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Abstract

The fabrication of hierarchical and porous structures holds significant promise in biomedical
science, aerospace, and related fields. Despite advancements in 3D printing technology that have
enhanced the capability of complex porous structures, its application in metal fabrication remains
challenging. In this paper, we introduce a method involving a 3D printed sacrificial template,
created by the material extrusion process, for magnesium (Mg) infiltration. This method facilitates
the production of porous Mg scaffolds, with the templates subsequently being water-leached. The
morphology, shrinkage rate, compressive strength, and types of lattices of templates were observed
and assessed to determine their viability. Further, comprehensive compression tests and cell
adhesion experiments were conducted on the Mg scaffolds to evaluate their performance. The
results suggest that the templates must possess adequate strength and continuous flow channels for
successful Mg infiltration. The scaffolds experienced an average of about 30% shrinkage from the
initial design to the final structure. The porous Mg scaffolds exhibit enhanced compressive
strength (47.48+0.84 MPa) at lower porosity (0.52) and demonstrate satisfactory biocompatibility.
This research highlights the efficacy and low cost of the template replication method in generating
mechanically superior porous Mg scaffolds with customized pore sizes and structures. In future

research, this method also holds promise for applications involving newly developed alloys.
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1 Introduction

Nowadays, enhancing material performance while managing costs presents a significant challenge
across diverse fields, spanning aerospace [1], biomedical science [2,3], and energy [4]. In response
to this, researchers tried to devise strategies for optimizing material structures to achieve superior
performance at reduced expenditures [3]. A notable strategy is the engineering of materials with
porous or hierarchical architectures, which involves structuring materials at multiple scales to
imbue them with distinct properties. However, traditional fabrication techniques, such as casting
and forging, often face significant challenges in realizing the intricacy and specificity required by

these advanced structures [5,6].

Three-dimensional printing (3D printing) [7,8], a cornerstone of additive manufacturing, is
recognized for its capacity to fabricate complex geometries, minimize waste, and accelerate
production processes. Some common 3D printing technologies include material extrusion (MEX)
[9-11], vat photopolymerization (VPP) [12], powder bed fusion (PBF) [13-15], and so on. For
instance, Hu Zhang [13] et al. reported a PBF method to fabricate AI-Cu—Mg alloy parts. However,
the approach requires metal powders with an average diameter of 36 pum and must be conducted
in an argon atmosphere, highlighting the elevated costs associated with metal part fabrication via
3D printing. Furthermore, this technology is limited by factors such as material variety, product
size, surface finish, and final product performance. Addressing these limitations typically
necessitates additional high cost manufacturing processes, including isostatic sintering and the use

of additives.

Sacrificial template replication is an effective strategy with the advantages of low cost and shape
complexity [16,17]. This method also facilitates material property enhancements during the liquid
phase, leading to improved mechanical characteristics. Various sacrificial templates are utilized,
including burn-out templates like carbon [18,19], polymeric sponges, and PU foams [20-22], as
well as leachable templates like sodium chloride (NaCl) [23-26], sugar [27], calcium carbonate
[28], and so on. Drawing inspiration from this method, sacrificial materials could be 3D printed to
serve as a template used for molten metal infiltration, thereby indirectly creating intricately
structured objects [23]. The incorporation of 3D printing technology further improves the
complexity of templates. Currently, there are reports of employing 3D printed water-soluble

inorganic salts as templates for fabricating materials like aluminium [29] or magnesium alloy [24].



The process of template replication method to fabricate porous materials is illustrated in Figure 1.
This process commences with the 3D printing of a negative green body, followed by drying and
sintering to yield the salt template. Subsequently, the materials are infiltrated into the template.
After solidification, the template can be readily removed by dissolving the infiltrated portion in

water, culminating in the production of porous materials.

This paper presents a method for the preparation of printable ink consisting of salt as the primary
raw material, PVP as the binder, and ethanol as the solvent. This ink is specifically designed for
the fabrication of sacrificial porous salt templates. Subsequently, magnesium alloy was infiltrated
into the salt template. Upon solidification and template removal, magnesium porous scaffolds were
successfully produced. The mechanical properties of the salt templates were comprehensively
tested to assess their suitability for the infiltration process. This involved measuring the dimensions
of the resulting magnesium scaffold and subjecting it to compression stress testing. Finally, the
study conducted cell adhesion experiments to evaluate the biocompatibility of the fabricated

materials.

2 Materials and Method
2.1 Materials

Salt particles were purchased from a local market. The polyvinyl pyrrolidone k-90 (PVP, Qingdao
Usolf Chemical Technology Co., Ltd., China) was used as binder and Ethanol (Sigma-Aldrich,
USA) was used as the solvent. NaOH was purchased from Sigma-Aldrich. The AZ31 magnesium

and rabbit bone marrow stem cells (rBMSCs) were purchased from a local supplier.
2.2 Methods
2.2.1 Ink preparation

First, the salt particles were mixed with an aluminium oxide ball and subjected to initial breakage
using a planetary ball mill machine (QM-WX04, CHISHUN, China). After ball milling, salt
particles were sieved sequentially through 200-mesh screens. Subsequently, the obtained salt

particles were collected and stored in a drying oven for future utilization.



The solvent was prepared by dissolving PVP in ethanol. Subsequently, the salt powder was
introduced into the solvent to create the salt-based ink, which was then homogenized using a
planetary mixer (SK-300SII, Kakuhunter, Japan). Detailed information regarding the mixing ratios

of the materials can be found in Table S1.
2.2.2 3D printing of salt templates

The fabrication of the salt template (ST) was achieved using a commercial 3D printer (Allevi 3D,
USA), with key parameters detailed in Table S2. A nozzle with an inner diameter of 410 um was
selected for extruding the salt-based ink. The printing path was meticulously designed and
translated into a G-code file, which the printer could recognize and execute. Before commencing
printing, the prepared salt-based ink was transferred into a syringe and compacted to eliminate any
trapped air. During the printing process, the syringe's movement along the designated path was
precisely controlled by mechanical systems. The salt-based ink was extruded under a controlled
air pressure to form a 2D pattern, allowing for the layer-by-layer fabrication of lattice samples

(Figure 1).

This study involved the design of five distinct types of STs, each with specified dimensions
outlined in Table 1. Based on these dimensions, the designed relative density of the STs (RDqy-sT)
and the designed relative density of the Mg scaffold (RDg-m) were computed. Notably, the sum of

RDg.st and RDg4.m equates to one.



Table 1 Design dimensions for five types of STs.

Designed RD Designed RD of

of STs (RDq.s1) metal (RDg) Schematic of dimensions

Type a/um h/ pm d/ pm

ST-TI 700 600 410 0.628 0372
ST-T2 1000 600 410 0.440 0.560
ST-T3 1500 600 410 0.293 0.707
ST-T4 60(%10 600 410 0.550 0.450

B W -
ST-T5 1000 600 410 0.440 0.560 h] %
a

After printing, the green body STs were subjected to a four-hour drying period in a drying oven to
eliminate any residual ethanol and facilitate the binding of salt particles by PVP. The dried STs
were further sintered under 500, 600, and 750 °C to remove the binder to prevent decomposition

in high-temperature environments and enhance the overall strength of the STs.
2.2.3 Infiltration of magnesium alloy

An aluminium alloy holder was employed to fix the samples’ location in the square mould (Figure
S1). Subsequently, the mould was preheated to 200 °C for 30 minutes. Before infiltration, the
magnesium alloy (AZ31) ingot was fully melted and refined at 750 °C. Then, the molten Mg liquid
was quickly poured into the mould, where it solidified under a pressure of 15 tons for 30 seconds.
Next, the solidified metal block was rapidly cooled by immersion in water. After cutting down,
the mixture of metallic Mg alloy and ST was obtained. Finally, the ST was dissolved by immersing

the mixture in a 10 wt.% NaOH solution, mitigating the potential for severe corrosion reactions
gating p



involving Mg. The final Mg scaffolds were labelled as M-T1, M-T2. M-T3, M-T4, and M-T5
correspond to the different ST types used.
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Figure 1 The process of 3D printed salt templating method.

2.2.4 Characterizations

The printability of salt-based slurry could be affected by the particle size and rheology. The salt
particles were observed by a field emission scanning electron microscopy (FE-SEM, S-4300,
Hitachi, Japan) and the rheology was measured by rheometer (HAAKE MARS rheometer, Thermo
Scientific, USA). After printing, the structure of the sample was observed and measured by a
digital microscope (VHX-6000, Keyence, Japan). The span distance was characterized by a 3D
printed triangle support.

The sintering curve was determined by the thermogravimetry (TG) test. The structure of the green
body and sintered sample was observed and measured by a digital microscope (VHX-6000,
Keyence, Japan). The microstructure of samples was also observed by the FE-SEM. The shrinkage

rate was further calculated according to the Eq. (1):

lO_ll

K= I

X 100% (1)

Where the K is the shrinkage, 1o and ; are original dimension (mm) and the dimension (mm) of

sinter sample, respectively. Furthermore, the relative density of samples was calculated by Eq. (2):
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Where the Vs and V) are the solid and overall volume of porous materials.

For characterizing the mechanical properties of samples, the compression test was carried out by
a universal testing machine (Shimadzu AG25TB Testing Machine, Japan) with a loading rate of
50% strain/min. The engineering strain (&) was calculated by Eq. (3) and the compressive stress

(0) was calculated by Eq. (4) as follows:

hy
e =L x 100% 3)
ho
F
o= 4)
IXw

Where hy is the initial height and hr is the traveling distance of the indenter (mm). F is the loading
force (N), | and w are the length and width (mm) of samples, respectively. The specific energy
absorption (SEA, J/g) was calculated from Eq. (5) [30].
[ de
SEA=">—— 5
Pe X RD ©)
Where &4 is the densification strain, pc is the density (g/cm?3) of the sample, and RD is the

relative density of the sample.

The obtained Mg scaffolds were cut into plates measuring 10x10x2 mm and subsequently
employed in a cell adhesion experiment. The plates were first sterilized through high-temperature
water vapor treatment. Following sterilization, bone tissue stem cells were added to the samples,
which were then placed in a constant temperature incubator. After a 24-hour incubation period,

the samples were removed, allowed to dry, and subsequently observed using FE-SEM.

3 Result and disscusion

3.1 The rheology property of salt-based ink

Figure 2 shows the salt particles and the rheology test results. The particle shape, characterized by

circularity, is crucial for ink flow dynamics [11,31-34]. Additionally, the particle size is



constrained by the nozzle diameter, since the ink must be extruded through this nozzle. After being
broken and sieved, the processed salt particles, with an average size of approximately 20 pm, are

depicted in Figure 2B.

Figure 2C also presents the inverse relationship between viscosity and shear rate. It can be
observed that the viscosity of slurry decreases greatly with the increase of shear rate. The storage
modulus (G”) and loss modulus (G”) are shown in Figure 2D, with the intersection of the G' and
G" curves denoted by an “x”. To the left of "x", the slurry exhibits solid-like behavior, whereas to
the right, it behaves in a liquid-like manner [35]. This behavior signifies the slurry's capacity to be
extruded in a liquid state and maintain form upon deposition (Figure 2A), a characteristic
beneficial for the MEX process. With the high green body strength of the ink slurry, the ink can
maintain the circular shape and the longest span distance on a triangle support is about 10 mm
(Figure 2E). This attribute is essential for fabricating complex patterns with fine structural details.
The role of PVP is to gel the ink and stabilize the particles within the ethanol matrix. During flow,
the polymer chains disentangle under shear but revert to their entangled state when the stress is
removed, leading to reduced viscosity at high shear rates. Upon drying, PVP acts to bind the
particles together, thereby establishing the structural integrity of the green body [36].

A

6
10 107 - -:“ ,,,,, S
_10%; 10° G |
- [t TR R R :
& 10* S04 G X
> = \
Z 310° ;
g10° S 102
2 T =10
> 02l e 10’
T ]
10
10 105 ‘
0.1 1 10 100 1000 2000 3000 5000 10000
Share rate (1/s) Shear stress (Pa)

Figure 2 (A) The extruded salt ink, which maintained a circular shape. (B) The SEM images of salt
particles, after being broken and sieved. (C) Log viscosity versus log shear rate of the salt-based ink. (D)



log storage modulus and log loss storage versus shear stress (the yield stress was marked as “x”). (E)
The salt ink was extruded on a triangle support. The longest span distance was 10 mm.

3.2 Characterization of salt templates

Figure 3 presents the salt templates before and after sintering. Sintering serves a dual purpose: it
not only forestalls the excessive generation of gases during the infiltration stage but also amplifies
the mechanical robustness of the samples. After drying, the particles could be observed in a bonded
state due to the presence of the PVP polymer (Figure 3A i and ii). Due to the volume reduction
during drying, uneven surfaces could also be observed between the salt particles. The TG result
(Figure S2) indicates a notable weight reduction of roughly 6.49% within the 300-500 °C
temperature range. Referencing the weight content detailed in Table S1, this weight loss is
attributable to the PVP polymer's thermal degradation within the aforementioned temperature
window [37]. A further decline in mass is detected at 804 °C, marked by an endothermic transition

in the heat flow curve, which is interpreted as the melting point of NaCl.

Taking into consideration the decomposition of PVP and to prevent the melting of samples, a
preliminary sintering temperature range was established between 500 and 800 °C. Sintering at
relatively low temperatures (500 and 600 °C) revealed the formation of noticeable holes on both
the top surfaces (Figure 3B i and ii) and the cross-section (Figure 3D) of samples. This condition
also led to the accentuation of particle edges and the emergence of some pores between the
particles, indicative of an incomplete sintering process. The presence of these features is largely
due to the burnout of the polymer during sintering, which results in insufficient particle
densification [36]. When the sintering temperature was increased to 750 °C, the samples
demonstrated a more compact surface morphology (Figure 3D and E) with significantly fewer
pores when compared to those sintered at the lower temperatures. Additionally, the observed
fractures were flat, with well-defined grain boundaries, suggesting a brittle fracture occurred along
the crystalline structure, thereby implying that the particles formed strong inter-particular

connections.

Additionally, the shrinkage rates at varying sintering temperatures (500, 600, and 750 °C) were
quantitatively assessed, as depicted in Figure 3F. The data revealed that at sintering temperatures
of 500 and 600 °C, the shrinkage rate was maintained below 5%. In contrast, a marked increase in

the shrinkage rate to between 21.5% and 21.9% was observed when the samples were sintered at



750 °C. This enhanced shrinkage rate at the higher temperature is indicative of increased
densification of the sample, suggesting that sintering at 750 °C results in a more densely packed

structure as compared to sintering at the lower temperatures assessed.
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Figure 3 The top surfaces of (A) green body, (B) sintered sample under 600 °C, and (C) sintered sample
under 750 °C. The side surfaces of sintered sample under (D) 600 °C and (E) 750 °C. (F) The result of
sintering shrinkage with different sintering temperatures, and (G) the green body and sintered samples.



3.3 Infiltration of Mg scaffolds

Figure 4A shows the images of various lattice types of STs alongside their corresponding Mg
scaffolds. This demonstrated that Mg liquid can faithfully replicate the structures of salt templates
such as ST-T1 and ST-T2. However, the M-T3 shows a partially infiltrated monopoly. This is
because of the low strength of ST-T3. As shown in Figure 4B, the compressive strength is the
lowest (0.43+0.11 MPa), compared to the ST-T1 and ST-T2, which is 21.12+5.45 and 2.68+0.72
MPa, respectively. Furthermore, the stress-strain curves did not display yield plateaus after
reaching the yield points, indicating that the samples exhibited a brittle fracture behavior.
Additionally, the stress curve exhibited a tendency to decrease after fracture, which can be
attributed to the layered lattice structure [30]. During the infiltration experiment involving ST-T3,
the magnesium liquid initially entered the upper layer of the template but caused damage as it
proceeded due to pressure exceeding the compressive strength of the template, resulting the partial

infiltration.

Figure 4C shows the decreasing trend of relative density and the total shrinkage rate between the
designed model and Mg scaffolds. Expected increases in relative density compared to the design
porosity were observed due to dimension shrinkage during salt template sintering and magnesium
alloy liquid solidification, as seen in Figure S3. The total shrinkage rates for T1 and T2 lattices
from their designed dimensions to their final dimensions were 40.18+14.50% and 27.3243.89%,

respectively.
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Figure 4 (A) The images of the Mg scaffold with different types of lattices. (B) The compression test of
STs. (C) The relative density of the T1 and T2 lattice between the designed model and Mg scaffold, and
the total shrinkage rate.

Figure 5 shows the infiltration process of the lattice with different patterns, offering insight into
the relationship between the STs and Mg scaffolds. The metal was observed to fully penetrate the
ST-T4 lattice, whereas ST-TS5 undergoes structural failure during infiltration. It is because, in ST-
T35, the lower struts impede the flow of the metallic liquid, inducing stress concentration that
culminates in the collapse of the lattice, as shown in Figure 5B. The unsuitability of ST-T5 for
infiltration is further evidenced by the interlocking struts, which obstruct the flow channels for the
molten magnesium, causing the template to rapidly collapse when subjected to considerable
pressure [38,39]. Therefore, it is critical for the template to have both sufficient structural integrity
and appropriately designed flow channels to facilitate the infiltration of the molten magnesium

solution.
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Figure 5 (A) The images of the T4 and TS5 lattices and the corresponding green body, sintered sample,
and Mg scaffold. The scale bars are 200 pm. (B) The infiltration process of different types of lattices.

3.4 Properties of Mg scaffold

Figure 6 shows the mechanical properties, surface morphology, and cell adhesion experiments of
Mg scaffolds. The compressive test results, as shown in Figure 6a showed that the M-T1 scaffold
(RDmg = 0.52+0.05) demonstrated a compressive strength of 47.48+0.84 MPa and a Young’s
modulus of 902.58+5.49 MPa. The SEA of the M-T1 before it was compacted reached
2323.47+194.07 kJ-m™3. Compared with other Mg scaffolds reported in other literature, the M-T1

still possessed a high strength with a low relative density, as evidenced in Figure 6B.

The inner morphology of M-T1 is shown in Figure 6C. Observations revealed a densely structured
Mg scaffold with an inherently uneven morphology on the inner surface. This was due to the good
wettability between the Mg liquid and salt template, allowing the liquid metal to replicate the

texture of the salt template. This result signifies that the amalgamation of template replication with



die-casting techniques affords the production of samples with not only custom geometries but also

enhanced structural strength.

Figure 6D shows the cell adhered to the M-T1 scaffold. The result indicated that bone stem cells

remain viable and adhere to the scaffold's surface after 24 hours. The roughened surface of M-T1

also facilitated the cell attachment, which is favorable for tissue adhersion. Moreover, when placed

in a simulated biological environment, the scaffold demonstrates a natural degradation behavior.

Exploiting this degradation wisely, it is feasible to engineer bone implants that dissolve naturally

in the body, thereby eliminating the necessity for post-healing surgical removal. Such materials

have the potential to substantially alleviate patient discomfort and reduce the risks associated with

treatment.
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Figure 6 (A) The compression test of M-T1 scaffolds. (B) Compressive strength against the relative
density of Mg scaffolds in this work with other reported materials [40-45]. The detailed data were listed
in Table S3 (C) SEM image of i) the cross section and ii) the inner morphology of the Mg scaffold. The



scale bars are 500 pm and 50 pm, respectively. (D) The SEM image of Mg scaffolds after cell attachment
experiments. i) and iii) are cells adhered to the Mg scaffold. The scale bars are 10 pm. ii) and iv) are the
local details of the cells, respectively. The scale bars are 2 pm.

4 Conclusion

In this paper, a salt template was developed by a salt-based MEX process. The Mg scaffolds were
obtained by immersing the melting Mg liquid into the salt template, followed by water leaching.
The rheological properties of the ink, the shrinkage rate, and the compressive strength of the salt
template were thoroughly investigated to determine the template's viability. Additionally, the
dimensions of the infiltrated Mg scaffold were measured. The result indicates that the template
infiltration method can be effectively utilized to fabricate Mg porous scaffolds with a specific
porosity range and pore sizes. The structure of the Mg scaffold can be customized through 3D
printing of the salt template. Furthermore, the cell adhesion test suggested that the Mg scaffold
possessed good biocompatibility. Overall, this method allowed the preparation of porous
magnesium alloys with small-sized pores and the appropriate tailoring of their structure. Critically,
this method has the potential to be adapted for creating a diverse array of porous magnesium alloy
supports, thereby laying the groundwork for the advancement of magnesium alloys with enhanced

biological performances.
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