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Abstract

A novel metal matrix composites (MMC) with Mg matrix reinforced with natural filler in the form of Didymosphenia geminata frustules
(algae with distinctive siliceous shells) are presented in this work. Pulse plasma sintering (PPS) was used to manufacture Mg-based composites
with 1, 5 and 10 vol.% ceramic filler. As a reference, pure Mg was sintered. The results show that the addition of 1 vol.% Didymosphenia
geminata frustules to the Mg matrix increases its corrosion resistance by supporting passivation reactions, and do not affect the morphology
of 1929 fibroblasts. Addition of 5 vol.% the filler does not cause cytotoxic effects, but it supports microgalvanic reactions leading to the
greater corrosion rate. Higher content than 5 vol.% the filler causes significant microgalvanic corrosion, as well as increases cytotoxicity
due to the greater micro-galvanic effect of the composites containing 10 and 15 vol.% diatoms. The results of contact angle measurements
show the hydrophilic character of the investigated materials, with slightly increase in numerical values with addition of amount of ceramic
reinforcement. The addition of Didymosphenia geminata frustules causes changes in a thermo-elastic properties such as mean apparent value
of coefficient of thermal expansion (CTE) and thermal conductivity (1). The addition of siliceous reinforcement resulted in a linear decrease
of CTE and reduction in thermal conductivity over the entire temperature range. With the increasing addition of Didymosphenia geminata
frustules, an increase in strength with a decrease in compressive strain is observed. In all composites an increase in microhardness was
attained.

The results clearly indicate that filler in the form of Didymosphenia geminata frustules may significantly change the most important
properties of pure Mg, indicating its wide potential in the application of Mg-based composites with a special focus on biomedical use.
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction cal applications [4], computer, communication and consumer
products, has spurred widespread efforts to develop novel

The necessity of lightweight materials for use in various metal matrix composites (MMC). Considering the strength-to-
applications, i.e., automotive [1,2], aerospace [3], biomedi- weight ratios of metals, Mg has ideal ductility and castability
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properties because of the lower density (1.74 g/cm?®), which is
two-thirds that of Al, one-fourth of Zn, and one-fifth of steel
[5,6]. The good machinability of Mg allows it to be shaped
with numerous methods such as powder metallurgy, casting,
plastic deformation, and other [7]. Comparison to other met-
als and polymers shows Mg has better thermal and electrical
conductivity, vibration and shock absorption as well as damp-
ing capacity [8—10]. It also presents no toxicity hazard [11].
However, the main obstacle to the wide use of Mg and its al-
loys is their proneness to corrosion. This is a serious problem
in clinical use, when the high corrosion rate causes hydrogen
release in the surroundings of implants [12,13].

The properties of Mg and alloys can be significantly im-
proved using micro/nano-sized particles. Apart from improv-
ing the aforementioned characteristics, the material may be
also tailored to a variety of specific applications with the ad-
dition of various reinforcements. For example, the addition
of ceramic particles into the Mg matrix to improve the duc-
tility, reduce the grain size and weaken the texture of Mg
[14—-16]. Some of the most commonly used additions are ti-
tanium dioxide (TiO,) [17-19], zirconium oxide (ZrO) [20—
25], hydroxyapatite (HAp) [26-29], beta-tricalcium phosphate
(B-TCP) [30,31], calcium polyphosphate (CPP) [27], fluorap-
atite (FAp) [32], bioactive glass (BG) [33-39], bredigite (Bre)
[40,41], zinc oxide (ZnO) [42], and magnesium oxide (MgO)
[43—45]. Hydroxyapatite (HAp), improves biocompatibility,
corrosion and the mechanical resistance [26-29]. Compos-
ites of Mg/HAp, varying in composition and grain size, are
manufactured via spark plasma sintering (SPS) method and
demonstrated better mechanical characteristics and corrosion
resistance than pure Mg [46]. Investigations of the influence
of B-tricalcium phosphate (8-TCP) revealed an increase in
hardness values with the increasing content of ceramic rein-
forcement [30]. According to Cui er al. [30], the particles
which are harder than the matrix (Mg-Zn-Zr alloy, ZK61),
limit at local deformation of the matrix. In comparison to pure
ZK61, the composite has higher compressive strength. It is ex-
plained by the reduction of the grain size of the ZK61 alloy
and that fine grains hinder dislocation movement [30]. Com-
paring the additions of S-TCP and HAp, the former shows
better solubility in human body fluid [26,31]. Composites with
the uniformly distributed bioactive glass (BG) demonstrate an
increase in corrosion resistance over pure Mg [47]. The meso-
porous bio-glass (MBG) created by Yang et al. [33] results
in in-situ apatite layer deposition which reduced the corro-
sion rate of the Mg matrix. The addition of BG particles also
has a positive impact on the micro-hardness of the compos-
ites [34]. Among the other reinforcements, BG demonstrates
better solvability and biodegradable corrosion products [35—
38]. Furthermore, BG forms favorable physical bonds with
bone, stimulating bone growth far away from the implant lo-
cation [37,39]. The increase in mechanical properties as well
as a controllable degradation rate was obtained by the addi-
tion of calcium polyphosphate (CPP) [27]. Such properties
allow us to consider application of Mg-CPP composites as
load-bearing bone implants. Results obtained by Lei er al.

[42] show that the addition of ZnO to pure Mg results in in-
creases in tensile strength and hardness, as well as in better
corrosion resistance.

While the thermal properties of materials containing metal-
lic and ceramic phases are important because of their appli-
cation at elevated temperature, they have been relatively less
studied. The interplay between numerous factors, i.e., signif-
icantly different coefficient of thermal expansion (CTE) of
metallic and ceramic phases, the effect of processing induced
residual stress, initiation of early plastic deformation in the
metallic phase, in metal/ceramic composites results in com-
plex behavior of thermal expansion [48]. Each of these fac-
tors depend on variety of other parameters. In the case of
coefficient of thermal expansion, it is a complex function
of temperature which depends on the composition, volume
fraction of components and also fabrication process [49]. It
must be noted that studies on thermal expansion behavior
of metal/ceramic composites were mainly carried out with
ceramic reinforcements in form of particles or continuous
fibers [50-52]. The differences in the CTE of the matrix
and the ceramic reinforcement may result in thermally in-
duced stresses which, when subjected to major temperature
cycling, can lead to eventual failure. The mismatch issue of
CTE coefficients is also important from the point of view
of their applications i.e.,, in electronics, where components
made of different materials interact with each other [53].
Hence, the need for intentional tuning of CTE values can
be crucial in order to avoid or reduce the impact of this
mismatch.

Another important property determining the potential ap-
plication of MMC is thermal conductivity (A). The ability
to dissipate heat efficiently limits possible overheating which
could occur when the material is under operational condi-
tions. Therefore, the effective transfer of thermal energy to
the environment may become of the highest priority, and thus
the highest possible thermal conductivity of the material may
be desired [54,55]. The intrinsic qualities of these two groups
of materials, i.e., metallic and ceramic, are significant differ-
ences in thermal conductivities. Among the important factors
affecting composite properties are the size and content of the
reinforcing ceramic particles as well as phonon scattering phe-
nomena occurring at the metal matrix-ceramic particle inter-
face [56]. The addition of finely dispersed, small high-strength
particles into ductile metal matrix results in the formation of
the strengthening mechanisms related to the hindering of the
sliding and climbing of dislocations. Concurrently, it is usu-
ally accompanied by a deterioration of thermal properties such
as conductivity or the aforementioned CTE [57]. Reinforce-
ment in the form of particles with a poor thermal conductivity
(such as ceramics) into a highly conductive metallic matrix,
may lower the ability to dissipate the heat.

To overcome limitations in ceramic reinforcement avail-
ability, for the first time we used a unique bio-based filler
in the form of diatom frustules as Mg reinforcement. The
siliceous frustules of diatoms, unicellular eukaryotic algae,
possess unique species specific, three-dimensional hierarchi-
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cal architecture [58]. The properties of diatoms frustules show
their affinity as candidates for applications in mechanical,
electrical and photonic industrial sectors [59,60]. The spe-
cific advantage of frustules is their unique architecture which
makes them act as ribbed cavities when added to the com-
posite matrix, leading to the reduction of the specific weight
without reducing the strength, which for modern industry is of
crucial importance. Recent studies show that reinforcing var-
ious matrices, metallic as well as polymeric, with bio-silica
diatom frustules allows for new light materials with enhanced
mechanical properties to be obtained [61-65]. One example
of this is the fabrication of Ti6Al4V-DE composites via spark
plasma sintering (SPS) shown in previous work by Zglobicka
et al. [64].

The commonly used methods for manufacturing of Mg-
based composites are powder metallurgy [66-72], casting
[73-75], wrought techniques [76,77] and additive manufac-
turing [78-82]. Those methods have a direct effect on the
microstructure as well as the properties of the composites,
i.e., mechanical properties, corrosive and biological behav-
ior [74,83,84]. Among these techniques, powder metallurgy
is the most common, and allows the uniform distribution of
reinforcement within the matrix at low manufacturing temper-
ature and low-cost [30,38,46]. The entire production process
may be described in three steps: blending of the powders,
compaction, and sintering. In case of the ceramic filler, the
limitations of wettability of ceramic particles with the molten
metal matrix may be omitted.

With regard to technological and biomedical concerns, re-
searchers and technologists look for naturally occurring re-
inforcement which may enhance the properties of Mg-based
composite materials. Therefore, here we explore the possibil-
ities of fabrication of Mg-based composited reinforced with
diatom frustules obtained from natural sources, using pulse
plasma sintering (PPS). To the best of our knowledge, this is
the first study, where the properties of Mg-based composites
with diatom frustules (Didymosphenia geminata) as a ceramic
filler, are described. The main goal of this paper is to analyze
the microstructural evaluation due to various ceramic filler
content in the Mg matrix (1, 5 and 10 vol.% diatom frustules),
and subsequent corrosive, biological, thermal, thermo-elastic
and mechanical properties changes.
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2. Composites manufacturing
2.1. Precursors preparation

Mg-based composites were manufactured from the high
purity Atomised Magnesium Powder Société pour la Fabrica-
tion du Magnésium (SFM, UNS 1418 with the particle size
of 25-80 pm) and siliceous diatom frustules of Didymosphe-
nia geminata obtained from nature (called wild samples) were
used as a composite filler [58,85,86]. The preparation proce-
dure included boiling the wild samples in 37% hydrogen per-
oxide (H,0,) for 12 h to remove organic matter and rinsing in
deionized water. Mixtures of Mg powder and diatom frustules
in 1%, 5% and 10% additions (by volume) of Didymosphenia
geminata were obtained by mixing for 1 hour using Turbula-
type mixer (Fig. la). Pure Mg was also sintered as a reference
material. No balls were used for mixing to provide maximum
purity and prevent the fracturing of Didymosphenia geminata
frustules.

2.2. Manufacturing method

The composites were consolidated using pulse plasma sin-
tering (PPS). In PPS, the pulsed electric current generates
Joule heating in the graphite punches, die, and consolidated
powder. Similar to other current-assisted powder metallurgy
techniques, fast heating rate, shorter annealing time, and en-
hanced diffusion in the electric field may be achieved [87],
which is of crucial importance during sintering of natural filler
with Mg matrix. As shown in Fig. 1b, the battery capacitors
with a total capacity of 300 wF is charging using a DC power
supply. The ignition system is responsible for closing the cir-
cuit and discharging the capacitors. The maximum duration
of a single pulse is ca. 600 ws, while the set time between
the pulses can range from fractions of a second to less than
10 s. The whole process of consolidation is carried out in a
vacuum chamber. The powder mixture is placed in a graphite
matrix between two graphite punches, which act as electrodes.
The system is heated up via periodic current pulses flowing
through both the powder and the die. Because of the impul-
sive character of the energy supply, during the consolidation
process there are two temperatures — fixed and instantaneous

C

Trigger
switch

Capacitors

DC power
supply

Fig. 1. (A) Scheme of mixture preparation, (B) manufacturing method — pulse plasma sintering, and (C) real life images of the sintered materials.
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caused by the flow of a current pulse (higher than the fixed
one).

The PPS was conducted under a vacuum. The powder mix-
tures were placed in a cylindrical graphite die with an inner
diameter of 25 mm and pressed between two graphite punches
under 19 MPa of initial uniaxial compressive pressure. The
mixtures were heated up to 550 °C with a heating rate of
90-100 °C/min, after which a final pressure of 60 MPa was
applied. The sintering temperature of 550 °C was maintained
for 5 min. As a result, round specimens with the dimension of
25 mm and thickness of 5 mm were produced (Fig. 1c). The
experimental density (bulk density) of the composites was
obtained by the Archimedes method. The obtained relative
density of the samples was estimated at 100% of the theo-
retical value. The theoretical density was calculated using the
rule of mixture.

3. Experimental techniques
3.1. Materials characterization

Characterization of Mg powder and Didymosphenia gem-
inata frustules was carried out using an ultra-high-resolution
analytical dual-beam FIB-SEM tool (Scios2 DualBeam,
Thermo Fisher Scientific, Waltham, MA, USA). Powder sam-
ples were coated with Au (5 nm layer) using a high-vacuum
sputter coater (Gatan, Pleasanton, CA, USA). The particles’
distribution of the Mg powder and Didymosphenia geminata
frustules was performed using a laser particle size analyzer
(Fritsch, Idar-Obserstein, Germany) in water suspension. The
density of the materials was measured using Archimedes
method.

The scanning electron microscopic (SEM) images of the
samples were performed using field emission microscope Hi-
tachi SU70. To approach samples were ion milled in an
Ar+ beam (Ion Milling System, Hitachi IM4000). To per-
form detailed observations of the matrix/filler interface, the
lamellas were prepared using focus ion beam (FIB) Hitachi
NB5000. To avoid oxidation during sample transportation to
other equipment, lamellas were analyzed in scanning trans-
mission electron microscope (STEM) using the same equip-
ment. The cross-section observations were performed in a sec-
ondary electron (SE) mode and using atomic mass contrast in
transmission mode taken on annular dark field detector (DF).
The chemical point analyses using energy dispersive spec-
trometer (EDS) were made to have a detailed information
about chemical constituents formed during material fabrica-
tion. The phase compositions of the alloys were determined
using X-ray diffraction (XRD, Bruker D8 Advance) operated
at 40 kV and 40 mA with Cu—Ko radiation. The results were
recorded by stepwise scanning 20 from 10° to 120°, with a
step size of 0.02° and a count time of 10 s per step.

To obtain a detailed description of the microstructure
formed during sintering, electron backscattered diffraction
(EBSD) was utilized using a scanning electron microscope
(SEM, Hitachi SU70) equipped with Bruker EBSD detector.
Samples were ion milled in an Ar+ beam (Ion Milling Sys-

tem, Hitachi IM4000). All EBSD measurements were con-
ducted with a step size of 0.2 wm. The SEM imaging and
chemical analyses were conducted using energy dispersive
spectrometer (EDS). The crystallographic orientation of grains
is presented in the form of inverse pole figures (IPF). Ker-
nel average misorientation (KAM) maps are given to analyze
residual stress in the material. The samples were scanned us-
ing a micro-focused X-ray tomographic system (MicroXCT-
400, Xradia - Zeiss), at 40 kV and 200 wA. For each sample,
1200 projection images were recorded with an exposure time
of 5 s and a magnification objective of 4 x . The volume
was reconstructed using the supplied manufacturer software
and then exported to Avizo Fire (Thermo Fisher Scientific)
for further 3D image analysis. The voxel size was the same
for all samples (5 x 5 x 5 pm).

3.2. Corrosion properties

Corrosion resistance of the materials was characterized
based on the electrochemical measurements, while the corro-
sion rate of composites was determined based on the hydrogen
release method. The electrochemical testing was carried out in
a phosphate buffered saline (PBS) solution at 37 °C. The PBS
was prepared using tablets purchased from Sigma Aldrich Ltd.
(1 liter of PBS was prepared using 5 tablets). Open circuit
potential (Egcp) during 1 h of immersion, electrochemical
impedance spectroscopy (EIS) and potentiodynamic measure-
ments were acquired using a setup composed of Pt wire as
a counter electrode, Ag/AgCl as the reference electrode and
the Mg sample as a working electrode. After 1 h of immer-
sion, EIS were recorded in a range of 0.01 Hz to 10,000 Hz.
Potentiodynamic scans were registered starting from 0.5 V
below Eqcp, finishing at 2 V vs Egcp. The EIS and potentio-
dynamic polarization results were fitted using Gamry Echem
Analyst™ software. To ensure the reproducibility of the re-
sults, at least three measurements for each sample were made.
The characterization of the corroded surfaces was performed
by SEM (Hitachi SU70) after immersion for 1 h in PBS at
37 °C. Samples were observed covered with corrosion prod-
ucts and after the removal of corrosion products. Corrosion
products were removed by chemical treatment with CrO; for
40 s as specified in Dobkowska er al. [88]. The corrosion rate
of the samples was evaluated based on the hydrogen release
method. Three samples from each material were polished up
to #4000-grit SiC paper, cleaned, and measured. Afterwards,
they were placed into the beaker connected to a burette where
the hydrogen gas was collected [89,90]. The chemical com-
position of the corrosion products was analyzed based on X-
ray photoelectron spectroscope (XPS) PHI 5000 VersaProbe
(Scanning ESCA Microprobe ULVAC-PHI) with a monochro-
matic Al K, X-ray source (hv = 1486.6 eV). Survey spectra
and high-resolution spectra were recorded using pass energies
of 117.4 and 23.5¢eV. Peaks were fitted using an asymmetric
Gaussian/Lorentzian mixed function using CasaXPS software
(version 2.3). The XPS signal intensity was determined using
linear or Shirley background subtraction.
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3.3. Wettability

Contact angle measurements were performed by the sessile
drop technique at room temperature and atmospheric pressure,
with a Osilla Contact Angle Goniometer (Osilla, Sheffield,
UK). Ten independent measurements were performed for each
sample, each with a 2 pL deionized water drop. In order
to examine the macroscopic characteristic and to eliminate
the effect of topography, the measurements of contact an-
gle were conducted on the polished cross-sections. The re-
sults were then averaged to reduce the impact of surface
nonuniformity.

3.4. Biological properties

The cytotoxicity of the pristine Mg and its composites
was evaluated according to ISO 10993-5 guidelines [91] us-
ing the 1929 murine fibroblasts cell line (ECACC, Sigma-
Aldrich) and human bone marrow-derived mesenchymal stem
cells (h(MSC, Lonza). The samples were cleaned for 15 min.
in acetone and then 15 min. in ethanol, followed by drying in
a laminar flow cabinet and exposure to UV light (30 min. for
each side). To prepare the extracts, sterile specimens were
immersed in 0.42 ml of either Dulbecco’s modified eagle
medium (DMEM, Gibco, UK, cat. no. 10566016) or Mini-
mum Essential Medium alpha (¢MEM, Gibco, UK, cat. no.
32561037), and incubated at 37 °C and 5% CO, atmosphere
for 24 h. The medium volume was calculated based on the
guidelines for standard surface area and extract liquid vol-
umes; however, it had to be increased by 25% to ensure com-
plete immersion of the samples in the 48-well plates. Media
without samples were incubated as a control.

L929 cells were cultured in DMEM supplemented with
10% of fetal bovine serum (FBS, EuroClone, Itally), 1% of
penicillin and streptomycin (PS, Gibco, UK) and 2 mM of
L-glutamine (Sigma-Aldrich, USA). HMSC were expanded
in «MEM supplemented with 10% of FBS, 1% of PS and
1 nM of fibroblast growth factor 2 (Sigma-Aldrich, Israel).
To study the cytotoxicity, the cells were seeded in 96-well
plates at densities of either 10 x 103 (929 cell) or 5 x 10°
(hMSC) and allowed to adhere and spread overnight. On the
next day, the DMEM and « MEM extracts were supplemented
with 10% FBS, 1% PS and 2 mM of L-glutamine (DMEM
only), added to wells with L1929 cells (DMEM extracts) and
hMSC (e¢MEM extracts), and incubated with the cells for
24 h. To evaluate the effect of soluble corrosion products on
viability of the cells, a MTS assay (Promega, USA) was per-
formed according to protocol established by the manufacturer.
The absorbance was measured at A=490 nm using Fluorostar
Omega plate reader (BMG Labtech). The results were ana-
lyzed statistically by means of one-way ANOVA followed by
Tukey-Kramer pair-wise comparisons (KyPlot software, ver-
sion 2.0 beta). The morphology of the cells after incubation
with the extracts was visualized by PrimoVert inverted mi-
croscope (Zeiss, Germany) at magnification of 200 x and
recorded using Zen 3.6 software.

3.5. Thermal and thermo-elastic properties

The coefficient of thermal expansion (CTE) was measured
using a DIL 402 Expedis (Netzsch, Selb, Germany) apparatus.
The test samples were rectangular cuboids with dimensions
of 3 mm x 3 mm x 24 mm.

The thermal conductivity, A, was calculated according to
the Eq. (1):

A= p-Cpoa ()

where p (g/cm?) is a density measured with the Archimedes
principle, C, (J/g-K) is the theoretical heat capacity, and o
(mm?/s) is a thermal diffusivity measured with a laser flash
method (LFA) by the means of LFA 457 MicroFlash equip-
ment (Netzsch, Selb, Germany). To determine A of the com-
posites, the specific heat value was assumed to be 1.02 J/g-K
for pure Mg according to Lee ef al. [9]. Samples for thermal
diffusivity measurements were cylinders with a diameter of
10 mm and height of 1 mm.

Both o and CTE measurements were performed over a
temperature range from 50 to 400 °C in the inert atmosphere
of Ar.

3.6. Mechanical properties

Mechanical properties were tested using compression tests
at room temperature. The specimens had the cylindrical form
with a length to diameter ratio of 3:2 (3 mm of length to
2 mm of diameter). The measurement of the loading force
was carried out using a force sensor with an accuracy of
42 N. The deformation of the samples with the rate of
0.5 mm/min was carried out by moving the traverse of the
Zwick/Roell testing machine. The criterion for stopping the
test was a 30% drop in compressive force from the maximum
value. The stress value was calculated using the initial cross-
section of the samples. During analysis, the values of com-
pressive yield strength (oys) and compressive strength (o)
were determined. The offset for calculation ovys had value
0.2% of compressive strain. Tests were repeated for 3 sam-
ples from each material. The representative light microscopy
images of the samples before and after mechanical tests were
documented.

The microhardness of the composites was tested by the
Vickers method using a Hardness Tester InnovaTest Falcon
500 under the load HVO0.2. Ten measurements in line were
made for each sample with a distance of 0.35 mm between
the subsequent indentations.

4. Results
4.1. Precursors characterization

Shape, size and morphology of the Mg powders and
frustules of Didymosphenia geminata were observed using
SEM (Fig. 2). Mg particles are spherical with no visible
porosity (Fig. 2a-b). Some of bigger particles, with diameter
larger than 30 wm, have satellites attached onto their surface
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Fig. 3. (A) SEM morphology and (B) EDS analysis of the as prepared Didymosphenia geminata frustules.

(Fig. 2b). In the mixtures prior to sintering, whole as well
as fragmented frustules may be distinguished (Fig. 2c). The
characteristic feature of the main diatom taxon, Didymosphe-
nia geminata, is its morphology, see Fig. 2d. This morphol-
ogy is of a biraphid pennate diatom with capitate ends and an
inflated center. Openings across the frustule, called areolae,
have a funnel shape.

The average diameter of Mg powder 45.6 £ 0.7 pwm de-
termined by the laser particle size analyzer, is in agreement
with the manufacturer’s data. The size of the particular frus-
tule is in the range of 120-140 pm in length and 35-45 pum
in width. The chemical elemental analysis of Didymosphenia
geminata frustules shown in Fig. 3b confirms the presence of
Si and O. The presence of C, Au and Al are artefacts result-
ing from the sample preparation procedure (coating with Au)
and Al stub with C tape.

4.2. Composites

4.2.1. Microstructural description

The microstructures of the sintered materials are depicted
in Fig. 4 and Fig. 5. Clearly distinguishable multi-grained
Mg particles with dark contrast areas located at the particle
boundaries are visible on the SEM image (Fig. 4a). The mi-
crostructures of the Mg with the addition of ceramic filler
are shown in Fig. 4b-d. As observed, siliceous frustules built
themselves into interparticle spaces (Fig. 4b-d, yellow arrow-
heads).

One feature characteristic of the diatom frustules, ribs,
are well distinguishable and easy to identify in SEM images
(Fig. 4b-d).

The red arrowheads show the dark contrast areas which
exist in both, pure Mg and Mg composites (inset Bl in
Fig. 4b). We suppose those may be identified with a mix-
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Fig. 4. SEM images of the composites: (A) pure Mg, (B) Mg + 1% Didymosphenia geminata frustules, (C) Mg + 5% Didymosphenia geminata frustules,
(D) Mg + 10% Didymosphenia geminata frustules; Didymosphenia geminata frustules - yellow arrowheads, MgO/Mg(OH), - red arrowheads.

3.00um | NB5000 30.0kV 5.0mm x15.0k DF(2,3)

@ Point | Mg (at.%) | O (at.%) | Si(at.%)
1 64.4+0.4 | 29.4+0.4 | 6.2+0.2
2 60.7+0.4 39.3+0.4
3 47.2+0.3 | 46.1+0.4 | 6.7+0.3
4 42.8+0.3 | 41.1+0.4 | 15.8+0.3

Fig. 5. The representative cross sectional STEM images performed for the Mg + 1% Didymosphenia geminata frustules in secondary electron (SE) mode (A)
and in dark field (DF) mode (B). Chemical point analyses are shown in panel (C).

ture of MgO/Mg(OH), formed in situ during sintering [42].
To describe the interface between filler and Mg matrix, the
cross sectional observation were performed on the lamella
prepared from the Mg + 1% Didymosphenia geminata frus-
tules (Fig. 5). The same area of interest shown in both, sec-
ondary electron (SE, Fig. 5a) and dark field (DF, Fig. 5b)
modes, allows to state that the interface between filler and
a matrix is continuous, without any segregation and impuri-
ties observed. To identify compounds formed during sinter-
ing, the chemical analyses on the cross section in points 1-4
were performed. Based on the combined results of chemi-
cal and phase analyses (Fig. 5c¢ and 6) it is reasonable to
deduce that during sintering Mg,Si itself and the mixtures
of Mg-Si-O were formed. The atomic ratio of Mg to Si

about 2:1 was found in point 2 indicating presence of Mg,Si,
while points 1, 3 and 4 are most likely mixtures of MgO
and Mg,Si. It can be thus concluded that PPS used here in-
duced reactive bonding between silica in frustules and Mg
powder.

Porosity and distribution of the diatom frustules were in-
vestigated via the wCT method. The 3D reconstructions of
the samples’ structures revealed that during PPS the fractions
of the Didymosphenia geminata fillers remain nearly at the
same level as theoretical, and as shown in Fig. 7a-c, the cal-
culated volume of ceramic filler is 0.95% for Mg with the
addition of 1 vol.% ceramic filler, 4.56% for the sample with
the addition of 5 vol.% the filler, and 7.85% for the samples
with the addition of 10 vol.% the filler. The images reveal
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Fig. 6. XRD patterns obtained for the investigated composites.

Table 1
Experimental density of the manufactured materials.

Materials Pexp (g X cm™3)
Pure Mg 1.75
Mg+1% Didymosphenia geminata 1.76
Mg+5% Didymosphenia geminata 1.89
Mg+10% Didymosphenia geminata 1.83

that frustules are well dispersed and their spatial distribution
within Mg matrix is uniform. We observed minimal porosity
through the sintered samples, and this is in agreement with the
experimental density confirming that consolidation parameters
were chosen properly (Table 1). With the increasing concen-
tration of ceramic filler, the porosity of the materials also rises
(Fig. 7d-g), in non-linear increase. The lowest porosity was
found to be in pure Mg and Mg with the addition of 1 vol.%
the Didymosphenia geminata frustules. It was calculated to be
0.025% for Mg with the addition of 5 vol.% Didymosphenia
geminata, and 0.134% when 10 vol.% filler was added into
Mg. The increasing porosity is related to the structure of the
fillers; pores were observed mainly in the interspatial areas of

A Mg+1% (0.95%)
tﬂf}‘{# SRy
:1#‘“ «‘*ﬁiz :
Didymosphenia e 5 n*n. 7y
geminata £ Y v‘",_, ; ; 4’&
frustules N .‘\"; \:;‘ L
distribution N NPORATTRARYG
REY m&f*&‘?‘d
]”);;; 2.2 mm
D Pure Mg E Mg+1%
Porosity
E  0.006% 0.004 %
],)707 2.2 mm

the ribs in Didymosphenia geminata frustules. The explana-
tion of such results may be related to the geometry of single
frustule (see Fig. 2¢ and d), which should be considered as
a ‘caged pore’ because of the emptiness inside. The EBSD
results show that all materials have random crystallographic
orientation (Fig. 8a-d). High angle boundaries (HAGBs) were
observed between grains within a single particle. The map-
ping of specific phases (Mg and Si) shown in Fig. 8e-h con-
firms that areas visible between particles are identified with
Didymosphenia geminata frustules. No strain localization was
observed inside the grains of Mg with the exception of areas
next to the grain boundaries (Fig. 8i-1).

4.2.2. Corrosion properties

The results delivered from the electrochemical measure-
ments in PBS solution are depicted in Fig. 9. With the high-
est Didymosphenia geminata volume in the composites, the
increasing trend of open circuit potential (Eqcp) is observed
(Fig. 9a).

It is important to note that the initial rise in Egcp to
more positive values is observed for pure Mg, Mg + 1%
and Mg + 5% Didymosphenia geminata, which after a few
minutes of immersion becomes stable. The average value
of Egcp for pure Mg is the lowest among the investigated
alloys, fluctuating around —1.65 V/Ref. A slightly higher
Eocp is observed for the samples with 1 vol.% filler. Signifi-
cantly higher Eqcp is recorded for Mg + 5% Didymosphenia
geminata (—1.55 V/Ref), while Mg + 10% Didymosphenia
geminata has the highest values of Egcp oscillating around
—1.52 V/Ref. From inspection of the measured polarization
response of the sample it is possible to deduce that pure Mg,
Mg + 5% and Mg + 10% Didymosphenia geminata undergo
active dissolution in the analyzed solution, while characteris-
tic inflection point (Ey) is observed at the anodic branch of the

Mg+5% (4.65%) ¢ ) Mg+10% (7.85%)

Mg+10%

 0.025%

0.134 %

Fig. 7. 3D images showing the diatoms’ frustules distribution (A-C) along with porosity measurements given in vol.% (D-G) obtained from wCT measurements.
The calculated from the images volume of the Didymosphenia geminata is given in the brackets in panels (A-C).
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Fig. 8. EBSD data presented in the form of: IPF maps (A-D) with corresponding phase distribution (E-H) and Kernel misorientation maps (I-L). The nonindexed

areas are given in black.

Table 2

Characteristic parameters extrapolated from the potentiodynamic measurements shown in Fig. 9b (Ecor — corrosion potential, E, — breakdown potential,
icorr — corrosion current density, CR — corrosion rate) and CRyr calculated based on hydrogen release method.

Material Ecorr (V/Ref) Ep (V/Ref) icorr (WA/cm?) CR (mpy) CRyr (mpy)
Pure Mg —1.41 n/a 131 293 1.04+0.02
Mg+1% Didymosphenia geminata —1.40 —1.26 71 160 1.05+0.01
Mg+5% Didymosphenia geminata —1.38 n/a 251 564 0.31£0.02
Mg+10% Didymosphenia geminata —1.35 n/a 301 675 0.38+0.02

polarization curve recorded for Mg + 1% of filler (Fig. 9b
and Table 3). This inflection point is related to the break-
down of the protective oxide film formed on the composite
[92]. Also, the corrosion current density (icor) iS the lowest
for this sample (Table 2), indicating that this material is the
most resistive in the analyzed solution.

An equivalent electronic circuit (Fig. 9d) is proposed to fit
the EIS data. Ry stands for solution resistance, R, and con-
stant phase element (CPE,) is a resistance and capacitance for
electrochemical reactions at the film/Mg interface [93,94]. R
and CPE; represent the surface film resistance and capaci-
tance. To compensate for the non-homogeneity in the system,
a CPE was introduced instead of the capacitor [88,93]. The
increasing radius at high and medium frequency capacitive
loops clearly indicate that the least reactive in the PBS solu-

tion is the sample with 1% addition of Didymosphenia gem-
inata. The corrosion resistance of pure Mg and Mg + 5%
Didymosphenia geminata is lower, and comparable to each
other (R,+Ry is relatively similar for both alloys, Table 3).
The most active in the analyzed solution is the Mg + 10%
of filler. Similar values of Ry between the reference electrode
and the surface of the film-covered Mg electrode indicate that
it is not influenced by evolved hydrogen. The increase in Ry
for the Mg with 1% of Didymosphenia geminata addition
suggests that a significantly less porous film formed on the
surface when compared to pure Mg. Simultaneously, lower
values of Ry indicates a higher porosity of the films formed
on the Mg with 5 vol.% and 10 vol.% addition of Didymo-
sphenia geminata. The results of the electrochemical mea-
surements are in agreement with the corrosion rate calculated
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Fig. 9. Results delivered from the electrochemical testing in phosphate buffered saline solution (A) open circuit potential, (B) potentiodynamic curves, (C)

Nyquist plots, (D) equivalent electronic circuit used for data fitting.

Table 3
EIS parameters fitted for data shown in Fig. 9c with the EEC given in Fig. 9d.
Material R R, CPEa a, R¢ CPEf ar Ry L
(Q xcm?) (2 xcm?) (USs? x cm™2) (2 x cm?)  (LSs? x cm™2) (2 x ecm?)  (H x cm?)
Pure Mg 14 289 154 029 878 90 074 25 921
Mg + 1% Didymosphenia geminata 17 890 677 0.77 1530 43 0.87 120 6408
Mg + 5% Didymosphenia geminata 22 820 71 0.48 336 46 0.84 298 700
Mg + 10% Didymosphenia 17 132 39 0.91 36 37 082 49 4125
geminata

using hydrogen evolution method. As shown in Table 2, the
comparable corrosion rate is observed for pure Mg and Mg
with the addition of 1 vol.% ceramic filler (1.04£0.01 and
1.05+0.02 mpy, respectively). Higher vol.% Didymosphenia
geminata resulted in significant corrosion rate increase having
0.314+0.02 and 0.38+0.02 mpy. There is no linear regression
line between the points.

The surfaces of the samples after 1 h of immersion in PBS
solution is depicted in Fig. 10a-d. A relatively uniform ox-
ide film was formed on pure Mg, with thicker areas located
at the particle boundaries (Fig. 10a). Similar corrosion prod-
ucts morphologies were observed on the Mg with the addition
of Didymosphenia geminata frustules (Fig. 10b-d). As iden-
tified by XRD, the main corrosion product formed was MgO
(Fig. 10e). The resulting films were characterized by X-ray
photoelectron spectroscopy (XPS), which showed the pres-
ence of Mg 2p, Na1s,0 15s,C1s,P2pand Si2p (Table 4).
In all cases the Mg 2p peak was fitted at ~50.7 + 0.1 eV, in-
dicative of Mg-0, in agreement with XRD data. The peak at
~133.5 £ 0.1 eV which corresponds to P2ps/, signal was at-
tributed to phosphate groups. The C 1 s spectrum mainly cor-

responds to the so-called adventitious carbon, which is gener-
ally composed of various hydrocarbons species with a small
amounts of both singly and doubly bound oxygen function-
ality on the top of all specimen surfaces [95]. Since Si was
detected on all samples, we assumed it was built into the
surface during samples’ polishing resulting in the formation
of chemical bonds between silicon and oxygen. In summary,
phosphates and magnesium oxides are mainly formed on the
surface of the samples.

When the corrosion products were removed, various corro-
sion mechanisms were clearly distinguishable on the surface
of the samples. Examination of the corroded surfaces show
that localized corrosion occurred mostly at the particle bound-
aries (Fig. 11, marked by the red arrowheads). Regardless of
the concentration of Didymosphenia geminata frustules, those
areas were more prone to corrosion due to the pores and the
fact that oxides were present at the particle boundaries. Con-
sidering pure Mg, some of the deeper localized damage is
also visible in the particle’s interiors (Fig. 1la, yellow ar-
rowheads). Most importantly, we observed visible corrosion
damage inside the particles also formed on the other alloys
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Fig. 10. Characterization of the surfaces after 1 h immersion in PBS at 37 °C: surfaces covered with corrosion products: (A) pure Mg, (B) Mg + 1%
Didymosphenia geminata frustules, (C) Mg + 5% Didymosphenia geminata frustules, (D) Mg + 10% Didymosphenia geminata frustules, (E) XRD patterns
of the corrosion products formed after 1 h immersion in PBS at 37 °C.

Table 4
The binding energy (BE) and atomic% (At.%) of elements formed on the investigated materials after 1 h of immersion in PBS.

Pure Mg Mg + 1% Didymosphenia geminata ~ Mg + 5% Didymosphenia geminata ~ Mg + 10% Didymosphenia geminata
Name

BE / eV At.% BE / eV At.% BE / eV At % BE / eV At.%
Mg 2p 50.8 14.7 50.7 16.9 50.6 16.0 50.8 19.1
K 2p 372 293.1 1.2 2933 2.3 293.2 0.3
K 2p % 295.9 0.6 296.1 1.2 296.1 0.2
Na 1s 1072.0 1.1 1071.7 49 1071.8 6.7 1071.9 2.5
O 1Is 531.6 322 531.1 25.7 531.2 26.4 531.5 31.0
O Is 5329 4.6 532.0 15.8 532.1 16.0 532.4 10.5
O 1Is 5333 4.1 5333 34 534.1 0.9
Cls 284.7 30.0 284.8 14.6 284.8 10.1 284.8 21.0
Cls 286.2 39 286.0 2.1 285.8 4.1 286.0 2.0
Cls 288.3 1.5 289.2 0.6 289.7 0.4 289.8 1.5
C s 290.0 0.9
P 2p 3/2 133.6 6.0 133.4 8.6 133.4 8.8 133.6 7.1
P2p s 134.4 3.0 134.2 43 134.2 4.4 134.4 35

Si 2p 102.3 2.1 101.8 0.6 101.6 0.3 101.7 0.4
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Fig. 11. Characterization of the surfaces after 1 h immersion in PBS at 37 °C: after removal of corrosion products (A) pure Mg, (B) Mg + 1% Didymosphenia
geminata frustules, (C) Mg + 5% Didymosphenia geminata frustules, (D) Mg + 10% Didymosphenia geminata frustules.

(Fig. 11b-d). The morphology and the intensity of the dis-
solved areas change with the increasing concentration of the
ceramic filler. In the case of 1 vol.% addition of the ceramic
filler, the corroded areas within the particle interiors are not
so deep as in the case of pure Mg and were mainly formed
in the close vicinity of the ceramic filler (Fig. 11b, yellow ar-
rowheads). More intense damage propagating into the depth
of the material is observed in Fig. 11c, where the addition of
Didymosphenia geminata frustules is 5 vol.%. The maximum
intensity of corrosion is visible in Fig. 11d where almost the
entire surface of the sample is corroded.

4.2.3. Wettability

The qualitative evaluation of contact angle demonstrates
a surface’s tendency to repel water. The investigations were
conducted with deionized water. The results presented in
Table 5 clearly show that addition of 1 vol.% Didymosphe-
nia geminata decreased the wettability of surface in compar-
ison to pure Mg, making it the most hydrophobic among all
tested materials. Contrary relationship was obtained when the
content of Didymosphenia geminata frustules was increased
to 10 vol.%; the addition of such high vol.% ceramic filler
caused the decrease in the numerical values of contact angle,
making this material the most hydrophilic.

Table 5
Results of contact angle measurements using deionized water.

Series deionized water
Pure Mg 79.5 £2.0
Mg+1% Didymosphenia geminata 87.8 £ 43
Mg+5% Didymosphenia geminata 83.1 + 1.7
Mg+10% Didymosphenia geminata 69.6 £ 2.2

4.2.4. Biological properties

Per our results, the samples made of pristine Mg disinte-
grated completely during first 24 h of incubation in both types
of media. All specimens made from Mg with 10 vol.% filler
and one specimen prepared from bulk Mg with 5 vol.% Didy-
mosphenia geminata started disintegrating in «MEM medium
during first 24 h of incubation. The faster corrosion in the
oMEM could be due to slightly different composition and
osmolality of the media («MEM: 208-320 mOsm x kg~ !;
DMEM: 320-355 mOsm x kg™!).

The stability of the tested materials was reflected in
both cell morphology and viability. DMEM-based extracts
of Mg + 1% and Mg + 5% of Didymosphenia geminata
did not affect the morphology of L929 fibroblasts (Fig. 12a),
however, fewer cells could be observed in wells with those
extracts, which suggests slight cytotoxicity. Cell density was
lower in the case of Mg extracts and Mg + 10% Didymosphe-
nia geminata; moreover, the 1.929 fibroblasts started detaching
or seemed to be enlarged. The microscopic observations were
confirmed quantitatively by means of a MTS assay, which in-
dicated that the viability of 1.929 cells was significantly lower
than in the control for all test extracts. Furthermore, the drop
in cell viability of cells incubated with Mg and Mg + 10%
Didymosphenia geminata extracts was below 70% (Fig. 12¢),
indicating cytotoxicity. Viability of L.929 cells cultured in me-
dia based on extracts Mg + 1% Didymosphenia geminata
and Mg + 5% Didymosphenia geminata reached 76 + 9%
and 78 + 4% of control, respectively; however, the differ-
ence was not significant from the 70% cytotoxicity threshold.
Morphology of hMSC cultured with extracts Mg + 1% Didy-
mosphenia geminata, and extracts of intact Mg + 5% Didy-
mosphenia geminata specimens did not differ from that of the
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Fig. 12. Evaluation of cytotoxicity. Morphology of 1929 (A) and hMSC (B) cells cultured in extracts-based media for 24 h. Scale bar 50 wm. Quantitative
assessment of viability of 1.929 (C) and hMSC (D) cells determined by means of the MTS assay; red dashed line depicts cytotoxicity threshold, while green
dashed line depicts the viability of cells cultured in control extracts. * - p < 0.05.

Table 6
The coefficient of the thermal expansion (CTE) of the sintered pure Mg and
Mg with a ceramic reinforcement.

Series CTE (K~! x 1079)
Pure Mg 293 £ 0.5
Mg+1% Didymosphenia geminata 28.8 £ 0.5
Mg+5% Didymosphenia geminata 274 £ 04
Mg+10% Didymosphenia geminata 25.0 £ 04

control (Fig. 12b). In contrast, round cells and debris of lysed
cells were found in wells containing extract of pristine Mg,
Mg + 10% Didymosphenia geminata and the disintegrated
specimen Mg + 5% Didymosphenia geminata. This was con-
firmed by the MTS assay (Fig. 12d). Therefore, the soluble
corrosion products released from the Mg and Mg + 10%
Didymosphenia geminata materials proved to be extremely
cytotoxic for hMSC. The only non-cytotoxic material investi-
gated in this study was Mg + 1% Didymosphenia geminata
(no significant difference with control).

4.2.5. Thermal and thermo-elastic properties

The manufactured samples were investigated with respect
to the coefficient of thermal expansion (CTE) and thermal
conductivity (1). The results are presented in the Table 6 and
Fig. 13, respectively. These two parameters describe thermal
behavior of the material in a certain temperature range. The
CTE values of the investigated materials, presented in the
Table 6, show a linear correlation with the vol.% the rein-
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Fig. 13. Thermal conductivity (1) of the investigated materials.

forcing phase. As the amount of the natural ceramic addition
increased, a decrease in CTE was observed. The addition of
10 vol.% resulted in a 15% reduction relative to the pure Mg.
The graphic depiction of the thermal conductivity shows that
the decrease in the conductivity for manufactured compos-
ite samples is more flattened (ca. 10% of the basic value),
Fig. 13. In general, the higher content of the ceramic filler,
the lower the thermal conductivity. It was observed that 1, 5
and 10 vol.% addition of Didymosphenia geminata resulted
in the decrease in thermal conductivity, relative to pure Mg,
by 7%, 32% and 65%, respectively.
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Fig. 15. Microhardness of the investigated samples.

4.2.6. Mechanical properties

The results of the mechanical tests indicate that addition
of Didymosphenia geminata frustules have positive impact on
the compressive stress of the samples (Fig. 14a). With the
increased addition of Didymosphenia geminata frustules, an

increase in strength with a decrease in compressive strain is
observed. The smallest average value of compressive yield
strength of 84 MPa was determined for pure Mg, while the
addition of Didymosphenia geminata frustules increased its
values to 94, 116 and 127 MPa for 1, 5 and 10 vol.% Didymo-
sphenia geminata, respectively (Fig. 14b). The values of com-
pressive strength also increased with the increasing volume of
Didymosphenia geminata frustules, from 114 MPa for pure
Mg to 144, 213 and 230 MPa for 1, 5 and 10 vol.% Didymo-
sphenia geminata addition, respectively (Fig. 14b). The sam-
ples after the tests are illustrated in Fig. 14c. As observed,
a higher number of cracks are visible on the pure Mg and
sample containing 1 vol.% Didymosphenia geminata frustules
compared to those with 5 and 10 vol.% frustules. The results
obtained from the compression tests scales with microhard-
ness values. The addition of diatom frustules results in an
increase of the microhardness from 34.9 HV up to 42.5 HV,
52.2 HV and 63.1 HV for 1, 5 and 10 vol.% Didymosphenia
geminata, respectively (Fig. 15). All values are statistically
significant.

5. Discussion

In this work, we investigated novel Mg based MMCs with
natural ceramic filler in terms of microstructure, corrosion,
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biological, thermal, and mechanical properties. Three vari-
ous concentrations of Didymosphenia geminata frustules (1,
5 and 10% by vol.) were added into pure Mg powder and
PPSed. As the reference material pure Mg was sintered. The
bulk materials were characterized in terms of microstructure,
porosity and phase composition. As observed, the distribu-
tion of Didymosphenia geminata frustules was uniform in all
investigated materials, regardless the concentration of the ce-
ramic filler. The addition of 1 vol.% the ceramic filler slightly
reduces the porosity of the material when compared to bare
Mg. When analyzing 5 and 10 vol.% the ceramic filler, the
higher the concentration of the filler, the greater the porosity
of the composite. The increasing porosity is related to the
structure of the fillers; pores were observed mainly in the in-
terspatial areas of ribs in Didymosphenia geminata frustules.
The Mg,Si, MgO, and their mixtures were detected in the
phase composition of the materials investigated in this work,
and this can be a result of the following reactions (Eq. (2)
and Eq. (3)) [96]:

SiO, +2Mg — Si + 2MgO )

Si+2Mg — Mg>Si 3)

The formation of the intermetallic phases of Mg,Si and
MgO in the materials processed by powder metallurgy meth-
ods have been already reported [97-99] even at the temper-
ature below 550 °C which was used in this study to sinter
MMCs. The intermediate compounds formed in the matrix
are well adhesive and the interface between them and the Mg
matrix is continuous.

Recently, attention has been paid to the use of powder met-
allurgy methods to obtain Mg based MMCs with a relatively
homogenous distribution of the reinforcement, which may re-
sult in the improvement of mechanical properties [96]. None
of those works, however, show an apparent positive influence
of the reinforcement addition on the corrosive behavior of
Mg based MMCs. The addition of SiO, to a Mg matrix in-
tensified intergranular corrosion [96]. Tiwari et al. [100] in-
vestigated SiC reinforced Mg-based MMCs, and found the
presence of SiC particles deteriorated the corrosion resistance
of Mg. Carbon nanotubes increased mechanical properties,
but their presence accelerated corrosion of the matrix [101].
The results of our research clearly define that the trace ad-
dition of the ceramic filler and its proper distribution in the
Mg matrix may result in improvement in both corrosion and
mechanical properties; however, it is related to the restricted
concentration of ceramic filler in the Mg matrix. As per re-
sults of this work, 1 vol.% the Didymosphenia geminata frus-
tules had a positive influence on the corrosion resistance of
the Mg sintered via PPS. This is related to the decreasing
porosity at the particle-particle interfaces where the frustules
were built into the metallic matrix during synthesis. Corro-
sion processes in the case of pure Mg were the most intensi-
fied in the areas where the pores were present; however, this
mechanism was diminishing when the 1 vol.% ceramic filler
were built into the structure of the composite (confirmed by
the wCT scans). Pitting was observed on the surface, which

is generally the most common corrosion mechanism for Mg
in chloride containing solutions. In this case, with the in-
creasing volume concentration of ceramic filler (5% and 10%
by vol.), rapid increase of corrosion rate was observed. This
is the result of the significant microgalvanic corrosion which
was the predominant corrosion mechanism. This topic was de-
scribed by our research group in the previous papers describ-
ing microgalvanic corrosion [92,102,103], where Dobkowska
et al. proved that microgalvanic corrosion intensity depends
on the number and distribution of cathodes and anodes in
the corrosion system. The larger cathodic area, the more in-
tense dissolution of anodic areas, and this is the results of
the half-reactions taking place in the corrosive system. When
compared two scenarios: with small and large cathodic area,
the large cathodic area forces anodic reactions to compensate
the local electric neutrality, thus, the intensity of dissolution
reactions must increase. In the case of Mg-Didymosphenia
geminata composites, ceramic filler will serve as cathode
when compared to anodic Mg matrix [104,105]. In this sce-
nario, the micro-galvanic corrosion directly corresponds to
the area ratio of cathodic to anodic sites of corrosion. In
a heterogeneous corrosive system, where the corrosion reac-
tions are strongly dependent on the spatial distribution of the
potential of the surface, the larger area of cathodic ceramic
filler compared to Mg matrix, increases the dissolution of the
alloy.

The results of contact angle measurements show the hy-
drophilic character of the investigated materials. While the
addition of the diatom frustules slightly increased the numer-
ical values of the contact angle, it is still not a proper way
to obtain super-hydrophobicity of surface and to significantly
lower surface energy of the composites. The manufacturing
of the Mg-Didymosphenia geminata composites will not lead
to a super hydrophobic property of the Mg surface and can-
not be a promising technology for improving anticorrosion
performance of pure Mg. Finally, among various methods in-
cluding hydrothermal technique, chemical and electrochemi-
cal deposition, the addition of ceramic filler will not replace
the strategies used so far — coatings on the surface of alloys
[106,107]. Perhaps treatment in the solutions containing mod-
ifying agents, including fatty acids or long-chain molecules,
should be investigated.

Corrosion resistance of the investigated Mg-based materi-
als was reflected in the cytotoxicity thereof. The most stable
composite, i.e., Mg + 1%, was the least cytotoxic, and the
least stable, i.e., pure Mg and Mg + 10% Didymosphenia
geminata, were the most cytotoxic. This observation shows
that introduction of small volume fraction of diatoms’ frus-
tules reduced the cytotoxicity of pure Mg. The observed cyto-
toxicity could be attributed to the release of Mg?* ions, which
increase the pH of medium above physiological values, and
change the osmolality thereof [108]. The corrosion of the in-
vestigated composites depended also on the type of medium
used, and seemed to be faster in «MEM. In study by Bobe
et al. [108], the authors suggested that amino acids present
in medium could have corrosion-accelerating effect due to
formation of complexes with Mgt ions. This is not in com-
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pliance with our observations, since the « MEM contained ap-
proximately 20% (molar concentration) and 30% (mass con-
centration) less of amino acids than DMEM. On the other
hand, «MEM contained ~1.7 less sodium bicarbonate, there-
fore, had lower capacity to buffer the alkaline degradation
products than the DMEM. The positive effect of bicarbonate
on corrosion resistance of ZM21 in the initial stages of im-
mersion was demonstrated by Witecka et al. [109]. It should
be noted here that in this study, we incubated the samples in
medium w/o FBS in order to prevent adsorption of the FBS
molecules on the materials, and, therefore, keep the com-
position of the FBS constant for all tested materials. This
could in turn increase the corrosion of the tested alloys, since
FBS was found to maintain the pH of the medium; moreover,
the proteins present in the FBS adsorbed on the surface of
the samples and formed additional barrier, which lowered the
degradation rate [109].

The addition of Didymosphenia geminata frustules cause
changes in a mean apparent value of coefficient of thermal
expansion. In comparison to the CTE for pure Mg, as ex-
pected, the addition of siliceous reinforcement resulted in a
linear decrease of its value. This restricted elongation dur-
ing temperature rise may stem from the strong bonding be-
tween the metallic matrix and the ceramic particles [110]. It
is worth to underline that CTE measured in our work for
pure Mg (29.3 4+ 0.5 K™! x 107°) is close to the pure
Mg produced by microwave-assisted rapid sintering (29.1 +
1.2 K7! x 107%) [111] and to pure Mg manufactured via
disintegrated melt deposition technique followed by hot ex-
trusion (28.0 K=' x 107%) [112]. Other study shows that
Mg-based composite containing 1% nm-SiC exhibited CTE
value of 28.1 £+ 0.9 K~! x 107°, whereas for 10% of pm-
SiC addition 25.6 + 1.9 K~=! x 107° [113]. The latter is close
to that obtained in this work for a 10 vol.% Didymosphenia
geminata frustules.

The thermal conductivity of the samples decreased due to
Didymosphenia geminata frustules addition. According to our
measurements, the sintered composites were characterized by
a very high density, supported also by wCT studies. On that
basis, the porosity was determined, which even for the high-
est value of Didymosphenia geminata addition reached only
0.134%. In this regard, neither porosity nor specific heat ca-
pacity C, (which was assumed the same for all composites)
could be the reason of considerable alterations in thermal con-
ductivity values (especially for 5 and 10 vol.% ceramic addi-
tive), which according to the results were significantly lower
over the entire temperature range than for pure Mg. For the
latter, this decrease at room temperature reached almost 56%.
This would explain that the main reason for the reduction in
thermal conductivity of the composites, as the additive con-
tent increased, was the reduction in thermal diffusivity. That
could be possibly caused by the increasing content of ox-
ide phases: MgO, SiO,, as well as Mg,Si (which generally
exhibit lower thermal diffusivity values than pure Mg), the
presence of which was confirmed by the XRD analysis.

As expected, the addition of Didymosphenia geminata frus-
tules improves the mechanical properties of the composites.

The compressive strength and the compressive yield strength
of the materials raised with the increasing concentration
of Didymosphenia geminata frustules. This phenomenon is
strongly related to the architecture of the Didymosphenia gem-
inata frustules (ribs) which are able to compensate for strain
introduced during compression. The finite elements analysis
shows that the nature inspired structure of the reinforcement
have wide possibilities of applications as the reinforcement
in various metal-based matrix [114]. The mechanical poten-
tial of the frustules themselves was previously analyzed by
Hamm et al. [115] and Subhash et al. [116]. Both studies
focused on the mechanical properties of the frustules deter-
mining their mechanical properties in detail. In our previous
work, we calculated Young’s modulus of the Didymosphenia
geminata frustules which was found to be 31.8 GPa, and the
theoretical consideration about the using the investigated frus-
tules in the complex structures have been considered [117].
The addition of Didymosphenia geminata increased micro-
hardness of the materials, and the rise is comparable to the
effect which is caused by SiC added to Mg [118,119]. The
present research is the first step forward showing the real-
life applications of Didymosphenia geminata frustules as re-
inforcement in Mg-based composites with higher mechanical
properties than those of pure Mg.

Mg-based composites with Didymosphenia geminata frus-
tules represent a promising material with properties showing
excellent prospects for producing bulk materials with appli-
cations in various fields. We proved that trace addition of
Didymosphenia geminata frustules into the Mg matrix may
improve its corrosion resistance and mechanical properties
which, considering bioapplications, is of critical importance.
The results of this work clearly show that the formation of
Mg, Si increases corrosion performance of the Mg — Didymo-
sphenia geminata composites since Mg,Si is cathodic with
respect to the Mg matrix. Moreover, MgO easily transforms
to Mg(OH), by hydration, and it further decomposes to Mg>*
[42]. Taking this into consideration the formation of Mg,Si
and MgO mixtures may lead to the full degradation of the ma-
terial, which is obviously important considering biodegradable
materials, however, the issue of cytotoxicity due to increasing
content of the ceramic filler should be further investigated. Si-
multaneously, presence of Mg,Si [120] and MgO [43] plays a
significant role in the mechanical properties by strengthening
of the material in terms of increase in compressive strength,
compressive yield strength and microhardness improvement,
which is crucial for load bearing applications.

6. Conclusions

In this work, a new generation of Mg-based composites
with natural filler were produced and investigated. Based on
the results the following conclusions can be drawn:

1. Mg + Didymosphenia geminata composites produced us-
ing pulse plasma sintering (PPS) are characterized by uni-
form distribution of the ceramic filler in metallic matrix
regardless of content of the filler (1, 5 or 10 vol.%).
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Porosity of the samples is generally low, 0.006% for pure
Mg. It increases with addition of frustules from 0.004 for
Mg + 1 vol.%, 0.025 for Mg + 5 vol.% to 0.134% for
Mg + 10 vol.% Didymosphenia geminata frustules.

. The addition of 1 vol.% Didymosphenia geminata frus-
tules has a positive impact on the corrosion and biologi-
cal response of Mg. The addition of 1 vol.% ceramic filler
changes the mechanism of corrosion causing passivation of
the surface. The passivation layer is expected to limit hy-
drogen release of material, which is of crucial importance
in clinic use. The non-cytotoxic behavior is still observed
for the addition of 5 vol.% Didymosphenia geminata frus-
tules, but this content lowers corrosion resistance of the
composite. A higher concentration of filler leads to strong
microgalvanic corrosion and increase in cytotoxicity.

. The coefficient of thermal expansion values exhibit a lin-
ear decrease as the amount of the Didymosphenia geminata
frustules increased. The addition of natural ceramic filler
causes a reduction in thermal conductivity (significant for
5 and 10 vol.% Didymosphenia geminata) over the entire
temperature range, which was attributed to hampered ther-
mal diffusivity.

. With the increased addition of Didymosphenia geminata
frustules, an increase in strength with a decrease in com-
pressive strain is observed. Even the smallest addition of
Didymosphenia geminata frustules to the Mg matrix causes
a significant increase in microhardness; 1 vol.% Didy-

mosphenia geminata caused an increase in microhardness
about 23%, 5 vol.% about 52% whereas the highest amount
of ceramic filler results in the microhardness improvement
of about 102%.

5. The natural filler in the form of Didymosphenia geminata
frustules may significantly change properties of pure Mg,
indicating wide potential for biomedical applications of
Mg-based implants.
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