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Biodegradable porous magnesium (Mg) scaffolds are promising for application in the regeneration of
critical-sized bone defects. Although additive manufacturing (AM) carries the promise of offering unique
opportunities to fabricate porous Mg scaffolds, current attempts to apply the AM approach to fabricating
Mg scaffolds have encountered some crucial issues, such as those related to safety in operation and to
the difficulties in composition control. In this paper, we present a room-temperature extrusion-based AM
method for the fabrication of topologically ordered porous Mg scaffolds. It is composed of three steps,
namely (i) preparing a Mg powder loaded ink with desired rheological properties, (ii) solvent-cast 3D
printing (SC-3DP) of the ink to form scaffolds with 0 °/ 90 °/ 0 ° layers, and (iii) debinding and sin-
tering to remove the binder in the ink and then get Mg powder particles bonded by applying a liquid-
phase sintering strategy. A rheological analysis of the prepared inks with 54, 58 and 62 vol% Mg powder
loading was performed to reveal their viscoelastic properties. Thermal-gravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR), carbon/sulfur analysis and scanning electron microscopy (SEM)
indicated the possibilities of debinding and sintering at one single step for fabricating pure Mg scaffolds
with high fidelity and densification. The resulting scaffolds with high porosity contained hierarchical and
interconnected pores. This study, for the first time, demonstrated that the SC-3DP technique presents un-
precedented possibilities to fabricate Mg-based porous scaffolds that have the potential to be used as a
bone-substituting material.

Statement of Significance

Biodegradable porous magnesium scaffolds are promising for application in the regeneration of critical-
sized bone defects. Although additive manufacturing (AM) carries the promise of offering unique opportu-
nities to fabricate porous magnesium scaffolds, current attempts to apply the AM approach to fabricating
magnesium scaffolds still have some crucial limitations. This study demonstrated that the solvent-cast
3D printing technique presents unprecedented possibilities to fabricate Mg-based porous scaffolds. The
judicious chosen of formulated binder system allowed for the negligible binder residue after debinding
and the short-time liquid-phase sintering strategy led to a great success in sintering pure magnesium
scaffolds. The resulting scaffolds with hierarchical and interconnected pores have great potential to be
used as a bone-substituting material.
© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

The regeneration of critical-sized bone defects remains a clin-
ical challenge and usually necessitates bone grafting materials.
However, the current clinically available grafts and most existing
synthetic biomaterials do not meet all clinical requirements [1].
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Therefore, developing a new generation of suitable bone substi-
tutes is desired. An ideal bone substitute or implant should: (i) be
able to degrade in vivo within an appropriate time period till the
newly grown bone tissue has replaced the substitute’s function [2],
(ii) exhibit osteogenic, osteoconductive and osteoinductive proper-
ties for new bone formation [3], (iii) be biomechanically stable and
match the mechanical properties of the host bone to avoid stress
shielding [2,3], prior to losing its mechanical functionality, and (iv)
present a highly porous structure with fully interconnected pore
networks to allow for bone ingrowth and facilitate the transport
of nutrients and metabolic waste [4].

In recent years, Mg-based biodegradable metals have been
considered to be a new class of promising biomaterials for ortho-
pedic applications, since they may be tuned to possess mechanical
and biological performances needed for bone defect regenera-
tion [5]. One of the main advantages of Mg over currently used
metallic biomaterials is its biodegradability [5]. Mg ions play an
important functional role in physiological systems [6]. Moreover,
it has been reported that Mg ions released from Mg implants
stimulate bone formation [7]. Additionally, Mg possesses appro-
priate mechanical properties that are close to those of the natural
bone [8]. In other words, Mg-based materials can satisfy the first
three requirements mentioned above for biodegradable implants
aimed to regenerate bone. Incorporating porosity into Mg-based
implants is of critical importance to meet the last requirement
of an ideal bone substitute for orthopedic and traumatological
applications.

Several techniques to fabricate porous Mg scaffolds have al-
ready been developed including melt foaming [9-11], preform
infiltration [12-16], pattern casting [17,18], and powder metallurgy
with space holder [19-22]. However, these traditional fabrication
techniques permit neither complex exterior 3D architectures
nor fully interconnected interior networks. Recent advances in
additive manufacturing (AM) offer great potential to achieve a
much greater degree of design and manufacturing flexibility and
efficiency over the traditional techniques, making it possible to
design and fabricate fully interconnected porous structures with
precisely controlled topological parameters [23,24].

Employing AM techniques to fabricate Mg-based materials has
just started in a very small number of university research groups
[25]. Selective laser melting (SLM) in the category of powder bed
fusion according to the ASTM classification is a commonly chosen
AM technique for Mg scaffold fabrication [25-30], compared to
other AM techniques [31,32]. The success in fabricating porous
Mg alloy scaffolds with SLM is yet rather limited [33,34]. The
primary challenge encountered is associated with the safety in
operation, considering the high flammability of Mg powder with
a large collective surface area. The other difficulties encountered
concern the undesirable compositional variation in final parts due
to relatively low melting and boiling temperatures of Mg and to
rapidly increased vapor pressure of Mg at its boiling temperature
[27,35], excessive oxidation throughout the whole chain of scaffold
fabrication due to the high affinity of fine Mg-based powder
particles to oxygen [27], and seriously limited availability of pre-
alloyed Mg powders with desired compositions that can be used
to adjust the biodegradation rate and mechanical properties of the
porous structures [25]. Furthermore, due to the high reflectivity
of Mg powder, high laser power is needed, which makes the SLM
equipment costly [27], increases the chance of Mg evaporation,
and creates significant thermal gradients during SLM, leading to
metallurgical defects and residual stresses [36]. Recently, a few at-
tempts have been made to develop powder bed inkjet 3D printing
[37] and fused filament fabrication (FFF) techniques [38], followed
by a sintering step, as alternatives to SLM. However, utilizing these
techniques for the fabrication of topologically ordered porous Mg
scaffolds has not yet been reported.

Solvent-cast 3D printing (SC-3DP) is another interesting tech-
nique alternative to SLM, in which an ink containing metallic or
any other powder particles, together with a binder system (com-
posed of polymer, volatile solvent, and/or additive), is extruded
through a nozzle and printed into a designed structure. The 3D
printed structure is then subjected to debinding and sintering.
SC-3DP has great potential to overcome the material, technical,
and structural limitations of the other AM techniques currently
applied to fabricate porous Mg scaffolds, as mentioned earlier. It
offers multiple advantages including (i) 3D printing at ambient
conditions, (ii) easy adjustment of the components of the ink, (iii)
low investment in equipment, and (iv) the potential to fabricate
complex structures with hierarchical pores and desired alloy
compositions. In addition, in SC-3DP, no natural support is present
for overhung parts, which is in contrast to the presence of natural
support in powder bed based AM processes. Precise match of the
evaporation rate of solvent and printing parameters allows for
printing stacked lattice structures with overhang parts and enables
the fabrication of helically freeform structures without any syn-
thetic support [39]. The SC-3DP method has been demonstrated
to be feasible in the case of the AM of steel [40,41], iron [42,43],
titanium-based [44], and nickel-based [43,45,46] micro-trusses.

To the best of our knowledge, there have been no reports on
SC-3DP of Mg scaffolds. It is worth noting that unlike relatively
less reactive metals, fabricating Mg-based materials through the
SC-SDP approach could present a different set of challenges in-
cluding (i) a limited choice of binder components due to the
high reactivity of Mg powder, leading to interactions during the
printing and debinding processes and the exclusion of the use
of water-based and PLGA-containing binder systems suitable for
SC-3DP of other metals, (ii) the poor sinterability of Mg powder
in the absence of external pressure, because of the inevitable
presence of a stable oxide film on Mg powder particle surface,
which acts as a barrier to diffusion.

In the present study, we attempted to overcome these chal-
lenges and apply the SC-3DP technique to build topologically
ordered biodegradable pure Mg scaffolds. Pure Mg was chosen in
this first attempt to make the material system simple and avoid
unexpected interactions between the alloying elements and binder.
This work was aimed to demonstrate the viability of using the SC-
3DP technique to produce Mg scaffolds and to find applicable and
optimized process conditions for successfully fabricating porous
Mg scaffolds with high fidelity. First, the prepared inks, consisting
of a judiciously formulated binder and Mg powder particles, were
evaluated in their rheological behavior. Rheological characteriza-
tion was intended to lay the basis for initial screening of inks
prior to time-consuming trials of 3D printing and also to provide
quantitative support for the evaluation of printability and for
the description of observed behavior during the printing process.
Second, the inks with different percentages of Mg powder loading
were printed by applying the SC-3DP approach and the applicable
printability windows were defined. Finally, the effects of sintering
temperature and holding time on the density of struts were inves-
tigated in light of maintaining the shape fidelity of the scaffolds.

2. Materials and methods
2.1. Fabrication strategy

The SC-3DP approach to the fabrication of porous Mg scaffolds
consisted of three steps (Fig. 1a): ink preparation, 3D printing
of Mg scaffolds with a designed structure, and debinding and
sintering. First, inks containing a binder system (polymer, volatile
solvent, and additive), and different percentages of Mg powder
loading were prepared. Second, the prepared ink with the required
rheological properties was extruded through a micro-nozzle under
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Fig. 1. A schematic diagram of the fabrication steps and the designed structure of Mg scaffolds: (a) the fabrication process consisting of ink preparation, 3D printing, and
post-processing, (b) the CAD model of the scaffold, and (c) the lay-down pattern of the scaffold.

an applied pressure and at an appropriate printing speed. The
volatile solvents in the extruded struts rapidly evaporated upon
extrusion, enabling the condensation of the remaining polymer
and increasing the rigidity of the deposited Mg powder loaded
struts. This allowed the struts to hold their shape and support the
subsequent layers. The presence of the additive prevented the sol-
vent from excessively fast drying, due to its lower vapor pressure,
thereby permitting adjacent layers to merge during deposition.
Green scaffold samples with Mg powder particles, polymer, and
additives were created. Finally, the green scaffold samples were
transformed into pure Mg scaffolds through a thermal treatment,
during which polymer and additives were thermally decomposed
and Mg powder particles were sintered together.

2.2. Ink preparation and characterization

2.2.1. Powder characterization

Atomized pure Mg powder particles with a purity of 99.8 wt%
(Zn: 0.0081 wt%, Fe: 0.0085 wt% and others: 0.17 wt%) (Tangshan
Weihao Magnesium Powder Co., China) had a particle size range
of 25 to 80 pm (Dyg = 3111 pum, D5y = 44.96 um and Dgy =
67 pm). The morphology of the powder was examined with a
scanning electron microscope (SEM, JSM-IT100, JEOL, Japan). The
microstructure of the Mg powder was observed with an optical
microscope (OM, VH-Z250R, KEYENCE, USA) after grinding, polish-
ing, and etching in a solution composed of nitric acid, acetic acid,

water, and ethanol at a volume ratio of 1:3:4:12. The average grain
size was determined by using the line intercept method.

2.2.2. Ink preparation

Mg powder loaded inks were synthesized through mixing
of (i) Mg powder particles and (ii) a binder system composed
of polystyrene (Sigma-Aldrich), chloroform (Sigma-Aldrich) and
dibutyl phthalate (Sigma-Aldrich). Mg powder particles were
added into the already made binder in a glove box to prevent Mg
powder particles from being oxidized during ink preparation. Inks
with 54, 58, and 62 vol% powder loading were prepared, respec-
tively. The binder and Mg powder mixtures were further mixed by
applying magnetic stirring for improvements in homogeneity. The
synthesized inks were then centrifuged at 102 rad/s for 1 min and
at 25 °C to remove air bubbles.

2.2.3. Rheological characterization

The rheological properties of the 54, 58, and 62 vol% Mg pow-
der loaded inks were determined by using a rheometer (Physica
MCR 301, Anton Paar, Germany) with a plate-plate geometry
(25 mm diameter, 1 mm distance). A shear stress ramp, ranging
from 1 to 10,000 Pa at 1 Hz, was applied to the ink and the linear
viscoelastic range (LVR) was determined. Rotational shear rate-
viscosity measurements were performed in the flow mode at shear
rates varying between 0.1 and 220 s!. The linear trend when
plotting the results on a double-logarithmic scale was fitted into a
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power law equation to quantify the degree of shear thinning:

n=Ky"! (1)
where 1 is the viscosity, Y the shear rate, K the consistency index
and n the flow behavior index.

The storage (G’) and loss (G”) moduli were obtained from
a frequency sweep test over a frequency range of 0.1 to 10 Hz
at a constant stress selected from the LVR (T = 10 Pa). In the
creep experiment, a constant shear stress selected within the LVR
(T = 10 Pa) was applied for 60 s and the resulting strain was
measured. Then, in the recovery test, the stress was removed and
the strain was recorded for another 180 s. The compliance (J) was
obtained from the ratio of the measured strain to the applied
stress. The degree of recovery (R) of the ink (ie., the ability to
recover from deformation) was calculated as:

.]max _.’oc
R=—F—— 2
.]max ( )

where Jmgx and ., are the compliance at the end of the creep and
the recovery tests, respectively.

2.3. 3D printing

2.3.1. Flow rate measurement

The 54, 58, and 62 vol% Mg powder loaded inks were trans-
ported into plastic syringes (EFD, Nordson, Germany) with a
410 pm tapered nozzle (EFD, Vieweg, Germany), which were
mounted on a 3D Bioscaffolder printer (BS 3.2, GeSim, Germany).
To determine the flow rates of the inks with different percentages
of Mg powder loading, the inks were extruded under applied pres-
sures of 60, 80, 100, and 500 kPa for 5, 10, and 15 min. Because
the 62 vol% ink could not be extruded at the applied pressures
of 60, 80 or 100 kPa, an additional extrusion pressure of 600 kPa
was applied for evaluating 62 vol% ink flow rate. The extruded
Mg powder containing struts were collected and weighed using a
high-precision balance after drying in a fume hood. Then, the mass
flow rate was determined by dividing the total weight (the weight
of the evaporated solvents was also included in calculation) of the
extruded struts dispensed at various time points along a certain
dispensing time (5, 10, or 15 min) to obtain an average mass
flow rate. The average volumetric flow rate was then obtained by
converting the mass flow rate using the respective ink density. The
induced shear rate, as the ink flew through the nozzle tip, was
correlated with the flow rate and was estimated by

. 3n+1 4Q
— L= 3
4n TIR3 (3)
where y is the shear rate, R the radius of the nozzle, n the
shear-thinning coefficient, and Q the volumetric flow rate.

2.3.2. Scaffold structure design

A cuboidal architecture (dimensions: 7 mm x 7 mm x 8 mm)
with a strut size of 410 pm, a spacing distance of 390 pm and a
lay-down pattern of 0°/90°/0°(Fig. 1b), and a relative density of
53.7% (the design value, calculated by Solidworks), was designed
using the GeSim custom software. A linear infill pattern (Fig. 1c)
was adopted for the designed structure, since it is the most
reliable pattern to create uniform porous structures and allows
for a fast and facile fabrication process. This designed structure
was meant to easily and quickly determine the printability of
the created Mg powder loaded inks and the formability of the
scaffolds, as well as the optimized printing process parameters.

2.3.3. 3D printing and printability window

The 54, 58, and 62 vol% Mg powder loaded inks were extruded
under various applied pressures at room temperature. The ex-
truded struts were deposited on a glass slide as the substrate.

The distance between the glass slide and the nozzle tip, and the
layer height were both set to be 320 pm in the system, which was
almost 80% of the inner diameter of the nozzle. Considering the
capacity of the printer used, applied pressures ranging between 1
and 600 kPa (the maximum pressure of the printer) and printing
speeds varying between 1 and 18 mmy/s were used to determine
the printability windows of the three Mg powder loaded inks to
realize the desired architecture. First, the operating process param-
eters (applied pressure and printing speed) that enabled the width
of extruded struts in a range of 300-500 pm were chosen as the
preliminary parameters. Considering the difficulties to obtain the
struts having exactly the same diameter as the nozzle size, a rela-
tively large range of 300-500 nm was empirically chosen to make
the resultant printing window suitable for different printing cases
of Mg scaffolds, since inevitable experimental errors could greatly
affect the size of extruded struts during the printing process.
Then, these parameters were further screened through building 3D
structures and evaluating them. Finally, the printability windows of
the inks to fabricate the designed Mg scaffolds were determined.
The criteria for the printability of the scaffolds were as follows
(i) the deflection degree (0z) of spanned struts must be less than
5% of the extruded struts diameter [47] and (ii) there should be
no apparent defects or displacements of the printed struts. After
the printability windows were constructed, a number of printing
process parameter sets were selected for these zones and marked
as A, B, C, D, E and F in the windows, and then the resultant
scaffolds were imaged under SEM and taken as the examples.

2.4. Debinding and sintering

The samples with 58 vol% Mg powder loading, struts of 350
+ 10 pm, and an interspace of 450 + 9 pm, printed with the
parameters selected from the defined printability window, were
subjected to debinding and sintering. The debinding and sintering
processes were conducted in a tube furnace with a controlled
atmosphere of high-purity argon (purity > 99.9999%). The printed
materials were heated at 5 °C/min from room temperature to
650 °C with various dwelling times (5, 10, and 35 min), followed
by furnace cooling to room temperature. To investigate the effect
of sintering temperature, part of the 3D printed samples was
sintered at 660 and 670 °C.

2.5. Material characterization

To determine the exact temperature of binder removal, thermal-
gravimetric analyses (TGA 8000, PerkinElmer, USA) of pure binder
samples and green samples with 58 vol% Mg powder loading were
conducted by heating the samples to 650 °C at a rate of 5 °C/min
and at an Ar flow rate of 40 mL/min. The as-received Mg powder
and the as-sintered Mg samples were also subjected to TGA,
following the same procedure as above. The analyses were per-
formed in triplicate. The adsorption spectra of the green samples
and those heated to 220, 450, and 650 °C were generated using
a Fourier transform-infrared spectroscope (FTIR, Spectrum 100,
PerkinElmer, USA). A portion of the green sample was placed on
the diamond attenuated total reflection (ATR) crystal. The spectra
over a range of 4000 to 600 cm~! were obtained by 30 scans with
a spectral resolution of 4 cm~!. Phase constituents in pure Mg
powder, printed and sintered scaffolds were identified by using
an X-ray diffractometer (XRD, Bruker D8 Advance diffractometer
Bragg-Brentano geometry). The diffractometer was equipped with
a Lynxeye position sensitive detector and operated at 45 kV and
40 mA with a scan range of 10-110° and a step size of 0.030°
using Cu Ka radiation. Quantitative analysis of magnesium oxide
(MgO) was performed using Bruker software (Diffrac.Suite EVA,
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Fig. 2. The characteristics of the Mg powder: (a) a SEM image showing spherical powder particles and (b) the microstructure of the Mg powder.

5.2). Chemical analyses of the as-received Mg powder and sin-
tered parts in terms of carbon content were performed using a
carbon/sulfur analyzer (CS744, LECO, USA). Three repeat samples
for each group were measured.

The printed 2D pattern and the cross section of the sintered
samples were imaged under the optical microscope. The green
samples and sintered samples were also examined using SEM.
The relative density of the sintered struts was measured from
the optical images of the polished cross sections using the Image]
software (National Institutes of Health, US). The shrinkage of the
sintered samples was determined by measuring the dimensions of
the samples before and after sintering using a digital caliper. The
sintered scaffolds were imaged by using X-ray micro-computed
tomography (uCT, Nanotom 180NF, Phoenix) at a current of 140 pA
and a voltage of 140 kV, and resolutions of 5 pm and 2 pm. To
calculate the porosity, struts size, and pore size of the sintered
samples, the scanned images were exported to Fiji (National
Institutes of Health, US). The regions of interest (ROIs) were then
defined. Subsequently, the Bone] [48] plugin was used for the
calculations.

2.6. Statistical analysis

Statistical analysis was performed using ANOVA (one way or
two way) or the Scheirer-Ray-Hare test with post-hoc Tukey’s
multiple comparison test. p < 0.05 was considered statistically
significant.

3. Results
3.1. Characteristics of the Mg powder

Atomized pure Mg powder particles appeared to be spherical
(Fig. 2a) under SEM, typical of the characteristics of an argon-
protected centrifugally atomized powder. On the cross-sections of
powder particles, the average grain size was 8.6 +1.7 um (Fig. 2b).

3.2. Rheological characteristics of the inks

The viscosity-shear stress curve of each of the three prepared
inks (with 54, 58 and 62 vol% Mg powder loading) showed a
steep drop in viscosity at a certain shear stress (Fig. 3a). A relative
steady region was observed before reaching the critical shear
stress, known as the yield stress (Ty). The yield stress was deter-
mined at the intersection of the two tangents: one in the stable
region of viscosity where the material was deformed elastically
and another in the region where the viscosity dropped and the
material started to flow. The yield stress of the ink with a higher
percentage of Mg powder loading was higher than that of the ink
with a lower percentage of Mg powder loading (Table 1). Fig. 3b

Table 1
Rheological parameters of the inks with different percentages of Mg powder load-
ing, in which n is the shear-thinning coefficient and K the consistency index.

Ink Yield stress (Pa) n K Recovery degree
54 vol% ink 2677 + 872 0.18 £ 0.03* 240 + 36° 26% + 1%*
58 vol% ink 4753 + 6° 0.06 + 0.01*° 1313 +£337* 29% + 3%
62 vol% ink 5917 + 76° 0.05 + 0.01* 6782 + 419> 27% + 3%

a-c: different lowercase letters represent statistically significant differences be-
tween the groups of the different percentages of Mg powder loading at p < 0.05
(comparison in column).

The same letter indicates that the values are not significantly different.

shows the decreases in viscosity with increasing shear rate for all
the three samples, which is known as the shear-thinning behavior,
being of great importance for the inks to be extruded through fine
nozzle and at the same time to retain the shape after deposition.
Over the full shear rate range, the viscosity value of the ink with a
higher percentage of Mg powder loading was higher than that of
the ink with a lower percentage of Mg powder loading (Fig. 3b).
The shear-thinning degrees of the three inks were similar (Fig. 3b),
which could be observed from the fitted results (i.e., the values of
the shear-thinning coefficient, n) (Table 1).

The storage (G’) and loss (G”) moduli were determined through
a frequency sweep test to examine the viscoelastic properties of
the prepared inks, which were considered crucial for successful
printing. In the frequency sweep testing, both the storage and loss
moduli increased with rising Mg powder loading and frequency
(Fig. 3c). For all the inks with the three percentages of Mg powder
loading, the storage moduli were all higher than the loss moduli,
indicating that the inks showed elastic or solid-like behavior,
which was necessary for retaining the shape of extruded part and
supporting its own weight and the layers on top during SC-3DP.
The creep-recovery testing was also performed to characterize the
viscoelastic properties of the inks, expressed by the compliance
J(t) as a function of time (Fig. 3d). The results showed a nonlinear
growth trend in the creep test and an exponential decay in the
recovery region. The ink with different Mg powder loading showed
similar degree of recovery (Table 1).

3.3. 3D printing

Fig. 4a shows that the flow rates of the inks steadily increased
with rising applied pressure. When the flow rates of the inks with
different percentages of Mg powder loading at a given applied
pressure were compared, the ink with 54 vol% Mg powder loading
exhibited the highest flow rate, while the ink with 62 vol% Mg
powder loading had the lowest flow rate. It should be noted that
the ink with 62 vol% Mg powder loading could not be extruded
out of the nozzle when a pressure less than 350 kPa was applied.
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Fig. 3. The rheological characteristics of the Mg powder loaded inks: (a) the results obtained from the shear stress sweep tests at 1 Hz, (b) the results obtained from the
shear rate sweep tests at 10 kPa, (c) the G’ and G” values determined from the frequency-sweep tests, and (d) the compliance values determined from the creep-recovery

tests.

We used the measured flow rates to calculate the predicted shear
rates and subsequently the corresponding viscosity values (at the
point when the inks were extruded through the nozzle) using
Eq. 3 (Table 2). Clearly, the shear rate is dependent on the flow
rate at a given external pressure. An increase in the applied pres-
sure results in a significant increase in the shear rate, accompanied
by a decrease in viscosity (Table 2).

Three separate operating windows (Fig. 4b) were defined as
guidelines for selecting the printing process parameters (applied
pressure and printing speed) for the designed Mg scaffolds with
different percentages of Mg powder loading. In each plot, four
regions are presented, in which scaffolds with different qualities
can be obtained. Zone I indicates that one dimensional (1D) struts
with widths in the range of 300 to 500 pm and 2D array can
be successfully fabricated. As part of zone I, zone Il represents
the real printable region for 3D printed Mg scaffolds, while zone
Il and zone IV represent the unprintable regions, in which the
widths of struts were out of the defined range of 300-500 pum as
a result of the mismatch of printing parameters.

Several combinations of the process parameters selected from
the different zones were adopted for 3D printing trials and the
resulting specimens were considered as the representatives of the
regions (Fig. 4b). The struts printed with the process parameters
at point A in zone IV were much thinner than the expected
struts (Fig. 5a) and the lower applied pressure (or higher printing
speed) resulted in the displacement of the deposited struts. On
the other hand, point C selected in zone III led to the fabrication
of much thicker struts (Fig. 5c¢) and the closure and fusion be-
tween adjacent struts. Point B in zone I enabled the successful
fabrication of 1D struts or 2D arrays with a desired gap between
two struts, without any displacements or fusions (Fig. 5b). The
green scaffold samples fabricated with the process parameters
at point D in the zone I of the 54 and 58 vol% windows had a
collapsed surface with a large degree of deflection (Fig. 5d), while
the scaffold samples printed with the process parameters at point
F in Zone I of the 58 and 62 vol% windows possessed excessive
defects (Fig. 5f). The SEM image of the scaffold fabricated with the
process parameters at point E in zone II of the three ink windows
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Fig. 4. The characteristic printing behavior of the Mg powder loaded inks: (a) flow rate as a function of the applied pressure* and (b) the printability windows (II: 3D
printable zone; I: 2D printable zone; IIl and IV: unprintable zones).
*The standard deviations of the flow rate values measured were all less than 1%.
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Table 2
Predicted shear rate values and corresponding viscosity values during the extrusion of the
inks at different applied pressures.

Ink 80 kPa 120 kPa 500 kPa

54 vol% Shear rate (s~1) 419 + 1721 589 + 121 4598 + 10°!
Viscosity (Pa s) 1.70 + 0.0521 1.29 + 0.0201 0.24 + 0.00°1!

58 vol% Shear rate (s=') 358 + 222 559 + 84P1 8459 + 982
Viscosity (Pa s) 5.23 + 0.0222 3.46 + 0.50°2 0.26 + 0.00°!

62 vol% Shear rate (s=') 023 022 159 + 2b3
Viscosity (Pa's)  oo?3 00?3 54.94 + 0.50P 2

a-c: different lowercase letters represent statistically significant differences between the
groups of different applied pressures at p < 0.05 (comparison in raw);

1-3: different Arabic numbers represent statistically significant differences between the
groups of different percentages of Mg powder loading at p < 0.05 (comparison in column);
The same letter or number indicates that the values are not significantly different.

Fig. 5. The results obtained from the printing trials of Mg scaffolds: (a)-(c) printed single-layer struts with the printing process parameters corresponding to points A-C in
the printability windows (Fig. 4), respectively, (d)-(f) the representative samples showing samples with deflected surface, accurate alignment and excessive defects, printed
with the process parameters corresponding to points D-F in the printability windows (Fig. 4), respectively, and (g),(h) the microstructures of the printed struts initially with
54, 58, and 62 vol% Mg powder loading, respectively.
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Table 3

Relative density values of struts after sintering under different conditions.

Sintering temperature (°C)/dwelling time (min)
Relative density of struts

650/35

70% + 6%

650/10 650/5 660/5 670/5
61% + 4%>  54% £ 6%  58% + 7%12  63% + 7%

a-c: different lowercase letters represent statistically significant differences between the groups of different sintering times at p

< 0.001.

1-2: different Arabic numbers represent statistically significant differences between the groups of different sintering tempera-

tures at p < 0.001;

The same letter or number indicates that the values are not significantly different.

showed that the adjacent layers cohered well together and the
struts aligned accurately (Fig. 5e).

The differences in macro-morphology between the struts
printed from the inks with 54, 58, and 62 vol% Mg powder loading
could be observed through the close-up views of the struts in the
scaffolds (Fig. 5g-i). As compared to 58 vol% struts (Fig. 5h), in the
54 vol% struts, Mg powder particles were well covered and bonded
by excessive binder (Fig. 5g), while the surface of 62 vol% struts
was rough due to insufficient coverage by the binder (Fig. 5i).

The macrographs of the printable scaffold samples (Fig. 5e)
showed that the top layer of struts perpendicularly stacked on
the layer underneath accurately. Furthermore, there was an over-
hung part outside the outermost wall of the scaffolds, which was
printed without any additional supporting structure. It did not
bend or deform during 3D printing or subsequent handling. The
shrinkage of the printed scaffold samples was less than 5%, as
compared with the designed structure.

3.4. Debinding and sintering

3.4.1. Debinding

TGA of pure binder without Mg powder added revealed
two-step weight losses (Fig. 6a). The binder was almost totally
decomposed after being heated up to 410 °C and thus above
410 °C, the curve remained steady. FTIR analysis showed that
at room temperature, there was no new peak appearing in the
spectrum of the ink with 58 vol% Mg powder loading after the Mg
powder was added to the binder solution (Fig. 6¢), as compared
with the spectrum of pure binder. With increasing temperature,
TGA of the as-printed sample with 58 vol% Mg powder loading
(Fig. 6b) showed a similar trend to that of pure binder (Fig. 6a).
The first step of thermal decomposition started to occur at around
115 °C and progressively continued to 210 °C, indicating the
removal of plasticizers. Indeed, the peaks stemming from the
plasticizers disappeared in the FTIR spectrum of the material after
the green samples had been heated to 220 °C, corresponding to
the first step debinding, as compared to the spectrum of the ink
at room temperature. The leftover peaks at 1492, 1452, 743, and
679 cm~! corresponded to the characteristic absorption frequen-
cies of backbone polymer (Fig. 6¢). The second step of binder
decomposition occurred in the range of 320 to 440 °C, where the
pyrolysis of polymer occurred with the evidence of the absence
of the absorption bands that displayed after the material was
heated to 220 °C (Fig. 6¢). The total weight loss of the 58 vol% Mg
powder loaded sample between 115 and 440 °C was found to be
around 20 wt%. As compared with the spectrum of the sintered
Mg powder without binder, there were no differences between the
scaffolds and pure Mg powder samples heated to 650 °C. Due to
the absence of vibrations or rotations of organic groups in these
samples, both of them showed a nearly steady spectrum (Fig. 6c).

Unlike the TGA curve of the as-printed sample, the TGA curves
of the as-received Mg powder and as-sintered samples did not
show any pronounced two-step weight losses, but maintained
the weight percentage at around 100% before being heated up
to 400 °C (Fig. 6b), indicating the absence of the binder in the

sintered scaffolds. Above the debinding temperature, the TGA
curves of all the three samples showed slight increases prior to
decreasing. TGA of the as-received Mg powder and the as-printed
sample revealed a weight gain of 6.5 & 1.3 wt% over a temperature
range of 400 to 630 °C and a weight gain of 2.0 +£ 0.3 wt% (p <
0.01, compared to the as-received Mg powder group), respectively,
while the weight gain of the as-sintered Mg sample started from
500 °C and ended at 625 °C with a weight gain of 2.8 + 0.4 wt% (p
< 0.01, compared to the as-received Mg powder group) (Fig. 6b).
XRD showed that only the pure Mg phase was present in the
as-received Mg powder and in the as-printed Mg sample, while in
addition to the pure Mg phase, 1-2 wt% MgO phase was detected
in the as-sintered sample (Fig. 6d). From the elemental carbon
measurement, there was 0.056 + 0.004 wt% carbon residue in the
sintered Mg samples after sintering at 650 °C, compared to 0.011
+ 0.006 wt% carbon measured from the as-received Mg powder (p
< 0.001).

3.4.2. Sintering

The effects of the sintering temperature and time on the
fidelity of sintered 58 vol% Mg powder loaded scaffolds and the
sintering neck evolution within struts were examined under SEM
and optical microscope. During sintering at 650 °C, necks formed
within struts in scaffolds (Fig. 7a2-e2). The sintering results
of the Mg scaffolds affected by the sintering temperature and
time could be seen from the cross-section close-up micrographs
of the struts (Fig. 7a4-e4). Near-net struts were created with
necks formed between Mg powder particles and the relative
density of struts (excluding the nodules to be described below)
increased with increasing holding time and sintering temperature
(Table 3).

Interparticle neck formation proceeded greatly after sintering at
650 °C for 35 min and some powder particles were found to have
merged together to form a larger body (Fig. 7a2). Reducing the
holding time enabled the alleviation of the merging phenomenon
of Mg powder particles, but interparticle necks were still well
maintained. The growth of necks, the reduction of micro-pores,
and powder particle merging tended to progress further as the
sintering temperature increased (Fig. 7d2 and e2).

Due to the excessive flow of molten Mg and poor wettability
between molten Mg and solid Mg powder particles, some nodules
appeared in the fabricated Mg scaffolds (Fig. 7al-el) sintered
under certain sintering conditions. Large nodules could be found
on the surface of the struts and between the struts of the scaffolds
sintered at 650 °C for 35 min (Fig. 7al). The nodules could be
large enough to fill the space or macropores between adjacent
struts, which could be observed from the cross-section view of
the sintered samples (Fig. 7a3). The size of the nodules decreased
as the holding time decreased, while no nodules were observed
when the holding time was only 5 min (Fig. 7c1-c4). However,
they appeared when the temperature was increased from 650 to
660 °C and even to 670 °C, although the holding time was only
5 min (Fig. 7d1 and Fig. 7e3). Many of the macropores between
the struts were filled by spherical nodules after sintering at 670 °C,
adversely affecting the scaffold fidelity (Fig. 7e3).
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Fig. 7. The sintering behavior and fidelity of the scaffolds initially with 58 vol% Mg powder loading in relation to sintering temperature and holding time.

3.4.3. Hierarchical structure of scaffolds

The macrograph of the sample after sintering at 650 °C for
5 min (Fig. 8b) showed the retention of the shape with high
fidelity as compared to the 3D printed sample (Fig. 8a). The strut
size after sintering was 323 + 15 pm. The designed macropores
remained open after sintering, as confirmed by the 3D recon-
struction of pCT images (Fig. 8c). The pore size was 476 + 11 pm.
The micro-channels and surrounding necks within the struts were
clearly visible from the reconstructed models (Fig. 8c) and the
micropores in the struts were in a range of 19 to 100 pm according
to the calculation of ROI from the puCT images. The porosity of
the sintered samples was 78.4%. Both macropores and micropores

are mostly interconnected (Fig. 8c). The shrinkage of the sintered
sample, relative to the 3D printed sample, was 2.0 £+ 0.8%.

4. Discussion

In this study, for the first time, an extrusion-based 3D printing
technique was utilized to manufacture porous Mg scaffolds. The
major challenges involved in applying this technique, namely the
limited number of binder choices and poor sinterability in the
absence of external pressure, were overcome. These achievements
open up many possibilities to exploit this approach further.
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Fig. 8. The macrographs of the fabricated samples: (a) 3D printed sample, (b) sample sintered at 650 °C for 5 min, and (c) reconstructed sintered sample from pCT images.

4.1. Ink preparation

The core of fabricating Mg scaffolds through the SC-3DP process
is the design of Mg powder loaded inks that should be chemically
stable and exhibit required rheological properties to allow the 3D
printing of defect-free Mg scaffolds under ambient conditions. The
selection of binder, the rheological properties of the ink, and the
relationship between the ink and printing process are discussed
below.

4.1.1. Selection of binder

The selection of a proper binder is a challenging task and also
a critical step prior to the fabrication of Mg-based scaffolds with
the SC-3DP technique. First, considering the intrinsic properties of
Mg powder, any water-based binder should be excluded. That is
because Mg powder reacts with an aqueous binder and produces a
great amount of hydrogen in the ink feedstock. Bubbles were eas-
ily observed when Mg powder was mixed with a water-based PVA
binder (Fig. S1, see the Supplementary material), which resulted
in discontinuous extrusion and severe defects in the manufactured
struts. Second, any possible interactions between the Mg powder
and the by-products of polymeric binder during debinding should
be carefully considered. For instance, commercially available PLGA
(polylactide-co-glycolide) has been widely utilized as a binder in
combination with volatile solvents for producing various other ma-
terials, such as iron [43], nickel-based alloys [45,46], tungsten [49],
graphene [50], and ceramic [51] using the SC-3DP technique. In the
case of the Mg powder loaded ink with PLGA as the binder, how-
ever, we found that during the debinding process, either the ester
group (-COOH-) of PLGA or thermally-evolved PLGA fragments ad-
hered to the surfaces of Mg powder particles inevitably containing
the hydroxyl (-OH) group, probably leading to the formation of
an intermediate compound, magnesium carboxylate (Fig. S2, see
the Supplementary material). Similar reactions were found on the
surfaces of the alumina [52] and lead titanate [53] samples where
poly (methyl methacrylate) (also containing the ester group) was
involved. This reaction produced organic residues anchored on Mg
powder particle surfaces (Fig. S3, see the Supplementary material),
resulting in the retention of non-volatile char on Mg powder par-
ticle surfaces and hindering the sintering of Mg powder, although
metal carboxylate was not stable at high temperatures.

Finally, apart from the concerns about the possible interactions
between the binder and the Mg powder, the temperature of the
pyrolysis process and the amount of binder residue should also be
considered, because the applicable sintering temperatures of pure
Mg with a melting point of 650 °C are relatively low as compared
to those applicable to other metals, such as iron and nickel.

Based on the above considerations and the lessons learned
from many experimental trials, we designed a graded volatile
binder system that consisted of polymer, volatile solvents, and
additives for fabricating Mg scaffolds. From the results obtained
from the FTIR analysis and TGA, it was confirmed that this binder
system did not react with the Mg powder during 3D printing or
debinding. This is because that unlike water-based PVA binder,
the solvent we used is a kind of water-free organic solvent, and
unlike PLGA containing binder, the backbone polymer used in this
study does not include the functional group that might react with
Mg powder. After debinding, almost no binder residue retained,
which could otherwise have hindered the sintering of Mg (Fig. 6).
Moreover, the carbon residue results showed that there is very
little carbon residue (0.056%) in the sintered samples. Therefore,
the chosen binder system would not affect further sintering
process.

4.1.2. Rheological properties of the inks

The viscoelastic properties of a viable ink are of critical impor-
tance for the success of the SC-3DP approach. A high degree of
shear-thinning behavior is particularly important, which enables
the ink material to be extruded through fine nozzles, on the one
hand, and to possess a sufficiently high rigidity for shape retention
on the other hand [54]. Meeting these criteria requires a proper
control of ink formulation and rheological properties to generate
a stable suspension that promotes the “fluid-to-gel” transition,
thereby ensuring the retention of the printed shape and the fusion
with the previously deposited layer. The fluid-to-gel transition
can be achieved by applying different approaches to different
3D printing techniques, such as temperature-controlled transition
[55,56], gelling of precursor solution [57], and solvent evaporation,
which was applied to the present printing technique (i.e., SC-3DP).
Solvent evaporation is the most commonly used approach for
increasing the rigidity of materials right after extrusion, and
offers a number of benefits, such as simplicity, room-temperature
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processing, etc. In addition, by carefully adjusting the ink compo-
sition, tailorable rheological properties of the ink can be obtained
to maximize its printability.

Solids loading is commonly used to quantify the amount of sus-
pended solids in a substance. In the present study, this is referred
to as the amount of Mg powder loaded into the binder to form
feedstock or ink for SC-3DP. The volume fraction of solids loading
(@) is closely related to the viscosity of a spherical particle loaded
ink [58]. When @ increases towards a maximum packing fraction
(@m), the relative viscosity tends to be infinite and the suspension
exhibits yield stress behavior. Usually, spherical particles with
unimodal sizes, no matter what their sizes may be, can achieve
a typical value of @p,= 0.64 for a random close-packing [59].
This was confirmed experimentally by printing the 64 vol% Mg
powder loaded ink and as expected, its flow was totally hindered
even though the maximum pressure of the printer, 600 kPa, was
applied. Therefore, 54, 58, and 62 vol% Mg powder loading were
used in the present study for the optimization of the solid loading
in the inks.

In the present case, the rheological behavior of the inks could
be tailored by varying the percentage of Mg powder loading (54,
58, and 62 vol%) (Fig. 3). The results obtained from the shear stress
sweep, frequency sweep, and creep-recovery tests all showed the
viscoelastic properties of the inks. First, in the shear stress sweep
test, the obtained yield stress revealed an “at-rest” viscoelastic
characteristic, below which the material behaved as a solid. It
is reported that the “yield behavior” really exists in highly filled
viscous polymers [59]. A suspension composed of a low-viscosity
fluid or equivalently a high concentration of solids (@>0.5) usually
exhibits a high yield stress that must to be exceeded in order to
initiate the flow, which is attributed to the particle interaction
forces within materials [59]. However, it has been observed that
suspensions with particles larger than 10 pm in diameter (non-
colloidal suspensions) or volume fraction less than 0.3 usually do
not show a sign of yield stress due to the less significant interac-
tion forces among larger particles. Although Mg powder particles
with diameters in a range of 25 to 80 um were used in this study,
the “yield behavior” was obvious for the Mg powder loaded inks
(Fig. 3), which was most likely due to the addition of plasticizers
to the inks. The plasticizers could activate the surface of solid
powder particles and, therefore, increase the interfacial interaction
between powder particles [60], which promoted the viscoelastic
properties of the Mg powder loaded inks. The yield stress of the
ink with a higher percentage of Mg powder loading is higher than
that of the ink with a lower percentage of Mg powder loading,
indicating that a higher printing pressure is required for initiating
the flow of the ink with a higher percentage of Mg powder loading
(Fig. 4).

Second, in the frequency sweep test, all the three inks con-
formed to the G’ > G” relationship in the linear region (Fig. 3c).
The phase angle, 0 (tand = G”/G’), is an indicator of the elastic or
viscous behavior of an ink. When 0 falls in a range of 0° < § < 90°,
the material presents viscoelastic behavior, in which the material
with 0 > 45° is more viscous and that with 6 < 45° is more elastic
[61]. Therefore, the inks with various percentages of Mg powder
loading showed dominantly elastic behavior featured by a phase
angle smaller than 45°. In the present study, a minimum elastic
modulus G’ value that is required to have a midpoint deflection
of no greater than 5% of the strut diameter was considered, based
on a simple elastic beam model [47]. This assessment was widely
adopted by other researchers to evaluate the rigidity of the inks
to support the entire structure [61-63]. A minimum G’ value of
7.05-7.28 Pa was required, based on the calculation with the ink
density values of 1.50-1.55 g/ml for 54-62 vol% Mg powder load-
ing, 410 pm in strut diameter, and 390 pm in spacing distance. The
G’ values of all the inks obtained from the frequency sweep tests

(Fig. 3c) were all more than 4 orders of magnitude larger than the
required value and, therefore, theoretically satisfied the criterion.

Finally, the viscoelastic properties of the inks were confirmed
by the creep-recovery tests, where a quick viscosity recovery with
no shear stress applied was required (Fig. 3d). All the prepared
inks showed viscoelastic characteristics with about 25% recov-
ery degree. The shear thinning of the inks is a prerequisite for
extrusion-based 3D printing. All the prepared inks exhibited the
shear-thinning behavior (Fig. 3¢), and the degree of shear thinning
did not show large differences between the inks with different
percentages of Mg powder loading (Table 1). This agrees with the
findings of other researchers, showing that n remains unchanged
upon the addition of various volume fractions of spherical solids
due to the presence of particulates [64].

The viscosity of the suitable inks for extrusion-based 3D print-
ing varies case by case. In the present study, the shear rates for
extruding different inks at various applied pressures were derived
from the measured flow rates. The corresponding viscosity values
of the inks experiencing extrusion for suitable 3D printing (Fig. 4)
were between 1 and 60 Pa s (Table 2), which is in the same
viscosity range as reported before [61].

Although the rheological properties are of help in gaining a
fundamental understanding of the printability of the inks, the real
printing process is significantly more complex than what can be
captured from the shear-viscosity measurements. Nevertheless,
rheological evaluation can provide a guideline for initial screening
or optimizing the suitable inks prior to time-consuming trials of
3D printing. Indeed, in the present research, the rheological char-
acterization of the prepared inks with three different percentages
of Mg powder loading provided theoretical support for describing
the printability and printing behavior, which will be discussed in
the next subsection.

4.2. 3D printing process

The dimensional accuracy of material deposition during the
3D printing process is strongly dependent on the flow rate of the
ink (i.e., the extrusion rate of the ink from the nozzle under an
external pressure). The flow rate is influenced primarily by three
factors, namely the physical and rheological properties of the ink,
the geometry of the nozzle, and user-imposed conditions, such
as the temperature, which was not included in the present study.
First, under the same applied pressure, the flow rate of the ink
with a lower percentage of Mg powder loading was found to be
larger than that of the ink with a higher percentage of Mg powder
loading (54 vol% > 58 vol% > 62 vol%). That is because the flow
rate is usually inversely proportional to viscosity. The viscosity
value of the ink at the shear rate induced by extruding was in the
ascending order: 54 vol% < 58 vol% < 62 vol% (Table 2). Combined
with the printability window (Fig. 4b), the appropriate flow rate
for printing struts with a fidelity tolerance below 25% (the width
of struts in a range of 300 to 500 um, when a 410 um nozzle was
used) was at a level of 10~% to 10~3 ml/s with printing speeds
in a range of 1 to 18 mmy/s (Fig. 4a). A wide range of flow rates
(ie., 0.07 nL/s - 4 mL/s) were reported for various inks suitable
for extrusion-based 3D printing [65]. The flow rates in the present
case were, therefore, considered reasonable. Second, the nozzle
size and geometry could affect the flow rate. A tapered nozzle was
used for 3D printing in the present study, since it is better suited
for achieving high-pressure gradients or higher flow rates than a
cylindrical nozzle [66].

The applicable printing parameters are determined by the flow
rate of the ink. For a given ink, as flow rate increases at a given
printing speed, nozzle size, and geometry, the width of the resul-
tant strands increases. In this case, an increased printing speed is
needed to ensure the struts width remains within a desired range.
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This correlation can give a reasonable explanation for the inclined
region of the printability window, especially zone I for 2D strut
printing. The selection of suitable process parameters that could be
used for successful fabrication of 3D scaffolds is much stricter than
that for 2D printing, since maintaining structural integrity would
have to be considered in the 3D printing process (Fig. 4b). Two
criteria would have to be met for structural integrity: (i) smooth
transitions between adjacent layers, which requires enough liquid-
ity for deposited layers to enable seamless fusion with the subse-
quent layers, and (ii) enough rigidity of firstly deposited layers to
support the whole structure, which requires rapid evaporation of
solvents right after extrusion. It was observed that the evaporation
of the inks played an important role in meeting these two criteria
for building the designed structure without distortions or defects,
although the presence of additive (i.e.,, the remaining low vapor
pressure solvent) already imparted the liquidity to a certain extent.
At a high printing speed, point D in the 54 and 58 vol% windows
led to insufficient evaporation of solvents from the deposited
layers, resulting in the slumps of the structure (Fig. 5d). A lower
printing speed (for example, point F in the 58 vol% window) or a
thin strut resulting from an insufficient applied pressure (point F
in the 62 vol% window) resulted in too much drying of the layers
and, thus, the unmerged or discontinuous layers with poor adhe-
sion (Fig. 5f). In the printability windows of the 54 and 62 vol% Mg
powder loaded inks, the printable zones were located at low print-
ing speeds (below 5 mm/s) for the designed 3D scaffolds (Fig. 4b).
The 54 vol% Mg powder loaded ink needed more time for evapo-
ration than the ink with a higher percentage of powder loading to
reach the same level of rigidity, because the former had more sol-
vents. A lower printing speed means a longer time for the nozzle
to reach the same displacement and, therefore, a longer time for
the evaporation of the deposited struts before the deposition of
next layers. By contrast, the applicable printing speed for the ink
with 62 vol% Mg powder loading was limited to a very low speed
due to a very low flow rate. In comparison with the inks with 54
and 62 vol% Mg powder loading, the ink with 58 vol% Mg powder
loading could be printed over the widest range of printing speeds
(ie., 4-12 mm/s).

In summary, the flow rate (affected by the applied pressure),
the evaporation rate (a physical property of the ink) and the
deposition rate (determined by printing speed) must be matched
with each other for printing the desired 3D structure successfully.
The established operating window can be used as a quick guid-
ance for fabricating 3D porous scaffolds with structure sizes on a
millimeter scale. It is important to note that the operating window
depends on the size and geometry of the designed structure in
the evaporation-controlled printing process. In the present study,
the printed structure showed a high fidelity without defects and
the side pores remained open even over a long spanning length
(Fig. 8a). The main limitation of the printing process is that the
inks must be printed within 1.5-2 h after having been loaded into
the cartridge due to the continuous evaporation of the inks in
the cartridge and, thus, an altered viscosity that could affect the
printing process.

Apart from the considerations regarding the printability of Mg
powder loaded inks, a higher percentage of Mg powder loading is
beneficial for the subsequent step (i.e., debinding and sintering),
as a high relative density of struts can be obtained and the reten-
tion of strut/scaffold shape can be ensured after binder removal.
However, the ink with 62 vol% Mg powder loading is not the most
promising one, because of its narrow printability window and
low printing efficiency (i.e., the low permissible printing speeds).
Therefore, the printed scaffolds with 58 vol% Mg powder loading
were chosen for further study on the debinding and sintering
behavior of the scaffolds.

4.3. Debinding and sintering

Debinding and sintering of porous Mg scaffolds are even more
challenging than the 3D printing step. The main challenge involved
in debinding is mostly related to the binder selection that has
already been discussed earlier. TGA and FTIR analysis (Fig. 6)
confirmed the proper choice of the binder, as the vast majority
of the binder had been degraded before reaching the sintering
temperature and no interaction was found between the reactive
Mg powder and the pyrolysis products of the binder during the
debinding process.

Apart from the advantages of the seamless attachment of layers
during 3D printing, a binary-component binder system is also
beneficial for debinding. The plasticizer was removed first to open
the paths for further diffusion of the degraded gaseous products
(Fig. 6). The major polymer, which served as backbone, retained
the strut shape until being almost totally decomposed before the
sintering temperature, 650 °C, was reached, with low ash residue
(Fig. 6). Around 20 wt% of the binder was thermally decomposed
during the 2-step degradation, which was nearly all the binder in
the initial feedstock (Fig. 6b). As the backbone polymer was mostly
removed before 450 °C was reached, the ash or carbon residue
content was of paramount importance for retaining the shape and
preventing the scaffolds from slumping and distorting before the
formation of the inter-particle necks occurred during sintering.
Such a strategy (i.e., a multi-component binder system) is often
used in the debinding of metal injection molding (MIM) [67]. A
heating rate of 5 °C/min was chosen for debinding and sintering,
which was relatively high as compared with that typically applied
in MIM. In general, a high heating rate is not preferred in MIM
because integrity lose may occur during the debinding process
when sudden evaporation of a binder fraction occur with no clear
exit path. In solvent-cast 3D printing applied in the present study,
however, the backbone binder accounted only for 37 vol% of the
binder and the rest were solvent and plasticizer. As a result, the
evaporation of the solvent and the decomposition of plasticizer
provided sufficient path for the evaporation of polymer. Sudden
internal stress that may cause the collapse of the structure would
unlike occur. In addition, the carbon residue on the surfaces of
Mg powder particles played a vital role in increasing the fiction
between Mg powder particles. In other studies on solvent-cast 3D
printing of metals, scaffolds could be fabricated successfully even
at a heating rate of 10 °C/min during the debinding process [45,46].
Considering a relatively long debinding time being typical in MIM,
a single-step protocol was employed in the present study by com-
bining debinding and sintering, during which no dwelling time
for debinding was allocated. The relatively quick debinding might
be attributed to the pressure-free thin struts that enabled fast
diffusion paths for pyrolysis products to move to the green body
surfaces where the decomposed binder under argon gas flow could
quickly escape [69]. This one-step treatment greatly increased the
fabrication efficiency and reduced the operational complexity, as
compared with the usual practice in the case of MIM.

The changes of the Mg powder throughout the fabrication
process were also studied. XRD revealed that the Mg powder in
the as-printed samples remained the same as the as-received
powder in phase constitution (Fig. 6d), which was also confirmed
by the FTIR results (Fig. 6¢). In the sintered sample, however, the
MgO phase was found. In TGA, above 400 °C, weight gain occurred
to all the tested samples (Fig. 6b) due to the oxidation of Mg.
In another study, it also observed that the oxidation of Mg was
accelerated above a critical temperature (i.e., 400 °C) at various
heating rates even in an ultra-high-purity Ar gas atmosphere (Ar
purity: 99.9999%) [68]. After being heated above 400 °C in TGA,
the as-printed sample appeared to be less oxidized (with a weight
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Fig. 9. A schematic illustration of liquid-phase sintering of the Mg 3D scaffolds: (a) proper liquid-phase sintering and (b) excessive liquid-phase sintering.

gain of 2.0 wt%) when compared with pure Mg powder (with
a weight gain of 6.5 wt%). This was probably because a small
amount of carbon residue from the binder covered some surfaces
of Mg powder particles in the as-printed sample, while the as-
received Mg powder particles possessed more exposed surfaces.
The weight gain of the as-sintered Mg sample was also lower than
that of the as-received Mg powder over the temperature range of
400 to 650 °C. This was because the as-sintered Mg sample had
already been oxidized once during the sintering process prior to
XRD analysis, while pure Mg powder particles still had “relatively
clean” surfaces to react with oxygen during XRD test. Therefore,
compared with the as-received pure Mg powder, the Mg powder
in the as-printed Mg scaffolds did not change chemically after
being mixed with the binder, while that in the as-sintered Mg
scaffolds presented only small increases in MgO content (1-2 wt%)
and carbon content (0.045 wt%).

Sintering of the porous Mg scaffolds was challenging, as the
presence of oxide layers on Mg powder particle surfaces severely
retarded the sintering process. Unlike other metals, such as
iron and copper [70], the diffusion coefficient of Mg atoms (i.e.,
5.25 x 10724 at 650 °C) through the oxide layer is about 12 orders
of magnitude lower than their self-diffusivity (3.01 x 1012 at
650 °C) [71]. Furthermore, the magnesium oxide (MgO) layer
on Mg powder particle surfaces is rather stable even beyond
the evaporation temperature of Mg. In addition, there is no real
possibility of reducing MgO into Mg during sintering. Therefore,
solid-state sintering of loose Mg powder is not feasible and
breaking up the oxide layer is the only way to allow for effective
sintering kinetics, which will provide paths for the diffusion of
Mg atoms. With respect to this, the compaction of Mg powder is
usually used in order to mechanically rupture the oxide layer in
the conventional powder metallurgy techniques. However, the sin-
tering of the designed porous scaffolds excludes the possibility of
applying external mechanical pressure on the 3D printed samples.
Nevertheless, liquid hot isostatic pressing (HIP) which has been
once tried to consolidate a magnesium alloy solid part [72] may
be still applicable.

Liquid-phase sintering offers a possibility for the sintering of
loose Mg powder, in which the presence of a small volume frac-

tion of the liquid phase facilitates the disruption of the oxide layer
and enhances the diffusion. This strategy has been also utilized
in the sintering of ZK60 scaffolds fabricated by powder-bed inkjet
3D printing [71]. The control of the presence of a solid-liquid
coexistence zone enabled the liquid fraction in the ZK60 alloy to
vary from 14 to 43 vol% over a temperature range of 535 to 610 °C,
which gave a wide range for the selection of sintering temperature.
In comparison with that Mg alloy, it is much more difficult to take
advantage of the formed liquid phase for the sintering of with a
liquid monophase zone. That is because sintering at or above the
melting point of Mg is necessary to generate the liquid phase, but
it involves the risk of disrupting the shape of the specimens and
even a total collapse of the scaffolds.

With the above considerations, in the present study, we pro-
posed a short sintering process to overcome the challenge involved
in pure Mg sintering. It was found that a 5 min holding time was
enough to form inter-particle necks at 650 °C. Generally, 650 °C is
the melting point of pure Mg. Although the sintering temperature
reached the melting point of Mg, the shape of scaffolds was still
well retained without any collapse (Fig. 8), owing to the presence
of a MgO film on the surfaces of Mg powder particles. A depicted
model (Fig. 9) displays how pure Mg can be successfully sintered
within a short holding time. Before the occurrence of sintering, an
oxide layer covered Mg powder surfaces, which severely impedes
diffusion (Fig. 9a). During heating towards 650 °C, the liquid phase
appeared along grain boundaries or some defects inside Mg pow-
der particles. As temperature increased to the melting point of Mg,
a greater volume fraction of the liquid phase formed inside pow-
der particles. The volumetric expansion of Mg powder particles
caused a gradual increase of internal pressure inside Mg powder
particles until the oxide layer ruptured. The cracks on the surface
of powder particles (Fig. 7c2) provided short-circuit paths for the
interior liquid Mg to seep onto the surfaces of powder particles.
The released liquid was then drawn into the inter-particle neck re-
gions due to the capillary force, leading to the formation of necks.
In summary, the enveloping MgO film enabled the retention of Mg
powder particles and scaffold shape, while the cracks of the MgO
film gave the melt a chance to flow out and consequently to form
necks.
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The fidelity of Mg scaffolds or dimensional precision is of
paramount importance. A proper sintering scheme (i.e., 650 °C for
5 min) allowed for the fabrication of the Mg scaffolds with high
fidelity (Fig. 8), a high relative density of struts, and suitable macro
porosity. The sintered scaffolds did not shrink much, as compared
to the printed ones, since voids derived from the evaporation of
binder were still visible (Fig. 7c4). In other words, the retention
of micropores in the struts resulted in insignificant shrinkage. Al-
though a longer holding time and a higher temperature increased
the relative density of struts (Table 2), they led to excessive
liquid-phase sintering, which caused the formation of nodules
and affected the strut fidelity (Fig. 7a3-e3). A longer holding
time caused the melting of more Mg and, thus, the formation of
excessive Mg liquid. Apart from more liquid formation, higher
sintering temperature also enhanced the flowability of Mg liquid
through the cracked MgO envelope due to a decrease in its vis-
cosity [73]. The main reason for the formation of nodules that
occupied the designed macro pores between struts was a lack of
wetting of the molten Mg on powder particle surfaces. When the
volume fraction of the liquid went beyond the capability of the
capillary force to draw the whole liquid into the bridges formed in
the sintered neck regions between powder particles, the excessive
liquid reached the exterior of the struts (Fig. 9b), tending to min-
imize its surface area by forming ball-shaped nodules (Fig. 7). This
phenomenon was also reported in another liquid-phase sintering
study [37] and similarly, the balling effect occurred during SLM to
fabricate Mg scaffolds [27].

4.4. Hierarchical pore structure

The binder removal and the subsequent formation of necks be-
tween Mg powder particles enabled the creation of a micropore
structure inside the struts. At the same time, accurate 3D printing
and high fidelity achieved in the process of debinding and sintering
maintained the designed macro pores between the struts (Fig. 8c).
Therefore, the fabricated Mg scaffolds possessed an interconnected
and hierarchical pore structure, including macropores (between
struts) with sizes of 400-500 pm and micropores with sizes of 20—
100 pm (inside struts). In comparison with the SLM technique that
can only produce scaffolds with dense struts, the SC-3DP technique
developed in the present study, is more attractive given that both
macropores and micropores play important roles in bone regenera-
tion. Macropores provide spaces and tunnels for cell adhesion, new
blood vessel formation and bone ingrowth. It has been found that
implants have better osteogenesis when pore sizes are > 300 pm
[74,75]. Other studies have found that pore sizes down to 50 pm
are efficient in supporting bone ingrowth [76,77]. Furthermore, the
interconnected porous structure allows for cell growth and the
transport of nutrients and metabolic waste [75]. Therefore, the
porous Mg scaffolds fabricated in this study may have great poten-
tial to be used as bone substituting biomaterials that enable the
regeneration of bone defects. Considering the structural features of
the 3D printed scaffolds, it is worth taking further steps to investi-
gate their mechanical properties, degradation behavior, in vitro cell
response, and in vivo bone regeneration performance.

5. Conclusions

Biodegradable porous Mg scaffolds with interconnected pore
structures were successfully fabricated using the SC-3DP approach.
Ink characteristics were determined and the parameters for 3D
printing, debinding and sintering were optimized. All the prepared
inks with 54, 58, and 62 vol% Mg powder loading exhibited vis-
coelastic behavior with adequate elastic moduli for the fabrication
of self-supporting structures and were printable with optimized
printing parameters (applied pressure and printing speed). The

58 vol% Mg powder loaded ink possessed a wide printability
window for printing 3D periodic lattice structures on a millimeter
scale. The binder composed of polymer and additives could be
removed from the green body and a highly limited amount of
carbon residue was left over after debinding. Sintering at the
melting point of pure Mg within a short time was found to be
suitable for neck formation and for the final Mg scaffolds with
good fidelity and considerable densification. As a result, Mg scaf-
folds with high porosity and a hierarchical pore structure could
be obtained, presenting the possibilities for bone ingrowth. The
results obtained from this study provided a new way of fabricating
biodegradable Mg scaffolds for orthopedic applications.
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