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A B S T R A C T

Bulk samples with high mechanical strength reaching 1000 MPa were obtained from electroexplosive Fe-Fe3O4

nanoparticles containing 81 wt. % Fe. Maximum strength is achieved by consolidation of the nanoparticles by
isostatic pressing followed by vacuum sintering at 700 �C. A further increase in the sintering temperature leads to
the formation of large pores with a size of up to 5 μm and an intense interaction of Fe and Fe3O4 with the for-
mation of FeO leading to the embrittlement of the samples and a decrease in their strength. The degradation rate
of Fe- Fe3O4 samples in NaCl (0.9% wt.) and Hank's solution is 7 times higher than that of samples obtained by
sintering an electroexplosive Fe nanopowder under the same conditions.
1. Introduction

Iron-based biodegradable materials are promising candidates for or-
thopedic implants intended for load bearing bones [1, 2]. The prospects
for the use of these materials are due to their high strength: from 400
MPa, for pure iron [3, 4] and up to 1550 MPa, for an iron-based alloy
Fe-10Mn-1Pd [5]. The main disadvantage of currently used materials
based on iron is their low rate corrosion in a biological environment [5, 6,
7]. This problem can be solved by applying iron-based alloys or adding
fine particles of noble metals to alloys [7]. Such particles, being cathodes
with respect to iron, induce microgalvanic corrosion and promote active
damage of the iron matrix. For example, the Fe-35Mn alloy (35 wt% Mn)
has a higher corrosion rate compared to pure iron - 0.44 mm/year versus
0.2 mm/year, respectively [7]. Also, using the Fe-10Mn alloy as an
example, it was demonstrated that its alloying with 1 wt% Pd led to a
significant increase in the degradation rate of the iron matrix [5]. The
efficiency of this approach can be enhanced by reducing the particle size
of the noble metal to the nanoscale and obtaining its homogeneous dis-
tribution in the matrix.

For the manufacture of biodegradable iron based materials, as a rule,
methods of conventional metallurgy are used [8]. The manufacturing
methods affect the microstructure, mechanical properties as well as the
biodegradation rate [9].
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Bioresorbable alloy Fe-30Mn [10], obtained by casting followed by
forging, exhibited relatively low mechanical properties: yield strength
242MPa and ultimate strength - 632MPa. The Fe30Mn6Si alloy obtained
by casting [11] has been shown to consist of martensite and austenite
phases with a smaller grain size and a higher ultimate strength than pure
iron obtained by the same method. A series of iron binary alloys (Fe -
Mn/Co/Al/W/Sn/B/C/S, the content of all alloying elements about 3 wt
%), made by casting followed by rolling, were also investigated [12]. No
noticeable effect has been found when alloying with Mn, Co, Al and W, a
significant reduction in grain size has been observed with boron, and
alloying with Sn sharply reduced the mechanical strength of the
Fe30Mn6Si alloy. Alloying with Mn, Co, W, B, C and S increased the yield
strength and ultimate strength in rolled alloys: the maximum value of the
yield strength was observed in the Fe-W system, 450 MPa, with a tensile
strength of 680 MPa. In these materials, the difference between yield
strength and tensile strength increased. Only alloying with Co, W, C, and
S had a positive effect in terms of both mechanical and corrosion prop-
erties. It is believed that alloying with several elements should have a
more pronounced effect on the corrosion properties of iron-based alloys.

The Fe-10Mn-1Pd alloy with high mechanical properties was ob-
tained using additional thermomechanical treatments [13]. After casting
and quenching, isothermal aging and quenching were applied [14]. A
pronounced increase in the yield point to 950 MPa and the ultimate
strength to 1550 MPa are due to the formation of lamellar Pd particles,
tember 2022
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Figure 1. Sintering mode of Fe - Fe3O4 nanopowder.
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coherent to the<100> planes of the iron matrix, separated during aging.
The study of the effect of Pd particles was carried out on systems con-
taining 10 wt% Mn, with different content of Pd (1, 3 and 6 wt%).

The average grain size of pure iron material obtained by plasma-spark
sintering was determined to be about 35 μm [15], which is 3–4 times less
than that of pure iron material obtained by casting. Alloying with carbon
nanotubes (0.5 and 1 wt%) and W (2 and 5 wt%) reduced the iron grain
size on average to 20 and 18 μm, respectively. Nevertheless, such a
thinning of the structure had practically no effect on the yield strength
and corrosion properties of the alloys. A significant improvement in
properties of the material with a similar structure (average grain size is
about 25–34 μm, depending on the material composition) was obtained
on composites Fe - Fe2O3 (2–50 wt% Fe2O3) prepared by the spark
plasma sintering (SPS) method [16]. The corrosion rate of the Fe-5Fe2O3
composite was 14 times higher due to the electrochemical reaction,
where Fe2O3 acted as the cathode, and the yield point was 2 times higher
in comparison with iron cast material.

Fe - FemOn nanocomposites were produced from Fe2O3 nanopowder
by a partial reduction followed by cold sintering. This method has been
shown to avoid undesired structural changes such as grain coarsening or
accumulation of the reinforcing phase at grain boundaries. The com-
posites obtained had a very dense structure (about 97% of theoretical
density) and demonstrated high mechanical strength — the compressive
yield strength of 1035 MPa, which is four times higher than that for Fe -
5Fe2O3 obtained using SPS [17].

Fe - Fe3O4 nanocomposites can be obtained by electrical explosion of
a Fe wire (EEW) in an oxygen-containing atmosphere [18]. The forma-
tion of nanoparticles during an electrical explosion occurs during rapid
condensation of metal vapors, which contributes to the uniform distri-
bution of the phases formed over the bulk of the nanoparticle with small
sizes of coherent scattering regions [19, 20]. Themanufacture of compact
materials from such nanoparticles makes it possible to provide the
nanostructured state of the composite, as well as multiple boundaries
phase separation Fe - Fe3O4, which can contribute to a high rate of
electrochemical corrosion during biodegradation in comparison with
pure iron materials.

In this work, by the EEWmethod of a Fe wire in an oxygen-containing
atmosphere, Fe - Fe3O4 nanopowders with iron content of 81 wt% were
obtained, the effect of vacuum heat treatment of compact samples on
their structural and physicomechanical properties was studied, and the
rate of biodegradation of the obtained composites was evaluated.

2. Experimental

Fe - Fe3O4 nanopowders were produced by EEW method using the
setup described in details previously [21]. To produce nanoparticles, an
iron wire with a diameter of 0.3 mm and a length of 65 mmwas exploded
2

by a pulse of current at a voltage of 28.5 kV and a capacitance of 1.6 μF in
a mixture of argon and oxygen gases, where the oxygen content was 1.3
vol. % according to the method described in [18]. In this mode, Fe -
Fe3O4 particles with a core-shell structure are formed, with the iron
content being about 81 wt. %.

The prepared nanopowders were characterized by transmission
electron microscopy (TEM) using a JEM-2100 electron microscope
(JEOL, Tokyo, Japan) integrated with an X-Max energy dispersive spec-
trometer (Oxford Instruments, Abingdon, UK), and scanning electron
microscopy (SEM) using LEO EVO 50 electron microscope (Carl Zeiss AG,
Jena, Germany) equipped with an INCA-Energy 450 EDS analyzer (Ox-
ford Instruments, Abingdon, UK).

The phase composition of the nanoparticles and bulk materials were
carried out on XRD-6000 diffractometer (Shimadzu, Kyoto, Japan) using
CuKα radiation. The data obtained were processed using POWDER CELL
2.4 software package and the PDF 4þ database. The parameters of the
fine crystal structure, namely the size of the coherent scattering regions
(DCSR), were determined from the Williamson-Hall plots.

The average size of nanoparticles was determined and histograms of
the particle size distribution were plotted based on the electron micro-
scopy data. To construct the histogram, the sizes of 850 particles were
measured. The average particle size was determined by the expression an
¼ Σniаi/Σni, where ni is the number of particles with diameter ai.

To obtain samples of consolidated Fe - Fe3O4 nanopowders, the
method of isostatic pressing at a pressure of 30 MPa was used, followed
by sintering in vacuum (10�5 Torr) in the temperature range 600–1000
�C Figure 1 shows a diagram of nanopowder sintering.

The samples were heated from ambient to the targeted temperature at
a rate of 3.75�/min, followed by dwelling for 2 hours and cooling down
to ambient temperature.

The relative density of the consolidated samples was determined as an
averaged value by calculation based on the geometric dimensions, mass
and density of the Fe - Fe3O4 composite containing 81 wt. % Fe. The
measurements in each series were carried out for 5 samples.

The compression tests were performed on a UTS-110M versatile dual-
zone floor machine. The testing was performed on samples carved out of
the consolidated sample.

The degradation rate of the consolidated samples was evaluated
under static conditions. The samples were immersed in Hanks' Balanced
Salt Solution with pH¼ 7.2 and saline solution (0.9% NaCl), simulating a
biological environment under conditions of slow and accelerated
degradation, for 30 days. Iron nanopowder samples prepared under
similar conditions were used for the control. In accordance with ASTM
G31-21, the ratio of the sample surface area to the volume of the
biodegradation solution was 1 cm2 per 50 ml of liquid. The kinetics of
biodegradation was assessed by the change in the mass of the samples
after the removal of corrosion products and by the amount of iron ions
released into the biological environment.

The corrosion rate V (mm/year) during immersion was calculated by
the Eq. (1) [22]:

V ¼ K(W0-Wt)/DAt (1)

where К ¼ 8,76 � 104; W0 и Wt - mass of samples before and after pu-
rification from corrosion products, respectively; A is the surface area
exposed to the solution (cm2); t - exposure time (h), D - material density
(g/cm3).

3. Results and discussion

Figure 2а shows a TEM image of Fe - Fe3O4 nanoparticles obtained by
electrical explosion of iron wire in an oxygen-containing atmosphere. As
can be seen from Figure 2a, the particles predominantly have a core-shell
structure. TEM-EDS elemental mapping images (Figure 2b-d) indicate
that the particle core consists of iron, while the shell contains oxygen as
well. Thus, we can assume that the iron core of the particles is covered by



Figure 2. TEM image (a) and TEM-EDS elemental mapping images of Fe - Fe3O4 nanoparticles (b–d): (b) –Fe edge, (c) –O edge, (d) – overlay, (e) - nanoparticle size
distribution.
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Figure 3. XRD of Fe - Fe3O4 nanopowders consolidated by isostatic pressing followed by vacuum sintering. (a) – original sample, (b) – sintered at 600�С; (с) – at
700�С; (d) – at 800�С; (e) – at 900�С; (f) – at 1000�С
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an iron oxide shell. The earlier studies of similar particles confirm such
structure [18]. The size distribution of nanoparticles is close to the
normal-logarithmic variant of the distribution with asymmetry on the
right side. The size distribution maximum is located at 80 nm (Figure 2e).

According to XRD data (Figure 3a), the composition of the nano-
powder after isostatic pressing is represented by Fe (81 wt%) and Fe3O4
(19 wt%) phases. When sintering the samples at a temperature of 600 �C,
the FeO phase begins to form (Figure 3b). With an increase in the sin-
tering temperature, the intensity of the FeO peaks increases (Figure 3c-f).
A significant increase in the FeO phase content occurs on sintering at
1000 �C (Figure 3f).

The formation of FeO phase is due to the interaction of metallic iron
with Fe3O4 when heating according to the Eq. (2):

Fe þ Fe3O4 → 4FeO (2)
4

Thus, an increase in the sintering temperature of the nanopowders
above 800 �C will lead to a decrease in metallic iron content in the
samples, which can negatively affect their physico-mechanical
characteristics.

An increase in the sintering temperature of the Fe - Fe3O4 nano-
powders leads to an increase in relative density of the samples to 77% of
theoretical density (TD), while the size of the coherent scattering regions
(DCSR) of Fe does not change monotonically (Figure 4). When the sample
is heated to 600 �C, an increase in DCSR is caused by the redistribution of
structural defects. The decrease in DCSR upon heating at 700 �C may be
due to Fe recrystallization accompanied by grain fragmentation. Also, in
the temperature range 600–700 �C, there is an abrupt increase in the
relative density from 65 to 75% of TDwhich with a further increase in the
sintering temperature, increases by only 2%. The increase in DCSR in the
temperature range 700–900 �C is probably due to collective



Figure 4. Dependence of DCSR and relative density of consolidated Fe - Fe3O4 nanopowders on temperature.
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recrystallization, accompanied by a decrease in the length of the crys-
tallite boundaries. A sharp decrease in the DCSR of Fe at 1000 �C can be
associated with the intense interaction of Fe with Fe3O4 which leads to
the appearance of structural defects caused by the diffusion of oxygen
into the Fe crystal lattice.

Using SEM technique, the surface of a compact sample obtained by
sintering at 600 �C (Figure 5 a) has been found to be represented by a set
of iron-enriched particles ranging in size from 100 nm to 10 μm (light
areas), which are distributed in a phase enriched iron oxide (dark area).
The surface of the sample is characterized by the presence of a large
number of pores with a size of 0.1–3 microns. The sample sintering oc-
curs in the temperature range 600–700 �C, resulting in a marked increase
in the density of the sample. Particles enriched with iron are observed,
both near spherical and irregularly shaped, which may indicate the
coalescence of small particles (Figure 5 b). In the sintering temperature
range lying between 800 - 900 �C, the coalescence processes intensify,
which leads to the appearance and increase of irregularly shaped regions
enriched in the Fe or Fe3O4 phases (Figure 5 c, d). In this case, the sample
obtained at 900 �C is characterized by the appearance of pores, which
could have formed due to the combination of small particles into larger
aggregates (Figure 5 d). A large number of pores with a size of 0.5–5
microns appear upon heat treatment of the sample at 1000 �C. In this
case, the area of the regions enriched in Fe is noticeably reduced due to
the appearance of the FeO phase as a result of the interaction of Fe and
Fe3O4 (Figure 5 e).

Compressive stress – strain curves were plotted for the samples ob-
tained by isostatic pressing followed by sintering in vacuum (Figure 6).
As is seen in Figure 6, the highest tensile strength, about 1000 MPa, is
observed for the sample sintered at 700 �C, which is slightly less than that
for the sample cold sintered from iron nanoparticles with an average size
of 30 nm [23]. Samples sintered at 800 �C show appreciable plastic
deformation, but the tensile strength is lower and is about 900 MPa. This
is due to more effective sintering of the powder at this temperature,
5

which is also confirmed by SEM data (Figure 5). Brittle fracture is
characteristic for the samples obtained by sintering at 900 �C and 1000
�C, the ultimate strength being 580 and 600 MPa, respectively.

The results obtained showed that this method can be used to prepare
sufficiently strong samples comparable in strength to the Fe - FemOn
composites prepared by cold sintering [17]. At the same time, the relative
density of the prepared samples is about 75% of TD, which can be used to
fill the existing pores with various drugs, for example, to ensure the
antimicrobial activity of the implant or to stimulate osseointegration. The
most pronounced strength characteristics are exhibited by the samples
obtained at 700 �C, which is due to the onset of coalescence of nano-
particles with a decrease in the CSR size and the absence of intense
interaction of Fe with Fe3O4 at a given temperature, which is observed at
900 �C and above.

The degradation rate in saline solution was evaluated for the sample
obtained at 700 �C. For comparison, bulk samples obtained under the
same conditions from Fe nanoparticles were also tested. The relative
change in the mass of the samples under study as a function of the
degradation time is shown in Figure 7.

The weight loss of Fe-Fe3O4 samples has proved to be significantly
higher than that of Fe samples both in saline solution and in Hank's so-
lution being 16% and 12%, respectively. The weight loss of iron samples
in saline solution and in Hank's solution was 2% and 0.9%, respectively.
The degradation rates in terms of weight loss after 30 days of exposure in
a normal saline were for Fe-Fe3O4 samples – 12.5 g�m�2�day�1, for Fe –
1.7 g�m�2�day�1 or 0.62 mm/year and 0.08 mm/year, respectively.
Sample Fe-Fe3O4 exhibited a relative big degradation rate comparable to
Mg-based composite fabricated via laser additive manufacturing with
degradation rate 0.89 mm/year [24]. Thus, the presence of
nano-galvanic pairs Fe-Fe3O4 increased the corrosion rate of the samples
by a factor of 7 compared to pure Fe.

Figure 8 shows diagrams of iron ion concentration changes released
into Hank's solution at different immersion durations. An increase in the



Figure 5. SEM images of a consolidated samples obtained by isostatic pressing followed by sintering at (a) 600 �C, (b) 700 �C, (c) 800 �C, (d) 900 �C and (e) 1000 �C.
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exposure time (immersion time) has been found to increase the con-
centration of ions released. The released ions are non-toxic. As described
in [25], ingestion of less than 20 mg/kg of iron is non-toxic A more
nuanced examination [26] clearly demonstrates that existing regulatory
processes are more than adequate to limit the toxicity of iron even in
response to iron overload. Only under pathological or artificially harsh
situations of exposure to excess iron (more than 60 mg/kg per ounce)
does it become problematic.

The degradation rate was calculated from the concentration of the
ions released in Hank's solution after 30 - day testing was 2.27
g�m�2�day�1 for the Fe - Fe3O4 sample, 0.115 g�m�2�day�1 for the Fe
6

sample. The degradation rate values in Hank's solution calculated for the
Fe-Fe3O4 sample were 3 times higher than those for the Fe - Fe2O3
composite obtained by spark plasma sintering [16], and the concentra-
tion of Fe ions released was 10 times higher than that of Fe ions after
degradation of the bioresorbable Fe/Mg2Si composite [27].

Figure 9 shows typical SEM images of the surfaces of Fe (Figure 9 a, b)
and Fe - Fe3O4 (Figure 9 c, d) samples after 30-day exposure in saline
solution (0.9 wt%) as well as corrosion products. It should be noted that
no significant differences in the morphology of the corrosion products on
the surface were observed. However, upon detailed examination, the
surface morphology of the Fe sample (Figure 9 b) was found to be



Figure 6. Compressive stress - strain curves obtained by isostatic pressing fol-
lowed by sintering at 600�С – 1, 700�С – 2, 800�С – 3, 900�С – 4, 1000�С – 5.

Figure 8. Iron ion concentrations released from experimental Fe - Fe3O4 com-
posites and pure iron after immersion in Hank's solution at 37 �C for 6, 10, 20
and 30 days.
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represented mainly by large sheets, between which are a large number of
spherical particles of the initial iron powder. The deposition of corrosion
products in the form of smaller sheets was observed on the surface of the
Fe - Fe3O4 sample (Figure 9 d), which are macroscopically relatively
uniformly distributed over the surface of the sample.

Based on the similarity of the morphology of the sample degradation
products, it can be concluded that the corrosion mechanism of Fe - Fe3O4
is similar to the mechanism of galvanic corrosion of pure Fe. Cl� ions
present in the corrosive environment displace oxygen from the oxide
film, which makes the film soluble. The anodic and cathodic reactions of
iron in saline solution can be represented as follows (Eqs. (3), (4)):

Feþ2OH‒�2�e →Fe(OH)2 (anode) (3)

O2þ2H2Oþ4�e →4OH‒ (cathode) (4)

As corrosion develops, iron hydroxide is formed and the above pro-
cess is similar to corrosion process in the Fe – Fe2O3 system [16]. The
presence in the nanoparticles of the second component Fe3O4, which is a
semiconductor, leads to the accumulation of electrons at the interface
and contributes to a growth in corrosion sites at the interfaces in the
nanoparticles.
Figure 7. Changes of percentage of Fe and Fe - Fe3O4 weight during one-m

7

4. Conclusion

Bulk samples with high physical and mechanical characteristics
were obtained from Fe - Fe3O4 nanopowder by isostatic pressing
followed by vacuum sintering. The optimum sintering temperature of
nanopowders was found to be 700 �C, providing the highest strength
characteristics: ultimate compressive strength was about 1000 MPa
due to the processes of coalescence and the small size of the coherent
scattering regions DCSR, as well as the high relative density - about
75% of TD. An increase in the sintering temperature has been found
to lead to the interaction of Fe with Fe3O4 resulting in the formation
of FeO and the appearance of large pores, as a result, the samples
obtained at 900 �C and 1000 �C have low strength - 580 and 600
MPa, respectively, and are characterized by brittle fracture in tests on
compression. Bulk Fe- Fe3O4 samples have a high degradation rate,
which was 0.62 mm/year in normal saline (0.9% wt. NaCl), which is
7 times higher than that of the bulk samples obtained by sintering Fe
nanoparticles under the same conditions.
onth of immersion at 37 �C in NaCl (0.9 % wt.) and Hank's solution.



Figure 9. SEM images of the surface of Fe (а, b) and Fe - Fe3O4 (c, d) samples after 30 days of exposure in 0.9% NaCl solution with different magnifications.
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