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Abstract

This study investigates the manufacturing process and material properties of a
closed-cell “‘green” magnesium foam produced by the melt-foaming process using
oyster shell powder (CaCO3) as a blowing agent. Oyster shells are a by-product of
food and jewellery production, which are considered to be waste and are usually
stored in landfills. Alternative uses for the shells are therefore being sought in order
to return them to the raw material cycle. A Mg-1Ca alloy is used as the matrix
alloy. Magnesium and calcium are elements that are dissolved in seawater and can
therefore be extracted from it, for example in desalination plants. We present here
the first magnesium foam that has been obtained from magnesium and calcium
using oyster shell powder as a blowing agent. This means the foam consists of
naturally extractable components, that could also be generated from the Atlantic
Ocean or the North Sea, for example. Since the material does not contain any
other contamination, e.g. from a technical blowing agent, returning it to marine
environment after the end of life by dissolving it in seawater is expected to not
cause any ecological or economic damage. Here the production process is described
and the dissolution rate in seawater is investigated. The composition and structure
of the foam and its mechanical properties are examined. The foam has a fairly
homogeneous pore structure, whereby the pore size in the upper area of the foam
is slightly increased due to the drainage effect, which also has an effect on the
mechanical properties.

Keywords Magnesium foam, Mg-Ca, Oyster shell powder, Ultralightweight, Structural,
Circular economy, Net zero, Recycling, Natural products

1 Introduction

The development of light and mechanically strong metallic materials becomes more and
more important for transportation industry to reduce energy consumption and CO,
emissions. In the future, the development of new types of lightweight metallic mate-
rials will not be based solely on ores extracted from conventional mines, but the edu-
cated consumer will place new demands on material developers regarding sustainability,
resource conservation and recyclability. Resource conservation and thinking in closed
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cycles (circular economy) will be a purchasing incentive just as important as customer
expectations regarding sustainability and fair production with a low CO, footprint.

In this environment, natural primary “green” materials or additives are of particular
interest, as they typically offer very good traceability to natural biogeochemical cycles.
Metallic materials basically have the advantage over polymers and ceramic materials
that they can be recycled several times in melt metallurgical processes. In most cases,
the recycled metal can be used in an identical way as it was used before recycling. This
applies to copper wires, for example, as their electrical conductivity and mechanical
properties are the same as those of primary production even in the recycled copper wire
[1]. Therefore, a real recycling/circularity is possible in comparison to e.g. most poly-
meric materials, where often only “downcycling” is possible.

Magnesium-based materials can play out another advantage here. Magnesium can
be extracted from natural marine salt water by electrolysis [2]. This has been done for
many years at the Dead Sea because of its high Mg?* concentration; Dead Sea Magne-
sium (DSM) is developing and producing magnesium here [3]. But the extraction of pure
magnesium from seawater as a byproduct is also worthwhile, e.g. if drinking water is
to be obtained in a desalination plant anyway [4, 5]. During desalination to fresh water,
brines which have 3 times the concentration of salts compared to the actual seawater are
produced as a waste product [6] and aside magnesium, calcium can also be extracted
from these brines. The global desalination capacity of the estimated 15,900 desalina-
tion plants sums up to approximately 95 million m® per day in 2023 [7]. According to
Mayor, the required quantity in 2050 will be up to 170 million m? per day [8]. This is an
increase of approx. 80%, which reflects the enormous demand for freshwater on the one
hand and gives an idea of the quantities of deposited salt on the other. In addition, the
European Commission has classified magnesium as one of the 30 “critical raw metals’,
as this material is of economic importance. To avoid interruption of the supply chain
of primary magnesium into the EU, alternative supply and extraction options must be
considered in the near future. In particular the recycling of magnesium-based products
gains more and more importance since it is listed as critical raw material due to missing
diversity in terms of availability of different global producers [9].

Due to the increasing population worldwide, the industrialization of the food sector
continues to grow. The worldwide consumption of oysters for food and to produce pearls
is behind the problem that oyster shells as a by-product cause a large amount of waste.
Due to the low percentage of oyster meat by weight in a farmed oyster, the share of shells
is even about 70% [10, 11]. The shells of oysters from aquaculture currently find only
few further processing possibilities and are therefore normally deposited as waste, sold
or thrown back into the sea to a small extent. The shells are also used as raw material
for various applications, such as the production of artificial stones or as an additive for
mixing cement [10, 11]. According to FAO figures [12], global oyster production in 2020
and 2021 was about 6.26 and 6.67 million tons by live weight, respectively. This would
correspond to a mass of oyster shells of 4.38 and 4.67 million tons, which currently often
contaminate coastal regions and freshwater in an uncontrolled manner. Therefore, the
use of shells in the production of light metal foams corresponds to a CO, net zero and
zero cost calculation for the part of the blowing agent and represents a valuable new way
to utilize such natural raw materials.
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Metal foams are already used in a wide range of applications [13]. These product areas
can be divided into structural, functional, and architectural applications. Examples of
structural applications are found in lightweight construction using foam-filled profiles
and panels [14], but also as energy absorbers for crash structures in the transport sector,
e.g. in cars or trains [15]. The areas of application for metal foams as a functional element
include sound absorbers [16], heat exchangers due to their good heat transfer properties
[17], and as an implant material in the biomedical field, which enables better osseointe-
gration due to its sponge-like structure [18]. In general, metal foams can be produced by
various process routes and consist of different materials and alloys. In his review, Singh
et al. shows different process methods and the corresponding products that have been
developed are available on the market. The materials mostly used are aluminium, iron,
copper, nickel, magnesium, and titanium [19]. However, even though many metal foam
products are already available on the market, demand is still insufficient. As an exam-
ple, Hommel et al. mention high costs, lack of design knowledge and missing reference
applications for aluminium foam sandwiches. To support the application of such hybrid
designs and thus reduce prices, different fields of application are being investigated
and motivated. For example, machine components made of aluminium foam sandwich
would reduce the mass and improve the behaviour in terms of acceleration and damping
effects [20]. Through process parameter-property correlations, missing knowledge about
the design properties of metal foams is addressed. How the mechanical properties of
metal foams correlate with the pore structure is shown, among many others, by Xia et al.
based on a study of the compression properties of closed-cell magnesium foams. Mag-
nesium foams with different porosities and pore sizes (AZ31 alloy) were produced via
the melt-foaming process. It is shown in detail that the compressive strength, but also
the amount of energy absorption depends on the porosity and the average pore size of
the foam [21]. The experiments follow the melt route to produce metal foam. In addition
to the direct injection of gas into the melt, a variant of this process involves stirring a
powder-bound blowing agent into the melt, which is for aluminium alloys also known as
the “ALPORAS”-process. At elevated temperatures, the powder starts to react with the
melt and forms bubbles. Solidifying the resulting porous structure creates a foam-like
solid body. The final pore structure depends on the reaction of the blowing agent with
the melt and finally on the effectively released gas. A higher melting temperature causes
a faster reaction, releasing more gas in a shorter time which leads to a higher poros-
ity, a larger pore size and a correspondingly smaller number of pores [22]. If the melt
is at low temperature or heated to high temperature, the foaming process will result in
either a casting with an undefined pore structure or a defective inhomogeneous porous
structure. While titanium hydride (TiH,) is used for foaming aluminium, calcium car-
bonate (CaCQOs) is mostly used as a blowing agent for magnesium foams. Since magne-
sium absorbs hydrogen, the use of titanium hydride leads to disadvantages such as rough
pore walls in the porous magnesium structures [23]. Yang et al. discusses in detail the
decomposition of calcite (CaCQOj;) in combination with molten magnesium [22]. TGA -
DTA analysis shows that the decomposition of CaCOj, corresponds to an endothermic
peak temperature of 863 °C. According to Eq. 1, the reaction produces calcium oxide and
CO,. The thermogravimetric analysis of the reaction of untreated CaCO5 mixed with Mg
powder shows a mass loss of the sample starting at a temperature of 560 —575 °C (Eq. 2).
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According to the results of the differential thermal analysis, the endothermic peak is
at 648 °C, which corresponds to the melting temperature of Mg. The chemical reaction
(Eq. 2) between blowing agent and liquid magnesium has its exothermic peak at 720 °C

[22, 24].
CaCOs3 (s) = CaO (s)+CO3 (g) (1)
Mg+ CaCOs3 (s) = MgO (s)+ CaO (s)+ CO (g) 1 2)

In the liquid-solid reaction between molten Mg and CaCO,, CO is released in addition
to resulting magnesium oxide and calcium oxide [22]. Carbon monoxide gas serves as a
blowing agent which forms the pores. CO leaking from the melt reacts completely with
the oxygen in the air at 650 °C to CO,, so that no CO pollution occurs [24].

Use of oyster shells in industrial processes or products where they serve as a source
of calcium or calcium carbonate, such as food supplements, cosmetics, medical prod-
ucts, water treatment, soil improvement, or, as in this case, materials synthesis, can be a
major contribution to sustainable use of natural resources in the future [10]. A magne-
sium alloy foam produced using oyster shell powder as a blowing agent has not yet been
described in the literature. The use of this natural blowing agent to produce metal foams
has so far only been described in the case of aluminium in two previous papers. Thus, in
[25], closed-cell foams were prepared from an AlSi7Mg alloy with 1, 3, and 5 wt% oyster
shell powder added and stirred during their preparation. It was shown that the addition
of 3 wt% oyster shell powder resulted in an optimum porosity, where the pores have a
diameter between 1.3 and 3 mm, while the porosity is about 71%. Another paper inves-
tigates the influence of different amounts of SiC in a composite foam with an AA7075
matrix and X wt% SiC (X = 0, 3, 6, 9, and 12) as well as 3 wt% TiB, [26]. Here, 2.5 wt%
oyster shell powder is used as blowing agent and the morphology of the foam and its
mechanical properties are investigated. As the SiC content increases, the yield strength
and Young’s modulus of the hybrid foam composites also increases. The energy absorp-
tion also significantly improves with the SiC content and has its maximum at 6 wt%. At
higher contents, however, this value drops again.

This paper is a feasibility study on the production of a magnesium foam consisting of
a Mg-1Ca alloy foamed with oyster shell powder into a sustainable green material. Mag-
nesium and calcium are components of seawater and can be obtained from e.g. desali-
nation plants, while the oyster shells are a product of the natural growth of oysters. The
utilisation of these natural byproducts promotes ecological circularity. Due to its decom-
position in seawater, the foam is assumed to be returnable to the ocean at its end of life
without generating harmful damage to the general marine environment since it will not

contain any other impurities.

2 Materials and methods

2.1 Origin and analysis of oyster shell powder and the used base material

The oyster shell powder was supplied by Trautwein Naturwaren, Karlsruhe, Germany.
According to the manufacturer, its composition is: 96 g CaCO,, 0.025 g Mg, 0.05 g K,
0.037 g S, 0.03 g P, 0.1176 g Fe, 0.037 g Mn, 0.0033 g Zn, 0.0009 g Cu, 0.0003 g Mo and
0.0021 g B (per 100 g). Due to its natural origin and an undefined degree of grinding,
the characterization of the particle size distribution of the used oyster shell powder has
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been carried out with a grid gradation of 125 ym, 90 pm, 75 pm, 63 pm, 45 pm, 32 pm
and 20 pm. The powder remaining in the respective sieves is converted into a particle
size distribution via the weight difference. The sieving tests were repeated four times.
Sieving parameters are 30 min sieving time with 10 s. intervals and a tapping amplitude
of 1.5 mm. In addition to the sieve analysis, the oyster shell powder was also examined
optically using a Keyence VK-X1050 laser microscope.

Determination of elemental mass fractions in the sample digests was performed using
an inductively coupled plasma tandem mass spectrometer (ICP-MS/MS) (Agilent 8800,
Agilent Technologies, Tokyo, Japan) coupled to an ESI SC-4 DX FAST autosampler (Ele-
mental Scientific, Omaha, Nebraska, USA) [27]. Experimental details are described in
the Appendix 1.

2.2 Melt-foaming process

Figure 1 shows a schematic of the process sequence of the optimized melt foaming
method. 250 g of pure magnesium (purity min. 99,9% Mg, manufacturer: HOESCH
Metals and Alloys GmbH, Niederzier, Germany) were melted in a 55 mm diameter steel
mold. The temperature of the melt was set to 700 °C and checked using a type K ther-
mocouple. As thickening agent 1 wt% calcium (granules, redistilled, -6 mesh, 99.5%,
manufacturer: Life Technologies GmbH, Darmstadt, Germany) was added to the melt
and stirred for 10 min at 350 rpm. The entire casting process takes place in an inert gas
atmosphere of Ar+2% SF,. As blowing agent, 2 wt% of milled oyster shell powder was
added to the melt. The used powder is as delivered and was heated at 200 °C for 30 min.
to remove any moisture. The powder is stirred into the melt with a 3-bladed axial pro-
peller stirrer at 800 rpm. After 10 s of stirring and another 30 s. of holding time, the cast-
ing is cooled in water.

2.3 Structural and mechanical analysis

For the characterization of the pore structure, the foamed castings were cut to rectan-
gular samples (30 x 20 x 20 mm) for the analysis of the global pore structure and for the
compression tests. X-ray Computed Tomography of the compression test samples were
made using a Y.Cougar PRO microfocus X-ray system from yxlon. The reconstructed
3D models were analysed for pore size and cell wall thickness using the Volume Graph-
ics VGStudio MAX software from 2023. For the characterization in terms of determin-
ing the density, pore sizes and mechanical properties, we used #n=8 samples from the
respective areas of each foam. The pore structure analysis in each sample takes place
using a threshold value calculation. The CT-scan analysis is performed in a cubic volume

thickening o
melting agint stlrrlng
holding % cooling
> 7 7
blowmg {-\O Ll -
agent eA®]A © N 7 A6
ae 4/ %/ %/ LV

Fig. 1 Schematic of the melt foaming method. After Kucharczyk [23]
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with 40 mm edge length corresponding to 1004 voxels in x y z direction. This results in a
resolution of 40 um for all compression samples. The compression tests were carried out
using a Zwick Z050 hydraulic universal testing machine at room temperature and a test
speed of 1x107 2571,

Microstructural characterization was performed using a Zeiss Crossbeam 550 L scan-
ning electron microscope equipped with an energy-dispersive X-ray spectroscopy (EDS)
system. The SEM analyses were conducted at an acceleration voltage of 15 kV and a
working distance of approximately 15 mm (for EDS, 5 mm). Prior to imaging, the sam-
ples were prepared using proven metallographic methods for magnesium sample prepa-
ration, like grinding with SiC papers (#800, #2500) and polishing with a hard synthetic
fiber cloth and 1 um diamond suspension. In addition, the samples were further pre-
pared using a Leica EM TIC 3X Ion Beam Milling System for 60 min at an inclination
angle of 3°, accelerating voltage of 6 kV, sample rotation of 90° and translation by approx.
10 mm to ensure uniform material remove across the surface.

2.4 Corrosion test

In order to simulate the corrosion behaviour in seawater the magnesium foams were
examined using an immersion test in a standard eudiometer set-up. An artificial seawa-
ter solution according to ASTM D 1141-90 is used. Its composition is: 24.53 g/l NaCl,
5.2 g/l MgCl,, 4.09 g/l Na,SO,, 1.16 g/l CaCl,, 0.695 g/1 KCl, 0.201 g/l NaHCO,, 0.101 g/1
KBr, 0.027 g/l H3Bog, 0.025 g/l SrCl,, 0.003 g/l NaF. Equation (3) shows the reaction
between water and magnesium during corrosion. Gaseous hydrogen is released, which
is captured by a measuring column. The samples have a size of 10x 10x 10 mm having
different densities due to the random pore structure. Each sample is placed in 400 ml of
the solution. The solution has a temperature of 22 °C+1 °C and is stirred continuously at
100 revolutions per minute. Since the samples have a lower density than water, they were
fixed in a net to keep them submerged during the entire experiment. The hydrogen evo-
lution is measured at intervals as an indicator of the corrosion rate. After 10 days (240 h)
the corrosion experiments were stopped.

Mg+ 2H,0 — Mg(OH), + Hy 1 3)

3 Results and discussion

3.1 Composition of Raw materials and chemical analysis

Since the blowing agent in this case is a natural product, the powder does not consist
of pure calcium carbonate like a synthetic powder which is produced for the laboratory
standard with required quality. Aside CaCOj oyster shells can contain up to 5% pro-
teins and lipids, which are incorporated during shell growth into the CaCO4 matrix to
improve the mechanical shell properties, as well as other trace elements, which reflect
the seawater composition during the time of growth. A chemical analysis of the raw
materials as well as the final foam material was carried out. The samples were screened
for several elements. Table 1 shows the chemical analysis of the magnesium, calcium,
and oyster shell powder used, as well as the matrix of the produced foam, for those ele-
ments which show mass fractions above the Limit of Detection/ Limit of Quantification
(LOD/LOQ) in at least one of the analysed samples. The producer of the oyster mate-
rial specified mass fractions for some further trace elements. However, due to the small
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Table 1 Data compilation of the element analysis of the different Raw materials and the Mg foam
(Analysis via ICP-MS/MS, n=3)

Pure Magne- Pure Calcium Magnesium foam Oyster shell blow- LOD LOQ
sium ing agent
Conc. U(k=2) Conc. Ukk=2) Conc. Ukk=2) Conc. U(k=2) [ug/kgl [ng/kg]
[pg/kgl [Hg/kg] [ng/kgl [pg/kgl
Mg 99x10® 7x10" <LOD 93x10° 9x10" <LOD 30,000 110,000
P <LOD <LOoD <10Q 310,000 7 22
Ca <LOD 9.1x10° 7x107 195x10" 600000 4x10°  4x10° 9 26
Sc  <LOD 5100 700 <L0Q 2450 240 0.07 0.24
Ge <LOD <L0Q <LOQ 200 700 0.07 0.17
As <LOD <LOD <10Q 140 250 0.03 0.07
Rb <LOD <LOD <LOD 100 300 0.023 0.05
Sr 150 210 126x10° 70,000 42000 3000  1.11x10° 110,000 0023 0.07
Y <LOD 270 150 <L0Q 2200 200 0.05 0.17
Ru <LOD 40 120 <LOD 50 130 001 0.025
Pd <LOD 4500 2600 160 180 3300 800 0.04 0.12
Sb <LOQ <LOoD 400 800 <LOD 0.13 03
Te <LlOQ 200 300 <LOD 100 300 0017 0.05
Ba 1900 1000 1000 500 1500 600 2800 600 0.5 15
Sm <LOD <LOD <LOD 300 210 0.026 0.09
Fu <LOD <L0Q <10Q 80 50 0.0006 0.0019
Gd <LOD <LOD <LOD 340 140 0.08 0.25
Tb <LOD <LOD <LOD 46 20 0013 0.04
Dy <LOD <LOD <LOD 340 180 0.1 03
Ho <LOD <LOD <LOD 70 30 0011 0.04
Er <LOD <LOD <LOD 180 100 0.028 0.09
Tm <LOD <LOD <LOD 27 25 0.0024 0.008
Yb <LOD 10 40 <LOD 200 160 0.00025 0.0007
lu <LOD <LOD <LOD 20 28 0.0021 0.007

sample mass used for digestion (250 mg) and after the required sample matrix dilution,
their concentration was below the LOD/LOQ of the used method.

In the used Mg raw material aside small mass fractions of Sr and Ba no further con-
taminations above the LOD/LOQ of the used method could be observed. In particular
no toxicologically relevant metals have been detected. The oyster material showed aside
Ca high mass fractions of Sr and P, which is normal for such natural materials of marine
origin. Aside this, the material contains different other trace elements in small mass
fractions such as Rb, Ba, different rare earth elements or As, which reflects the aver-
age seawater composition at the location were the oysters have been cultivated. Again,
no toxicologically relevant metals have been detected, which underlines the potential of
such raw materials for the production of new pollution free, easy to recycle metal foam
materials. The used Ca material showed only some Sr impurities. All other elements
showed only small mass fractions.

In the Mg foam material the high mass fractions of Ca and Sr originating from the
used oyster material as well as the used Ca based thickening agent is well visible, while
all other impurities show low mass fractions or were below the LOD/LOQ due to the
small mass fraction of the raw materials (around 2 wt%) that has been used during foam
production. Overall, the comparison of the values of the base material and the values
of the samples shows that different element concentrations change as a result of the
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process. The final foam material does not show any toxicologically relevant metals or
those which could originate from the used melting setup.

An important difference to industrially produced calcium carbonate according to
chemical standards, besides the purity of the material, is the difference in size of the par-
ticles. The particles cover a size range from 200 um to less than 1 um and are character-
ized by a crystalline structure, see Fig. 2a and b. The particle size distribution diagram in
Fig. 2c shows the results of the sieve analyses of the oyster shell powder. The largest pro-
portion (20.5%) of the particles measured are in the fraction between 45 pm and 63 pm.
The median particle size is 66 pm. The percentiles D10 and D90 are 28 um and 125 pm
respectively. 1.8% of the powder is smaller than 20 um and 9.6% of the powder is larger
than 125 um. The result of the particle size analysis shows that the oyster shell powder
used has as received only undergone a coarse grinding step. No further processing tech-
nique was used to separate the powder into fractions of different particle sizes.

3.2 Process and pore structure analysis

In the foaming process where gas is directly injected into the melt, the pore structure
grows randomly. The bubbles created by the blowing agent rise, settle on the surface and
form the cellular structure. The properties of the melt determine the resulting packing
density, the distribution and the diameter of the pores and therefore the structure of the
foam as well as the shape of the cell walls. Figure 3a shows a cross-section of a cast foam
block with marked areas (TOP, MID, BOT) from which the rectangular samples (Fig.
3b) were taken for structural analysis and compression testing. The diagram in Fig. 3a
shows the density distribution across the height of the foam, revealing a gradient. Due
to more material accumulation in the lower part of the foam, the density is higher than
in the upper part of the foam, which is more porous. The oyster shell powder was used
as received. In the experiments conducted, according to [22], the melt temperature of
700 °C is already 20 °C below the exothermic peak of the reaction of the CaCO4 blow-
ing agent with magnesium. Nevertheless, the experiments have shown that the reaction
takes place instantaneously. Stirring ensures that the powder is well distributed and dis-
persed in the melt immediately.

[¢c|  Cumulative [%] 9.6%
i 100 4 20g

d90 =125 um 90
13.9%
1329

80|
70
60|
W aso=eepm B0l Lt 10407
40|
30
20
d10=28 ym 10 +-1.8%-

20 32 45 63 75 90 125
Particle Size [um]

Fig. 2 (a) Image of the ground oyster shell as received, (b) Close-up of the powder with the laser scanning micro-
scope, (c) Particle size distribution diagram of the sieve fractions
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Fig. 3 (a) Cross-sectional view of the Mg-1Ca foam (hight: ~190 mm width: ~55 mm) and diagram of density dis-
tribution, (b) rectangular sample (30 x20x 20 mm) for the analysis of the pore structure and compression testing

% EHT = 15.00 kV WD = 15.0 mm

Fig. 4 (a) SEM micrograph of a fractured pore in the Mg-1Ca foam, revealing the pore wall morphology and
embedded particles

Samples were taken from the foam produced and prepared for examination in a
scanning electron microscope. Figure 4 shows the inside of a pore. White particle-like
structures can be seen on the cell wall next to blank, clear metallic areas. Point analyses
were performed by EDS to investigate the white particles. Figure 5 presents two repre-
sentative spectra of the measurements on the particles (spectra 1 & 2) together with a
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Fig.5 Local particle accumulation in the pore of the Mg-1Ca foam: Indicated locations of the EDS point analyses,
corresponding spectra and quantified elemental composition are shown alongside

Fig. 6 (a) EDS analysis of the Mg-1Ca foam. (a) SEM image of the analyzed region; elemental maps showing the
distribution of (b) Mg, (c) Ca, (d) O, and (e) C
reference spectrum from the surrounding metallic matrix (spectrum 3). Spectra 1 and 2
show pronounced calcium peaks accompanied by oxygen and carbon signals. The deter-
mined weight percentages of the elements correspond to the stoichiometric composition
of CaCO3. This shows that residual blowing agent is present within the pores, indicating
incomplete reaction during the melt foaming process. The formation of gas bubbles dur-
ing foaming can lead to a local isolation of powder particles from the magnesium melt,
interrupting complete reaction.

To evaluate whether particles are present in the metallic matrix, EDS mapping was
performed on a representative cell wall, see Fig. 6a. The square section shown in the



Isakovic et al. Discover Materials (2026) 6:124 Page 11 of 22

top area mid area base area

equivalent pore size [mm] eq ent pore size [mm)]

10 mm 0.05 : 10 mm 005 : 10 mm

Fig. 7 CT-scan of compression test sample from top, middle and base area of the foamed casting

Table 2 Structural and mechanical properties of the magnesium foams

Area Density Relative den- Eq. av. Pore Cell wall thick- Compressive  Relative
[g/cm?] sity [-] diameter ness [mm] strength Yield
[mm] [MPa] stress [-]
Top 0.40+0.04 0.23+0.03 1.02+0.70 047+0.29 3.27+0.85 0.06+0.02
Mid 0.48+0.07 0.27+0.04 0.93+0.63 0.51+0.39 443+1.28 0.08+0.02
Bot 0.55+0.06 0.32+0.03 0.89+0.61 0.66+0.51 6.15+1.13 0.11+0.02

SEM image shows the area in which the element mapping took place. Element maps for
magnesium, calcium, oxygen, and carbon are shown, see Fig. 6b —6e. Small amounts of
calcium are present in solid solution in the magnesium matrix as expected in an Mg-1Ca
alloy. No residuals of CaCOy are present in the metallic matrix. In contrast, the oxygen
and carbon signals are confined to the pore wall region, suggesting the presence of resid-
ual CaCO; on top auf the surface of the cell wall.

To estimate the maximum amount of CO,/CO that can be formed, we performed a
volumetric calculation based on the amount of oyster shell powder added. By adding
2% by weight of oyster shell powder to 252.5 g of the Mg-1Ca alloy, we added 4.85 g of
CaCO,, which corresponds to 4.84 x 1072 mol. Since one mole of CaCO, produces one
mole of CO, or CO, we can estimate the volume of the gas produced using the general
gas equation. This is 3920 cm®. The foam produced has a total volume of approximately
700 cm®. After taking into account the porosity of the foam, it can be determined that
approximately 510 cm® of gas is present in the pore structure. This means, on the one
hand, that a certain portion of the blowing agent was not converted, as we have shown
in SEM investigation already. On the other hand, it was also found that some of the
gas escapes into the atmosphere through the surface of the melt during foaming and is
therefore lost to the pore structure.

For detailed pore structure analysis, CT-Scans reconstructed with the Volume Graph-
ics software were carried out. Figure 7 shows compression test samples with a repre-
sentative pore structure of the produced foam from the top, middle and base area of the
casting. The pore arrangement, size and cell wall thickness differ. The density of the sam-
ples is 0.40+0.04 g/cm? for the upper part of the foam, 0.48 +0.07 g/cm? for the middle
part and 0.55+0.06 g/cm? for the lower part of the casting, see also Table 2; Fig. 3a. The
average density over the full casting is 0.48 +0.07 g/cm?. The comparison with the den-
sity of pure magnesium with 1.74 g/cm? shows the extent of the further weight reduction

due to the cellular shape of the material.
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The pore sizes are further investigated by analysing the equivalent diameter of the
pores, which corresponds to the diameter of a sphere with the same volume. The pore
size analysis shows an equivalent average pore diameter of 0.95 mm +0.65 mm. Figure 8
illustrates the histogram of the pore diameter of the Mg-1Ca foam casting. As the dis-
tribution diagram shows, a difference of the equivalent pore diameter can be seen from
the upper and middle areas to the lower area of the casting. The number of smaller pores
is higher in the lower part of the metal foam. Vice versa, the number of larger pores is
higher in the upper part of the metal foam which is in line with the data from the middle
section. The equivalent pore diameter in the upper area of the foam is 1.02+0.70 mm,
in the middle area it is 0.93+0.63 mm, and in the lower area it is 0.89 £0.61 mm, see
also Table 2; Fig. 8. The evaluation of the pore size distribution as well as the 3D analy-
sis of the compression test samples shows that occasionally larger pores with a diam-
eter >5 mm a rather found in the top area. The highest number of pores in both areas of
the foam have an equivalent diameter between 0.5 and 0.7 mm.

Important factors for the application and the associated requirements for these light-
weight components are generally the density of the foam, the pore size and distribution
and the thickness and shape of the cell walls, as these are the main properties alongside
the selected material or alloy [22].

The analysis of the cell wall thickness, results in an average value of 0.55 mm + 0.40 mm.
A closer look at the pore structure of the samples from the upper part of the casting and
the base part reveals differences. On average, the cell wall thickness of the foam structure
in the upper area is 0.47 mm + 0.29 mm, in the middle area it is 0.51 mm +0.39 mm and
in the base of the foam it is 0.66 mm+0.51 mm, see Table 2. Figure 9a and b illustrate
that the thickness of the intact cell walls between pores is in the range of 0.1 -1 mm. Due
to the distribution of the pores and their different sizes, individual accumulations of the
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Fig. 8 Histogram of the pore size distribution comparing the top, middle and bottom area of a Mg-1Ca metal
foam
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Fig.9 Cell wall analysis of compression test samples from the upper (a) and base (b) area of the magnesium foam

alloy can be seen. These areas of the metal matrix have a size of up to 2.5 mm and are
visible in the samples from the base of the casting, see Fig. 9b.

The analysis of the pore structure of the magnesium foam shows the influence of the
gravity-induced drainage effect. Thinning of the liquid film while foaming can lead to a
critical cell wall thickness, resulting in rupture and an inhomogeneous pore structure. A
reduced drainage of the melt leads to a more homogeneously distributed pore size in the
solidified foam. Since the gas in the melt tends to rise quickly to the surface of the melt
and leave the liquid, increasing the viscosity of the melt is a common technique to coun-
teract this [28]. Park et al. show in their work with rheological investigations how tem-
perature changes and the addition of calcium as a thickening agent changes the viscosity
of a AZ91 melt after a defined stirring time. The viscosity of AZ91 increases during cool-
ing from approximately 4.3—4.4 mPa-s at 700 °C to approximately 4.8—4.9 mPa-s at 600
°C. The addition of 1.5 wt% Ca further increases the viscosity under stirring (700 rpm, 10
min.) at a constant temperature of 600 °C to approximately 13 mPa-s, demonstrating the
thickening effect of calcium [29]. The stabilizing mechanism of solidifying metal foams
also involves creating physical barriers in the melt that slow thinning of fluid films and
prevents collapse of pores. Adding calcium carbonate (CaCO;) to a magnesium melt as
a blowing agent forms calcium oxide (CaO) and magnesium oxide (MgO), see Eq. 2 [22].
Park et al. describe that the formation of solid particles in the melt alters its flow dynam-
ics, decelerates the rupture of cell walls and inhibits cell coarsening to ensure foam sta-
bility [30]. Despite the applied stabilization techniques mentioned above, which enable a
generally stable foaming process with pronounced expansion, a slight drainage effect is
still observed in the Mg-1Ca foam.

3.3 Mechanical properties of Mg foam

Figure 10 show the results of mechanical compression tests. The stress-strain dia-
grams taken from samples with different densities can be separated into three sections
which are characteristic for mechanical behaviour of cellular materials [31], exemplar-
ily shown for the sample with density of 0.37 g/cm® (blue line), see Fig. 10a. The elastic
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Fig. 10 (a) Stress-strain diagram of Mg-1Ca foams of different densities in compression tests, (b) Mean plateau
strength as a function of the equivalent average pore diameter for pore structures of the investigated areas
deformation of the foam structure takes place in the linear section. After the maximum
compressive strength is reached, the first cell walls begin to break under the load. The
subsequent plateau phase describes the continuous collapse of the cell structure. In the
third or compaction phase, the already broken pore structure is densified, so the stress
values increase sharply. While Ashby and Gibson define the onset of densification based
on geometric considerations and relative density, the present work determines densifica-
tion directly from the experimental stress-strain data by identifying the strain at which
the local slope of the curve reaches unity [36]. The compressive strength depends on
the original density of the samples. The stress-strain diagram shows five samples with
densities of 0.37 g/cm® to 0.59 g/cm®. The sample with a density of 0.37 g/cm® shows a
compressive strength of 3 MPa before entering the plateau phase up to a deformation
of about 65%, where densification starts. In comparison, the compressive strength of
the foam with a density of 0.59 g/cm® is 6.8 MPa. Another difference can be seen in the
slope of the stress-strain curves in the plateau phase. While the slope of the stress values
remains low at a lower density, the slope increases in the samples with a higher density.
Compressive strength and relative yield stress in the three regions are given in Table 2.
Figure 10b shows the correlation between the mean plateau strength and the equivalent
average pore diameter for the investigated areas at the top, middle and bottom. A sys-
tematic variation in average plateau strength with pore size is observed. Higher plateau
stresses are associated with smaller equivalent pore diameters. Although variations in
pore geometry and relative density occur simultaneously and cannot be separated from
each other in the available data, the observed trend across the pore structure of the three
areas is recognizable within the experimental scatter. The differences in plateau strength
can be explained by the resulting structural gradient, with smaller pores and thicker cell
walls in the denser areas at the bottom of the foam. The observed variations in plateau
strength reflect the combined influence of pore size, local density, and cell wall thickness,
which together determine resistance to progressive cell collapse during compression.
Figure 11 shows the comparison of the magnesium foams produced in this work with
data of some ALPORAS aluminium foams in the Ashby-Gibson model, which is a com-
monly accepted method for the prediction of the properties of cellular structures [32—
34]. The Ashby-Gibson model relates the relative strength (()f/()‘y’ o) (or modulus (E'/E,))
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Fig. 11 (a) Comparison of Mg-1Ca foams in the Ashby-Gibson model with ALPORAS aluminium foams [32, 33], (b)
Detailed view of the Ashby-Gibson diagram with region-separated measurement points

of a cellular structure to its relative density (p*/p,), where o,  is the yield strength of the
metal matrix, o is the compressive yield strength of the foam, p; is the density of the
matrix metal and p* is the density of the foam, see Eq. 4 [35]. The constant C includes
cell shapes and arrangements as well as the intrinsic mechanical properties of the cell
wall material. The resulting parameter describes the combined effect of the geometric
and material properties and is determined experimentally and numerically. With C =
0.3, generally closed-cell metal foams can be adequately described and compared [35].
According to Ashby, the exponent n in the formula for bend-dominated cellular struc-
tures is n = 1.5 [36].

o* p* n
=C|— 4
O y,s <ps> @

To normalize the yield stress of the Mg-1Ca foam, a solid material compression test with

a quasi-static strain rate of 1x107% s! at room temperature was carried out. The mea-
surement of the yield stresses of the magnesium samples showed a compressive yield
strength of 53.07 MPa+2.49 MPa (n=10). Figure 11a shows, the relative density of the
magnesium foams is in the range of 0.3, their relative compressive yield strength values
are in the range of 0.1. The normalized densities and yield strengths are above those of
the ALPORAS aluminium foams. For the data of the Mg-1Ca foams the parameters C
and n of the Ashby-Gibson relationship were determined by applying a linear fit, see
Fig. 11a. The slope of the fit yields n=1.55+0.22, which is in very good agreement with
the model prediction of n=1.5 by Ashby and Gibson, indicating that the deformation
and failure mechanisms of the investigated magnesium foam are consistent with those
expected for cellular solids. However, the fitted intercept corresponds to C=0.61+0.18,
which is approximately a factor of two higher than the trend, indicating a systematically
higher strength level. In Fig. 11b the data points from bottom, mid and top region of the
foam are compared within a detailed Ashby-Gibson plot. The statistical analysis of the
linear fit results in a coefficient of determination of R* = 0.69, which indicates that the
fit is suitable for identifying general trends but does not have the precision and robust-
ness required for a predictive model. This rather moderate R value of the linear fit can
be attributed to the increased scatter of the data of the upper and middle regions of the
foam, while the data points of the lower region show a comparatively good agreement

Page 15 of 22
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with the scaling law. The pore structure of the lower region, which has a higher rela-
tive density, closely matches the Ashby-Gibson trend and behaves as expected for a cel-
lular solid. In contrast, the measured values for the pore structure in the middle and
especially in the upper region show a pronounced spread, indicating varying efficiency
in load-bearing capacity, which leads to deviations from the idealized Ashby-Gibson
behaviour.

3.4 Dissolving rate in artificial seawater

As all components of the magnesium foam can be extracted from seawater, it should
be possible be returned to seawater without harming the environment e.g. at the end of
the product’s life. In general, the magnesium and calcium ions released into the ocean
through dissolution do not lead to a significant increase in overall concentrations, as the
volume of seawater is practically infinite. On average, 1 L of seawater contains about 0.42
g of calcium and 1.3 g of magnesium [6], so the additional ions released by dissolution
represent only a negligible change compared to the already high background concentra-
tions of these salts. However, the basic pH value of seawater and its general alkalinity
would buffer a local increase in pH and the addition of Mg and Ca ions from the dissolu-
tion process. This is, of course, only a hypothetical assumption, because for a completely
circular use of materials in the future, a separate closed-loop cycle for magnesium alloys
is clearly preferable, just as it is for aluminium alloys. To investigate the dissolving rate of
the magnesium foams, corrosion tests were carried out in artificial seawater on a labora-
tory scale. Figure 12 shows the development of hydrogen over time in eudiometer corro-
sion tests and samples before and after the tests. The graphs in Fig. 12a, representing the
hydrogen evolution, have a similar shape for samples with different densities. The reac-
tion rate is high at the beginning and decreases over time. The release of hydrogen cor-
responds to the shape of a hyperbolic curve, which represents the saturation behaviour
of a chemical reaction with depleted reactants. There is no direct correlation between
the rate of hydrogen evolution and the density of the foam. Samples #1, #2 and #4 have
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Fig. 12 (a) Diagram of hydrogen formation in the eudiometer corrosion tests over time. Mg-1Ca metal foam
sample (b) before and (c) after the corrosion test in artificial seawater for 240 h
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approximately the same density of ~ 0.5 g/cm? but there is a significant difference in
the rate of hydrogen formation, see Fig. 12a. Sample #4 shows the same level of hydro-
gen formation as sample #3 although it has a density of 0.74 g/cm®. The mass of the five
samples #1 to #5 (1 g, 1.02 g, 1.02 g, 0.64 g, 0.74 g) can be used to calculate the volume of
hydrogen generated according to Eq. 3, assuming that the samples contain 1.8 wt% cal-
cium and thus 98.2 wt% magnesium after the reaction with the oyster shell powder. This
is approximately 905 ml for sample #1, 924 ml for each of samples #2 and #3, 579 ml for
sample #4 and 670 ml of hydrogen for sample #5. These values thus form the asymptote
that the curves tend to reach in the case of full dissolution. The dashed lines in Fig. 12a
indicate the maximum amount of hydrogen to be formed after complete dissolution of
the sample.

One explanation for the different hydrogen formation rates is that the porosity of the
Mg-1Ca foam is higher at lower densities. This results in a larger material surface due
to larger pores and thinner cell walls on which reactions can take place. In addition to
the corrosion on the surface of the foam, a closed cell foam has internal pores that can
still be completely sealed from the electrolyte, which means only the outer surface of the
foam is affected. As the corrosion process progresses, the cell walls open and the elec-
trolyte can enter inner pores. This ultimately leads to an extending pore network, as the
connections between the pores continue to expand. Under these circumstances the reac-
tion rate can still be lower, even with a low-density sample.

Figure 12b and c show an example of a test sample before and after corrosion test.
After ~ 240 h in the artificial seawater, it is evident that the foam cube has been frag-
mented. Corrosion products are visible on the surface and within the pores of the foam.
As observed in the corrosion experiments by Xia and Asadi, the reaction between the
artificial seawater environment and magnesium foam primarily results in the forma-
tion of hydroxides, along with oxides, which grow as a white layer on the material. This
resulting layer is considered a quasi-inactive layer that slows down hydrogen formation.
However, it cannot act as corrosion protection, as the presence of chloride ions disrupts
this layer, allowing corrosion to continue, see Eq. 5 [37, 38].

Mg (OH), +2C1~ = MgCly, +2(OH)™ (5)

4 Conclusion

In the scope of this work a Mg-1Ca metal foam was produced using the melt foaming
method. Natural oyster shell powder, which consists mainly of CaCOj, is used as a blow-
ing agent.

The following conclusion can be drawn from the experiments:

+ Mg-1Ca foams have been successfully produced using the melt-foaming process. For
the first time, this paper reports on the use of oyster shell powder as a blowing agent
for the synthesis of a magnesium foam.

+ Since only magnesium, calcium and the oyster shell powder were used and no
contamination with other compounds is detectable, the foam is assumed to be
returnable to the seawater after the end-of-life without ecological damage.

+ The foam has a fairly homogeneous pore structure, whereby the pores in the upper
area of the foam are slightly larger than in the lower area. The mechanical properties
of the foam depend on its density.
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+ An Ashby-Gibson plot of the normalized yield strength versus the normalized
density shows that this foam corresponds to the expected structure-strength
correlation for cellular metallic materials, similar to ALPORAS aluminium foams.

+ Foam samples exposed to a corrosive environment in artificial seawater dissolve
rapidly to form H,. After 240 h, the foam samples are fragmented. The corrosion rate
does not depend directly on the density of the foam. Pore network and inner surface
of the pore structure macroscopically generate a randomized corrosion process.

5 Appendix 1: detailed description of materials analysis

Different cell gas modes have been used to minimize interferences influencing the
accurate quantification of the analysed trace metals and metalloids. All preparatory
laboratory work was performed in a class 10,000 or class 1000 clean rooms inside a
class 100 clean bench. Type I reagent-grade water (18.2 MQ cm) was obtained from a
Milli-Q Integral water purification system equipped with a Q-pod-Element polish-
ing system (Merck-Millipore, Darmstadt, Germany). Analytical grade HNO; (w = 65%,
Fisher Scientific GmbH) and analytical grade HCl (w = 30%, Carl Roth GmbH + Co.
KG, Karlsruhe, Germany) were further purified by double sub-boiling either in perflu-
oralkoxy-polymer (PFA)-subboling stills (DST-4000 & DST-1000, Savillex, Minnesota,
USA) or in a cascade of two quartz stills (AHF Analysentechnik, Tiibingen, Germany).
The purified acids were stored in cleaned PFA bottles. For sample digestion 250 + 5 mg
of the different analysed materials was filled into pre-cleaned digestion vessels. All sam-
ple digests were prepared in triplicates (n = 3). External calibration standard solutions
for quantification (all traceable to NIST standards) were prepared from custom-made
multi-element standards of different composition (Inorganic Ventures, Christiansburg,
USA). Single-element ICP standards (1 g L™ ') of Al, In, Nb, TI, Ti, W were obtained
from Merck Millipore. All plastic (LDPE and PP) consumables were pre-cleaned by
established protocols in solutions of HNO,; (w = 1-2%) for a minimum of one week.
Before usage the material was rinsed with MilliQ water and dried inside a class 100 clean
bench inside a clean room. Multi-element data were processed using MassHunter ver-
sion 4.4 or higher (Agilent Technologies, Tokyo, Japan) and a custom written Excel®©
spreadsheet. The isobaric interference of *°Sn on *°In was corrected by peak stripping
as implemented in MassHunter using the signal of *®Sn and the isotopic abundances
[39]. Procedural LODs (Limits of detection) and LOQs (Limits of quantification) were
calculated in accordance with the blank value method described in DIN 32645:2008-11
(DIN e.V. (ed.), 2008) from procedural filtration blanks (# > 3 per campaign). The signifi-
cant number of digits of concentrations are given according to GUM and EURACHEM
guidelines, whereby the uncertainty determines the significant number of digits to be
presented with the value [40]. A list of measured isotopes and their detection modes can
be found in Table 3. A detailed description of all ICP-MS/MS operating parameters and
used cell gas modes can be found also in Table 4. The instrument was tuned daily using a
tune solution containing Li, Co Y, Ce and TI at a concentration of 10 pg L™ '. Quantifica-
tion was performed by external calibration covering a concentration range from 0 pg L™ *
to 10,000 pg L~ ! for Mg, Al, K, Ca, Ti, Fe, Mn, Baand P and 0 pg L™ ! to 100 pg L™ for all
other analytes. Solutions and blanks were prepared on a daily basis from custom made
multi-element standards (Inorganic Ventures, Christiansburg, USA). Wash blanks were
measured after each sample triplicate to monitor and avoid potential carry-over effects.
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Table 3 Instrument settings and operating conditions of the agilent 8300 ICP-MS/MS

Instrument parameters

Operating settings and conditions

Sample introduction
Nebulizer

Interface cones

RF power (W)

Carrier gas flow (L min~")

Make-up gas flow (L min~")

Used cell gases

Extract 1 (V)

Extract 2 (V)

Omega Bias (V)

Omega Lens (V)

Q1 Entrance (V)

Q1 Exit (V)

Cell Focus (V)

Cell Entrance (V)

Cell Exit (V)

Deflect (V)

Plate Bias (V)

Cell gas flow (mL min~")
Octpole Bias (V)
Octpole RF (V)

Energy Discrimination (V)

Double-pass spray chamber
Self-aspirating MicroFlow (ESI)
Nickel

1550

1.07

0.1

He, N,O

0

-175

-100

96

H,: 1 He:r-1;N,O: 1

Hy:-2 He:-9; N,O: -2

Hy: 1 He:2;N,O: 7

H,:-50 He: -50; N,O: -40
H,:-60 He: -60; N,O: -51
Hy:-3.4 He: -4.8;N,0: 8.8
H,:-60 He: -60; N,O: -50
H,: 6.0 He: 4.5; N,O: 20%
H,:-18 He: -20; N,0O: 0.5
H,: 170 He: 200; N,0: 170
H,: 0 He: 5;N,0: -5
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Table 4 ICP-MS/MS measured mass-to-charge ratios and gas modes adopted for multi-elemental

analysis in this study

Element m/z (Q1) m/z (Q2) cell mode
Mg 24 24 H,
Al 27 27 H,
P 31 47 N,O
Ca 40 40 H,
Sc 45 61 N,O
n 66 He
Ga 71 He
Ge 72 88 N,O
As 75 91 N,O
Rb 85 He
Sr 88 He
Y 89 105 N,O
Nb 93 125 N,O
Ru 101 He
Pd 105 He
Cd m He
In 115 115 N,O
Sb 121 He
Te 125 125 N,O
Ba 137 153 N,O
La 139 155 N,O
Ce 140 156 N,O
Pr 141 157 N,O
Nd 146 162 N,O
Sm 147 163 N,O
Eu 153 169 N,O
Gd 157 173 N,O
Tb 159 175 N,O
Dy 163 179 N,O
Ho 165 181 N,O
Er 166 182 N,O
m 169 185 N,O
Yb 172 188 N,O
Lu 175 191 N,O
Ta 181 213 N,O
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