) as well
as from the Szczecin Diatom Culture Collection (SZCZ) (called cultured samples). Diatom which possesses
stalks, e.g. Didymosphenia geminata, were treated in the laboratory by sonication in continuous mode without
heating, with the aim to separate the siliceous frustules from the stalks.

All examined diatoms have been boiled in 37% hydrogen peroxide (H,0,) to remove organic matter and to
obtain clean siliceous frustules. The final suspension was washed several times with deionized water and dried
in a vacuum dryer at 37 °C for 12 h.

Experimental techniques. Light microscopy (LM). The diatom frustules within aqueous suspension
were observed 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 Dif-
ferential Interference Contrast (Nomarski) optics. Diatom images were captured using the Zeiss ICC 5 camera.

Scanning electron microscopy (SEM). The diatom frustules from aqueous suspension were spread over a dou-
ble-sided adhesive carbon tape on an aluminum stubs using a pipette and dried. For imaging at highest resolu-
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Figure 6. SEM images of Coscinodiscus sp.: (A) whole frustule; (B) cross-section of the shell; (C-D) samples
prepared with ion beam for synchrotron observations.

tion 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 (Scios 2, Thermo Fisher
Scientific, USA and Hitachi NB5000, Japan) using acceleration voltages from 2 to 5 kV for the electrons.

Transmission electron microscopy (TEM) of lamella from diatom frustules. Samples for TEM were prepared
using a dual-beam FIB-SEM system (Carl Zeiss NVision 40, Carl Zeiss AG, Oberkochen, Germany). The inves-
tigation has been conducted using a scanning TEM (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.

Laboratory based nano X-ray computed tomography (nano-XCT). A nano-XCT tool (Xradia nanoXCT-100,
Xradia Inc., Pleasanton, CA, USA) was used to image frustules in phase contrast mode at a photon energy of
8 keV. An isolated and dried diatom frustule was mounted on a needle-like sample holder. The field of view is
66.5% 66.5 um?, therefore data of larger frustules have to be combined from two or more tomographic data sets.

A tomographic data set comprised 801 images each, which were collected from a tilt range of 180°, with an
exposure time of 220 s per image. Gold fiducial markers were carefully positioned on the sample for the align-
ment of the individual images. The images were aligned and combined using a custom plugin in the software
Image]*” and subsequently reconstructed using the Xradia Inc. commercial software package (XMReconstructor
Ver. 9.0.6310). The reconstructed image stacks were fused into one stack that included whole 3D morphologi-
cal information of the frustule. This tool provides the resolution needed (voxel size 130 nm) to image the sub-
structures in diatoms such as ornamentation of the frustule, including striae (rows of pores or areolae arranged
perpendicularly to the apical axis) and ribs (i.e., inter-striae = virgae) separating them.

X-ray microscopy at the U41-TXM beamline of the synchrotron radiation source BESSY II.  Soft X-ray nano-
tomography investigations were conducted with a photon energy of 510 eV. A detailed description of the X-ray
microscope has been published in Schneider et al.*”?%. During experiments, samples in form of lamellas were
used. They were prepared from the regions of interests (ROIs) from diatoms frustules using the dual-beam FIB-
SEM tool (Hitachi NB5000, Japan). The sample thickness should not exceed 2 um in order to be transparent
enough due to the photon energy used. Some of the prepared lamellas have been sticked to special (HZB-2) grids
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Figure 7. 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).
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Figure 9. Comparison of the used techniques (A) TXM with synchrotron raditation and (B) TEM.

used for X-ray microscopy as well as standard EM grids, whereas others were firstly sticked to the needle. The
spatial resolution of the TXM is about 25 nm, which allows to image specific areas (the rib structures, the valve
and girdle) of siliceous shells.
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Figure 10. Visualization of D. geminata frustule obtained based on data from two separate tomography data
sets: top and bottom of the frustule; arrowheads: voids due to the connection of two tomography data sets.

Figure 11. The T. lacustris imaged by nano-XCT. (A) Valve surface of T. lacustris, (B) the 3D rendering of the
of T. lacustris, (C) oblique view of the tangentially undulate valve and pores on it. Orange curve line tangentially
undulate valve face, red arrows a ring of marginal fultoportulae, red straight lines the coarse and organized striae,
yellow arrows the girdle band.
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Titanium matrix composites
reinforced with biogenic filler

Izabela Zglobicka'*, Rafal Zybala?3, 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 Ti6Al4V2,

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 resistance and friction coefficient under dry sliding conditions, etc.). The reactivity
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 Ti6Al4V alloy exhibits tensile strength in the range of 850-1200 MPa, with ductility between 3 and
26%%13-1°, Tensile strength of PM Ti6Al4V depends on the porosity and microstructure.

Element sintered by BE imparts strength in the range 750 to 900 MPa®!7-2° 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®'”*'-4,
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 (TiSi,, TiSi, TisSiy, and Ti;Si), and one non-
stoichiometric (TisSi;). 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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Figure 1. SEM-EDS morphologies of as-received (a) Ti6Al4V particles and (b) diatomaceous earth (DE).

with micro- and nano-sized open volume. Geological deposits of diatoms are called diatomaceous earth. DE
deposits are mined from in many places in North America, but exist on every continent except Antarctica.

Because of the unique hierarchical architecture of diatom frustules, it is desirable to search for the technologi-
cal route which preserves their morphology after being incorporated into a Ti-matrix. Spark Plasma Sintering
(SPS) is the new method of fabricating TMCs, which allows fabrication of fully dense composite under high
heating rates, relatively low average temperatures, and short processing time. Furthermore, it allows combines
the effects of mechanical loading, temperature and electric current, which all together results in effective bond-
ing between particles and the matrix. The diameter of the preforms which can be used for fabrication in SPS is
up to 300 mm?*$-4,

Available data indicate that SPS consolidation of Ti6Al4V has been performed at temperature range of
700-1500 °C and compaction pressures from pressure-less to 80 MPa. A heating rate of 100 °C/min and a hold-
ing time ranging from 2.5 to 20 min was applied*!~**.

In our approach, the effect of silica diatomaceous earth reinforcement on the microstructure, mechanical
as well as thermal properties of composites manufactured by Spark Plasma Sintering (SPS) is presented. To our
best knowledge, so far, there have been no literature reports about the manufacturing of MMCs with Ti matrix
with diatoms frustules as an additive.

Results and discussion
Powders characterization. SEM images of as-received Ti6Al4V and diatomaceous earth material are pre-
sented in Fig. 1.

Ti6Al4V particles (Fig. 1A) are spherical and non-porous, with some satellites attached to the larger ones.
The EDS spectrum confirms that the titanium powder consists of Ti, Al, and V (Fig. 1A).

A single shell from diatomaceous earth is characterized by a regular, cylindrical shape with small holes on
the cylinder walls (Fig. 1B). It is of the genus Aulacoseira, a common representative in DE of freshwater origins.
The EDS analysis of the diatomaceous earth in Fig. 1B confirms the presence of Si and O (the occurrence of Al
is an artefact).

Laser particle size analysis determined the average diameter of Ti6 Al4V: 86.23+0.19 um, which agrees with
the manufacturer’s data. Within the diatomaceous earth, particles in the range 4.47-517.20 pm can be distin-
guished. The mean size of filler particles is 26.32 pm.

Composites. Relative density. The relative density of all spark plasma sintered samples was 100%, dis-
regarding the content of DE. Such high relative density of the material imparts good mechanical properties
and performance. The exact values of the theoretical as well as experimental density have been provided in the
Supplementary Information (see Table S1). When analyzed with the principle of the rule of mixing, for all com-
posite samples the measured densities are higher than theoretical values. On the other hand, for pure Ti-alloy
experimental value is slightly lower (relative difference of 0.71%). The latter indicates some residual porosity,
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Figure 2. SEM images in the BSE mode of composite: (a) Ti6Al4V alloy, (b) Ti6Al4V/1% DE, (c) Ti6Al4V/5%
DE, (d) Ti6Al4V/10% DE.

which is below the resolution limit of SEM observations performed. The higher than theoretical values of density
for composite samples might be related to changes in the structure/morphology of DE under the consolidation
conditions.

Scanning electron microscopy observations. SEM images of diatomaceous earth-reinforced Ti6Al4V alloys are
shown in Fig. 2. The backscatter mode reveals in the metallic matrix two phase lamellar structure, which is char-
acteristic for the Ti6Al4V alloy”. The SEM image of the sample without addition of DE (Fig. 2A) proves good
consolidation, with no pores detected—see also results of density measurements. It has been noted that the addi-
tion of DE ceramic particles results in a reduction of the size of grains in the metallic matrix, which is in good
agreement with’. SEM examinations revealed that DE-rich particles are characterized by a highly developed
surface and irregular shapes. This indicates relatively poor wetting of DE by the metallic matrix. The DE particles
are located in between the grains of the Ti6 Al4V—Fig. 2B, filling out the space available during sintering. Taking
into account size of individual frustules and size of DE particles in the composites with linear dimensions, c.a.
30 um, one can conclude that the particles are agglomerates of the frustules.

The SEM image of the fracture surface of the Ti6Al4V alloy (Fig. 3A) shows the presence of many ductile
dimples and ductile tearing ridges, which suggest a ductile mode of failure. Fracture surface topography of the
composites indicates that DE addition reduces ductility.

Good bonding between matrix and filler can inferred from SEM images, e.g., Fig. 3, Figure S2—Figure S4.
In-prints of frustules are clearly seen and intact frustules can be found in composite samples (white arrows, Fig. 3;
see also Figure S2—Figure S4 in Supplementary Information). The SEM images revealed that diatom frustules
are empty inside and can be treated as a “caged pores’, see Figs. 2, 3.

X-ray diffraction analysis. Obtained XRD diagrams are shown in Fig. 4. It can be noted that no peak is observed
of a V compound. This indicates that V is in solid solution. Oxygen has been found in TiAl205 (ISCD no.
98-015-4474) that exhibits hexagonal type structure (P 63/mmc no. 194). Addition of DE results in the shift to
the right of the Bragg peaks. This might be an indication of residual strains generated in the composite matrix.
Such strains are expected due to the mismatch in the coefficients of thermal expansion of Ti-rich matrix and DE
particles. It can be noted that with the increasing volume fraction of DE, some diffraction peaks of Ti are reduced
significantly because of the rising residual stresses and decreased fraction of a crystalline phase (Ti-rich) phase.

Contact angle analyses. The results of the investigations of surface wettability via measurements of the contact
angle for sintered Ti6Al4V alloys with and without diatomaceous earth as a reinforcement are presented in
Table 1 and Figure S5 (see Supplementary Information). The addition of the DE causes insignificant changes in
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Figure 3. SEM images of fracture surfaces in the composite specimens: (a) Ti6Al4V alloy, (b) Ti6A14V/1%DE,
(c) Ti6Al4V/5% DE, (d) Ti6Al4V/10% DE; white arrows—in-prints of diatom frustules in the metallic matrix.
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Figure 4. X-ray diffractograms of the sintered Ti6Al4V alloy composites with and without biogenic filler.
Series: A—0%, B—1%, C—5%, D—10%.
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A

CTE (1/K)

Series Wetting angle [°]
A 54.56+1.29
B 55.54+2.35
C 57.06+1.58
D 57.66+2.28

Table 1. The average values with a standard deviation of the contact angle of the sintered Ti6Al4V alloy
composites with and without biogenic filler. Series: A—0%, B—1%, C—5%, D—10%.
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Figure 5. (A) The coefficient of the thermal expansion of the sintered Ti5Al4V alloy composites with and
without biogenic filler. (B) The thermal conductivity as a function of temperature for sintered Ti6Al4V alloy
composite with and without biogenic filler. Series: A—0%, B—1%, C—5%, D—10%.

the contact angle towards reducing hydrophilicity (from 54.56 for the pure alloy to 57.66 for 10% of reinforce-
ment).

Thermo-mechanical properties. The coefficient of thermal expansion (CTE) and thermal conductivity (1) were
obtained for the manufactured sample. Results are presented in Fig. 5A.

The importance of the coefficient of thermal expansion (CTE) of investigated samples is strictly related to
the thermal properties of the material that affect the generation of tensile residual stresses. The coefficient of
thermal expansion of ceramic reinforcement, regardless of its form, is smaller than that of most metallic matrices.
Because of that lower coeflicient, the thermal stresses, when the composite is subjected to temperature change,
will be generated in both components—matrix and reinforcement. The predicted thermal properties are hard
to realize due to the structure of the composites, interface as well as plastic deformation of the matrix due to
internal thermal stresses.

The results show that the addition of the ceramic filler in the form of the diatomaceous earth does not cause
major changes in mean apparent values of CTE for the composite specimens. On the other hand, CTE values
for manufactured MMCs are characterized by a significantly higher dispersion of the measured values in com-
parison to a pure Ti6Al4V alloy.

The graphic depiction of the thermal conductivity (Fig. 5B) clearly shows an increase in conductivity with
the temperature. The addition of the ceramic reinforcement results in lowering the conductivity, which is in
good agreement with theory.

Mechanical properties. The effect of the various volume fractions of the ceramic filler on micro-hardness is pre-
sented in Fig. 6 and in Table 2. It is observed that reinforcement of Ti6Al4V with diatomaceous earth increases
the microhardness, from 314.96 HV, up to 378.37 HV and 512.29 HYV, for 5 and 10% DE, respectively. It should
be noted that an addition of 1% reinforcement results in significantly increase (20%) of hardness.

Hayat et al. (2019) reported that the incorporation of hard ceramic particles in ductile titanium matrix sig-
nificantly enhance its hardness'’. Based on the graphical representation of the results obtained herein, departure
from the rule of mixing is observed in the current case, indicating overlapping of strengthening and softening
effects of DE reinforcement.
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Figure 6. Hardness of Ti6Al4V based composites plotted against the content of the ceramic reinforcement.

Series | HV5

A 314.96+13.07
B 378.37+3.33
C 476.79+13.35
D 512.29+13.80

Table 2. Results of the hardness measurements via Vickers method. Series: A—0%, B—1%, C—5%, D—10%.

Series | Ry, [MPa] | R, [MPa] | A [%]

A 767 £20 871+11 9.00+£1.20
B 968 +35 1038 +12 1.34+0.13
C - 522+75 0.08+0.02
D - 187+24 0.03+0.01

Table 3. Results of the static tensile test. Series: A—0%, B—1%, C—5%, D—10% content of the ceramic
reinforcement.

Results of the tensile test are presented in Table 3 and Fig. 7A. Compared to pure Ti6Al4V, TMC with 1%
diatomaceous earth demonstrated higher strength parameters (both yield strength R, and tensile strength
R0 On the other hand, for 5 and 10 vol% of reinforcement, a decrease in tensile strength was observed. In fact
specimens, with these volume fractions of DE, (5 and 10%) fractured below reaching a yield strength, exhibiting
properties typical of ceramics. This is a clear indication that above 5% of volume fraction of DE, DE particles act
as stress concentrators causing fracture prior to reaching yield point.

Fracture surface SEM images are presented in Supplementary Information (see Figure S6). The fracture
surface of pure Ti6Al4V alloy shows various sizes of dimples. The addition of the reinforcement in the form of
diatomaceous earth results in a mixture of brittle and ductile areas. The planar facets reveal in-prints caused by
detachment of frustules present in DE.

Figure 7B shows the compressive stress—strain curves of the spark plasma sintered samples, whereas the values
are presented in Table 4. The stress—strain curves show typical elastic-plastic deformation. An increase in the
amount of the filler (1% and 5%) results in an increase in compression strength. The highest compression stress
of 2159 MPa was obtained for the specimens with 5% of filler.

The result of the tests of mechanical properties of specimens can be discussed in terms: (a) effect of DE
addition on the properties of Ti-rich matrix and (b) reaction of the composite structures to the applied load
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Figure 7. Stress-strain curve of manufactured composites Ti6Al4V/DE from the (A) tensile test, (B) static
compression test. Series: A—0%, B—1%, C—5%, D—10% content of the ceramic reinforcement.

Series | R,.[MPa] | R, [MPa] | A_[%]

A 1111+9 1778+18 38.9+0.40
B 1384+7 2030 +44 34.6+1.30
C 180127 215966 23.9+£0.90
D 2009+7 2083+21 16.6£0.80

Table 4. Results of the static compression test. Series: A—0%, B—1%, C—5%, D—10% content of the ceramic
reinforcement.

in tensile/compression. With regard to the effect of DE addition on the metallic matrix, it can be noted that
composite samples are characterized by a smaller grain size of Ti crystals, which brings about a higher value of
the yield flow of the composite matrix. The mechanism responsible for the size of grains in the Ti-rich matrix
is very likely blocking of grain growth during sintering by DE particles. In fact, microstructures shown in Fig. 2
clearly show that DE particles are located in boundaries of Ti crystals. In addition to grain size refinement on
the strengthening of Ti-matrix, one should also take into account the effect of geometrically-necessary disloca-
tions needed to accommodate differences in the thermal contraction of the Ti-matrix and DE particles upon
cooling from sintering temperature. In summary, presence of DE strengthens metal matrix in the composites
of interest. On the other hand, DE particles have much lower mechanical strength than the Ti matrix and their
presence reduces effective load bearing cross-sections of the specimens and thus brings about a reduction of
composite strength. DE particles act also as stress concentrators, promoting brittle fracture of specimens in
tensile tests. Thus, depending on the mode of applied load (tensile, compression, Vickers hardness) mechanical
properties of the composite are determined by interplay between strengthening and weakening impact of DE
particles. Strengthening effects dominate for small volume fractions and for compression mode. Recognition of
these dichotomies on the impact of DE particles allows for selecting their appropriate volume fractions to given
applications of the composites in question.

Conclusions

The novel composites Ti6Al4V/diatomaceous earth have been fabricated using the spark plasma sintering (SPS)
method. SEM images of these composites revealed that this technological route preserved the diatoms. The matrix
does not penetrate the reinforcement, and good bonding between matrix and biogenic filler has been obtained.
The increase of DE content within composites results in a decrease of the hydrophilicity—towards hydrophobicity.

The XRD measurements allowed us to identify the TiAl205 phase. No silicide phase was found. XRD spectra
also revealed residual stresses generated by particles of DE.

Compared with samples sintered without filler, with the increase of DE content, the compressive yield strength
increased while the plasticity gradually decreased. Especially for Ti6Al4V-5 vol% DE composite, the compres-
sive yield strength is 1801 MPa, which is ca. 62% higher than that of pure Ti6Al4V (1111 MPa). Additionally,
it maintains good compressive plasticity (34.6%). In the case of the tensile test, the highest values have been
obtained for Ti6Al4V-1 vol% DE composite, for which the tensile yield strength was 968 MPa, which is ca. 26%
higher than that of pure titanium (767 MPa) and maintain acceptable tensile strain.
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In the case of the mean values of the coeflicient of thermal expansion (CTE), no significant differences for
pure Ti6Al4V alloy and with the addition of ceramic filler (DE) have been noticed. The thermal conductivity
has been lowered with the addition of diatomaceous earth.

Comparison of our results with the values presented in the literature clearly show that the samples with 1 vol%
and 5 vol% DE demonstrated better tensile strength than elements sintered by the BE method. At the same time
compression strength exceeds 2000 MPa. This is remarkably high value making the composites fabricated here a
promising candidate for manufacturing of devices in which applied loads primarily generate compressive stresses.

The results show that biogenic filler in the form of diatom frustules can be used as an attractive reinforce-
ment for future applications in development of high-performance TMCs, e.g., for aerospace, automotive, and
sporting goods.

Experimental

Materials. Ti6Al4V (UNSR56400/3.7165), Titanium Grade 5, spherical powder (Wolften, Wroclaw, Poland)
with a particle size: 0-53 pm (density 2.53 g/cm?) and 53-105 pum (density 2.56 g/cm®) was used. Diatomaceous
earth (DE, Diatomite, Perma-Guard) consisting of shells of unicellular microscopic organisms (Aulacoseira sp.)
from the extremely clean freshwater deposits was used as a filler.

Manufacturing of composites. Mixtures of Ti6Al4V and diatomaceous earth (DE) were used in the exper-
imental part. The SPS process was conducted under vacuum at the uniaxial compressive pressure of 1.2 MPa.
The powder mixtures were placed in cylindrical graphite dies with an inner diameter of 25 mm and pressed
between two graphite punches. The mixtures were heated up to 1000 °C with a heating rate of 50 °C x min™ and
maintained at final temperature for 5 min. The process has been conducted in inert gas—Argon at —0.5 Atm
pressure. The relative density of the samples, determined by the Archimedes method, was estimated at 100% of
the theoretical value.

Experimental techniques. Characterization of powders and consolidated samples. Characterization of
Ti6Al4V powder and diatomaceous earth DIATOMIT (Perma-Guard, USA) was carried out using an ultra-
high-resolution analytical dual-beam FIB-SEM tool (Scios2 DualBeam, Thermo Fisher Scientific, Waltham,
MA, USA). Powder samples were coated with Au (5 nm layer) using a high-vacuum sputter coater. Elemental
analyses of Ti6Al4V powders and diatomaceous earth were carried out using Energy Dispersive X-ray Spectros-
copy (EDS). Elemental maps were collected under an acceleration voltage of 30 kV, elemental range of 10 keV.

The grain size distribution of the Ti6Al4V powder was measured by a Laser Particle Size Analyzer (Fritsch,
Idar-Obserstein, Germany) in water suspension. The distribution of the size of diatom frustules was measured
using Air Jet Sieving Machine AS200 jet (Retsch, Germany) during the fractionation process.

The experimental density (bulk density) of the composites was obtained by the Archimedes method. The
theoretical density was calculated using the rule of mixture. Bulk density was calculated by using Eq. (1):

mg
PB Mant — o PH,0 (1
where pg—the bulk density, mg,—saturated mas, mg—dry mass, my,, — suspended immersion mass.

X-ray diffraction (XRD) measurements at room temperature were performed using an Empyrean Panalyti-
cal powder diffractometer equipped with Mo X-ray tube (K, radiation, A =0.7093187 A, 40 kV, 40 mA) and
PixCel1D strip detector. The scattered intensity was recorded in the Bragg-Brentano geometry in a range of 20
from 14° to 38° in steps of 0.026261°. The pattern acquisitions have been conducted on solid samples (4 x4 mm)
on a plexiglass holder. The small area (4 x4 mm) of solid samples required a narrow fixed slit. The change of
the aperture led to the much smaller response from the background (plexiglass cover) in the diffractogram. The
phase analysis was carried out based on the ISCD database using the HighScore program®’.

Contact angle measurements were performed by the sessile drop technique at room temperature and atmos-
pheric pressure, with a Osilla Contact Angle Goniometer (Osilla, Sheffield, UK). Ten independent measurements
were performed for each sample, each with a 2 pl water drop. In order to examine the macroscopic characteristic
and to eliminate the effect of topography, the measurements of contact angle have been conducted on the polished
cross-sections. The obtained results were averaged to reduce the impact of surface nonuniformity.

The hardness of the composite samples was tested by the Vickers method using a Hardness Tester DuraScan
20 (Struers) with the load HV5 (ca. 49.03 N) according to the PN-EN ISO 6507-1.

The coefficient of thermal expansion, CTE, was measured using the standard four-probe method in a vacuum.
The thermal conductivity, 4, was calculated according to the formula 4 = & - C, - p, where C, is the theoretical
heat capacity based on the measurements via laser flash method (LFA, Netzsch, 457 MicroFlash) using a sample
with a diameter of 10 mm and height of 1 mm. All measurements were performed over the temperature range
of 323 K to 723 K.

The static tensile tests were carried out using the Small-Specimen Tensile Test (SSTT) technique*s->. Samples
with the dimensions given in Supplementary Information (see Figure S1) were tested with a Zwick/Roell Z005
(ZwickRoell GmbH & Co. KG, Germany) universal electromechanical testing machine equipped with a load cell
having a load capacity of+ 1 kN. The tests were controlled by a crosshead displacement of the testing machine
of 0.005 mm/s. The initial strain rate was 1 x 107! 1/s.

Because of the small size of the testing specimens, a non-contact optical method based on image correla-
tion was applied (DIC-Digital Images Correlation) for strain calculations. Local deformations, and the fields
of deformations over the entire area of a tested specimen, were analyzed using VIC 2d commercial software
provided by Correlated Solutions Inc. The values of the engineering stress-strain curves were calculated by
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post-processing DIC analysis. For the static compression tests, cube specimens with a characteristic dimension
of 3 mm were used. The test was controlled by constant displacement in time (0,003 mm/s), and the strain rate
was finally the same as in tensile 1 x 10™! 1/s. For the compression tests, non-standard yield strength at 2% of the
plastic strain was calculated.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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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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of reinforcement acts as a nucleating agent increasing crystallinity. Tensile tests showed
enhanced strength and ductility of PLA reinforced by diatom frustules [8].

Generally, the effect of reinforcements depends on their adhesion to the matrix. Aguero
et al. [9] investigated several coupling agents such as (3-glycidyloxypropyl) trimethoxysi-
lane, epoxy styrene-acrylic oligomer and maleinized linseed oil [9]. Additions of these
compatibilizers result in improvement of the elastic modulus and ductile properties of
PLA-DE composites [9]. Gonzalez et al. [10] showed an increase in the ductility of PLA-DE
composites by the addition of MLO. PLA-DE composites can be used as filaments in 3D
printing [11].

According to Singh et al. [12], screw extrusion technology allows to obtain materials—
filaments—for 3D printing. Such approach gives possibility to use variable composition,
size and type of reinforcements as well as matrix. Three-dimensional printed materials,
especially composite structures, can be applied in various fields such as: biomedical,
aerospace, military, automobile [12].

In this paper, the effect of silica diatomaceous earth reinforcement on microstructure,
melting point, crystallization, thermal degradation and mechanical properties of PLA and
DE composites have been investigated. Various kinds of commercial PLA have been used
to fabricate composites for eco-friendly applications as of biodegradable plastic products.

2. Materials and Methods
2.1. Materials

Ingeo™ (NatureWorks, Plymouth, MN, USA) Biopolymers, types of PLA-based
materials: 2003D, 3001D, 3251D and 4043D (Nature Works) with a melt flow index (MFI),
based on technical data sheets, equal to: 6, 22, 80 and 6, respectively, were used in this study.
These Ingeo™ Biolpolymers differ also in suggested processing methods and applications.
PLA 2003D can be easily processed via conventional extrusion, whereas 3001D and 3251D
are designed for injection molding. Overall, 4043D is well-suited for 3D printing using
many different types of printers and for a broad range of printing applications.

Diatomaceous earth (DE, Diatomite, Perma-Guard) with unicellular microscopic or-
ganisms (Aulacoseira sp.) was used as filler. The single frustule is characterized by a regular,
cylindrical shape with numerous openings on the surface. The PLAs and DE were dried at
40 °C under vacuum prior to undertaking fabrication steps.

2.2. Fabrication of Composites

The mixtures of PLA and diatomaceous earth (DE) reinforcement (5%, 10% and
15% weight) have been repeatedly pressed using the hydraulic press Fontijne Presses
LabEcon300 (Delft, The Netherlands). Each composite has been pressed at least 10 times
at a temperature of 190 °C. Afterwards, prepared samples have been manually curated in
form of flakes. Reference samples made of PLA only were prepared analogously.

The flakes were used to manufacture the filaments using the laboratory twin-screw
extruder HAAKE MiniLab (ThermoFisher Scientific, Waltham, MA, USA). The process has
been conducted at a constant temperature of 175 °C and 50 rpm.

The specific sample information is listed in Table 1.

2.3. Experimental Techniques

Observations of the morphology of the DE and its dispersion within the PLA com-
posites were carried out using an ultra-high-resolution analytical dual-beam FIB-SEM tool
(Scios2, DualBeam, ThermoFisher, Scientific, Walham, MA, USA) under acceleration volt-
age of 2 kV. Observations were carried out at magnifications in the range of 500-5000x. For
imaging at the highest resolution, samples were coated with a conductive (ca. 7 nm) layer
of Cu/Ni using Precision Etching Coating System Model 682 (Gatan, Pleasanton, CA, USA).
Observation was carried out of filaments fractured after cooling to the temperature of
liquid nitrogen.
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Table 1. The codes and composition of the prepared composite materials.

Sample PLA (wt%) DE (wt%)
2003-0 100 0
2003-5 95 5

2003-10 90 10

2003-15 85 15
3001-0 100 0
3001-5 95 5

3001-10 90 10

3001-15 85 15
3251-0 100 0
3251-5 95 5

3251-10 90 10

3251-15 85 15
4043-0 100 0
4043-5 95 5

4043-10 90 10

4043-15 85 15

The density of the samples has been determined by the Archimedes method using
Mettler Toledo XS204 (Columbus, OH, USA) analytical balance equipped with density kit.
The density of the PLA samples and their composites was tested with the aid of water (MiliQ
water). Average values of density were determined for 10 readings. Theoretical density was
calculated assuming the additivity of PLA density and DE true density opg = 2.227 g-cm ™3
(see Supplementary Information (Tables S1 and S2)) as a weighted sum of both ingredients.

The melting and crystallization behavior of the PLA composites was studied under
nitrogen atmosphere (purity 99.999) by differential scanning calorimetry using Q2000 DSC
(TA Instruments, New Castle, DE, USA). Each sample of a mass of 7.0 & 0.1 mg was placed
in an aluminum crucible (T,ero) and held at a temperature of 20 °C for 5 min. Following that,
the sample was heated with a heating rate of 10 K-min~! to 200 °C (ca. 30 °C above the PLA
matrix melting point of 170 °C) which represents the first heating run. The sample was held
5 min at 200 °C and quenched. After quenching, the sample was held isothermally at 20 °C
for 5 min. Subsequently, the sample was heated with a heating rate of 10 K-min~! to 100 °C
(second heating run). The cold crystallization enthalpy (AH:), maximum temperature
pick of cold crystallization (T.), melting enthalpy (AHy,) and the maximum temperature
peak of melting (Tr) were obtained from the second first heating, the midpoint of the
glass transition temperature (Tg) and change in the heat capacity (AC;) were obtained
from the second heating run. The degree of crystallinity (X;) was estimated using the

following equation:

AHm — AHc -100%, (1)

Xe =
AHpm100% W

with AHm100% = 93.7 J-g ! presented by Quero et al. [13]. Melting enthalpy was corrected
for filler content (w).

Static tensile test was carried out according to ISO 527-2:2012 using a Zwick/Roell
Z005 (Ulm, Germany) electromechanical testing machine equipped with a load cell with
a range of 1 kN. The test was controlled by a constant displacement of the grips, equal
to 15 mm-min~!. The initial separation between the grips of the testing machine was
90 mm. A long-range extensometer was used of 40 mm. Average values of parameters
were determined for at least five tests. Samples for the static tensile tests had a round beam
shape with diameter ca. 2 mm, total length of 90 mm, whereas the measuring length of the
extensometer was 50 mm.



