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Abstract

Magnesium-based biomaterials are good candidates as a new generation of biodegradable
metals since magnesium (Mg) can dissolve in body fluid. Therefore, implanted Mg can degrade
during the healing process, and if the degradation rate is controlled no debris after comple-
tion of healing is expected. Besides its biocompatibility, inherent mechanical properties of Mg
are very similar to those of human bone. This paper is focused on the possibility to prepare
the pure Mg material from powders with further intention to use it as a biodegradable im-
plant. Powders were consolidated via cold compaction to prepare the extrusion billets which
were subsequently directly extruded to final profiles at a controlled temperature to avoid
the formation of the thick oxide layer. The microstructure is revealed through SEM, SEM-
-EBSD, TEM, and HRTEM and mechanical properties are determined via a uniaxial tensile
test. Results are compared with Mg ingot and WE43 alloy, which is commercially used for
biodegradable (biocompatible) material.
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1. Introduction

Magnesium and its alloys are attractive engineer-
ing metals as they exhibit low density and high specific
strength which makes them attractive in applications
where their increased use can lead to significant saving
cost and energy [1-4]. Moreover, they possess excel-
lent biocompatibility and biodegradability, especially
the magnesium with high-purity without the presence
of any harmful elements. Therefore, they have the po-
tential to be used in biomedical fields [5-7]. Several
works have already described Mg or Mg alloys as a
new class of degradable biomaterials for orthopedic
implantations [8-10].

One of the main advantages of biodegradable im-
plants is the elimination of follow-up surgery to re-
move the implant after the tissue has healed suf-
ficiently [11, 12]. Although polymers are dominant
in the current medical market, Mg-based [13, 14],
Fe-based [15-17] and Zn-based alloys [18-20] have

been proposed as better biodegradable materials for
load-bearing applications due to their combination
of strength and ductility over polymers. In general,
mismatch of elastic moduli can lead to the implant
carrying a more significant portion of the load and
cause stress shielding of the bone [21]. This biomedi-
cal incompatibility can result in critical clinical issues,
such as early implant loosening, damage to the healing
process, skeletal thickening, and chronic inflammation
[22]. The elastic modulus of pure magnesium and Mg
alloys is 41-45 GPa what is closest to natural bone (3—
20 GPa) in comparison with steels (~ 211.4 GPa), tita-
nium alloys (~ 193 GPa) or zinc alloys (~ 90 GPa) [11,
20]. Moreover, magnesium implants have been proven
to stimulate the formation of the new bone when they
are implanted as bone fixtures [11]. With this knowl-
edge, no further operations related to the removing
implants are needed, and this advantage increases in-
terest for further study of magnesium as a biomaterial.

Research in the suitability of magnesium and its
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alloys as implant materials has a long history [11] and
is booming at present [23]. However, benefits of Mg
associated with its non-toxicity and biodegradability
do not match with its mechanical performance in spite
of its modulus is close to natural bone. One of the lim-
itations of pure magnesium concerning its use in med-
ical implants is its low mechanical strength and poor
ductility attributed to its hexagonal crystal structure
[11]. To achieve a significant improvement in mechani-
cal properties close to the value of commercially used
WEA43 alloy is needed.

Since scientific papers which are dealing with the
extrusion of pure magnesium powders are relatively
rare, and their properties or impact on the microstruc-
ture have not yet been described in detail, the aim
of this work was, therefore, to prepare a suitable
Mg-based material with improved mechanical proper-
ties without additives and powder surface treatment.
This paper is focused on manufacturing the profiles
through powder metallurgy (PM) route to evaluate
microstructure and mechanical properties. The main
goal is to analyze corrosion resistance in the future
and to assume this material for use in biocompatible
applications.

2. Experimental

In the present paper, Mg powder made by gas at-
omization in Ar atmosphere of 99.96 % purity and
mean particle size ~ 15 um was used for the study.
The chemical analysis was investigated by fluores-
cence ARL 9400 XP spectrometer with Rh cath-
ode and 4kW tube. The content of the impuri-
ties are Zn — 0.076 wt.%, Cu — 0.01wt.%, Fe —
0.079 wt.%, and Ni — 0.001 wt.%. The microstructure
of the powders was studied using field emission scan-
ning electron microscopy (FEG-SEM7600F, JEOL,
Japan) equipped by energy dispersive spectrometry
(EDS, Oxford Instruments X-Max 50 mm?) and elec-
tron back-scattered diffraction detector (EBSD, HKL
Nordlys). Transmission electron microscopy (TEM,
Jeol 1200EX and HR-STEM, FEI Titan Themis)
was used to characterize the native MgO layer cov-
ering powders. Thin foils from powders were pre-
pared through mixing powders with epoxy, curing the
powder-epoxy mixture to form a bulk material, grind-
ing the bulk to obtain a thin foil followed by ion milling
with GATAN PIPS II machine. For the investigation
of extruded samples, grinding, polishing, and etching
was carried out.

To avoid undesirable grow of the native oxide layer
on the Mg powders prior extrusion, differential ther-
mal analysis (DTA) and thermal gravimetric analysis
(TGA) were performed on-air to define extrusion tem-
perature below the critical temperature. Vertical Lin-
seis DTA/TGA combined with analyzer L81-11/1600

was used for this purpose. All experiments were car-
ried out using the alumina crucible in the temperature
range 25-640°C, sample mass was ~ 30 mg with heat-
ing rate of 10°C min~! and cooling rate of 10°C min~!.
Green compacts of Mg powder, 30 mm in diameter
and 60 mm in height were prepared by hot vacuum
pressing (HVP) at 425 MPa and 350°C for 1h. This
process leads to overall degassing and helps to pre-
vent subsequent oxidation during the extrusion pro-
cess. Direct extrusion (DE) was performed at an av-
erage ram speed of ~0.2mms~! using an extrusion
ratio of R = 16:1. Prior extrusion, green compacts
were heated to 390°C for 15 min. The final extruded
rods were 7.5 mm in diameter. Mechanical properties
in tension were measured on tensile bars with a gauge
of @ 5-30 mm using a ZWICK testing machine at a
cross-ram speed of 6 x 10~*min~! according to STN
EN ISO 6892-1 standard. Measurement was performed
parallel to the extrusion direction.

3. Results and discussion
3.1. Microstructure

Morphology and microstructure of Mg powders
in cross-section with enlarged EDS elemental map-
ping are revealed in Figs. 1la,b. Spherical powder with
d50 = 14.7um (Fig. la) shows a smooth powder
surface typical for the gas atomization. As seen in
Fig. 1b, uniform distribution of the oxygen along the
surface boundary is characteristic. The oxygen from
the MgO crystalline envelope layer with a thickness
of ~100nm was identified by TEM-SAED, as doc-
umented in Fig. 1lc. The SAED ring pattern with
crystallographic planes (200), (220), (222), etc., cor-
responds to a cubic MgO crystal structure according
to PDF no. 00-004-0829.

M¢gO is a native oxide layer formed on the Mg sur-
face as a result of the high affinity of Mg to oxygen
immediately as the surface is exposed to air [24]. This
native oxide layer should act as a barrier to disloca-
tion motion during mechanical straining thus should
improve mechanical properties of the profiles as in case
of Al-based PM material made through direct extru-
sion as published by Balog et al. [25]. Moreover, based
on literature [26, 27], such native envelope could act
as a barrier to corrosion and improve biodegradable
properties of Mg as in case of surface-treated powders
WE43 with HF [28].

3.2. Extrusion

As mentioned in the experimental part, to avoid
undesirable grow of the native oxide layer on Mg
powders prior extrusion, DTA/TG analysis was per-
formed. According to the results, we assumed that the
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Fig. 1. SEM images representing Mg atomized powders: (a) particle size of Mg powders, (b) the cross-section of the Mg
powder and EDS map of Mg powders, and (¢) TEM images of Mg powders and detail from the oxide layer with SAED
ring pattern indicating MgO crystals.

extrusion temperature 390°C would have no side ef-
fect on Mg powders as the oxidation took place at
temperature range ~ 547 °C. The results corresponded
with Medved’s et al. study [29] where they reported
that 400°C could be considered as the minimum criti-
cal temperature for the oxidation of Mg alloys. There-
fore, we assume that the air atmosphere under which
extrusion would be done, should not affect the surface
of the powders.

As seen in Fig. 2, the microstructure of the sam-
ples after extrusion shows strong texture character-
istic with visible extrusion direction as confirmed by
EBSD-IPF. EDS elemental maps reveal rather contin-
uous MgO envelopes along the original powders with
the presence of the MgO clusters aggregated during

extrusion which looks on the Fig. 2b as pits and voids
within the microstructure. The thickness of the MgO
layer ranged between approximately 150 nm. There-
fore, we have estimated the amount of MgO from
EDS cross-sectional maps 0.06 vol.%. XRD measure-
ment did not show any sign of the MgO. TEM in
hand with HRTEM image shown in Fig. 2¢ confirmed
MgO nanocrystalline structure connected with the Mg
structure on the interface. SAED pattern indicated
MgO ring diffraction pattern with corresponding crys-
tallographic planes as in case of Mg powders in Fig. 1.
Above mentioned suggests that no transformation of
the MgO or its thickness occur during the extrusion
process. Therefore, it is proven that the selected tem-
perature of 390°C is suitable for the production of
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Fig. 2. SEM microscopy images of Mg powders prepared by extrusion: (a) Mg compact after extrusion, (b) EBSD and
EDS map after extrusion, and (¢)TEM analysis (left) of extruded material and the interface (right) of Mg and MgO with
SAED ring pattern.

the Mg-based material through the powder metallurgy
route.

3.3. Mechanical properties

The results from tensile tests of the extruded pro-
file compared to WE43 PM (the results published by
Kubaések in [30, 31]) are summarized in Fig. 3a. Figure
3b shows representative tensile stress-strain curves for
Mg materials. As illustrated, the stress-strain curve
exhibits continuous strain hardening, which is typical
for the extruded material from powders reported pre-
viously by Balog et al. [25] on Al powders. The typical
value of ultimate tensile strength (UTS) of WE43 PM

is ~ 310 MPa with uniform elongation of about 4 %.
On the contrary, it can be seen that UTS of Mg PM
is lower than WE43 PM by about 40 MPa. Differences
in mechanical behavior are apparent in the values of
the elongation for pure Mg powder material, which
was almost 7 %. However, if we consider the use of
Mg PM as a biocompatible material, the values of Mg
PM are comparable with those for WE43 PM, which
is currently used for bioimplants [32].

It should be mentioned that the mechanical prop-
erties of WE43 alloy are mainly given by the amount
of additive RE elements (Y, Nd) that reinforce the
material at the grain boundaries [30]. Moreover, the
grain size of this material is also crucial since the size
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Fig 3. Mechanical properties (UTS, YS, and elongation): (a) the extruded Mg and WE43 alloys and (b) the representative
tensile stress-strain curves of Mg materials.

is rather small (100 pm) and according to Hall-Petch
equation [33], the size of the grains strengthens the
material due to grain boundary strengthening mech-
anism. Also, in the case of studied Mg PM, the me-
chanical properties can be related to grain size and
grain boundaries strengthening, which is improved by
the native oxide layer along with the original powders
prior extrusion. Since this layer is compact after extru-
sion its increment to increase of the UTS is significant
[25].

From the above mentioned, it could be concluded
that the Mg PM material is a good candidate for the
biocompatible and biodegradable material since the
mechanical properties are significantly improved and
approach WE43 values.

4. Conclusions

The possibility for production of the biocompati-
ble material manufactured from Mg powders was thor-
oughly studied in terms of production, microstructure,
and mechanical properties. It was shown that:

— Mg powders contain native oxide layer identified
as MgO, which is stable up to temperature 390°C.

— It is possible to produce Mg profile from Mg pow-
ders through direct extrusion with continuous MgO;
however, parameters of the extrusion have to be thor-
oughly set.

— Mechanical properties of the Mg PM approach
WE43 values.

— The material based on Mg PM could be consid-
ered as a biocompatible material, and corrosion resis-
tance has to be studied.
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