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Abstract: This paper shows the results of applying a combination of high energy processing and
magnesium (Mg) as an alloying element in a strategy for enhancing the degradation rate of iron (Fe)
for applications in the field of non-permanent medical implants. For this purpose, Fe powder was
milled with 5 wt% of Mg (FeSMg) and its microstructure and characterized degradation behavior.
As-received Fe powder was also milled in order to distinguish between the effects due to high energy
processing from those due to the presence of Mg. The powders were prepared by high energy
planetary ball milling for 16 h. The results show that the initial crystallite size diminishes from
>150 nm to 16 nm for Fe and 46 nm for FeSMg. Static degradation tests of loose powder particles
were performed in Hanks’ solution. Visual inspection of the immersed powders and the X-ray
diffraction (XRD) phase quantification indicate that Fe5Mg exhibited the highest degradation rate
followed by milled Fe and as received Fe, in this order. The analysis of degradation products of
Fe5Mg showed that they consist on magnesium ferrite and pyroaurite, which are known to present
good biocompatibility and low toxicity. Differences in structural features and degradation behaviors
of milled Fe and milled Fe5Mg suggest the effective dissolution of Mg in the Fe lattice. Based on the
obtained results, it can be said that Fe5Mg powder would be a suitable candidate for non-permanent
medical implants with a higher degradation rate than Fe.

Keywords: iron powder; magnesium powder; powder metallurgy; high energy processing; in vitro
degradation

1. Introduction

Iron (Fe) and magnesium (Mg) are two of the most promising biodegradable, bioab-
sorbable, and biocompatible metals for temporary medical implants in vascular intervention
and osteosynthesis applications [1-8]. Both elements are essential for living organisms and
possess low toxicity.

Fe presents interesting mechanical properties that resemble those of SS316L, often
used as coronary stent material [9,10], but has a too-low degradation rate [11]. In order to
obtain more suitable properties, different candidate alloying elements have been tested.
Among them, Mn is the most investigated [2]. This element improves corrosion behavior,
increases strength and elongation, and reduces magnetic susceptibility. Other elements that
may confer some advantages are C, Si, Co, and Pd [4]. Powder metallurgical processing
also may present some benefits, as it permits the combination of different elements and
microstructures [12,13]. Electroforming technology is also able to improve Fe performance
through the fine grain microstructure that it confers to the material [14].
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Another approach to develop biodegradable implant materials is the use of Mg as
a base metal [8,15], which presents several distinct properties, among them, excellent
biocompatibility, Young’s modulus closer to that of human bones, which prevents stress
yielding problems, and antibacterial properties [16-19]. However, the degradation rate of
commercial purity Mg is far too fast. Several strategies have been successful in tailoring
its corrosion [20] and degradation rate in order to adjust it to the rate needed for intended
applications [6,7,21,22]. These are, among others, the use of high purity Mg and Mg
alloys (Mg-Ca, Mg-Zn, and Mg-Ca-Zn) [23], the addition of rare earth elements [8] and the
refinement and amorphization of the microstructure [24].

The present investigation starts from the hypothesis that a combination of both ele-
ments in solid solution in a Fe-rich range of the phase diagram may have suitable properties
as material for biodegradable medical applications, with some advantages when compared
with the bare metallic Fe, i.e., faster degradation rate [4,25].

The critical point in the Fe-Mg system is that Fe and Mg are immiscible in solid state
in the whole composition range. This represents a challenge when trying to synthesize
a binary Fe-Mg solid solution, which requires the use of out-of-equilibrium processing
techniques. Early attempts to prepare Fe-Mg were performed by alternate deposition [26]
and co-evaporation [27] in ultrahigh vacuum, where thin films were obtained. Processing
by high energy ball milling was faced in 1997 by Hightower et al. [28], having in mind
hydrogen storage applications. They were able to produce single-phase bcc Fe(Mg) alloys
with a concentration of up to about 20 at% (9.8 wt%) Mg. In 2004 and 2005, Dorofeev
et al. [29] and Yelsukov et al. [30] presented a study on the kinetics of mechanical alloying
and miscibility of this system. They found that the solid solution of Mg in Fe varied
non-monotonically in a given range of Mg content. In 2007, Berziou et al. [31] explored the
system Fe(1 — x)Mgx, x < 43.4 at% (25 wt%), as a candidate to act as sacrificial coating in
the protection of steel structures. The processing method employed was the deposition of
Mg by dc magnetron sputtering by which they obtained a solid solution of Mg in Fe, of up
to 25 at% (12.65 wt%) of Mg, whereas above this amount amorphization occurred.

The first time that Fe-Mg alloys were proposed for medical degradable applications
was in a patent by Guangyin and Jialin [32] released in 2012, where it was claimed that
powder metallurgical Fe-xMg alloys (x = 0.1-10 wt%) obtained by ball milling and consoli-
dated by spark plasma sintering improves the degradation rate of the Fe matrix. Research
that found an acceleration effect of Mg in combination with Fe employed a mixture of
powders in a proportion of Fe to Mg of 99.5 to 0.5 [33]. A similar acceleration effect was
obtained in a TCP composite loaded with 30 vol% of cold-sintered Fe-xMg (x = 30 or
50 at%) [34]. Xie et al. [35] compared the degradation rate of a consolidated ball milled
Fe-30Mg at% (15.7 wt%) alloy with that of pure Mg and concluded that their Fe-Mg alloy
degraded slower. More recently, Shuai et al. [36] also found an acceleration effect of Mg on
the degradation rate of an Fe matrix at a specific Mg concentration. The main objective of
the present research is to process and characterize an Fe-5 wt% Mg alloy and Fe powders
in order to investigate their degradation behavior in Hanks’ pseudophysiological medium
and separate the effects caused by high energy ball milling from those caused by the addi-
tion of Mg in a metastable solid solution. Special emphasis was put on determining the
nature of the degradation products, which, to the authors” knowledge, is the first time they
are reported.

The development of biocompatible absorbable Fe-Mg alloys with a faster degradation
rate than Fe might enable the use of this material in a variety of applications, such as graft
powder, reinforcing particles of biodegradable polymers, bulk material after consolidation,
and feedstock for the additive manufacture of implants.

2. Materials and Methods

Spherical commercial Fe powder particles (99.7% purity, diameter < 74 pm) and spher-
ical Mg powder particles (99.8% purity, diameter < 100 pm) were used in this investigation.
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For the Fe/Mg ratio, a proportion of 95 wt% Fe to 5 wt% Mg was selected, and the alloy
will be referred to as FeSMg.

High energy ball milling of the Fe5Mg and Fe powders was carried out in a PM-4
Retsch planetary mill (Retsch GmbH, Haan, Germany) at 200 rpm for up to 16 h and the
milled powders, named Fe5Mgl6h and Fel6h. The ball (stainless steel, 20 mm diameter)
to powder ratio was 7:1. In order to minimize oxidation during the milling process, the
powders were introduced in stainless steel mill jars and sealed inside a glove box filled
with argon. In addition to the FeSMgl6h and Fel6h powders, a set of pure Mg was also ball
milled following the same procedure and designated as Mgl6h. As-received Fe powder
was employed as reference materials. The selection of the Fe5Mg composition was based
on a preliminary study performed by the authors that suggested that this alloy presented
the highest level of Mg in solid solution in the bcc Fe lattice given the absence of Mg
peaks in the X-ray diffraction patterns and the highest interplanar distance compared
with the other tested compositions. These results are shown in Tables S1 and S2 in the
Supplementary Material.

Microstructural characterization was performed by scanning electron microscopy
(SEM) (Hitachi High-Tech Corporation, Tokyo, Japan) with a HITACHI 54800 microscope
equipped with energy dispersive X-ray spectroscopy (EDS). To observe the cross sections,
powders were cold mounted to avoid any phase transformation during the metallographic
preparation. Final polishing was achieved with colloidal silica.

Identification of phases and determination of their weight fractions were performed
by X-ray diffraction (XRD) with a Bruker AXS D8 diffractometer (Bruker, Billerica, MA,
USA) equipped with a Co X-ray tube working at a current of 30 mA and a voltage of
40 kV. The XRD data were collected over a 20 range of 30-120° with a step size of 0.02°.
Quantitative Rietveld analysis was performed and the phase fraction, crystallite size,
and lattice parameters were calculated. It is worth mentioning that the Co X-ray tube is
especially suited for iron-rich samples as it avoids interferences due to florescence, which
do appear with the Cu X-ray tube, precluding the detection of Fe oxides.

Degradation behavior of the Fe5Mg16h, Fel6h, and Fe powders was studied in vitro
by immersion of the powders in modified Hanks’ solution (pH 7.4) at 37 °C for 3 and
14 days [37]. The powders with the solution in a ratio of 1 g/50 mL were put in sealed
polypropylene test tubes to avoid evaporation. After each immersion time, the powders
were centrifuged v = 6000 min~! (Rotofix 32 Hettich) and the solid rich suspension de-
posited at the bottom of the FalconTM tubes was mixed with 70% ethanol solution, vortexed,
and centrifuged again. This procedure was repeated twice before drying in a fume hood
at room temperature. The pH evolution was measured every two days with a pH meter
(Checker Plus, Hanna, Hanna Instruments, Woonsocket, RI, USA) with an error of £0.05.

The description of the milling process of the powders and the immersion degradation
tests can be followed in the scheme provided in Figure 1.
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Figure 1. Scheme of the milling process and degradation test.
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3. Results
3.1. Characterization of As-Milled Powders

Figure 2 shows the cross section of Fe5Mg powder after 16 h of ball milling. The
layered structure in Figure 2, that was also observed in Fel6h, is typical of a fracturing and
cold-welding mechanism that further fractured due to work-hardening. Semiquantitative
elemental analysis of a large area of the Fe5Mgl6h powder showed Mg contents in accor-
dance with the nominal composition, indicating that no material was preferentially lost
during processing.

]

CENIM 15.0kV 14 9mm x1.00k F‘DESSE(CF‘)I 50.0um W CENIM 15 0kV 14 8mm x10.0k PDBSE(CP)

Figure 2. Cross sections of Fe5Mg powder ball milled for 16 h. Backscattered scanning electron
micrographs at low (a), and high (b) magnifications.

The milled Fe5Mg16h and Fel6h powders were analyzed by the Rietveld refinement
of X-ray diffraction data. Figure 3 shows the XRD patterns of both milled powders together
with the as-received Fe, Mgl6h, and the as-received Mg. By comparing the milled and non-
milled unalloyed powders, it is evident that the high energy process caused a broadening
of the peaks. This is a typical effect of milling, which produces a reduction in crystallite size
and an increase in strain [38]. Table 1 lists the interplanar distances and crystallite sizes.
There is no clear difference between interplanar distances of non-milled and milled powders
both for Fe and Mg. With respect to the crystallite size, ball milling reduces it significantly,
from >150 nm in the as-received powders to 15 nm («-Fe) in the milled Fel6h powder,
and 46 nm (Mg) in the milled Mgl6h powder, which confirms the capacity of high-energy
processing in the formation of nanocrystallites. On the other hand, the FeSMg16h powder
presents a four-time larger o-Fe crystallite size, 69 nm against 15 nm, which indicates that
the presence of Mg restricts a further reduction of the alloy crystallite size.

Intensity (arbit. unit)

40 50 60 70 80 90 100
20 (degree)

Figure 3. XRD of as-processed Fe5SMg16h, Fel6h, Fe, Mg16h, and Mg (arbitrary units).
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Table 1. Interplanar distances (ID, nm) corresponding to the [110] planes of o-Fe; and [1120] and
[0001] planes of Mg; and crystallite sizes (CS, nm).

ID-CS Fe Fel6h Fe5Mgl6h Mg Mgl6h
ID «-Fe 0.2866 =+ 0.007 0.2867 4= 0.008 0.2866 4 0.012 - -
IDs M ) } . 0.3208 £ 0.009 0.3211 £ 0.018
8 0.5208 + 0.016 0.5212 + 0.019
CS >150 15 69 >150 46
After milling, some phases change in proportion and new ones appear. Phases and
phase percentages, calculated from the X-ray diffraction patterns of the powders through
Rietveld analysis program TOPAS (Bruker, Billerica, MA, USA), are shown in Table 2. By
applying mass balance equations, it is possible to determine the amount of Fe or Mg that
reacted during milling. In the as-received Fe powder, 16-h milling gave rise to the formation
of 6 wt% magnetite (Fe3Oy). If only Fe atoms are considered, it results that the 6 wt% Fe3Oy
of the milled powder contains 4.4 wt% of the total amount of Fe, which is the amount that
reacted during milling to form part of the oxide phases, whereas 95.6% of the initial Fe
remained as zero-valent Fe.
Table 2. Proportion of phases (wt%) resulting from Rietveld analysis of as-processed and degraded
Fe, Fel6h, and Fe5Mgl6h powders for 3 and 14 days.
Phases, wt%
Sample o-Fe Fe;04 MgFe; 04 v-FeO(OH) LDH * MgO/FeO Mg MgO
As-received
Fe 100 - - - - - - -
Mg - - - - - - 98.8 1.2
As-processed
Fel6h 94 6 - - - - - -
Mgl6h - - - - - - 88 12
Fe5Mgl6h 93 - 1 - - 6 - -
Degraded 3d
Fel6h-3d 94 6 - - - - - -
Fe5Mg16h-3d 88 - 7 - 5 - - -
Degraded 14d
Fe-14d 99.80 0.20 - - - - - -
Fel6h-14d 39 55 - 6 - - - -
Fe5Mgl16h-14d 40 - 25 - 35 - - -

* LDH: Mg 75Feq25 [OH]2[CO3]p.125-0.5[H20].

A similar calculation can be performed with the Mg powder to determine the amount
of this element that oxidized during the milling process. In this case, the as-received
powder was already slightly oxidized as MgO in an amount of 1.2 wt%. This 1.2 wt% MgO
contains 0.7 wt% of the total Mg of the powder. After milling for 16 h (Mg16h), the amount
of MgO increased up to 12 wt%, which is equivalent to say that the amount of oxidized Mg
increased from 0.7 to 7.6 wt%, leaving 92.4 wt% of Mg unoxidized.

In the Fe5Mg16h powder, two new phases formed: 1 wt% of MgFe,O4 (magnesioferrite
spinel), and 6 wt% of MgO/FeO (periclase/wiistite). Given the uncertainty in the amount
of MgO and FeO, only ranges of Fe and Mg that oxidized as a result of milling can be
established. Taking into account the amount of Fe and Mg oxidized during the milling of
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monolithic powders, the ranges for oxidized Fe and Mg would be from 4.4 to 4.9 wt% and
from 13.4 to 7.6 wt%, respectively. By considering these limits, it is possible to calculate
that, from the 5 wt% of Mg of the initial powder, between 2.7 and 4.8 wt% is included in a
solid solution in «-Fe and the remaining 2.3 to 0.2 wt% reacted during milling and formed
part of the two oxides (MgFe,O4 and MgO).

3.2. Characterization of Degraded Powders

The degradation study of Fe5Mg16h, Fel6h, and as-received Fe powders was per-
formed by introducing a given amount of loose powder in Hanks’ solution up to 14 days. A
set of powders was cleansed, dried, and studied after 3 days of degradation, and another set
after 14 days, when the experiment was finished. For the Fe5SMgl6h powder, the reaction
with the media started almost immediately and the solution acquired a brownish color
after about 2 h of immersion, indicating the formation of oxides. As time increased, in
addition to the turbidity of the media, the Fe5Mg16h sample showed an increasing amount
of brownish powder. With regard to the pH, it reached a value of 8.6 & 0.1 after 3 days of
immersion and remained invariant afterwards, indicating that the buffering capacity of the
media was overwhelmed. A similar, although slower, process was observed in the beaker
that contained the milled Fel6h powder. In this case, its pH increased up to 7.7 £ 0.1. In
contrast, the as-received Fe powder did not suffer any visible change during the whole
test and the pH of its solution remained at 7.4 £ 0.05. These results permit to draw a first
conclusion about the sequence of the degradation rate of the studied powders from fast to
slow as follows: Fe5Mg16h > Fel6h > Fe.

Following immersion tests, the degraded powders were cleaned, dried, and analyzed
by SEM and XRD. Figure 4a,b shows two micrographs of the cross section of the as-
received Fe powder that was submerged in Hanks’ solution for 14 days (Fe-14d). At high
magnification, a thin grey layer seems to be present around each particle. The corresponding
EDS analysis performed in the middle of the powder particles (not shown) presented only
a signal of Fe, whereas at their perimeters, some oxygen was detected. However, it was
not possible to distinguish whether this oxygen came from the particle surface or from the
resin of the mold.

XRD patterns of the degraded powders are presented in Figure 5 and the obtained
phases listed in Table 2. Rietveld analysis of the XRD pattern of Fe-14d indicated that, effec-
tively, there is a small amount of oxide (0.2 wt%) in the form of magnetite (Fe304), which
was not detected in the non-degraded powder (see Table 2). Given the slow degradation
reaction of the as-received Fe powder, no study was performed at 3 days of immersion.

Figure 4c,d shows SEM images of the Fel6h powder after immersion for 3 days in
Hanks’ solution (Fel6h-3d). A bright and grey phase can be distinguished. EDS analysis
on these zones (not shown) indicated that the bright phase contains only Fe and that the
darker one contains Fe and O. Rietveld analysis, Table 2 and Figure 5, shows the presence
of 6 wt% of magnetite, almost the same amount as in the as-milled powder, indicating that
after 3 days in Hanks” medium only limited degradation occurred.

Increasing immersion time of the Fel6h powder up to 14 days, Figure 4e f, resulted in
the formation of a large amount of oxides (Table 2 and Figure 5), i.e., 55 wt% of magnetite
and 6 wt% of lepidocrocite (y-FeO(OH)), the latter not detected in the other Fe powders.
In addition to the bright «-ferrite, SEM images revealed the presence of a phase that
surrounded some granules, and particles that are independent of the granules, all of them
with a similar grey contrast, which makes it difficult to distinguish between both reaction
phases. From these results, it is evident that ball milling promoted a significant increase in
the degradation rate of Fe powder, so that after 14 days of immersion, less than 40 wt% of
Fe remained o-ferrite.

The strong influence of the milling process on the degradation behavior of Fe powder
can be rationalized by taking into account that milling introduces a high density of crystal
defects [38] and promotes a reduction in grain/crystallite size (Table 1) and grain bound-
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aries. These defects act as easy paths for ion diffusion of the degradation medium, which
results in an accelerated degradation rate.

Figure 4g,h shows SEM images of the Fe5Mg16h powder degraded for 3 days, where
different grey contrasts are observed. A closer examination revealed the presence of a
needle-like phase about 1 pm long around the milled Fe5Mg granules, see Figure 4h. As
listed in Table 2 and as shown in Figure 5, XRD indicates the presence of 88 wt% o-Fe,
7 wt% of MgFe;O4, and 5 wt% of Mg 75Feq 25 [OH]2[CO3]p.125:0.5[H, O] (pyroaurite).

/ 14.2mm x10.0k PDBSE(CP)

¥ 14.9mm x10.0k PDBSE(CP}

Figure 4. Cont.
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Figure 4. SEM micrographs of (a,b) as-received Fe powder degraded for 14 days; (c,d) SEM
micrographs of Fel6h powder degraded for 3 days; (e f) Fel6h powder degraded for 14 days;
(g,h) Fe5Mgl6h powder degraded for 3 days; and (i,j) Fe5Mgl6h powder degraded for 14 days.

| TFe,0, AyFeOOH AMgFe,0, TMLDH* = Fe|
8 . FeSMgl6h-14d
I ATh 11 A Ax X
Y Fel6h-14d
> X X I 2
E
7 | . Fe-l4d
2
E
2
Z FesMgl6h-3d
g
= u A TIA TI A A% *
Fel6h-3d
L T AY YA YA YT X . L ¥
L L o) I L 1 0L 0L ) P 0L UL L O UL L 0, . L ) 0O L. 00 UL B L0 IO 0 T L B
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Figure 5. XRD of the degraded powders after 3 days (Fe5Mgl6h and Fel6h-3d), and 14 days

(Fe5Mg16h-14d, Fel6h-14d,

and Fe-14d) of immersion in Hanks’ solution. Arbitrary units. LDH*:

Mg 75Feg 25 [OH]»[CO3]p.125-0.5[H2O].

Finally, Figure 4i,j shows micrographs of the Fe5Mg16h powder degraded for 14 days.
As occurred with the Fel6h-14d powder, there is a noticeable increase of the greyish (oxide)
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phases and a decrease of the bright one (x-ferrite) when time of immersion in Hanks
solution increases from 3 to 14 days. The needle-like phase observed after three days of
degradation suffered an increase in size and volume fraction, presenting a length of around
4 um and a width of about 500 nm. According to XRD analysis, in this material, «-ferrite
accounts only for less than 40% of the weight of the degraded powder, being the remaining
powder composed by 35 wt% of MgFe;O4 and 35wt% of pyroaurite. Although the amount
of «-Fe is similar to that in Fel6h-14d, its result evident from the rapidly change in color of
the solution that, during the first stages of immersion, the Fe5Mg16h alloy degraded faster
than Fel6h. Some traces of P, Na, and Cl were also found when the samples were analyzed
by EDS, but XRD did not show any crystalline phase related to them. The only evidence of
a reaction that involves species present in the Hanks” solution appeared in the XRD pattern
as an amorphous background that may be associated to ferrous phosphate precipitates [39],
see Figure 5.

4. Discussion
4.1. As-Milled Powders

The goal pursued in this work was to process and characterize an Fe-Mg alloy with
a higher degradation rate than pure Fe. In order to get a better insight into the possible
degradation mechanisms, pure Fe and Mg were also processed.

After 16 h of milling, Fel6h crystallites reduced their size from >150 to 15 nm, whereas
Mg16h crystallites change from >150 to 46 nm. In the case of Mg, this is a saturation
value, similar to that encountered by Hwang at al. [40], and Grosjean et al. [41], who
employed analogous processing routes, and attributed this behavior to the high recovery
rate of magnesium.

The powder formed by Fe and Mg particles is a ductile-brittle couple [38]. Thus, in the
initial stages of milling, the Fe ductile metal particles get flattened and cold welded, and
the Mg brittle particles get fragmented and trapped in the ductile particles. After enough
milling, it is expected that the dispersion of the brittle particles become uniform or enter in
solid solution in the Fe matrix, leading to chemical homogeneity. In the Fe5Mg16h powder
(Table 1), the crystallite size of x-Fe resulted to 69 nm, more than four times larger than
in Fel6h (15 nm), indicating a clear effect of the presence of Mg atoms. Shuai et al. [36]
recently prepared Fe-Mg powder (10, 20, 30 at%) by high energy ball milling and obtained
grain sizes of 19.3, 12.5, and 11.7 nm, clearly smaller than in the present case, which may be
attributed to the different milling parameters (ball to powder ratio of 100:1, rotation speed
of 300 rpm, and milling time of 40 h).

Given the argon atmosphere under which the powders were milled, only limited
oxidation occurred. For Fel6h, the oxide was Fe3Oy4 (6 wt%) and for Mgl6h, was MgO
(12 wt%). In Fe5Mgl6h, XRD patterns showed the presence of MgFe,O4 (1 wt%) and
MgO/FeO (6 wt%), but no Mg peaks. The absence of Mg signal indicates that some Mg
entered in solid solution or the formation of a nanocrystalline structure, as proposed by
Swain et al. [34], who prepared biocompatible 3-TCP-based composites reinforced with
iron-magnesium powder in proportion of about Fe-5Mg and Fe-18Mg (wt%) by high
energy milling and did not detect Mg peaks either.

A parameter to evaluate the suitability of the processing route employed in the present
work is the amount of Fe and Mg that remained unoxidized after milling, see Table 2.
In Fel6h, only 4.4% of Fe appeared in the form of magnetite, which results in 95.6%
of unreacted Fe, whereas in the Fe5Mgl6h powder, the unreacted Fe was between 94.7
and 95.6. Regarding Mg16h, 7.6% of Mg was associated with MgO, i.e., 92.4% remained
unoxidized, whereas in Fe5SMg16h, the unreacted Mg is between 86.3 and 92.4%. The
uncertainty in this case is due to the uncertainty in the ratio of MgO/FeO. In all cases,
the proportion of metallic Fe and Mg in the milled powders was high and confirms the
appropriateness of the processing route. These calculations on the composition of the
starting powders aid in the analysis of their in vitro degradation behavior.
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4.2. Degraded Powders

Visual inspection of the immersed powders and XRD phase quantification, shown in
Table 2, indicate that Fe5Mg16h exhibited the highest degradation rate followed by Fel6h
and finally by Fe. It is interesting to note that the as-received Fe powder barely showed
any sign of reaction after 14 days of immersion, when only about 0.2 wt% of Fe;O4 was
detected. The Pourbaix diagram for the Fe-H,O system predicts that oxidized species will
be thermodynamically stable only under certain conditions of potential and pH [42]. More
specifically, for the magnetite to form a relatively alkaline, pH is necessary. In consequence,
it is reasonable that the small amount of oxidized solid species of Fe detected after 14 days
of immersion was associated with the capacity of the Hanks’ solution to buffer an increase
of pH, hindering the precipitation of a greater amount of FezOy.

In the case of the Fel6h, no significant differences in the amount of magnetite (6 wt%)
was detected after 3 days of immersion with respect to that generated during ball milling
(6 wt%), and the rest of the solid phase remained as x-Fe. It is known that ball milling
introduces microstructural defects during the high energy processing [37]. This is what
occurred to the Fel6h powders, as shown in Table 1, where ball milling of the as-received
Fe reduced remarkably its crystallite size. Even though this factor is consistent with an
increased reactivity and greater amounts of oxidized species after immersion testing, this
was not observed. However, this does not mean that ball milling did not enhance the
reactivity of the Fel6h powders, during the first three days of immersion. Following the
previous rationale, it is reasonable to assume that for the 3-day testing period, the Hanks’
solution buffered the pH conditions to an extent that still prevented magnetite formation.
In addition, taking into account that for the as-received Fe, the amount of Fe;O, was one
order of magnitude lower after longer immersion times, it is possible that any increase in
the degradation of the Fel6h remained undetected due to the initial amount of magnetite
formed mechanically during processing.

In contrast, after 14 days of immersion in Hanks’ solution, only 47 wt% of the milled
powder remained as «-Fe and a remarkable increase of magnetite was detected (55 wt%).
This is consistent with an increased reactivity leading to enhanced degradation rates. As
previously rationalized, this can be explained by a greater number of microstructural defects
introduced during high-energy processing. A similar acceleration effect was observed by
Bagherifard et al. [43], who promoted grain refinement by severe shot peening of pure
iron sheets. Furthermore, the significant amount of Fe3O4 formed is consistent with
the fact that the solution pH became more alkaline, favoring oxide precipitation. The
degradation of Fe immersed in an aerated electrolyte is an electrochemical process in which
the primary cathodic reaction is the reduction of dissolved oxygen, and this reaction results
in the formation of hydroxyl ions that locally alkalize the environment. Furthermore,
the buffer capacity of a solution depends on the concentration of the weak acid and its
conjugate base in the buffer. In the modified Hanks’ solution used in this investigation, the
concentration of buffering species such as NaHCO3, HEPES, and HEPES sodium salt were
low. Consequently, it is likely that higher degradation rates and longer immersion times
contributed to overwhelm the buffer capacity of the test solution, resulting in increasing
pH values.

Interestingly, a new phase that was not found previously in the Fe-14d and Fel6h-3d
powders was observed. Analysis of the XRD pattern of the Fel6h after 14 days of immersion
(Figure 5) determined the presence of lepidocrocite (y-FeO(OH)) to an extent of about a
6 wt%. It is clear from the evolution of the solid oxides detected by XRD, during immersion
of the as-received and the milled Fe powders, that the primary degradation species was
Fe30y4, and that the milled condition y-FeO(OH) appeared only after increasing immersion
times. Therefore, even though lepidocrocite may come from the oxidation of zero-valent
Fe, it would also be a possibility that y-FeO(OH) originated from the oxidation of Fe;O;.
Unlike Fe30y, which contains both ferrous (Fe?*) and ferric (Fe3*) ions, in lepidocrocite,
all Fe content is fully oxidized. Consequently, the formation of y-FeO(OH) requires an
additional oxidation reaction. As commented above, O, reduction is the primary cathodic
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reaction during Fe degradation. In environments where the availability of oxygen is limited,
complete oxidation of Fe?* to Fe?* is reduced (or even inhibited). In this investigation,
the milled powders were immersed in Hanks’ solution inside sealed polypropylene test
tubes to avoid evaporation. Therefore, replenishment of the dissolved O, originally present
in the Hanks’ solution that was consumed during Fe oxidation (magnetite formation)
was impeded. This limited the amount of Fe;O, that further oxidized to y-FeO(OH).
Furthermore, lepidocrocite is known to be an oxidant species. Briefly, the ferric ions in
v-FeO(OH) can act as cathodic species and oxidize zero-valent Fe to form Fe?* ions [44,45],
and transform to Fe3Oj. For instance, Kassim et al. [46] observed y-FeO(OH) as a reaction
product of iron in an aqueous environment and found that its amount in relation to Fe3O4
depended on the rate of oxidation and the concentration of dissolved oxygen. These factors
contribute to explain the remarkable amount of Fe304 formed during 14 days of immersion
of the Fel6h in comparison with the lower formation of y-FeO(OH).

In contrast with the Fe and Fel6h powders, the mechanically alloyed Fe-Mg pow-
der prepared in the present work produced Mg-containing phases as degradation prod-
ucts. More specifically, magnesium ferrite (MgFe,;O4) and pyroaurite (Mg 75Feq 25 [OH]»
[CO3]0.125-0.5[H,0]). Compounds of the type pyroaurite are known as layered double
hydroxides (LDHs), and they can be generally written as [M(II)1.xM(III)x(OH),]** [(A™
x/n) MH>OP in which M(II) and M(III) represent a divalent or trivalent metal cation and
An is the anion. LDHs are structures organized in stacked sheets, where the cations reside,
while the anion and water move freely in the interlayer region, breaking and forming new
bonds [47]. Their crystalline structure can be rhombohedral, like in the case of pyroaurite,
or hexagonal (sjogrenite) [48]. Due to their large surface area and their capability of car-
rying positive charges on the surface, they are used as adsorbents [49]. They have good
biocompatibility and low toxicity [50], which make them possible candidates for biomedical
applications. On the other hand, MgFe, Oy is a brownish black spinel that belongs to the
magnetite series. It is a soft magnetic material used in catalysis, fuel cells, supercapacitor
electrodes, microwave devices, etc. [51-53]. The nanoparticles are not cytotoxic, present
magnetization, and exhibit induction heating. In addition, similar materials [36] showed
good cytocompatibility and cell viability. Nevertheless, as some authors expressed [54],
there is a concern about the evaluation of Fe-based implants and a thorough analysis is
still needed.

Synthesis of MgFe,O4 has been a subject of interest in the recent years. It is produced
conventionally by solid state reactions of oxide or carbonate mixtures at elevated temper-
atures, such as 1100 °C or higher [55,56]. Other production methods such as coprecipita-
tion [57], combustion [58], mechanosynthesis [59], electrospinning [60], and hydrothermal
synthesis [61] have also shown to be successful. In the present investigation, an amount of
about 1 wt% MgFe,Oy4 formed from the Fe5Mg after 16 h of high energy milling. This is
consistent with previous independent works where polycrystalline MgFe,O4 was prepared
by ball milling [62]. Besides, as previously commented either FeO or MgO also formed
during milling of the powders.

Table 2 shows that after 3 days of immersion of Fe5Mg16h, similar amounts of
MgFe;O4 and MgFe-LDH appeared. All preparation methods of MgFe,O4 commented on
the above-required higher temperatures than that used for degradation in the present study
(37 °C). However, Xu et al. [63] presented a new method for the preparation of MgFe,O4
by aging a suspension of MgFe-LDH at temperatures below 100 °C. They observed the
conversion of the MgFe-LDH to MgFe204 at temperatures as low as 40 °C. Furthermore, cal-
culation of the AH;® and AG¢® at 25 °C of MgFe,O,4 were determined to be lower than those
of the MgFe-LDH, which indicates that MgFe;O4 is more stable than the corresponding
MgFe-LDH. In contrast, MgFe-LDHs can be easily prepared by coprecipitation of the two
metals at a high pH [64]. It is important to note that alternatively to the oxygen reduction
reaction being the main cathodic reaction during Fe degradation, hydrogen evolution (HE)
is the primary cathodic reaction during Mg dissolution. This is due to the low corrosion
potential normally exhibited by Mg, far below the reversible potential for HE. This reaction
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produces hydroxyl ions which, in addition to the high chemical activity of Mg, are likely
to rapidly alkalize the environment close to the degrading powders. In consequence, it is
proposed here that during the immersion of Fe5Mg16h, MgFe-LDH formed first and that
the amount of magnesium ferrite found was the sum of that originated mechanically by
ball milling (before testing) and by thermostatic conversion of the MgFe-LDH with the time
of exposure to the test solution. Finally, when the time of immersion increased to 14 days,
greater amounts of both Mg-Fe containing phases were measured.

Interestingly, no trace of the Fe oxidized species found during degradation of Fe and
Fel6h were detected. It is reasonable that the dissolved species of Fe that originated due to
degradation of the Fe5Mg16h followed the pathway proposed above, contributing to the
formation of MgFe-LDH instead of Fe3O4 and y-FeO(OH).

Other examples of degradation studies of Fe-Mg materials are found in Swain et al. [34],
Sikora-Jasinska et al. [39,65,66], and Shuai et al. [36]. Swain et al. [34] studied degradation
in Ring’s solution of B-TCP-based composites reinforced with the Fe-Mg powder and
observed Fe3O4 and Mg(OH) phases as reaction products. They did not observe any phase
that contained both Fe and Mg, which may be due to the annealing at 400 °C that was
applied to the samples, which may have induced the segregation of components and
even the formation of oxides before the immersion test. Sikora-Jasinska et al. [39,65,66]
studied degradation in Hanks” medium of Fe/Mg,5i composites obtained by ball milling
the individual powders followed by consolidation through hot rolling, and found some
a-FeO(OH) and FeCOj3, but no particles containing Fe and Mg. Finally, Shuai et al. [36]
prepared Fe-Mg compacted samples and studied their degradation rate in simulated body
fluid (SBF). Although reaction products were not defined, they also observed an increase
in degradation of compacted Fe-Mg powder in comparison with Fe. Their maximum
degradation rate occurred in the alloy with 20 at% Mg (9.8 wt%), the one that retained,
after milling, 8.5 at% Mg (3.9 wt%) in solid solution, slightly less than the 5 wt% in the
present case.

Based on the preceding results and discussion it can be stated that the Fe5Mgl6h
powder obtained in this work, as it degrades faster than Fe powder, seems worth to be
considered for further research as bioabsorbable implant material. Possible applications
of the powder in the biomedical field would be as grafting material, for hyperthermia
treatments, as drug delivery vehicle, as a reinforcing element of biodegradable polymer
implants, as bulk material after consolidation, and as feedstock for additive manufacture of
porous implants.

There remains a number of issues that deserve deeper investigation, such as its possible
antibacterial or osteoinduction effects in comparison with Fel6h, which also proved to
degrade faster than the as-received Fe powder, or the employment of different processing
methods to produce Fe-Mg alloys in different ways, and the effect of postprocessing to
obtain partially fully-consolidated material that might be suitable to be considered for
non-permanent medical implants.

5. Conclusions

Fe-5 wt% Mg (FebMg) and Fe powders were processed by high energy planetary
ball-milling for 16 h, and characterized as-milled and after immersion in Hanks’ solution
for up to 14 days. Special emphasis was put on determining the nature of the degradation
products and in comparing the degradation behavior of Fe5Mgl6h with that of Fel6h and
as-received Fe powder in order to distinguish the effects due to high energy processing
from those due to the presence of Mg. The results showed that:

- Due to high energy ball milling, crystallite sizes decrease from >150 nm to 69 nm in
Fe5Mg16h and to 15 nm in Fel6h;

- Only limited oxidation occurred during milling, which confirms the appropriateness
of the processing route;

- The absence of Mg peaks in XRD patterns of Fe5Mg16h suggests the presence of Mg
atoms in solid solution within the Fe lattice;



Metals 2022, 12,78 13 of 15

- Static immersion tests showed that the Fe5Mg milled powder degrades faster than
milled Fe, and that both powders degrade much faster than as-received Fe. The
distortion that Mg produced in the Fe structure, together with the increase in structural
defects introduced by the processing route are proposed as the main mechanisms that
promoted this increased degradation rate of the Fe5Mg alloy with respect to Fe;

- The degradation products of milled Fe powder were Fe3O4 and y-FeO(OH. This can
be explained in terms of the absence of O, during the experiments;

- The degradation products of milled Fe5Mg powder were MgFe,O4 and Mgy 75Fe 25
[OH]>[CO3]p.125-0.5[H2O];

- The fact that the immersion of Fe5SMgl6h in Hanks’ solution generated reaction
products that are known to present good biocompatibility and low toxicity, which
makes this material a suitable candidate for biomedical applications.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/met12010078/s1. Table S1: Interplanar distance, d (nm), of Fe-xMg powders (x =1, 3, 5, 7 wt%)
milled for 2, 8 and 16 h, corresponding to the [110] planes of Fe, and variation, Ad, with respect to the
as-received Fe powder (dg = 0.28659 A). Table S2: Weight percent of Mg phase in each alloy for each
milling time.
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