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Abstract: The aim of the present paper is to apply the mechanical alloying process to obtain from
powder components a new biodegradable Mg-based alloy powder from the system Mg-xZn-Zr-Ca,
with high biomechanical and biochemical performance. Various processing parameters for mechanical
alloying have been experimented with the ultimate goal to establish an efficient processing route for
the production of small biodegradable parts for the medical domain. It has been observed that for
the same milling parameters, the composition of the powders has influenced the powder size and
shape. On the other hand, for the same composition, the highest experimented milling speed and
time conduct to finer powder particles, almost round-shaped, without pores or various inclusions.
The most uniform size has been obtained for the powder sample with 10 wt.%Zn. These powders
were finally processed by selective laser melting, an additive manufacturing technology, to obtain a
homogeneous experimental sample, without cracking, for future more systematical trials.

Keywords: magnesium alloy; mechanical alloying; microstructure; power morphology

1. Introduction

Between biodegradable metals, such as Fe, Mg and Zn used for human temporary
implants, magnesium is the most appreciated because it has higher biocompatibility com-
pared to its counterparts and also the mechanical properties are closest to human bone [1,2].
Magnesium, apart from its proven osteoconductive role and significant facilitating of the
bone cellular ingrowth, has a density of just 1.74 g/cm?, being lighter than Fe and Zn with
about 4.5 and 4.1 times respectively, and with about 2.6 times than titanium, another widely
used biomaterial. Thus, Mg has the closest density to that of natural bone (1.8-2.1 g/cm?).
Concerning Young’s modulus, also an important characteristic related to medical appli-
cations, Mg alloys show lower values than commonly used titanium alloys (41-45 GPa
comparative to 55-110 GPa) [3-5]. The numerous published scientific reports for the last
decade show the high interest in this metal and its alloys, with a successful application
for clinically proven biodegradable metal scaffolds [6,7] or bone screws [7-9]. A useful
application refers to bone grafting for promoting bone repair in case of large bone trauma,
for which the Mg metal/alloy being biodegradable presents important advantages because
the Mg ion manifests a positive effect for initiating bone regeneration [2,10]. Ti alloys,
with their large use for biomedical bone implants, are not biodegradable unfortunately.
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They can promote bone growth because Ti alloys can transfer mechanical stimuli to the
bone, withstanding stress, but they cannot be absorbed, remaining as barriers in bone
reconstruction. [10]. However, for biodegradable Mg metal/alloy, the main difficulty is
represented by the manufacturing of porous scaffolds with particular and suitable macro
or micro geometry adapted exactly to the anatomy of the patient from point of view of the
pore’s morphology design and control [2]. From this perspective, the classical methods,
such as sintering, foaming, or chemical vapor deposition have been proven to be inefficient
for obtaining the necessary interconnected pores with suitable morphology and quantity
to initiate cell ingrowth [11-13]. The additive manufacturing (AM) methods come in last
years to successfully overcome this problem knowing that a geometric complex structure is
impossible to achieve using conventional manufacturing methods even if metal-3D-printers
are expensive and do not allow the manufacture of large parts in mass production but only
of particular geometries adapted on the patient.

Till now, the only metal implants made by AM and clinically proved are from non-
degradable metals, mainly Ti alloys [14-16]. However, as an ideal implant involves
biodegradation, the application of AM for obtaining implants with this function becomes
a necessity, and therefore, the development of such a technology on Mg alloys is of the
utmost relevance and actuality.

The AM methods, that imply metallic powder bed fusion, can use electron-beam
(EB-PBF), but most frequently laser (L-PBF) with more recent and adapted names, such
as selective laser melting (SLM). The EB-PBF method is not suitable for Mg alloys due
to the evaporation of the Mg that affects the propagation of an electron beam in the
vacuum [17-19]. For the SLM method two actions are most important for a successful result:
first, the obtaining of the metallic powder with desired chemical composition, dimension
and morphology, as fine as possible; secondly, the selection of the laser parameters (power,
spot size, spot speed, energy density) that assure good final results. The metallic powder
should be as fine as possible to assure the best concordance between designed geometry
and as-build geometry. For that objective, the powders should be of spherical shape,
uniform size and high density, meaning without pores, or various inclusions, such as
defects [1,2]. These kinds of metallic powders are often produced by gas atomization.
Water atomization is another possible method, but the metallic powder results in an
irregular shape and a greater oxygen content, which affects further SLM processing [1,2].
A third possibility is mechanical alloying (MA) which represents one of the most efficient
and low-cost modalities to obtain/produce metallic powders with fine microstructures and
dimensions [20-22].

Regarding the chemical composition, the Mg alloys for the medical domain can be
alloyed with chemical elements, such as Zn, Zr, Ca, Sr, Si or rare earth (RE) elements,
such as Nd, Y, Gd, Sc, that besides being biocompatible, can also improve the mechanical
properties and corrosion resistance of the Mg [23]. The entire processing of these alloys is
hindered by severe evaporation and high chemical reactivity of the Mg. Till now, there are
some scientific reports regarding several biodegradable Mg alloys, such as: [17,24] for pure
Mg powder; [25] for Mg-Al alloy; [26-30] for Mg-Al-Zn alloy, short-named as AZ; [31] for
Mg-Zn-Zr alloy, short-named as ZK; [32,33] for Mg-RE-Zr alloy, short-named as WE; [34]
for Mg-Zn-Ca-Gd alloy. All these reports represent only preliminary attempts and refer to
either alloys that contain Al, which has been shown to promote neurodegenerative diseases
or even cancer [35], or RE elements that are expensive and difficult to access. As concerning
mechanical alloying, so far poor information is available concerning the production of Mg
alloys in powder state obtained by this approachable technology, mainly due to the high
oxygen reactivity of the Mg. Anyway, literature reports suppose that if the technological
parameters are well mastered, this method can promote suitable powders with appreciated
characteristics [1,21,36].

Therefore, the present study proposes a series of new chemical compositions for a
biodegradable alloy based on Mg, intended to be synthesized by mechanical alloying, first,
to be further processed by SLM. These new compositions start from Mg-Zn-Zr (ZK) alloy,
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but with Ca in plus. All selected alloying elements are biocompatible and affordable; the
aim is to obtain a fine powder, with appropriate dimensions and morphology, suitable for
further SLM-processing. For this, various processing parameters of MA will be experi-
mented with. The ultimate goal is to establish an efficient MA + SLM processing route for
the production of small biodegradable parts for the medical domain. The present study
focuses only on finding the appropriate MA processing parameters. Further, SLM attempts
will be tested and reported in future studies.

2. Materials and Methods
2.1. The Design/Selection of the New Chemical Composition for the Mg-Zn-Ca-Zr Alloy

For the experimental program, a new alloy of Mg-Zn-Ca-Zr type was selected. The
first reason was based on proposing biocompatible elements, other than Al or RE as they
have been experimented with before, due to reported medical complications mentioned
above [35]. In addition, all proposed alloying elements are biodegradable.

Zinc (Zn), the main alloying element, is relatively inoffensive compared to other metal
ions with similar chemical properties. The degradation rate of Zn is situated between
those of Mg and Fe, so it represents a good alloying achievement for a biodegradable Mg
alloy [37,38]. Zn also plays an essential role in many biological functions in the body and
is vital in over 300 metabolic activities of the body’s enzymes as well as for cell division,
DNA and protein synthesis [39]. Zinc melting can be performed in air, but the tendency
to evaporate is much higher than that of Mg, unfortunately. As such, this aspect must be
taken into account for the SLM method applied after mechanical alloying. By alloying Mg
with Zn, is expected that the tensile strength will increase, according to [40]. For the present
experimental program, the selected alloying amount of Zn was tested in three variants
—4 wt.%, 6 wt.%, and 10 wt.% —with an increasing quantity of Zn due to its well-known
biocompatibility, even if the third composition is over the equilibrium limit of solubility in
a-Mg (6.2 wt.% at 340 °C) [31].

Calcium (Ca) is one of the most important chemical elements for human bone, by
performing chemical signaling with different cells [41,42]. Calcium, like Mg, has a low
density (1.55 g/cm?) being also very close to that of natural bone (1.8-2.1 g/cm?3). It is
not an expensive alloying element, favoring the production of hydroxyapatite in the body,
thereby accelerating bone healing [43,44]. It is also reported that Ca represents an important
factor able to control the corrosion rate of Mg alloys [45]. We proposed a new Mg-Zn-Ca-Zr
alloy, the selected amount of Ca is 0.8 wt.% for all tested variants, which is under the
maximal equilibrium limit of Ca solubility in Mg (1.11 wt.% at 521 °C).

Zirconium (Zr) represents also a known biocompatible and biodegradable chemical
element that helps in refining the microstructure of Mg alloys. The selected amount of Zr is
0.5 wt.% for all tested variants, a value which is within the solubility limit in x-Mg.

In conclusion, it results in the following three new compositional variants to be
tested, not-experimented before (wt.%): (1) Mg-4Zn-0.8Ca-0.5Zr; (2) Mg-6Zn-0.8Ca-0.5Zr;
(3) Mg-10Zn-0.8Ca-0.5Zr.

2.2. The Mechanical Alloying Procedure Applied for Obtaining the Mg-Zn-Ca-Zr Alloy Powder
2.2.1. The Mechanical Alloying Process

For the Mechanical Alloying (MA) process, a ball mill with high energy was necessary
through which the collision between the grinding media and the powder particles devel-
oped a high energy impact on the charged powder producing severe plastic deformation
that implied high impacts, shears and torsional forces [46], repeated fracturing and cold
welding of the presented particles; all the phenomena led to the formation of a material with
nano-crystalline structure even if the powder shape is more irregular/non-spherical [21,22].
The technology of mechanical alloying involves the loading of pure elementary powders (or
pre-alloyed powders) in a mill with high-energy balls representing the grinding medium.
Usually, the weight ratio between grinding balls and powder is around 10: 1, or higher [46].
The process implies repeated fracturing, cold welding, re-fracturing and re-welding of
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the powder particles. That is the reason why during the mechanical alloying process the
size of the resulting powder can be controlled by optimizing/balancing the fracturing and
welding processes. For that, when ductile metals are processed, as in the present case,
for minimizing the excessive cold welding among powder particles or between them and
the milling container and/or grinding medium, a so-named process-control-agent is used
usually, for example, 5% n-heptane solution, which can be absorbed on the powder surfaces
and decrease the exceeding cold welding; this process can inhibit the powder particle
agglomeration. The dimension of the powder particles and their grain sizes decrease
gradually with milling time, until the nanometer scale.

2.2.2. The Mechanical Alloying Parameters Used for the Experiments

A mixture of elemental Mg powder (99.00% pure, <100-150 pm), Zn powder
(99.00% pure, <50 um), Zr powder (99.00% pure, <50 pm) and Ca granules were me-
chanically milled for various milling times, from 2 to 35 h. Figure 1 shows the experimental
scheme of the MA process applied for each of three new compositional variants of studied
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Figure 1. The experimental scheme of mechanical alloying process applied for each of three new
compositional variants of studied Mg alloy; various milling speed [rpm]; various milling times [h];
various powder to oxide ball weight ratios.

Mechanical alloying was carried out using a high-energy PM 100 Retsch planetary
mill (Retsch-Verder Romania S.R.L., Bucharest, Romania) (500 mL capacity/50/60 Hz
frequency /10 mm diameter of zirconium oxide balls) under an argon atmosphere —1.5 bar
overpressure; 5% n-heptane solution was added onto the powder mixture prior to the
milling process to prevent excessive cold welding of the elemental alloy powders. The
powder to oxide ball weight ratio of 10:1 (most frequent), 20:1 (one attempt) and 5:1 (also
one attempt) was applied. The milling speed was between 150-350 rpm. After the MA
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process, the obtained powders were sieved successively by the following dimensions:
(1) 100-60 pm; (2) 60-30 pm; (3) <30 pm.

Finally, some of the obtained powders were selected to be processed by the SLM
method for finding the most promising MA variants for further SLM trials. For the SLM
method, selective amounts of metal powders were melted according to the initial computer-
aided design (CAD) process. When the selective melting of the first layer was completed,
the support platform was lowered by a certain distance initially set so that the next layer of
powder is deposited on this platform and the process continues [18,19]. The type of laser
used was MYSINT 100-3D Selective Laser Fusion (SISMA s.p.a., Vicenza, Italy) —printer
for metal powder, with power supply 220-240 V, 50/60 Hz; maximum power absorbed
1.53 Kw; inert gas—Nitrogen, Argon. The used processing SLM parameters were: laser
power—100-200 W; laser speed—700-1100 mm/s; layer heigh—20-30 mm; laser energy
density—166-578 ] /mm?3.

2.3. The Microstructural Investigations of the Mg-xZn-Ca-Zr Alloy Powder

Scanning electron microscopy—energy dispersive spectroscopy (SEM-EDS) and scan-
ning electron microscopy-secondary electron (SEM-SE) imaging investigations were per-
formed using a Tescan VEGA II-XMU SEM microscope equipped (Tescan Orsay Holding,
a.s., Brno, Czech Republic) with a Bruker QUANTAX xFlash 6/30 EDS detector. This analy-
sis was performed to examine the characteristics of the obtained powders: their consistency,
homogeneity, morphology, dimension, cold welding, etc.

Qualitative X-ray diffraction (XRD) analysis was performed to identify the presence
of chemical elements and phases only for the most promising variants (close to spheric
shape). The conventional X-ray diffraction was carried out at room temperature (RT, 298 K)
using a Panalytical X'Pert PRO MRD diffractometer (Malvern Panalytical Ltd., Malvern,
UK), with Cu-ka radiation (A = 0.15418 nm) in the 26 range of 30°-90°, using a step size
of 0.02°, operating voltage and current of 40 kV and 30 mA, respectively. The recorded
XRD patterns were fitted using the PeakFit v4.11 software package (version 4.11, Systat
Software Inc., London, UK) to de-convolute the observed cumulative diffraction peaks and
to determine, for each constitutive peak, the position, intensity, and broadening FWHM
(full width at half maximum).

3. Results and Discussion

In conformity with Figure 1, a large number of experimental MA variants have been
applied by varying the processing parameters: the milling speed (150 rpm, 200 rpm,
300 rpm) and the milling number of hours (2-35 h). The ultimate goal was to obtain a
powder as fine as possible, with shapes as close as possible to the spherical, with uniform
dimensions and without pores or various inclusions as defects.

In this direction, a series of SEM images (Figures 2-9) are presented in the following,
showing a selection of obtained powders with various parameters. The most promising
variants, as expected, turned out to be those with high value parameters: many milling
hours, of about 16-28 h and for high milling speed—300 rpm. Indeed, it can be observed
that by increasing both parameters—rotation speed or the number of milling hours—the
obtained powders become finer and closer to spherical shape. For example, comparing
the powders in Figures 2—4 with those in Figures 8 and 9, it can be seen that the powder
size becomes finer and more homogeneous for the same powder composition. Figures 2-9
correspond to powders with a composition of 10% Zn, but the assessments made above are
also valid for the other two compositions.
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Figure 2. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder was processed by mechanical alloying with
150 rpm /15 h/10:1.

200 um 100 pm

Figure 3. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder processed by mechanical alloying with
150 rpm /35 h/10:1.

1 mm 200 pm 100 pm

Figure 4. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder processed by mechanical alloying with
200 rpm/6 h/10:1.
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200 pm 100 pm

Figure 5. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder processed by mechanical alloying with
200 rpm /20 h/10:1.

100 pum

Figure 6. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder processed by mechanical alloying with
[200 rpm /24 h/10:1] + [300 rpm/2 h/10:1].

200

Figure 7. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder processed by mechanical alloying with
[200 rpm /24 h/10:1] + [250 rpm /2 h/20:1].
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Figure 8. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder processed by mechanical alloying with
300 rpm/16 h/10:1.

100 pm

Figure 9. The Mg-10Zn-0.8Ca-0.5Zr (wt.%) alloy-powder processed by mechanical alloying with
300 rpm /28 h/10:1.

The explanation of this process can be summarized as follows: during the mechanical
alloying and collision process that takes place, the ratio between the surface area of the
mixed intermetallic powders and their volume increases as the severe plastic deformation
becomes more accentuated. As a consequence, these powder particles become smaller and
smaller by breaking. The hard oxide particles also contribute to the crushing of intermetallic
powders. The explanation in the literature for producing the alloying process from various
elementary powders and obtaining various types of phases lies in the fact that, during
grinding, a very fine mixture of components is formed, most often lamellar in the case of
ductile metal powders. Obtaining the alloy itself is mediated by the defects at the level of
a crystalline lattice (dislocations, stacking faults, vacancies, etc.) formed in the material
as a result of the process of severe cold plastic deformation; these defects have the role
of rapid diffusion media while also leading to a slight increase in powder temperature
during grinding due to frictional forces and to the impact between the grinding balls
or between them and the surface of the container. If the desired structural phase is not
obtained directly by mechanical alloying, a short annealing treatment can be applied which
favors the diffusion and consequently the formation of the desired final alloy. It follows
that by a correct choice of the parameters of the mechanical alloying process but also by
choosing an appropriate alloy composition, various alloys can be obtained starting from
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Intensity, a.u.

metal powders. A special advantage of the mechanical alloying process is the possibility of
alloying metals that are difficult or impossible to alloy through classical routes [47,48].

For the present experimental program, the applied mechanical alloying managed to
obtain homogeneous alloy powder. Thus, after sieving <30 pm, the obtained powders
from the last variants of the experimented scheme (300 rpm /28 h/10:1 for each of three
chemical compositions) were subjected to XRD analysis to reveal the constituent phases.
The corresponding XRD images (Figure 10) reveal the presence of the majority «-Mg phase,
with no other peaks detected, except for the «-Mg phase. This suggests that the milling
time was sufficient for Zn, Ca and Zr to be fully soluble in the Mg matrix, which should
be the case anyway for the first two compositions, with 4% Zn and 6% Zn, that have
an amount of Zn below the maximum solubility of Zn in Mg at ambient temperature.
In the case of the third composition, with 10% Zn, even if the solubility limit of Zn in
Mg has been exceeded, the detection of the majority phase a-Mg, and only, shows that
a supersaturated solid solution was probably obtained, without detected traces of other
secondary phases, such as y-MgZn,. This fact is also reported in [46], where it is explained
that due to the repeated severe plastic deformations of the powder particles cold welded and
fractured constantly afterward, the necessary energy is obtained to reach a homogeneous
microstructure of the powder particles, with the same composition as a proportion of the
starting constituent powders.

a-Mg —— XRD pattern of Mg-10Zn-0.8Ca-0.5Zr alloy (particle size < 30 um)
XRD pattern of Mg-6Zn-0.8Ca-0.5Zr alloy (particle size < 30 um)
. M @ ?1) —— XRD pattern of Mg-4Zn-0.8Ca-0.5Zr alloy (particle size < 30 um)
P O;ozg /“\ o-Mg oM
4 (120) (/m ) /! \\ (100) (110)
| I N /"\ ~ s AN
[
J«\ T B T o ‘_" - - - - o
- \
A
/
I . - V_AJ/ \‘w//\\\,w%/ a S . »
T T T T T T T
20 25 30 35 40 45 50 55 60
20, °

Figure 10. The XRD spectra for all three experimented powder-compositions of Mg-xZn-0.8Ca-0.5Zr
(wt.%) alloy (particle size < 30 pm).

Together with XRD analysis, an SEM-EDS analysis was performed to certify the ob-
tained chemical composition after the MA process. This analysis was performed on all three
tested compositions, but Figure 11 shows only the result for the second tested composition,
with 6% Zn, which indicates that the applied MA parameters allowed to obtain the initially
selected chemical composition. A similar analysis for the other two compositions also
indicates the obtaining of the initially proposed compositions. Compared to the water
atomization method, which is known to produce powders with relatively high oxygen
content [1,2], the MA method is safer in this respect due to the 1.5 bar argon protective
atmosphere of high purity, used for this case. In addition, all auxiliary powder handling
operations were performed in a controlled atmosphere. Therefore, oxygen contamination
was almost undetectable.
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cps/eV

250

Mass Mass Norm. Atom abs. error [%] | rel. error [%]
Element 1%] [%] [%] (1 sigma) (1 sigma)
Mg 109.0706214 |[93.49471928 |97.25736019 5.983929425 | 5486288926
Zn 6.183916483 [5.300818204 |2.049569236 0.195351639 | 3.159027777
Ca 1.184917142 |1.015704267 |0.640755373 0.062096973 |5.240617362
Zr 0.220204734 |[0.188758251 |0.052315196 0.043996209 | 19.97968379
116.6596598 | 100 100

B = .

0- | B— T T T - T
2 4 6 8 10
Energy [keV]

Figure 11. The SEM-EDS image and compositional results for the Mg-6Zn-0.8Ca-0.5Zr alloy after
mechanical alloying with 300 rpm /28 h/10:1.

After sieving <30 pm, an SEM analysis was performed for each of three chemical
compositions processed with MA parameters: 300 rpm/28 h/10:1. This analysis indicates
a direct link between the powder composition and the obtained powder size and shape,
for the same milling parameters. On the other hand, for the same composition, the highest
experimented milling speed and time conduct to finer powder particles, almost round-
shaped, without pores or various inclusions. Thus, Figures 12 and 13 show the SEM
images for the Mg powder-alloys with 4% Zn and 10% Zn, respectively. It can be seen
that the powder size is more uniform for the case of 10% Zn compared with the other two
compositions—a good premise for a promising SLM processing.

Anyway, the most promising results for MA parameters have been certified after
applying the SLM technology. In that sense, only for the third experimented composition
(Mg-10Zn-0.8Ca-0.5Zr) the SLM sample obtained was robust, non-friable, without cracks
and, most important, without balling effect that can be seen for some SLM processed cases,
reported in the literature [49]. For the other two tested compositions, the SLM samples
were friable. Thus, the MA parameters selected to be suitable for further SLM technology
were: 300 rpm/28 h/10:1 for the composition with 10%Zn. Figure 14 shows the macro
image of this SLM sample obtained from powder (Mg-10Zn-0.8Ca-0.5Zr) with applied MA
parameters: 300 rpm/28 h/10:1. The fact that this MA-powder, obtained and used for the
SLM technology with relatively promising results, was not of clear spherical morphology,
as is indicated in related literature [46,47] as a must condition, represents a welcome result.
Thus, further experiments with a systematic trial for SLM technology will start from this
point, from these parameters. It is worth trying/applying a process of atomization as
well in inert gases of these new MA-alloys to obtain particles with a spherical shape, or
even the use of elemental powders with a spherical shape for the MA process, before
SLM experiments.
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Figure 12. The SEM-SE images for the Mg-4Zn-0.8Ca-0.5Zr alloy after MA with 300 rpm/28 h/10:1
applied parameters and final sieving < 30 pum.

Figure 13. The SEM-SE images for the Mg-10Zn-0.8Ca-0.5Zr alloy after MA with 300 rpm/28 h/10:1
applied parameters and final sieving < 30 pum.



Metals 2022, 12,132

12 of 14

Figure 14. The sample of Mg-10Zn-0.8Ca-0.5Zr alloy-powder processed by SLM—two macro images
of the same sample.

4. Conclusions

Three new Mg-based compositions were prepared in the solid state route using me-
chanical alloying of Mg, Zn, Ca, Zr powder mixture with milling times/milling speed
variation: (1) Mg-4Zn-0.8Ca-0.5Zr; (2) Mg-6Zn-0.8Ca-0.5Zr and (3) Mg-10Zn-0.8Ca-0.5Zr.

The morphology of the milled powders reveals fluctuations in the particle size. The
fluctuations are characteristic of the MA process because the material is subjected to cold
welding, fracturing and grinding.

The MA cyclic process leads to homogeneity in chemical composition (supported by
the XRD). The XRD diffraction pattern showed a majority «-Mg solid solution phase for
the alloys that were mechanically milled at 28 h and further.

The MA powders with promising results, meaning almost spherical shape, uniform
size, without pores or various inclusions, were processed by SLM additive manufacturing
technology. The increase of Zn content—from 4 wt.% to 10 wt.%—has a beneficial effect on
the sample integrity of the SLM-processed alloys: for the 4 wt.% Zn, the SLM samples show
solidification cracking, while for the 10 wt.% Zn, the SLM samples are robust, non-friable
and without cracks.
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