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Abstract

Manufacturing technology has been refined and described for the fabrication of honeycomb-based bioresorbable networks
for temporal bone replacement applications. Two novel techniques, digital light processing and investment casting, were
utilized to produce customized, shape-optimized cellular constructs with additional orifices promoting tissue ingrowth during
osteo-regeneration. For this purpose, a conventional magnesium casting alloy (AZ91) was chosen. Numerical simulations
were conducted to predict the compressive behavior of the proposed biodegradable lightweight scaffolds. Spatial castings
were adjusted to possess mechanical properties comparable to the ones of cortical or trabecular bones. Two kinds of protec-
tive coatings (plasma electrolytic oxidation and organic ones based on natural polyphenols from tea extract) were deposited
and characterized. They can be utilized to control the degradation rate during exploitation to achieve a predictable implant
lifespan. The elaborated layers aim to mitigate the rapid corrosion of magnesium substrates by prolonging their bioresorption
time and thus expanding their applicability in osseointegration. To evaluate this assumption, immersion tests in phosphate-
buffered saline were performed, showing better chemical resistance of PEO coating and as-cast sample (for both mass gain
by below 1%), and visible increase in mass of sample coated with organic coating (increase by almost 5%). Compressive
strength results from numerical approach were further validated by experimental compression tests, showing that PEO coating
deteriorated compressive strength by almost 3%, and organic coating improved it by over 9%. Results achieved in numerical
approach were better than expected for stiffer sample, and slightly lower for the one with bigger pores.

Keywords Investment casting - Cellular magnesium structure - Bone implant - Plasma electrolytic oxidation - Organic
coating - Compressive behavior

1 Introduction

Lightweight design typically leads to porous structures or
lattices and plays a fundamental role in modern sustainable
structural design [1, 2]. Traditional manufacturing processes
such as casting [3], foaming [4, 5], molding with porogens
[6], or soldering [7], among others, coexist with alternatives
derived from the introduction of additive manufacturing
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technologies (AMTs) [8, 9]. The latter herald the dream of
total design freedom, but have some important drawbacks
derived from the limited portfolio of processable materials,
the need for supporting structures in several AM processes,
the typically slow production speed, the intrinsic anisot-
ropy of the additive approach, the achievable part sizes, or
the final surface quality, to cite a few challenging aspects
of AMTs. It is therefore necessary for further research in
straightforward design and manufacturing methods for
lightweight structures that may combine the benefits from
traditional and additive strategies, as some researchers have
explored additive manufacturing-assisted investment cast-
ing and rapid investment casting [10, 11], which has led to
enhanced design versatility and mechanical properties.
These lightweight structures are important in aeronaut-
ics and space vehicles [12, 13], in innovative machine ele-
ments and chassis [14], in robotics and automation chains
[15, 16], and in many other structural applications [1,
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2]. Among them, those linked to the biomedical field are
probably the most promising in terms of societal impacts,
as bioinspired design methods for improved biomechanics
are directly connected to lightweight structures, in which
functionally graded lattices or regions with varied pore
sizes are becoming the main trend [17, 18]. Indeed, bio-
medical research fields like tissue engineering or bio-fab-
rication profoundly rely on the use of porous scaffolding
lattices or lightweight structures that provide cells with an
implantable artificial extracellular matrix [19, 20]. These
advanced implants are currently researched as one of the
most promising repair and regeneration strategies.

Several combinations of materials and processes have
been explored with the aim of innovating implants and
developing the ideal tissue engineering scaffolds [21, 22].
As regards the potential for bone repair, magnesium is
becoming a popular research option for next-generation
implants and scaffolds and is already generating great
expectations due to its recently reported osteoconductiv-
ity, anti-bacterial properties, biodegradability, and biome-
chanical performance [23-26]. Design-controlled porous
Mg structures and tissue engineering scaffolds have been
recently obtained employing different additive manufac-
turing procedures, such as laser powder bed fusion, wire-
arc additive manufacturing, paste extrusion, and jetting
technologies [27-30]. However, AM processes can lead,
in some cases, to high levels of porosity, which affects
structural integrity and control upon biodegradation. How-
ever, creating large-sized and fully dense Mg structures by
additive manufacturing remains a challenge [27].

In this study, an alternative hybrid strategy is proposed
and exemplified by the manufacturing of two different
porous Mg-alloy (AZ91) networks, one with mechani-
cal properties adjusted to those from the cortical bone,
and one fine-tuned to the characteristics of trabecular
bone. The complete design, simulation, manufacturing,
and testing procedures for these porous Mg-based scaf-
folds are presented and methodically compared with those
from achievable employing alternative or complementary
approaches, in terms of biomechanical performance,
structural integrity, manufacturability, and environmen-
tal impacts. Additive manufacturing and subsequent
investment casting innovative techniques are employed
to manufacture customized cellular constructs based on
honeycombs with multiple orifices promoting bone tis-
sue ingrowth and tailoring castings’ mechanical proper-
ties. Evaluation of compressive behavior was performed
by comparative analysis of the numerical simulation and
experimental results. Moreover, two kinds of protective
coatings aiming to control the degradation rate of the
implants were deposited and preliminarily characterized.
Their efficacy was assessed after immersion tests in phos-
phate buffered saline (PBS) for 6 h.
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2 Materials and methods

The experiment flow is shown in Fig. 1. Specimens were
fabricated by two joint techniques: 3D printing (digital
light processing, DLP) and subsequent investment cast-
ings. Models were firstly designed in Autodesk Inven-
tor Professional 2019 software and then transferred into
G-code files with the use of Lychee Slicer. Honeycomb
patterns were created in two types: (a) smaller cells
(3.5 mm diagonally, designated as HEX 3.5) with wall
perforations of ®1.5 mm; (b) bigger cells (6 mm diago-
nally, designated as HEX 6) with orifices of 3 mm (see
Fig. 1). A constant wall thickness of 0.6 mm was applied
for all of the samples. Honeycomb cores were peripherally
enveloped with outer tubes of the same thickness.

During computational modeling, Autodesk inventor.ipt
extension files with the designed lattices were imported
with NX-12 (Siemens Product Lifecycle Management
Solutions) for performing finite element simulations,
predicting their mechanical performance, and verifying
the use of computational modeling for experimental plan-
ning and optimization purposes. In short, preprocessing
involved geometrical discretization, application of Mg
alloy from the available materials library and definition
of loads and boundary conditions to simulate compression
testing of the material. “NX Simcenter Nastran structural”
solver and a linear static solution (SOL103) were chosen
for these studies. Meshing was performed using tetrahe-
dral elements and an initial sensitivity analysis was carried
out by employing two different form functions (4-node
and 10-node tetrahedrons) and two different mesh sizes,
starting from the automatically advised size by NX-12
and employing at least two elements across the thick-
ness. No relevant differences were detected in the various
simulations of the sensitivity analysis, and a mesh size
of 0.25 mm was finally employed. The bottom surfaces
of the geometries under study (HEX 3.5 and HEX 6 with
the reinforcement outer tubular structures) were fixed and
a set of compression loads (100 N, 1000 N and 5000 N)
along -Z axis were applied to the upper surfaces. After
solving, post-processing allowed results visualization and
critical analysis, as further explained in the results and
discussion section.

Spatial constructs were printed from Bluecast X5 pho-
tocurable resin with the use of an Anycubic Photon Mono
X printer. After this process, they were subjected to fur-
ther cleaning and additional curing with Anycubic Wash &
Cure Plus equipment. In the next step plaster molds (Ran-
som & Randolph Argentum) were prepared on their basis,
after attaching of the wax gating systems to the prints.
Afterwards, when the gypsum initially solidified, molds
were subjected to heat treatment during the burn-out cycle
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Design of the
structures

PBS immersion tests

Compression tests

Fig. 1 The flowchart of the experiment

with a maximum temperature of 730 °C. During this pro-
cess, the plaster went through dehydration and harden-
ing phases and the polymer and wax model was removed
from the mold’s cavity by complete gasification. A pre-
heated mold was filled with the chosen magnesium casting
alloy — AZ91 with the chemical composition of 9 wt.%
Al, 0.13 wt.% Mn, and 0.7 wt.% Zn, the remainder Mg.
Metal heated up to a temperature of 730 °C was poured
under low pressure into the molds to reflect the shape of
the patterns. In order to limit any undesirable exothermic
reactions of liquid magnesium alloy with oxygen, a protec-
tive atmosphere of SF6 was applied. Nevertheless, as this
alloy is prone to react with the molding material as well,
their interaction had to be shortened by accelerating the
cooling stage. Finally, samples were washed and cleaned
from the remnants of the gypsum mass. SEM observations
were done by means of a Hitachi TM3000 scanning elec-
tron microscope with EDS/EDX analyzer.

Before PEO treatment, all samples were cleaned with
acetone in an ultrasonic cleaner for 10 min, then immersed
in distilled water and dried at room temperature. Power
supply used in the experiment was produced by Mic-Arc
S.C, Poland. The PEO process was performed in an alka-
line solution based on 12 g/L Na;PO,-12H,0 and 1 g/L
KOH. As an anode, a metal container filled with electrolyte
was used. A mechanical stirrer was employed to keep the

Numerical analysis
of the designed
structures

Coating: PEO or TPH

3D printing of the
designed patterns
with DLP technology

Casting from Mg
alloy with
investment casting
technology

electrolyte moving during the process. The container with
the electrolyte was immersed in a water bath connected to a
chiller to cool down the electrolyte during the process, and
the temperature was maintained at approx. 15 °C. Samples
were mounted on aluminum rods and treated for 15 min. The
voltage limit was set to 600 V, while current density was set
to 0.1 A/cm?. After the treatment, samples were immersed
in water and dried at room temperature. Average process
parameters applied and registered during coating are given
in Table 1. The differences in voltage values between sample
treatments might be connected to a different surface area;
possible porosities of the castings and ceramic residues pre-
sent inside them.

Some samples were coated with a thin organic layer to
modulate the degradation kinetics. An extract of tea was
used for this purpose; the extraction from green tea leaves
was described in [31, 32]. A 30 mg/ml water solution of

Table 1 Parameters of PEO process

Sample Frequency (Hz) — Maximal volt-
pulse on:off (ms) age/final voltage
M
PEO-coated HEX 3.5 1000—0.3:0.7 600/414
PEO-coated HEX 6 1000—0.3:0.7 600/364
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the tea extract (TPH) was used for the coating. Mg porous
samples were sandblasted with electrocorundum and then
washed for 5 min in ethanol in an ultrasonic bath, subse-
quently rapidly rinsed in ultrapure water, and dried with
compressed air. Washed samples were then soaked in the
TPH solution in an orbital shaker for 10 min at 37 °C and
120 rpm (KS 4000i control, IKA), washed in ethanol for
5 min in an ultrasonic bath, rinsed with ultrapure water, and
dried at 37 °C in an incubator. These samples will be known
as TPH-coated HEX from now on. To verify the presence of
the organic layer and investigate its morphology, the sam-
ples were analyzed by means of Field Emission Scanning
Electron Microscopy (FESEM, SUPRATM 40, Zeiss). The
effectiveness of the deposited layers in terms of controlling
the degradation rate was appraised by immersion tests in
PBS (PBS tablets without Calcium and Magnesium, MP
Biomedicals) for 6 h. Measurements of mass gain and the
pH of the solution were carried out hourly. Each time cast
samples were taken out of the PBS, they were washed with
distilled water and subsequently dried with hot air.

Compression strength tests at 2 mm/min were performed
with the use of a Tinius Olsen H25KT testing machine
equipped with a 25 kN maximum load.

3 Results and discussion
3.1 Outcomes of numerical simulation

The results of the linear simulation of static loading for both
types of the analyzed structures, with incorporated tubu-
lar reinforcements, are shown in Table 2 for the three loads
considered: 100, 1000, and 5000 N. The resulting stress
and strain distributions obtained with the use of the Von
Mises hypothesis for the highest load are shown in Fig. 2.
The apparent Young’s compression moduli were calculated
for the porous structures considering the applied loads and
the dimensions of the circumscribed cylinder to the porous
structures, which has an initial length of 30 mm and a diam-
eter of approx. 20 mm. Predicted values of the apparent
Young’s modulus (7-11 GPa) are suitable for the planned
application in the bone implants sector [33-36]. In fact,
depending on pore size and geometry the stiffness of the
structures can be fine-tuned: HEX 6 would be closer to the

desired values for trabecular bone and HEX 3.5 would be
closer to those from cortical regions. Combinations of these
kinds of cells, adequately assigned to different regions of
an implant, would lead to biomimetic functional gradients
of mechanical properties, which constitutes an interesting
research direction for the future. Total displacement up to
a load of 5000 N is rather negligible (up to 44 um for the
stiffer structure with smaller cells and up to 70 um for the
other one). Moreover, the calculated maximum stresses for
these constructs are respectively equal to 172 and 283 MPa.
Due to the openings incorporated within the honeycomb
cores, the stress accumulation takes place directly alongside
their edges. These areas are presumed to work as buckling
initiators when the load is further increased. In the simula-
tions with higher mechanical loads of 5000 N, (shown in
Fig. 1c—j, as representative examples of simulations sum-
marized in Table 2), the appearance of slight wrinkles in the
outer surfaces of the porous structures can be appreciated,
which could cause another failure mode: plastic folding. In
any case, for the loads considered, the structures are still in
the linear elastic region according to the stresses obtained,
which proves useful for experimental planning. As will be
further presented, the results agree with the experimental
studies performed. Indeed, in the compression tests carried
out with investment casting prototypes, linear behavior is
maintained for all structures beyond the 5000 N of loading
selected as the most critical case for the simulations.

4 Investment casting process evaluation

The casting technology of a magnesium alloy in ceramic
molds required the solving of several issues. Firstly, it was
necessary to limit the reaction of the liquid metal with the
air inside the mold. The flowing metal extends its surface
and the MgO oxide layer covering it is torn apart, exposing
the liquid metal, and accelerating the exothermic reaction.
The use of a typical SF¢ shielding gas contributes to the fol-
lowing reaction [37]:

4Mg(1) 4+ 20, + SF¢ — 2MgO(s) + 2MgF,(s) + SO, F,
(D

This gas increases the wettability of MgO oxide and
by capillary action the liquid metal fills the cracks in the

Table2 Summary of the results

. . N Sample Hex 3.5 Hex 6
from numerical simulation
Load (N) (compression along -z) 100 1000 5000 100 1000 5000
Displacement -z direction (1xe-3 mm=microns) 0.8 8.0 44.0 1.4 14.0 70.0
Max stress (Von Mises) (MPa) 3 35 172 6 57 283
Max strain (Von Mises) (%) 0.007 0.070 0350 0.011 0.110 0.560
Apparent compression Young’s modulus (GPa) 10.86 6.82
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Fig.2 Outcomes of numerical simulation: a direction of the load
applied to HEX 3.5 structure, b direction of the load applied to HEX
6 structure, ¢ displacement under the load of 5000 N for HEX 3.5
structure — general view, d displacement under the load of 5000 N
for HEX 6 structure — general view, e displacement under the load
of 5000 N for HEX 3.5 structure — cross-section, f displacement

under the load of 5000 N for HEX 6 structure — cross-section, g stress
under the load of 5000 N for HEX 3.5 structure — general view, h
stress under the load of 5000 N for HEX 6 structure — general view, i
stress under the load of 5000 N for HEX 3.5 structure — cross-section,
j stress under the load of 5000 N for HEX 6 structure — cross-section
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oxide film. The MgF, compound, integrated with oxides,
helps to give a Pilling-Bedworth ratio close to one, thereby
thickening the oxide layer and inhibiting further oxida-
tion. To ensure a sufficient amount of gas, it was mixed
with CO, and provided to a specially designed dome over
the mold. The gas mixture was sucked into the mold cav-
ity during the pouring and cooling phases. Any local oxi-
dation and intense exothermic reaction can significantly
increase the temperature and lead to the decomposition
of the mass components in accordance with the reaction:

2CaS0, — 2Ca0 + 250,(g) + 0,(g) (2)

The released oxygen will further accelerate the process,
leading to an increase in gas pressure and an explosion.
The first attempts showed that keeping the casting in the
mold for too long also ends with the decomposition of
Si0, from the ceramic mold and a reaction with the mag-
nesium. The present Si atoms diffuse and usually create
brittle phases of Mg,Si (see Fig. 3), as well as places sus-
ceptible to corrosion on the surface of the casting.

S

<— B-Mgy/Al1, ‘

MgaSi

J

200 um
et |

Fig.3 Cross-section of AZ91 strut of foam with Mg,Si formed on the
surface

EeSES B
tesss OS®’

In terms of the Mg alloy’s microstructure, if grain refine-
ment can be obtained, the mechanical properties like com-
pressive strength, ductility, tensile strength, hardness, yield
strength could be significantly enhanced [38—40]. This effect
can be assured by the usage of special alloying additives
(e.g., Zr [40, 41], Zn [38, 42], Cu [43], Al [44]), particle
reinforcements (e.g., CaO, ZnO [39]) or post-processing
such as hot rolling [38]. Moreover, such an approach may
be also beneficial for the lowering of the corrosion rate of
Mg alloys [38, 40, 41]. Grain growth during casting can be
also restricted by rapid cooling facilitating quick solidifica-
tion and preventing the grain size increase.

Figure 4 presents subsequent stages of sample prepara-
tion for the undertaken study, starting from the model design
(Fig. 4a), through 3D-printed DLP patterns (Fig. 4b) to cast
element (Fig. 4c — as cast, Fig. 4d — PEO-coated, Fig. 4e
— TPH-coated). In general, the quality of the replication of
the polymer model in a metal part is very high. Nevertheless,
mainly because of the thin-walled nature of these structures,
some casting defects such as porosities localized especially
on the circumference of the external envelope were notice-
able. Moreover, a few transverse cracks were also observed,
which may result from the rapid cooling process or dam-
age to the mold during handling. Despite this fact, the DLP
technique seems to be a proper method for the fabrication of
polymer patterns for investment casting. Due to the use of a
resin dedicated for casting purposes, no significant amount
of ash after the burn-out cycle was stated in the mold’s cav-
ity that could interfere with a flow of the metal alloy. The
previously tested FDM method can also be applicable for
such structures, especially as it ensures the formation of
layers creating an expanded surface area [45], but the print
quality and accuracy with the use of DLP is greatly superior.

4.1 Protective coatings deposition

PEO layers were examined via SEM microscopy and pre-
sented in Fig. 5. The surface of the casting was covered with
a typical PEO coating layer based on the porous network
with micro-cracks and oxide granules. The flattened, so-
called pancake-like features, visible in Fig. 5b, are formed

Fig.4 Steps for the fabrication of the chosen cellular structures: a design (both cell sizes), b 3D-printed DLP patterns (both cell sizes), ¢ as cast

HEX 3.5, d PEO-coated HEX 3.5, e TPH-coated HEX 6
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Fig.5 SEM images of PEO-
coated HEX samples: a 100x, b
800x, ¢ 3000x

during the eruption of molten metal and ions accumulated in
the discharge channels after relatively strong discharges. The
material solidifies quickly in much cooler electrolyte produc-
ing a pancake-like morphology [39, 40, 46, 47]. The pores
present on the sample surface are approx. 5—15 um in diam-
eter. Formation of such structures is forced by the ongoing
oxidation of elements present in the alloy, and gas removal
through channels during discharges [48]. These activities
cause the formation of micro-pores, with a diameter of less
than 5 pm, visible as a small, uniformly located dark shape
in Fig. 5c [40, 41, 47, 48]. There are visible micro-cracks
as well, created by a sudden solidification of the oxide layer
right after molten oxide formation on the sample surface.
A rapid phase change and different thermal coefficients of
both the sample substrate and formed coating cause thermal
stresses leading to the formation of cracks [40, 42, 43, 47,
49, 50]. A preliminary chemical composition assessment of

_ D11.9 x100

N D11.9x800 100um

micro-pores

micro-cracks

N D119x30k 30um

the deposited oxide layers was performed and an exemplary
result of area EDS analysis is shown in Fig. 6. Magnesium
and aluminum peaks originate from the casting alloy, while
the remaining sodium and phosphorus ones come from the
utilized electrolyte.

Figure 7 shows FESEM images of uncoated and TPH-
coated HEX porous structures. In Fig. 6¢ and d, it is clearly
visible that tea polyphenols are deposited on the surface of
AZ91 porous structure as a uniform layer of sub-micrometric
spheres almost free of cracks. The morphology is similar to
the one obtained in the work of Zhang et al., [51] for epigal-
locatechin gallate on AZ31 plane samples. The layer is more
homogeneous and has less cracks compared to the one previ-
ously obtained by the author on AZ91 using tannic acid [52].
The absence of cracks in the layer is crucial to have an effi-
cient protective effect able to modulate the degradation rate
of the Mg-alloy, as recently demonstrated by the authors [53].

Fig.6 Area EDS analysis of
PEO-coated HEX sample

Spectrum 2
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1.971
8.888

»
)
o
3
]
=
>
&
8

@ Springer



3480 The International Journal of Advanced Manufacturing Technology (2024) 135:3473-3486

Fig.7 FESEM images of (a)
uncoated HEX (2000x), b
uncoated HEX (10,000x), ¢
TPH-coated HEX (2000x), d
TPH-coated HEX (10,000x)

4.2 PBS immersion tests

Samples of uncoated and coated (PEO or TPH) castings
were evaluated in terms of mass gain as a surface corrosion
indicator during 6-h immersion in PBS. Base mass values
equaled for the as cast, PEO-coated, and TPH-coated speci-
mens 4.60 g, 4.65 g, and 5.96 g, respectively. Final masses
after the degradation test changed accordingly to the level
of 4.63 g (higher by 0.65%), 4.64 g (lower by 0.22%), and
6.25 g (higher by 4.87%). Figure 8a gathers the outcomes
of mass change fraction measurements calculated after each
hour of the exposure to PBS solution. After 3 h, the mass of
the as cast sample has risen even more (over 1%), so the sub-
sequent decrease probably corresponds with a detachment
of corrosion products or even pieces of the casting itself.
Mass gain was the most pronounced for the TPH-coated
specimen, while for the PEO-coated HEX, it remained at

a constant level. Additionally, pH measurements were con-
ducted simultaneously for each of the PBS containers (see
Fig. 8b). For the PEO-coated HEX pH remained at 7 for the
whole time, while for both of the two remaining materials,
pH started to increase drastically from the very beginning
up to the range of 10-11.

Figure 9 presents the comparison photos of the set of
samples taken hourly up to 6 h, while Fig. 10 shows the
final macroscopic view of the surface of the as cast and
TPH-coated samples after the completed test (6 h). It can
be seen that PEO-coated HEX seemed to be unaffected by
the PBS environment (no changes visible on the surface
and constant mass), leading to the conclusion that this type
of coating fulfilled its purpose, preventing the casting from
untimely bioresorption of Mg. Nevertheless, it has to be
considered that the PEO coating cannot be water-tight as
it possesses defects such as cracks on the surface and, in

Fig.8 Degradation test in PBS: a) 1
a mass change fraction vs time
dependence, b pH vs time
dependence

1.04 4
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1.01 4
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as cast

as cast PEO TPH

as cast PEO * TPH

Fig.9 View of the set of samples (as cast, PEO-coated, TPH-coated) during degradation test in PBS for 6 h

Fig. 10 Macro photographs of
specimens’ surfaces after deg-
radation test in PBS: a as cast
HEX, b TPH-coated HEX

case of prolonging the exposition to the PBS environment,
the observed protection may deteriorate. For the as cast
and TPH-coated castings, the mass change was signifi-
cantly more rapid, especially for the latter one. Contrary
to the preliminary assumptions, the TPH coating has not
restrained the mass change, being even more susceptible
than the uncoated Mg-alloy. The rapid degradation of
TPH-coated samples can be ascribed to small defects in
the coating through the large and complex porous struc-
ture. The possibility to combine TPH and PEO to add a
sealing and biologically active layer to PEO coatings will
be explored in the future. The built-up degradation layers
consisted of porous white precipitates increasing in thick-
ness along with the immersion time. Flocculent sediment
on the as cast and TPH-coated HEX specimens exhibited
rather pancake-like structures. Thus, corrosion products
are expected to be composed of magnesium oxides and
phosphate species as was also stated by the authors for
AZ31 alloy in previous studies [53]. Fekry et al., [54]

compared AZ31 and AZ91 alloys in terms of corrosion
in PBS and found that AZ91 tends to be more resistant.

4.3 Compressive behavior

It is worth mentioning that in the preliminary stage of the
study, honeycomb structures without the external tube were
also considered. Nevertheless, as was proved by the first
mechanical properties tests, they were evaluated as too weak
for the planned application (see Fig. 11) with the maximum
carried loads of 6 kN for HEX 3.5 and 2 kN for HEX 6.
Reinforcing them with an additional outer pipe of the same
thickness as all walls ensured the increase of loads to be with-
stood up to the level of over 14 kN and 8 kN, respectively, so
2.3 and 4 times. Considering the addition of the cross-section
of the pipe, the increase in the active cross-section carry-
ing the load was equal to 22.9% for HEX 3.5 and 28.3% for
HEX6. Whereas the measured load transfer is much higher.
These two elements, the pipe, and the hexagonal structure,
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when combined, bring a significant increase in strength than
they do separately. The synergistic effect is presumably due
to hexagonal structure stabilization and buckling preven-
tion. Figure 12a reveals the differences between the HEX
3.5 and HEX 6 groups, but it has to be considered that these
constructs differ in the cross-section’s areas — as their ratio
is (3.5/6) approx. equal to 1.37. Despite this fact, it can be
observed that the additional orifices inside the honeycombs
act like buckling initiators, which was also pronounced in
[48, 49, 55, 56]. It can be seen in Fig. 12b, that in the loca-
tions of these perforations a plastic folding process of the
structure (wrinkling visible on the external wall) was initi-
ated. Such kind of a deformation is widely evaluated as the
most effective energy absorption mechanism [57].

— HEX 6

Fig. 11 Force vs displacement 16000

curves during compression of

HEX 3.5 and HEX 6 with and 14000

without external tubes 12000
10000

8000

Force [N]

6000

4000

2000

== == HEX 6 (without tube)

e e HEX 3.5 (without tube)

e HEX 3.5

Figures 13 and 14 present the compressive stresses vs
strain calculated for both kind of the considered structures
for the as cast and variously coated ones, respectively for
HEX 3.5 and HEX 6. The main purpose of the chosen coat-
ings deposition was to enable obtaining control over deg-
radation time by lowering of the bioresorption rate and
prolonging operation in body fluids strengthened with anti-
bacterial and anti-inflammatory properties [58]. Compres-
sion tests were performed until the failure of the sample,
which usually occurred in spots weakened by some casting
defects (e.g., microporosity, sponginess). It can be concluded
that the coating process affects the compressive performance
in a consistent way, regardless of the cell diameter. In case of
PEO layers, it slightly decreases the maximum compressive
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strength (by 2.7%, from 221 to 215 MPa for HEX 3.5 and
9.3%, from 182 to 165 MPa for HEX 6), while organic coat-
ings tend to reinforce these castings causing an increase in
this mechanical property (by 11.8%, up to 247 MPa for HEX
3.5 and by 24.7%, up to 227 MPa for HEX 6). It can be
correlated with various aspects of the process of PEO layer
formation. In [59], the authors presented the compression
test on AM60 alloy with a PEO layer prepared in alkaline
solution, but using different duty cycles. The best results
were observed for coatings formed with a duty cycle of
66%, with a minor difference to the base metal, and much
lower stress was recorded for sample coated with a duty
cycle of 50%. It is also worth noting, that PEO layers are
formed not only on the surface of the metal, but internally
as well, actually causing a slight thinning of the wall of the
casting [60], while organic ones are being built externally,
minimally thickening and stiffening the construct by filling
the defects, simultaneously working as an obstacle for crack
development and propagation [61]. An analogous effect of
the mechanical property enhancement was described by
Antoniac et al., [62] and Ali et al., [63] for Mg-alloys (e.g.,
AZ91) and calcium phosphate (CaP) layers.

Comparing the experimental results with the values of
maximum stress predicted by numerical simulations, it can
be stated that the structure HEX 3.5 behaved better than
expected, while HEX 6 was less durable, probably by the
potential occurrence of defects, which weakened the bigger
cells more severely than it affected the higher amount of
smaller ones where the load is distributed more efficiently.
This was improved by the application of an organic coating
ensuring an increase in the maximum compressive strength
by over 200 MPa, being closer to the predicted level and
similar to the declared works of other researchers [57, 58,
64, 65], while in [64] the elastic modulus was higher (up to
45 GPa), which is better suited for cancellous bone. Never-
theless, it has to be emphasized that the observed real test
strains for maximum stresses were significantly higher (up to
approx. 8%) than the ones obtained by means of numerical
simulations, which can also be connected with the presence

@ TPH-coated HEX 6

PEO-coated HEX 6
As cast HEX 6

4 6 8 10 12 14 16 18

Compression [%]

of casting imperfections and material discontinuities [66].
In fact, in terms of compressive Young’s moduli, when com-
paring the linear regions of Figs. 9 and 10 with the simu-
lation results from Table 2, simulations predict apparent
moduli for the lattice structures of c.a. 7 to 11 GPa for the
different structures, while testing results lead to values of
c.a. 4 to 7 GPa. It is important to consider that simulations
were performed employing a linear material with proper-
ties of reference Mg alloy (NX library), while the obtained
structures behave more elastically, probably due to the men-
tioned casting imperfections and discontinuities. In any case,
from the mechanical perspective, the values are adequate
for emulating bone and related implant replacement appli-
cations. However, it should be highlighted that the evalu-
ated structures can be adjusted in terms of the load needed
to be carried by adjustment of the internal cross-section
(filling), keeping the outer dimensions unchanged. Conse-
quently, design control and complex bioinspired geometries
have been demonstrated, although further exploring topol-
ogy optimization strategies and their compatibility with
the proposed manufacturing method is proposed to achieve
enhanced biomimicry.

5 Conclusions

The manufacturing process for the creation of customized
Mg-alloy structures, with tailored mechanical properties,
to be used for the potential replacement of defected frag-
ments of cortical and trabecular bones has been success-
fully elaborated. Investment casting utilizing DLP-printed
patterns enables the fabrication of customized implants
with additional perforations beneficial for tissue ingrowth,
impossible to be created without the extra steps of machin-
ing with conventional techniques of plastic forming, e.g.,
extrusion. Comparing the proposed techniques with direct
additive manufacturing, such as laser bed powder fusion,
they can provide more bulk elements exhibiting a very
high surface quality, without large quantity of internal
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porosities, while casting defects can also occur and have
to be considered. Applied protective coatings (PEO and
TPH) can be effectively deposited on AZ91 substrates and
can be used to postpone the degradation of implants during
its presence in body fluids, also assuring the antibacterial
and anti-inflammatory characteristics. In PBS degrada-
tion tests PEO-coated HEX was proved to be far more
stable than the as cast and TPH-coated samples, at least
considering the reported period of 6 h. The mass of the
samples was higher after the test for as cast by 0.65%, for
PEO 0.22% and for TPH by 4.87%. The pH grew from 7 to
10-11 for THP and as-cast specimens, while PEO sample
kept pH of 7 for the whole process. The use of TPH coat-
ing associated with PEO ones with its possible sealing
effect, improved the mechanical properties and the possi-
bility to add biological functionalities to the surface (e.g.,
anti-inflammatory properties) can be considered as a fur-
ther development. Moreover, increasing of the implant’s
specific surface by the application of porous PEO coat-
ing’s should be beneficial for osteoblasts activity enhanc-
ing proliferation. From numerical simulation, the follow-
ing conclusion was drawn. The stiffness can be modified
basing on the pore size and geometry, which can allow to
design the implant especially for the designated region of
the bone (HEX 6 with bigger pores for trabecular bones,
while HEX 3.5 with smaller pores for cortical parts). HEX
3.5 (smaller pores, higher stiffness) was characterized by
negligible displacement of 44 um under the load of 5000N,
and HEX 6-70 um. During the experimental approach,
it was found out that additional coating of the samples
resulted in slight change in their compressive strength. For
PEO coating, HEX 3.5 get result lower by 2.7% and HEX
6 — by 9.3% in comparison to as-cast sample, while for
organic coatings (TPH) the results were higher by 11.8%
and 24.7%, subsequently. Overall, HEX 3.5 performed bet-
ter than it was expected from numerical simulation, and
HEX 6 showed lower durability, which may be connected
to possible defects in the cast structure.

In future studies exploring the procedure for even more
complex-shaped biomimetic geometries, the applica-
bility to manufacturing other biomedical alloys and the
biological evaluation of the achieved constructs can be
considered.
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