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Biodegradable alloys are required for medical applications involving temporary implants that must last for a certain time.
Fe-based alloys were produced to last longer than Mg- or Zn-based alternatives, while retaining a biodegradable characteristic
so that no additional operation is necessary to remove the implant. The investigation of commonly used Fe-based alloys was directed towards a better corrosion resistance, while our aim was to produce a material that will corrode easily, but would initially
still have mechanical properties like Fe-based materials. This aim was achieved by using different production steps, and the corrosion properties were found to be dependent on modifications to the microstructure.
Keywords: Fe-based biodegradable material, microstructure characterization, corrosion initials, mechanical properties
Biorazgradljive zlitine so potrebne za medicinske namene, ki vklju~ujejo za~asne vsadke, ki morajo trajati dolo~eno ~asovno
obdobje. Zlitine na osnovi Fe so bile narejene tako, da trajajo dlje kot alternative na osnovi Mg ali Zn, hkrati pa ohranjajo
biolo{ko razgradljive lastnosti, tako da za odstranitev vsadka ni potrebna dodatna operacija. Preiskava pogosto uporabljenih
zlitin na osnovi Fe je bila usmerjena v bolj{o odpornost proti koroziji, na{ cilj pa je bil izdelati material, ki bo zlahka korodiral,
vendar bi imel na za~etku {e vedno mehanske lastnosti kot materiali na osnovi Fe. Ta cilj je bil dose`en z uporabo razli~nih
proizvodnih korakov in ugotovljeno je bilo, da so korozijske lastnosti odvisne od sprememb mikrostrukture.
Klju~ne besede: biorazgradljive zlitine na osnovi Fe, karakterizacija mikrostrukture, korozijski iniciali, mehanske lastnosti

1 INTRODUCTION
The most used biodegradable materials for biomedical applications are Mg- and Zn-based alloys. However,
these alloys tend to degrade too quickly and produce too
much in terms of corrosion products in a relatively short
time during their degradation in the body. This means
that such materials are only useful for applications that
involve a short period of time in living tissue.
Recently, research has been extended to Fe-based alloys. The benefits of these alloys are a longer lifetime in
the body, which is a major advantage for specific treatments and healing requirements. When healing injuries
and fractures, for example, implants made from stainless
steel are used for bone stabilization. However, such materials need to be removed after a successful treatment.
Biodegradable materials are expected to corrode gradually in the body, with an appropriate host response elicited by the released corrosion products that dissolve
completely upon fulfilling their role to assist with tissue
healing, and with no implant residues. The limitation of
such a material is that the time to degrade in vivo could
be too long. Though the material needs to be biocompatible, without harmful reactions with the body, no
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additional compounds are necessary to alter the corrosion properties. Nevertheless, a too rapid degradation
also means too much corrosion product in the body over
a short period of time. As a result, all the parameters
need to be optimized to prevent harm to the body.
In the Fe–Mn system for Mn contents below 30 w/%
a phase transformation from the austenitic to the ferritic
structure occurs upon cooling (see the Fe–Mn equilibrium phase diagram). This transformation requires significant changes in the phase compositions. Upon rapid
cooling from elevated temperatures (above 900 °C), diffusion is limited and martensitic phase transformations
occur.1 Mn lowers the standard electrode potential (E0) of
iron: the standard potential of the reaction Fe®Fe2+ + 2e–
is E1 = –0.440 V, whereas that of Mn®Mn2+ + 2e– is E2 =
–1.18 V.2 Because Fe and Mn form a solid solution the
standard potential of the Fe–Mn alloy is expected to decrease with an increasing Mn content.3 H. Hermawan et
al.4–6 claim that the corrosion rates for alloys with different Mn contents from 20 w/% to 35 w/%, exhibited no
significant difference. All the rates were in the range
0.23–0.24 mm/year.4
In the present study we focused on the synthesis of
Fe–Mn alloys,7–11 which are known as biodegradable materials, but have limitations with using different chemical
elements that can be harmful to a living body.12–14 We in155
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vestigated the possibilities of producing an Fe–Mn alloy
with either minimal or no additional elements and still
increase the corrosion susceptibility with commonly
used production steps. The aim was to produce a material without additional elements to decrease the electrode
potential with controllable microstructural and mechanical properties, and with a faster degradation. The study
was focused on microstructural characterizations, mechanical testing and corrosion testing in artificial physiological solutions.
2 EXPERIMENTAL PART
The Fe–Mn alloy with 17 w/% Mn was produced using conventional production steps, such as casting in a
steel mould and hot rolling to achieve better mechanical
properties by altering the microstructure. Additionally,
part of the hot-rolled material was cold deformed by
forging (15 % reduction). After each production step, all
three materials were studied to reveal the impact on the
microstructural, electrochemical and mechanical properties and compared to pure Fe.
The chemical composition of the alloy and the pure
Fe was measured using an X-ray fluorescence (XRF)
spectrometer. The results are shown in Table 1. The material was characterised using a scanning electron microscope coupled with an energy-dispersive spectrometer
(SEM, JEOL JSM-6500F, EDS INCA X-SIGHT
LH2-type detector, INCA ENERGY 450) to analyse the
chemical compositions of the phases. The microstructure

Figure 1: Micrographs of the microstructure: a) cast, LM, b) as-cast,
SEM, c) hot rolled, LM, d) hot rolled, SEM, e) cold deformed, LM
and f) cold deformed, SEM

156

was also analysed using light microscopy (LM,
Microphot FXA Nikon with Olympus DP73) and the
mechanical testing was performed with an INSTRON
1255 and the Vickers hardness with an Instron Tukon
2100B.
3 RESULTS AND DISCUSSION
The chemical compositions of the investigated materials are presented in Table 1. While the main difference
between the alloys is in the Mn content there are also
small differences in the Si, Cr and Cu contents.
Table 1: XRF results of chemical compositions (Fe Balance) / w/ %

FeMn17
Pure Fe

Si
0.17
0.051

Mn
17.07
0.26

Cr
0.70
0.14

Cu
0.44
0.043

Ni
0.18
0.14

The microstructures of the cast, hot-rolled and
cold-deformed FeMn17 alloys are shown in Figure 1.
There is no difference in the chemical composition, but
there are differences in the microstructure. In the cast
sample (Figures 1a to 1b) the cast austenitic microstructure occurs upon cooling. Due to the very fast cooling rate, there is no time for the phase transformation.
There are also some boundary segregations rich in Cu
(Figure 2, EDS Spectrum 2). In the hot-rolled sample we
observed, besides the austenite, traces of strain-induced
martensite and deformation twins. Due partly to recrystallization, the microstructure consists of large and small
grains. In the cold-deformed sample (Figures 1e to 1f)
the microstructure has even smaller grains, the segregation is still ubiquitous at the grain boundaries and the
austenite with a strain-induced martensitic structure is
present. Some porosity was also found in the cast samples. The EDS analyses (Figure 2, Table 2) were performed to determine the phases and inclusions in the

Figure 2: SEM image and EDS analysis of cold-deformed sample
Materiali in tehnologije / Materials and technology 55 (2021) 1, 155–158

I. PAULIN: INFLUENCE OF DIFFERENT TREATMENTS ON THE CORROSION BEHAVIOUR ...

were not so different, they were all in the range
0.1–0.25 mm/year.4
• The different Mn contents influence the microstructure and therefore indirectly influence the corrosion and mechanical properties. From our results it is
evident that the microstructure has an important influence, which means that the corrosion rate can be
altered simply by employing different production
steps.
• As intermetallic inclusions with Pd and other elements that lower the electrode potential help to decrease the corrosion resistance, the porosity, grain
size, phases and boundary segregation also have a
great influence on the corrosion rate. Therefore, the
corrosion rate is higher when we have cast material
with porosity and segregations, and also the corrosion
rate increases when we have cold-deformed material
that has a martensitic structure with internal strain
and also some segregation at the grain boundary
(Cu-rich segregations in our case). All these initials
in the material provide micro-galvanic sites and increase the tendency to corrode more than, or the same
as, increasing the Mn content.
• The implant material for different healing processes
needs to have similar mechanical properties to bone,
so that it is useful for the healing process and it is not
a problem for the body if another injury at the affected part occurs. Therefore, it is essential for the
material to have good mechanical properties at the
beginning, which then decrease over time because of
the degradation in the body. It is also important that
the fractures of the material are rounded, rather than
sharp.

microstructure. Some TiN and MnS inclusions are present in all the samples.
Table 2: EDS results (marked in Figure 2) of chemical compositions
in w/%

Spectrum
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4

O
3.2
4.8
3.5
–

Si
0.4
0.4
–
–

Cr
1.0
0.7
1.6
0.8

Mn
20.3
18.6
30.3
19.2

Fe
75.1
73.1
64.6
80.0

Cu
–
2.4
–
–

Mechanical testing was performed on standard prepared samples and the averages of the results are displayed in Table 3. The results of our materials, the pure
Fe and the human compact bones,15,16 were compared.
Table 3: Hardness and mechanical testing

Sample

As
cast

HV 5
Rp0,2 / MPa
Rm / MPa
Elongation A / %

181
300
705
45

Cold
Hot
de- Pure Fe
rolled formed
240
478
110
350
340
170
955
908
270
62
62
49

Compact
bone15
50–100
–
90–130
0.5–3 16

All the samples were immersed in Hank’s solution,
which has an ionic composition and concentration close
to that of human blood plasma. The corrosion rates were
measured (results in Table 4) and compared with the results from.4
Table 4: Corrosion rates in Hank’s solution in mm/year

Samples
CR
Pure Fe
0.05

FeMn17
Hot rolled
Cold deformed
0.09
0.21
Samples
FeMn20*
FeMn30*
FeMn35*
0.22–0.24
Cast
0.17

*Results from the references:

4,6,17

4 CONCLUSIONS
An FeMn17 alloy was produced with a variety of
commonly used production steps to develop different
microstructures without any additional elements. The
microstructures, mechanical properties and corrosion
resistances were investigated and the results compared to
pure Fe. The investigations performed so far all studied
the influence of different Mn contents and the addition of
elements that form intermetallic inclusions to increase
the corrosion rate. Our study was performed to investigate the influence of different microstructures on the corrosion rates for the same chemical composition. The corrosion results were combined with the mechanical
properties and some useful conclusions were drawn:
• The corrosion rates for biodegradable Fe–Mn alloys
with different chemical compositions and treatments
Materiali in tehnologije / Materials and technology 55 (2021) 1, 155–158
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