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Abstract

Additive manufacturing technologies for magnesium alloys have been developing faster
than before, but many challenges are on the horizon. The native oxide film covering each Mg
powder particle remains a significant challenge to overcome for further advancing sinter-based
AM of Mg alloys. The present study investigated if, and how, adding calcium-containing
sintering aids can push the sintering boundaries of binder-jet printed Mg powder towards a
faster densification rate. Calcium-containing nanoparticles were mixed with Mg-Zn-Zr powder
to prepare feedstock for binder jetting and sintering. The as-printed and as-sintered samples
were investigated using various characterization methods, including scanning electron
microscopy, vibrational spectroscopy, density measurement, chemical analysis, and
mechanical tests. The results showed that adding the sintering aid to Mg powder improved its
densification rate by up to 25%. Compared to the monolithic Mg counterpart, the physical and
mechanical properties of the Mg-0.2 wt.% Ca sample increased (i.e., the relative density ~7%,

tensile strength ~30%, compressive strength ~15%, elastic modulus ~18%, and elongation
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~185%). These improvements are discussed in the context of consumption mechanisms of
calcium interacting with the Mg powder, its MgO film, and the other alloying elements. The
current study has taken the first step towards developing a targeted nano-alloying approach to
enhance the printing and post-printing processes for Mg alloys fabricated by binder jetting and
fused filament fabrication.
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1. Introduction

Magnesium (Mg) is the lightest metal that possesses adequate mechanical properties for
structural applications while being biodegradable. These characteristics make Mg an attractive
candidate for weight-critical structural and biomedical applications. The properties of pure Mg
are often enhanced through either alloying [1, 2] and/or the incorporation of micron or nano-
sized particles [3, 4], typically achieved via the conventional mixing-melting-casting processes
[5]. These processes significantly improve the mechanical and/or the corrosion properties of
resultant Mg-based materials for real-world applications.

Additive manufacturing (AM) has been attracting ever-increasing attention worldwide and
becoming a game-changer technology in multiple industries. The advantages of AM lie not
only in design freedom to overcome the limitations of traditional manufacturing technologies
(i.e., subtractive and formative) but also in pushing the boundaries of what is possible in
material properties [6]. Accordingly, advancing AM will broaden Mg’s uses to many more
applications. Although researchers have attempted to develop various AM technologies for Mg
alloys (e.g., laser powder bed fusion [7], wire arc AM [8], friction stir-based AM [9], binder
jetting [10-15], fused filament fabrication [16], and indirect 3D printing [17]), Mg is one of the
most challenging metals to handle in AM technologies. This is because of Mg’s inherent
properties, such as a high affinity to oxygen, high reactivity, and low boiling point. Indeed, to

the best of our knowledge, Mg is not listed among the available materials for AM by



commercial companies. The latest state-of-the-art on research activities about Mg-AM is
reviewed elsewhere [18].

Native oxide films covering each Mg powder particle pose several challenges in powder-
based AM of Mg alloys. The MgO film has a ~10 nm thickness and inevitably forms on the
surface of each Mg powder particle [19]. This thickness keeps growing during the storage,
handling, and processing of Mg powder, even in an inert atmosphere [20]. In laser powder bed
fusion, the beam breaks the MgO film, and the resulting oxide inclusions disrupt the melt pool
due to a lack of wettability with molten Mg metal. These oxide inclusions are ultimately left
behind in the microstructure and adversely affect the performance of fabricated parts,
especially corrosion properties [7, 21, 22]. In sinter-based AM of Mg alloys, the as-printed Mg
part is composed of a loose packing of primary powder particles. The native oxide film in the
as-printed condition remains intact or thickens from the interactions between the binder
materials and Mg powder. Given the very low diffusivity of Mg atoms in MgO (i.e., ~1.2 X 10"
2 m?s! at 189 °C), solid state sintering of the as-printed Mg part is unfeasible [14]. Salehi et
al. [14, 15] successfully used super-solidus liquid phase sintering to break the oxide film in as-
printed ZK60 Mg powder, allowing faster mass transport among particles. Dong et al. [16] then
employed this sintering method in extrusion-based printed Mg scaffolds. Afterwards, Su et al.
[23] conducted complete liquid phase sintering to densify binder jet-printed small pellets of
AZ91 powder. On the one hand, maintaining shape fidelity in the liquid phase sintering process,
particularly for geometrically large parts with increasing shape complexity, strictly limits the
maximum-allowable liquid fraction [24]. On the other hand, the liquid content directly relates
to the sintering kinetics of as-printed Mg powder [15]. These two considerations result in
a densification-shape fidelity trade-off dilemma, as reported by Salehi et al. [12, 14].

An alternative way to disrupt the oxide film is to use an element with more affinity to

oxygen than Mg. Such elements could be calcium, yttrium, and beryllium. Wolff et al. [25]



mixed pure Mg powder with three types of Ca-containing powder (i.e., CaHz, Ca-18 wt.% Mg,
and Mg-7 wt.% Ca) to prepare a feedstock composition of Mg-1 wt.% Ca for conventional die-
pressing and sintering. Their results indicated that adding Ca decreased the porosity from 15%
to 2% and, in turn, increased compressive strength by up to 52%. One may argue that this
improvement partially originated from breaking the oxide layer by the exerted mechanical
force during powder compaction. While the argument is not addressed, this Ca-assisted
sintering method has been employed in the metal injection moulding of Mg-Ca mixtures [26,
27]. The major concerns about this sintering method are the limited choice of chemical
composition and the microstructural homogeneity.

We hypothesize that if nano-sized sintering aids were added to Mg powder, the required
amount for the sintering aids would reduce, and their dispersion would be enhanced. As a result,
the undesirable change in chemical composition would be minimized, and the resulting
microstructure would be more homogenous. The present study aimed to investigate if and how
the addition of Ca-containing nanoparticles as a sintering aid enhances the sintering
densification rate of binder-jet printed Mg-Zn-Zr powder feedstock. Firstly, the binder jet
printability of the Mg-Ca feedstock was assessed. Secondly, the characteristics of sintered Mg-
Ca samples in terms of density, chemical composition, microstructure, tensile, and
compression results were thoroughly evaluated and compared with the monolithic Mg
counterpart.

2. Experimental procedure
2.1. Powder feedstock

Spherical ZK60 alloy powder (International Laboratory, USA) with the chemical
composition of Mg-5.49 wt.% Zn-0.17 wt.% Zr and an average particle size of ~60 um was
used as the starting Mg powder. Ca-based ceramic nanoparticles with an average particle size

of ~60 nm were prepared to mix with the Mg powder and make a nanocomposite feedstock for



binder jetting. The feedstock of Mg-0.2 wt.% Ca-containing nanoparticles was then prepared
by mechanical mixing of the raw powders. Prior to mixing, the Mg powder, the nanoparticles,
and Zirconia balls (to aid in dispersion) were placed in a bottle and sealed in a glove box. The
bottle was mixed for 2 h at room temperature using an Inversina Tumbler Mixer at a speed of
50 rpm. Fig. 1 shows the SEM micrographs of the mechanically mixed Mg-0.2 wt.% Ca
feedstock, indicating that the nanoparticles adhere to the Mg powder surface as a result of
electrostatic and van der Waals’ forces [28]. This adhesion ensures a desirable propensity of
the nanocomposite feedstock to form a uniform particulate mixture within each spread-out

layer during the binder jetting build process.

Fig. 1. Mg powder mixed with 0.2 wt.% Ca-containing nanoparticles. a-c) SEM micrographs, d) element
mapping of (b) for Mg, and ¢) element mapping of (b) for Ca.

2.2. Binder jetting

The binder jetting and sintering of Mg feedstock have already been described elsewhere
[12-15]. Briefly, the nanocomposite and monolithic Mg feedstock, hereafter denoted as Mg-
Ca and Mg feedstock, were used to binder jet print green samples via an in-house modified 3D
printer. Formulated ink was deposited on succeeding stacked layers of powder feedstock, each
with a thickness of 100 pm, at a 70% saturation level. Afterward, the green samples were
removed from the unbound powder in a build platform. They were placed in crucibles with a
tight closing lid to sinter at 615 °C in a horizontal tube furnace in an argon atmosphere. Fig. 2

displays green samples with several geometries which were printed and sintered to perform



various material characterizations. The geometries include cylindrical pellets with 15 mm in
diameter and 15 mm in height, cylinders with a diameter of 15 mm or 12 mm and a height of

95 mm, and cubes of dimension 15 mm.
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—_

Fig. 2. Pictorial representations of binder jet printed Mg-0.2 wt.% Ca samples. a) as printed, and b) as sintered

2.3. Characterization methods

The density of the Mg-Ca and Mg powder feedstock was measured using the gas
pycnometer method (Micromeritics AccuPyc 1340), according to ASTM B923-22. The density
of green samples was determined from the mass ratio to each sample volume. An analytical
scale (0.01 mg resolution) and a digital caliper (0.01 mm resolution) were used to measure
mass and dimension, respectively. The measurements were performed on six cubic samples.
The Archimedes method was used to determine the density of sintered samples per ASTM
B962. At least five specimens were tested to ensure data reproducibility. The oxygen content
of the powder feedstocks and samples in as-printed and sintered conditions were measured by
inert gas fusion-infrared absorbance (Eltra ONH 2000).

The powder feedstocks, as printed, and sintered samples were investigated using XRD
(Bruker D8 Discover), with Cu K, source. The samples were scanned theta-2-theta, with a 0.1°
interval. The vibrational spectroscopy of as-printed samples was obtained using Fourier
transform-infrared spectroscopy (FTIR) by placing a piece of the green sample on the diamond

attenuated total reflection (ATR) crystal (Bruker Vertex 80v vacuum spectrometer). In



addition, Raman spectra were collected from the as-printed samples with laser source of A =
514 nm (Renishaw InVia Raman Microscope).

The powder feedstocks, as printed, and sintered samples were examined using field-
emission scanning electron microscopy (Zeiss EVO-50) equipped with energy dispersive X-
ray spectroscopy (EDS). The SEM imaging and EDS analysis were performed with an
accelerating voltage of 15-20 keV. For microstructural characterization, sintered samples were
cut and their surface was ground and polished systematically to OPS (0.05 pm). The fine
grinding and polishing were conducted by using an alcohol-based lubricant (DP-Lubricant
Yellow, Struers), given Mg’s sensitivity to aqueous-based solutions. The cross-section of
sintered samples was analyzed by optical microscopy (Leica DM4000M Optical Microscope).
In addition, Electron Backscatter Diffraction (EBSD, ZEISS Ultra Plus equipped with Oxford
Symmetry S2) was carried out on the sintered samples. The sample surface was prepared via
argon milling using a cross-section polisher (JEOL IB-19500CP). The EBSD was conducted
with an accelerating voltage of 25 keV and resolution up to 0.1 pm.

The impulse excitation technique was used to calculate Young’s modulus of sintered
samples (RFDA, IMCE, Belgium). This test was performed on cylindrical specimens with a
height of 60 mm and a diameter of 10 mm, according to ASTM E1876-15. The mechanical
behaviour of sintered samples was evaluated under compression and tension loadings (Instron
5982) in accordance with ASTM E9-09 and ASTM E8/E8M-22, respectively. Five specimens
with 8 mm in diameter and 12 mm in height were compressed. Three round specimens with a
gauge length of 24 mm and a gauge diameter of 6 mm were machined from as-sintered
cylindrical rods and pulled out. Finally, the fracture surface of tensile specimens was

characterized using SEM.



3. Results and discussion
3.1. Characterization of binder jet-printed green samples
3.1.1. Microstructure

The homogenous distribution of Ca-containing nanoparticles provides Mg particles with
uniform spatial distributions of Ca at a sintering temperature to reduce the MgO film. Fig. 3a
shows a low-magnification SEM image of the green Mg-0.2 wt.% Ca sample. An interdigitate
network of interparticle bridges formed among adjacent Mg particles. These bridges were
derived from the interaction between the dispensing liquid binder and the superficial layer of
Mg particles, mainly the native MgO film covering each Mg particle. The capillary force
transfers the liquid and by-products of binder-Mg interactions to the interparticle bridges. This
liquid flow stops when the liquid on the surface of connecting particles either drains or disrupts.
Fig. 3b displays an exemplary pendular bridge formed in the green Mg-0.2 wt.% Ca sample.
Fig. 3¢ and d show that some Ca-containing nanoparticles adhered to the surface of Mg
particles while the others transferred to the interparticle bridges. Magnesium carbonate
trihydrate (nesquehonite) with the chemical formula of MgCO3-3H20, also formed in the solid
interparticle bridges. This carbonate formed from the binder-Mg powder interactions, which
was thoroughly investigated in binder jetting of Mg powder feedstock in our earlier studies [12,

13].
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Fig. 3. The SEM micrographs of the Mg-0.2 wt.% Ca sample in the as-printed condition. a) formation of solid
interparticle bridges among adjacent Mg particles derived from capillary-mediated bridging, b) an exemplary
pendular bridge between Mg particles, ¢) a high magnification image of the solid interparticle bridge, and d) a
high magnification image of the particle surface far from the bridge.

3.1.2. Interactions between the sintering aid and binder

The protection of sintering aids against the interaction with a liquid binder during binder
jetting is of paramount importance. This retention is extremely challenging, given the high
reactivity of Ca. Fig. 4 shows the X-ray diffractions collected from the Mg and Mg-0.2 wt.%
Ca feedstocks in the as-received, as-mixed, and as-printed conditions. These patterns were
identical, and no new peak was detected in the green Mg-0.2 wt.% Ca sample. Because of this
absence, the samples were analyzed using vibrational spectroscopy due to their high sensitivity
in identifying minute chemical changes. In our previous studies [12, 13], the vibrational
spectroscopy results, together with microscopy and thermal analyses, indicated that MgH>,
Mg(OH)2, MgO, and MgCO3-3H>O formed as a result of the interactions between the binder
and pure Mg or Mg-Zn-Zr powder. Fig. 5 presents FTIR and Raman spectra of the green Mg-
0.2 wt.% Ca sample. Mg(OH): exhibited its characteristic FTIR O-H stretching band at 3697
cm ! [29]. FTIR bands at around 3605, 1515, 1461, and 1382 cm™' are consistent with
MgCOs3-3H,0 [30, 31]. MgH> has a broad flattop band from 1000 to 1300 cm-1, centered at
1160 cm™ [32]. The FTIR bands at 1160, 954, and 675 cm™' confirm the presence of MgH>
[33, 34]. The peak at 437 cm™! corresponds to MgO [35]. The remaining bands represent the
Ca-containing nanoparticles. The characteristic Raman band at 435 cm™ is consistent with
Mg(OH), [36]. MgO exhibits its Raman band at 358 cm™' and 618 cm™! [37]. The Raman shift
for MgCO3-3H,0 is the band around 870 cm™! [38]. MgH: exhibits strong Raman bands near
157 cm™ and 1265 cm™ [39, 40]. The remaining Raman bands correspond to the Ca-containing
nanoparticles. Overall, these FTIR and Raman results confirmed that the nanoparticle sintering

aid remained intact during binder jetting of the green Mg-0.2 wt.% Ca sample.
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Fig. 4. XRD diffractograms of Mg and Mg-0.2 wt.% Ca powder feedstock in various conditions, namely, as-
received, as-mixed, as-printed, and as-sintered.
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Fig. 5. Vibrational spectroscopy of the Mg-0.2 wt.% Ca sample in the as-printed condition. a) FTIR spectrum and
b) Raman spectrum.

3.1.3. Density

The density of Mg-0.2 wt.% Ca and Mg samples in the as-printed condition was measured
at1.01 £0.01 g-em™ and 1.01 £ 0.02 g-cm™, respectively. The pycnometer density for the Mg-
0.2 wt.% Ca and Mg powder feedstock were measured at 1.85 g-cm™ and 1.83 g-cm?,
respectively. With these pycnometer values as a denominator, the corresponding relative
densities were calculated as 54.8 = 0.7 for the green Mg-0.2 wt.% Ca sample and 55 = 1 for the

green Mg sample. These relative density values signify that the interparticle forces and packing
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density of Mg-0.2 wt.% Ca feedstock are slightly affected. Generally, in binder jetting, the as-
printed density is between the apparent density and the tapped density of a powder feedstock.
The as-printed density determines the coordination number of particles in contact. This number
plays a crucial role in the kinetics of a subsequent sintering process. Hence, it is essential for a
sintering aid not to reduce the as-printed density by disrupting the interparticle forces acting
among a particulate mixture in the feedstock.

We investigated if and how an increase in the nanoparticle content influences the as-printed
density. We prepared two feedstocks of Mg-0.7 wt.% Ca and Mg-1.3 wt.% Ca, printed them,
and measured their green density, as summarized in Table 1. The results showed a decreasing
trend in the as-printed density (i.e., up to 11%) with increasing sintering aid content. In
particular, the as-printed density reduced to 50.6 + 0.8 and 49.0 + 0.9 for the Mg-0.7 wt.% Ca
and Mg-1.3 wt.% Ca samples, respectively. The impact of this density reduction on sintering

is discussed in Section 3.2.1.

Table 1- Relative density of as-printed and as-sintered Mg alloys containing various amounts of Ca.

. P

Specimens ASRS?;ZZ del:;t}s/igt/ge q Densification rate
Mg 55+1 86.8 £0.3 0.57
Mg-0.2 wt.% Ca 54.8+0.7 93.5+0.6 0.71
Mg-0.7 wt.% Ca 50.6+0.8 87.0+0.6 0.72
Mg-1.3wt% Ca 49.0+0.9 80.7+ 0.7 0.64

3.2. Characterization of binder-jet printed and sintered samples
3.2.1. Density

Table 1 summarizes the relative density of Mg with various Ca contents in the as-sintered
condition. The maximum relative density of 93.5% was achieved in the Mg-0.2 wt.% Ca
sample. The results showed that the relative density increased by 6.7% in the Mg-0.2 wt.% Ca
sample compared to the Mg sample. The sintered density remained the same in the Mg-0.7
wt.% Ca and then decreased with a further increase of the sintering aid to 1.3 wt.% Ca. As

discussed in Section 3.1.3, the as-printed density showed the decreasing trend with the sintering
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aid contents. The densification rate, which defines as Eq.1, is used to study how adding the

sintering aid affects the densification of Mg powder [24]:
Ap=(p—po)/po

Where Ap is the densification rate, p is the sintered density, and po is the as-printed density.
Table 1 lists these values calculated for various samples. As expected, adding the sintering aid,
irrespective of its quantity, enhanced the densification rate compared to the monolithic Mg
counterpart. Interestingly, the densification rate is similar for the Mg-0.2 wt.% Ca and Mg-0.7
wt.% Ca samples, indicating up to 25% improvement in the density increment than that of the
Mg sample. With the addition of Ca to 1.3 wt.%, the sintering aid efficacy reduced when
compared to the range of 0.2 wt.% Ca to 0.7 wt.% Ca. This reduction could be originated from
the lower as-printed density of Mg-1.3 wt.% Ca.

The distance between Mg powder particles is larger for a sample with a lower as-printed
density. During the subsequent consolidation of as-printed samples by super-solidus liquid
phase sintering, adjacent Mg particles must be connected via forming liquid bridges. In the
case of an as-printed sample with a lower density, it is more likely that the interparticle spacing
is too large for the effective formation of the liquid bridges, limited by both the amount of
liquid phase and capillary effect. Capillary stress is the main driving force for the liquid phase
sintering process—a greater capillary pressure results in higher densification [41]. Liu et al.
[42] found an inverse relationship between the distance between neighbouring particles and the
capillary pressure in liquid phase sintering. Accordingly, the capillary pressure during sintering
the Mg-1.3 wt.% Ca sample would be smaller when compared to the Mg-0.2 wt.% Ca and Mg-
0.7 wt.% Ca samples. As such, the sintering kinetics and, in turn, the densification rate would

be lower for the Mg-1.3 wt.% Ca sample (Table 1).
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3.2.2. Chemical composition

Given the results in Table 1, we selected the sintered Mg and Mg-0.2 wt.% Ca samples for
further characterization. Table 2 displays the chemical compositions of the as-received Mg
powder and the sintered Mg and Mg-0.2 wt.% Ca samples. As can be seen, the oxygen pick-
up during the whole binder jetting and sintering processes is negligible, which is in line with
our previous study on compositionally zero-sum binder jetting of Mg alloys [13]. Results in
Table 2 indicated that the amounts of Zn and Zr elements in the sintered samples slightly
deviate from the initial contents in the as-received powder. This process-induced compositional
change stems from the evaporation of Mg and Zn elements during the liquid phase sintering
process due to their low boiling temperatures (boiling point of Zn: 907 °C and Mg: 1091 °C).
A compositional change during a manufacturing process is generally regarded as unfavourable.
Indeed, this elemental evaporation is inevitable during the processing of Mg alloys such that
the higher the processing temperature and time, the more significant the compositional change.
In this regard, Kuah et al. [21] reported a 1% loss of Zn content in the Mg-Zn-Zr powder
sintered at 573 °C, whereas the Zn loss increased to 6% for the sintered powder at 615 °C.
Shuai et al. [43] and Wei et al. [44] observed 22% and 18% loss of Zn content in Mg-Zn-Zr
powder processed by laser powder bed fusion. In addition, the elemental evaporation
phenomenon during the laser-powder-bed fusion process could adversely affect the melt pool’s
stability [45].

Table 2- The chemical composition of the Mg powder in the as-received condition along with the Mg and Mg-
0.2 wt.% Ca samples after binder jet printing and sintering.

Specimens Zn Zr o Ca Mg

Wt.%)  (wt%)  (wt%) (wt%) (wt.%)
Mg powder in the as-received condition 5.49 0.17 0.02 0 Bal.
Binder jet printed and sintered Mg powder ~ 5.33 0.24 0.03 0 Bal.

Binder jet printed and sintered Mg-0.2

Wt.% Ca powder 5.26 0.22 0.01 0.19 Bal.
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3.2.3. Microstructure

Fig. 6 shows optical micrographs of the Mg and Mg-0.2 wt.% Ca samples in the as-sintered
condition. Fig. 7 displays the SEM micrographs of these samples. As seen from the optical
micrographs and low magnification SEM images (Fig. 7a and c), a larger sinter neck diameter
and, in turn, a denser microstructure with lower porosity were achieved in the Mg-0.2 wt.% Ca
sample. These observations align with the higher Archimedes density of the Mg-0.2 wt.% Ca
sample. A comparison between Fig. 7b and 7c shows that the lesser and thinner oxide layer
covers each Mg powder particle in the Mg-0.2 wt.% Ca sample. This observation is supported
by the EDS element mappings of the two samples, as depicted in Fig. 8 and 9. Taking the maps
for Ca, O, and Mg into account, Ca and O co-exist in some areas near the surface of Mg
particles, as indicated by the red arrows. In contrast, Mg is absent in those areas. This indicates
that a fraction of Ca reacted with the native MgO film covering Mg particles. As a result, CaO
replaced the MgO film on the particles’ surface. More importantly, the Ca map for the Mg-0.2
wt.% Ca sample showed that Ca diffuses through the Mg powder particles. EDS point analyses
determined the average chemical composition within the particles to be Mg-6.1 wt.% Zn- 0.2
wt.% Zr- 0.1 wt.% Ca.

Fig. 10 presents element maps of the selected regions at the grain boundaries of the Mg-0.2
wt.% Ca sample. In addition to MgO particles, Zn and Ca-rich precipitates were observed along
the grain boundaries. EDS point analyses on the Zn and Ca-rich areas indicated that these
precipitations were CaZni3. This phase was also detected in the XRD pattern of the Mg-0.2
wt.% Ca sample (Fig. 4). The phase diagram of Ca-Zn showed a limited solubility of Ca in Zn.
According to their binary phase diagram, CaZni3 is the richest in terms of Zn content among
all possible intermetallic phases between Ca and Zn elements. Moreover, multiple intermetallic
phases are possible when considering the ternary phase diagram of Mg-Ca-Zn alloys [46]. The

formation mechanism for the CaZniz intermetallic in Mg-Ca-Zn systems involves the
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following transformations. According to theoretical calculations [46], CaZnii is first
precipitated from a liquid phase at 805 K (Eq. 2). This phase then further reacts with the liquid
phase constituent to precipitate CaZniz at 790 K (Eq. 3). Experimental studies found that
CaZns precipitates above 873 K (i.e., 600 °C) [47]. Given the sintering temperature of the Mg-
0.2 wt.% Ca sample (i.e., 615 °C), the CaZn13 precipitations were formed during the sintering
process. As seen in Eq. 3, MgZn, precipitates together with the CaZn3 intermetallic. MgZn»
further reacts with the liquid to form Mg>Zn; intermetallics at a temperature above 410 °C (Eq.
4) [46]. The XRD result (Fig. 4) and EDS analyses confirm the presence of Mg:Zn3

precipitations in the Mg and Mg-0.2 wt.% Ca samples.

LeMgZn,+CaZny, 2)
L+CaZn;;«<»MgZn,+CaZn; 3)
L+MgZny,>Mg,Zn; (@)

Fig. 11a and b depict the EBSD images of Mg and Mg-0.2 wt.% Ca samples in Euler color
mapping. Each color in the EBSD images represents individual grains, and areas in black color
are pores. For both samples, two types of grains can be distinguished, namely, the circular-
shaped grains and the irregular-shaped grains. The circular grains originated from the primary
Mg powder and are smaller than the irregular grains. These circular grains have a grain size
similar to the particle size of the starting Mg powder depending on where the observed grain
was cross-sectioned. The irregular grains appear to be formed by the coalescence of adjacent
Mg powder particles during the sintering process. These grains underwent a recrystallization
process in view of their texture orientations. The EBSD results were statistically analyzed for
the grain size measurements. For the sintered Mg sample, the grain sizes were in the range of
13.3 um to 88.3 um, and the average grain size was 41.4 + 15.4 um. For the Mg-0.2 wt.% Ca,
the grain size ranged from 13.1 umto 116.4 um with an average of 47.3 = 21.4 um. The slightly

larger grain size in the Mg-0.2 wt.% Ca sample could be associated with reducing more MgO
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film in this sample. The lesser and thinner MgO film covering Mg powder particles allows
more grains to coalesce and grow as sintering time progresses.

Table 3 summarizes the grain sizes of Mg alloys obtained in various fabrication methods.
Comparisons of these sizes indicated that the grain sizes achieved in this study are close to
those from metal injection molding (i.e., 23 um); smaller than those achieved in conventional
casting (i.e., 55-84 um) and binder jetting consolidated by complete liquid phase sintering (i.e.,
179-698 pum); and larger than those found in powder bed fusion melting (i.e., 7.3 pm). The
results thus show that binder jetting creates an Mg part with a homogeneous microstructure, no
residual stress, isotropic property, and microstructure independent of geometry. These
advantages lie in the nature of the binder jetting process in stacking up layers of powder without
exerting external mechanical loading to form a homogenous as-printed part. This part
subsequently undergoes a homogeneous heating and cooling process of sintering to transform
into a functional Mg part. This microstructural evolution contrasts with the fusion-based AM
processes of Mg alloys, during which microstructure inhomogeneities are often induced due to
consecutive melting and solidification steps. In wire-arc AM of Mg alloys, localized heating
and cooling gradients cause various microstructures to form in different locations of fabricated
parts [8]. Similarly, rapid solidification in laser powder bed fusion generates metastable
microstructures with different textures and precipitations, which may diminish the mechanical
and corrosion properties of fabricated Mg parts [31,32].

Fig. 11c shows a high magnification region of the Mg sample, focusing on the grain
boundaries. The corresponding elemental mappings are depicted in Fig. 11d. Zn-rich secondary
phase (i.e., Mg2Zn3) and MgO were observed to accumulate along the grain boundaries. Fig.
11e shows a high magnification region for the Mg-0.2 wt.% Ca sample near the grain
boundaries, and the corresponding elemental mappings are shown in Fig. 11f. Considering the

Zn, Ca, and O maps, several intermetallic and oxide compounds, namely, Mg>Zn3, CaZn;s,
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MgO, and CaO were accumulated along the grain boundaries. These phases were present in
the XRD pattern of the as-sintered Mg-0.2 wt.% Ca sample (Fig. 4). Statistical analysis of
EBSD results indicated that the average surface area of MgO phase existing in the Mg-0.2 wt.%
Ca sample was 80% lower than that presented in the Mg sample. This observation is consistent

with the results of SEM and EDS element mappings (Fig. 7-9), indicating the lesser and thinner

oxide in the Mg-0.2 wt.% Ca sample.

Fig. 7. The SEM micrographs of binder jet printed and sintered samples. a & b) Mg and ¢ & d) Mg-0.2 wt.% Ca.
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Fig. 8. EDS element mappings of binder jet printed and sintered Mg sample.
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Fig. 9. The EDS element mappings of binder jet printed and sintered Mg-0.2 wt.% Ca sample.
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Fig. 11. The EBSD of binder jet printed and sintered samples. a) Mg, b) Mg-0.2 wt.% Ca, c¢) high magnification
of the Mg sample focusing on the grain boundary region, d) the elemental mapping of the same area in (c), )
high magnification of Mg-0.2 wt.% Ca focusing on the grain boundary region, and f) the elemental mapping of
the same area in (e).

3.2.4. Consumption mechanisms for the nanoparticle sintering aid

Fig. 12 depicts a conceptual illustration as to how the nanoparticle sintering aid results in
the enhanced densification of Mg-0.2 wt.% Ca (Section 3.2.1) by putting the SEM, EDS, and
EBSD results into perspective (Section 3.2.3). Our thermodynamic calculations supported by
experimental results show that the Ca-based ceramic nanoparticles used as the sintering aid

decompose to the elemental Ca in a solid form at ~600 °C. We previously demonstrated that
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the super-solidus liquid phase sintering of Mg powder starts with bursting the Mg powder
particles [14, 15]. This burst releases the liquid phase forming inside each particle and breaks
its surrounding native oxide film (Fig. 12a). Regardless of where the oxide film breaks (i.e.,
near the interparticle region or on the surface of particles), the capillary force draws the released
liquid phase together with the Ca nanoparticles to the interparticle neck regions. The solid Ca
nanoparticles then dissolve in the liquid Mg phase to form Mg-Ca alloys in the sinter neck
areas (Fig. 12b). According to the Mg-Ca phase diagram, up to ~5.5 wt.% of Ca is soluble in
the liquid Mg phase at 615 °C and the maximum Ca solubility in solid Mg (i.e., solid solution)
at 615 °C is ~0.9 wt.%. The Ca content in the molten Mg-Ca alloys reacts with the native MgO
film of the Mg particles throughout the sinter neck areas (Fig. 12c). As indicated by the
experimental results (Section 3.2.3), the Ca content reduced some parts of the native MgO film
and not the whole MgO film covering every single Mg particle. Ca disrupts and reduces the
MgO film through the following reaction:

MgO + Ca — Mg + CaO &)

This reaction states that the total amount of oxygen remains the same in the sinter neck area
but Ca takes over Mg’s oxygen. This reduction is essential for the sintering kinetics of Mg
powder. The diffusion rate of Mg atoms through MgO (i.e., 5.25 x 1072*m?/s at 650 °C) is 10'?
times lower than the self-diffusivity rate of Mg (i.e., 3.01 x 1072 m?/s at 650 °C). As a result,
the Ca content provides the Mg-0.2 wt.% Ca sample with enhanced kinetics to improve its
sintering densification rate compared with the Mg counterpart. Meanwhile, a fraction of the Ca
content from the molten Mg-Ca alloy reacts with the Zn content. CaZn 3 forms and precipitates
along the grain boundaries (Fig. 12¢). As sintering time continues, the molten Mg-Ca alloy
diffuses from the sinter neck area to the Mg powder particles connecting through the liquid
bridges (Fig. 12d). This diffusion eventually forms a solid solution Mg-Ca alloy within the Mg

powder particles.

20



In terms of the Mg sample without the sintering aid, the presence of the oxide film hinders
the coalescence of adjacent Mg powder during the sintering process. At first, the liquid phase
forming in each particle breaks apart the MgO film. The MgO inclusions get transported along
with the liquid phase and eventually accumulate along the grain boundaries. Hence, for the Mg
sample, the sintering kinetics is primarily controlled by the thickness of the MgO film and how
the film is either cracked or disrupted during the liquid phase sintering process. Therefore, the
content of MgO in the primary Mg powder feedstock should remain low, and the powder
particles must protect against oxygen pick-up throughout the binder jet printing and sintering
processes.

According to the above mechanism and the microstructural analyses, Ca content from the
sintering aid was consumed in three distinctive manners during the sintering process: 1) to react
with the MgO film; 2) to react with the other alloying elements (i.e., Zn in the current study);
and 3) to diffuse within the Mg particles and form a solid solution Mg-Ca. According to the
Mg-Ca phase diagram, the maximum solubility of Ca in Mg in a solid solution is 1.34 wt.%.
The first and second ways of Ca consumption occur in the sinter neck areas, whereas the third
way involves a time-dependent diffusion of Ca from the sinter necks through a longer pathway
within Mg particles. As such, it seems that the third way would depend on how much
unconsumed Ca is left behind from the first and second manners of Ca consumption. We
hypothesize that minimizing the Ca content to be consumed in the third way is plausible by
fine-tuning the quantity of sintering aids. Thus, the undesirable compositional change imposed
by adding sintering aids would be avoided or minimized. Such a targeted-nano-alloying

approach would be an avenue for our future research studies.
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Fig. 12. Schematic representations of the super-solidus liquid phase sintering combined with the Ca-containing
nanoparticles as a sintering aid for the densification of binder jet printed Mg powder. a) the formation of the liquid
phase within grains and along grain boundaries during super-solidus liquid phase sintering results in breaking the
native MgO film, b) the transfer of the released liquid and the solid Ca nanoparticles to sinter neck areas forms
localized islands of molten Mg-Ca alloys at sinter neck areas, c) the reduction and disruption of the native MgO
film and the precipitation of CaZn13 in the sinter neck areas as a result of the reactions with Ca content supplied
from the localized islands of molten Mg-Ca alloy, and d) the diffusion of the molten Mg-Ca alloys into adjacent
Mg powder particles forms Mg-Ca solid solutions within each powder particle.

3.2.5. Mechanical properties

Fig. 13 illustrates the results of compression and tensile tests for the Mg and Mg-0.2 wt.%
Ca samples, and the corresponding mechanical properties are summarized in Table 3.
Compared with the Mg sample, the tensile strength of the Mg-0.2 wt.% Ca sample was
enhanced by ~30%, and more importantly, the elongation increased significantly from 2% to
5.7%. The compressive strength (i.e., ~15%) and elastic modulus (i.e., ~18%) of the Mg-0.2
wt.% also improved. As anticipated, the trend in mechanical properties is consistent with the
trend in density and microstructural features. Relative density is the most influential factor
determining the mechanical properties of a porous material. Among various equations in the
literature for the relationship between mechanical properties and relative density, the following
Gibson-Ashby model that is used in powder metallurgy can be applied as a generic model to

correlate the elastic modulus and strength of a porous material with its relative density [24]:
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P =P (p/ps)™ (6)
where P is the mechanical property of a porous material, Ps is the mechanical property of a
dense material, p is the density of a porous material, ps is the density of a dense material, and
M is a proportionality constant. The exponent M represents the sensitivity of a mechanical
property to porosity for a porous material. The mechanical properties of the binder jet-printed
and sintered samples correlated with their relative density to determine the M values. The
exponent M was found to be 2.2 for the elastic modulus, 1.93 for compressive strength, and
3.53 for tensile strength. The reason for the larger M value under tension compared to
compression is associated with the densification occurring during the compression of porous
structures [48]. Maconachie et al. [48] reported that the elastic modulus for various materials
correlated with their relative density when the M value is 2.

Fig. 14 displays the SEM micrographs taken from the tensile fracture surface of the two
samples. Fig. 14a shows the typical fracture surface of the Mg sample. As indicated by the red
arrows in Fig. 14b, splitting along the sinter neck areas between Mg particles occurred in this
sample. This characteristic led to a brittle fracture mode whereby several cracks formed in a
tensile specimen to cause premature fracture without plastic deformation. Comparing between
Fig. 14a and c revealed that larger and deeper tear ridges and dimples existed across the fracture
surface of the Mg-0.2 wt.% Ca sample, indicating the characteristic of mixed brittle-ductile
fracture. In contrast to the Mg sample (Fig. 14b), cleaving along sinter necks was not clearly
observed in the fracture surface for the Mg-0.2 wt.% sample (Fig. 14d). Therefore, ductility
increased significantly. Among mechanical properties, elongation is more sensitive to porosity
[49]. Substituting the elongations for both samples (Table 3) into Eq.6, the exponent M was
found to be 14.1. Porosity reduced the load-bearing area but the great sensitivity of elongation

to porosity was due to the existing pores acting as local stress concentration points to initiate
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and propagate cracks [50]. Fig. 14 exemplifies this sensitivity as increasing porosity changes
the fracture mode to a brittle type.

Table 3 lists the mechanical properties of Mg alloys obtained in various fabrication methods.
The mechanical properties achieved in this study, especially the Mg-0.2 wt.% Ca sample, fall
in the range of values obtained in sintered-based AM techniques (i.e., binder jetting and
extrusion-based methods), powder injection molding, and conventional casting methods of
alloys with similar chemical compositions. Generally, the mechanical performance of sintered-
based AM samples in particulate tensile properties is lower than those fabricated by powder
bed fusion techniques due to a lower density and larger grain size. Interestingly, the tensile
properties of binder-jet printed Mg-Zn-based alloys in this study exceeded the properties of
denser Mg-Zn alloys fabricated by laser powder bed fusion. This is because Mg-Zn alloys tend
to develop hot cracking during laser powder bed fusion. This study thus demonstrates the

advantage of the binder jet process on Mg alloys over other AM methods, which have shown

poor printability.
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Fig. 13. Stress-strain curves for binder jet printed and sintered Mg and Mg-0.2 wt.% Ca samples under a) tension
and b) compression.
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Fig. 14. SEM images of the tensile fracture surface for binder jet-printed and sintered samples. a & b) Mg, and c
& d) Mg-0.2 wt.% Ca.

Table 3- Material properties of binder jet-printed and sintered Mg alloys compared to various fabrication
methods.

Compressive E

Grain Tensile properties properties (GPa) Ref
Chemical Fabrication  Density sizes C . Strain
composition method (%) (um) YS UTS Elongation ostn‘;le);esilve at
" (MPa)  (MPa) (%) et break
(MPa) ,
(%)
Mg59zn.  bmderiet g3 475, 281+ 4274 This
013zr02ca  PRtingand ooy 928 ATBE sgu07 ATELS o7 1034 swdy
sintering +1.6 53
Binder jet .
Mg-5.9 Zn- . 86.8 414+ 101 + 133+ 285+  36.29 This
0.13Zr printingand 55 g4 g5 49 2001 353£9.1 05  +022 study
sintering
Binder jet
Mg-5.06Zn- printing and 159 = )
0.15Zr sintering at =92 120 11.4 3601 371 39 [18]
625 °C
Binder jet
printing and - .
AZ91D complete 96.7 172 - - - 342-394 20-27 - [23]
L 99.5 698
liquid phase
sintering
Fused
filament 193-
AZ91 fabrication 95 - 70-79 207 24-2.8 - - - [51]

and sintering
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Metal

) o L
Mg O.C‘)awL % o i‘;gl‘;‘?g 9498 233 64 131 6.8 [26]
and sintering
Mg-67Z Sclective 94.7 45 14 [52]
g-oen laser melting : :
Selective
Mg-4Zn laser melting 98 60 2.5 [52]
Mg-5.4Zn- Laser powder
0.84Zr bed fusion 7.3 [33]
Casting into
Mg-5Zn a permanent 55 75.6 195 8.5 334 36.47 [54]
steel mould
Casting into
Mg-7Zn a permanent 56 67.3 135 6 353 36.6 [54]
steel mould
Casting into
Mg'ss fzzr“' a permanent 100 84 100 280 218 [55]
’ steel mould
Casting into
0 15\/5 r5 '0652'& a permanent 100 73 106 295 232 [55]
: ’ steel mould

4. Conclusions

This study is the first to use Ca-containing nanoparticles as a sintering aid to successfully

push the sintering densification boundaries for binder jet-printed Mg powder. Detailed analyses

of the Mg feedstock containing the nanoparticles sintering aid in the as-printed and as-sintered

conditions have taken the first step towards a targeted use of nanoparticles to advance printing

and post-printing processes of sinter-based AM technologies for Mg alloys. The major

conclusions from the current study are as follows:

1. Ca-containing nanoparticles remained intact during the binder jetting build process. In

the as-printed sample, the nanoparticles either adhered to the surface of Mg particles or

transferred to the interparticle bridges between Mg particles.

2. The relative density of as-printed samples descended to 49% from 54.8%, increasing

the content of Ca-containing nanoparticles in the Mg feedstock from 0.2 wt.% Ca to 1.3

wt.% Ca. This reduction in the as-printed density caused the relative density of as-

sintered samples to decline by 13%.
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3. The addition of the Ca-containing nanoparticle improved the densification rate up to
25% when compared to the monolithic Mg counterpart. The maximum relative density
0f 93.5% was achieved in the Mg-0.2 wt.% Ca sample.

4. The oxygen pick-up during the whole binder jetting and sintering process was
negligible. The evaporation of alloying element (i.e., Zn) and Mg matrix led to the
process-induced compositional change in as-sintered samples. The observed deviations
in the chemical composition of the binder jet-printed and sintered samples are much
lower when compared to those reported for laser powder bed fusion of Mg powder.

5. The sintering aid is consumed in three distinctive manners during the sintering process:
1) to react with MgO film, 2) to react with the other alloying elements, and 3) to diffuse
within the Mg particles. Further work is needed to apply this insight into the
consumption mechanisms of nanoparticle sintering aids to develop a targeted nano-
alloying approach.

6. The mechanical properties of the Mg-0.2 wt.% Ca sample improved compared to the
Mg sample: tensile strength was ~30%, elongation was ~185%, compressive strength
was ~15%, and an elastic modulus was ~18%. The obtained mechanical properties fall
in the range reported for binder jetting, fused filament fabrication, metal injection
moulding, and conventional cast alloys but far exceed those obtained in laser powder
bed fusion.
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