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CORROSION PROPERTIES OF IRON AND IRON-MANGANESE
SINTERED MATERIALS
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Abstract

The aim of the presented study was to investigate the electrochemical
corrosion behaviour of iron and iron-manganese sintered structures in a
medium simulating a human body fluid environment.

Iron samples and alloys with Mn content of 30 wt.% were prepared. Their
microstructure as well as degradation behaviour in Saline solution were
investigated by the use of potentiodynamic tests, optical microscopy,
scanning electron microscopy and energy-dispersive X-ray spectroscopy.
The corrosion rates of microheterogeneous Fe-Mn alloys were found to
be higher than those for a pure iron, and also higher than rates reported
for homogeneous Fe-Mn alloys.
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INTRODUCTION

Because of their excellent mechanical properties, metals have been used to
fabricate devices which treat, augment or replace tissues, organs, or functions of the human
body for more than a century. During these years, a paradigm has been established that
metals used as biomaterials should be highly corrosion-resistant to survive the
physiological environment.

But in recent decades, a quite general agreement has emerged that, for certain
medical applications, the corrodibility can be a desirable material’s property [1]. This
relates, for example, to corronary stents. There is evidence that the mechanical scaffolding
effect provided by a stent is needed only temporarily for a period of 3-6 (6-12) months after
stent implantation, during which arterial remodelling and healing occur. After this period,
the presence of stent within a body cannot provide any beneficial effect. Contrarily, the
permanent implant in the arterial wall can trigger later complications such as restenosis,
thrombosis, etc. So, the temporary stent that can biodegrade in situ in a controlled, harmless
way, forming non-toxic degradation products which are readily excreted, would be clearly
preferable over the currently-used permanent stents.

With respect to the above-mentioned, the iron based alloys which consist of trace
elements existing in the human body are promising candidates for temporary stent
materials.

Stents made of pure iron were implanted into various mammals [2], [3] and [4].
The results showed no signs of iron overload or iron-related organ toxicity, there was no
evidence for local toxicity due to corrosion products. However, iron stents remained mainly
intact for up to a year after implantation. In addition, the mechanical properties of pure iron
are modest and not particularly well suited for use as stents. To accelerate degradation and
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improve mechanical properties, Hermawan et al. [5-7] studied Fe-Mn alloys. From a
biological point of view, the excess of manganese is not reported to be toxic in the
cardiovascular system [7]. Moreover, considering the very light weight of a stent, which is
50-100 mg depending on design, the release of elements from the corroding alloy could be
expected to be lower than their toxic level in the blood.

Fe—Mn alloys, containing between 20 and 35 wt.% manganese, were compacted
and sintered from elemental Fe and Mn powders. After several rolling-sintering cycles, the
samples exhibited mechanical properties comparable to those of the SS316L alloy [5,6] as
they possessed a similar austenite (y) structure. The corrosion rates of samples in
a modified Hank’s solution were determined by the use of an immersion method. The
corrosion rate of the material Fe-25 wt.% Mn was found to be 0.52 mm year', which is
slightly higher than the rate 0.44 mm year found for Fe-35 wt.% Mn. This could be related
to the bi-phase structure of Fe-25 wt.% Mn sample, where e-martensite and y-austenite
phases coexist and serve as micro-galvanic sites accelerating corrosion. The Fe-35 wt.%
Mn has only y-austenite phase. The degradation rates of both materials were higher than
those of pure iron (0.22-0.24 mm year™) [7].

Nevertheless, degradation rates of Fe-Mn alloys may still be considered too low
for practical applications. In that context, new biodegradable alloys were developed by
adding other elements, e.g. Fe-Mn—Pd [8], Fe-Mn-C-Pd [9].

In the above-mentioned binary Fe-Mn systems, the iron and manganese were
uniformly distributed in the material. In this contribution we present the results of an
attempt to accelerate the degradation of Fe-Mn systems by creation of microgradients in
concentration of elements in an alloy. Due to this variation in chemical composition on
small scales, each grain can be considered as composed of ,different metals“ in mutual
contact, which after immersion into electrolyte could result in the presence of many
additional micro-galvanic cells initiating and accelerating corrosion in comparison with
homogeneous sample.

EXPERIMENTAL

Fe-30 wt.% Mn alloys were prepared from elemental powders of iron (water-
atomized iron powder, Hogands, ASC 100.29 grade) and manganese (fraction < 45 um).
The powders were mixed in a turbula mixer for 20 minutes. The powder mixtures were cold
pressed in a cylindrical die at 600 MPa (¢10x10 mm®). No lubricant was added to the
powder, nor were the die walls Iubricated.

The specimens were isothermally sintered in a laboratory tube furnace ANETA at
the temperature of 1120°C for 60 min and cooled to room temperature. The heating and
cooling rate was kept at 10°C/min. The gas mixture of 10% H, — 90% N, (purity of 5.0)
was used as a sintering atmosphere. The flow-rate of the processing atmosphere was 4
/min. Atmosphere drying was performed utilizing zeolite molecular sieve dryers. The inlet
dew point (monitored by the SHAW Super-Dew Hygrolog was ~ -59°C. Compact density
values before and after sintering were obtained by weighing and measuring the dimensions
of compacts.

Metallographic specimens were polished with 0.1um diamond paste and etched in
2% nital solution. The microstructure of specimens was investigated using an optical
microscope (OLYMPUS GX71, Japan) and scanning electron microscope coupled with the
energy dispersive spectrometer (JEOL JSM-7000F, Japan with EDX INCA).

Corrosion properties were investigated using potentiodynamic polarization
method by using the Autolab Potentiostat PGSTAT 302N. Measurements were carried out
with a conventional three-electrode arrangement with the Ag/AgCl reference electrode,
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platinum counter electrode and iron or iron-manganese sample as the working electrode.
The potentiodynamic polarisation experiments were performed in an electrolyte Saline (9
g/l NaCl solution, pH 7.2). In all experiments, the temperature was maintained at 37°C +
1°C. Polarisation curves were obtained by varying the applied potential from -1100 mV up
to -200 mV at a scan rate of 12.5 mV/s. The corrosion current, corrosion potential and
corrosion rate were determined by the use of the Tafel extrapolation method.

MICROSTRUCTURE

Figure 1 shows a microstructure of samples sintered at the temperature 1120°C. In
Figure 1b, the differences in Mn concentration are made visible by etching. The iron-rich
cores of original iron powder particles are less affected by etching (bright) and the regions
around, consisting of the Fe-Mn solid solution, are attacked by the etching reagent (dark). It
is also possible to find “free” manganese in pores and on boundaries of original iron
particles.

Fig.1a. Structure of sample Fe-30 wt.% Mn  Fig.1b. Structure of sample Fe-30 wt.% Mn
sintered at 1120°C. sintered at 1120°C, nital etched.
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Fig.2. SEM and EDX analysis of sintered sample Fe-30 wt.% Mn after sintering at 1120°C
for 60 min; a) centre of iron grain (particle), b) area near the surface of the iron grain
(particle).
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Fig.3. SEM and EDX analysis of sintered Fe-30 wt.% Mn sample.

In Figures 2 and 3, the results of EDX analysis of a particle of sintered sample Fe-
30 wt.% Mn are presented. The results show that the manganese partly diffused to iron
matrix, so there is an increased amount of manganese on the surface of the iron particle.
The analysis also revealed the presence of oxygen, Fig.3. This should be a consequence of a
high affinity of manganese to oxygen, implying the possibility of considerable oxidation
during sample processing. Fe-Mn materials are exposed to considerable oxidation during
heating stage even when a high purity sintering atmosphere is applied [10].

CORROSION OF SINTERED SAMPLES

Electrochemical degradation of prepared iron and iron-manganese materials in
37°C Saline solution (9 g/l NaCl solution, pH 7.2) was examined by means of polarisation
curves.

Polarisation curves were obtained by varying the applied potential from -1100 mV
up to -200 mV at the scan rate of 12.5 mV/s. Five cycles of potentiodynamic polarisation
were registered for Fe and Fe-Mn samples. The polarisation curves are shown in Fig.4.
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Fig.4. Polarisation curves for iron and iron manganese samples in saline solution at 37°C;
semilogarithmic form.

The corrosion potential moved towards negative values before stabilization. This
negative shift gives an indication about the increased corrosion susceptibility of iron and
iron-manganese samples. Generally, it was found that the corrosion resistivity decreases
with an increasing number of cycles. The air-formed primary oxide film, which to some
extent protected the material, was dissolved during the first cycle of polarisation thereupon
in next cycles the samples showed a higher tendency to corrode. Fe-Mn alloy has more
negative corrosion potential than the pure iron has, which indicates worse corrosion
resistance.

The degradation rate was determined from potentiodynamic polarization curves.

It is assumed that uniform corrosion is occurring and the process of oxidation does
not occur selectively for any component of the alloy. Then the corrosion rate (R),) is given
as

Here i,,,, is the corrosion current density, p is the alloy mass density, c; is the mass
fraction of the ith component of the alloy, M; is the molar mass of the ith component and #;
is the number of electrons lost when oxidizing the ith component atom under conditions of
the corrosion process (the valence of the ith component element).

When non-uniform corrosion processes are occurring, the above relation
underestimates the true value of the corrosion rate.

All values of corrosion potential (E.,,) for five cycles, the estimated corrosion
current densities (i) and corrosion rates are summarised in Table 1. The corrosion rates
of iron-manganese compacts are higher than those of iron compacts. The higher
susceptibility of Fe-Mn alloys to corrosion could be ascribed to the presence of Fe-Mn solid
solution, to the gradients in concentrations of the alloy’s elements, and to the presence of
pores and grain boundaries.
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Tab.1. The obtained values of Eyy, icorr and corrosion rates for Fe, Fe-30Mn specimens.

Sample Teorr Corrosion
Ecorr [MV] [A/m?] rate
[mm/year]
l.cycle | 2.cycle | 3.cycle | 4.cycle | 5.cycle | 5.cycle | 5.cycle
Fe -495.1 -556.2 | -596.1 | -633.2 | -680.0 0.12 0.16
Fe30Mn -770.8 -7703 | <7759 | -795.1 | -812.6 1.14 1.98

In Figures 5 and 6, the images of iron and iron-manganese samples after the
corrosion test and details of corroded surfaces are shown.

Fig.6. Corroded surface of sintered Fe-30 wt. % Mn sample.

For the iron samples, uniform corrosion spread out over the entire iron surface was
observed. Sintered specimens prepared from Fe-30 wt.% Mn show an increased corrosion
attack near the boundaries of iron particles, which is on areas with an increased amount of
manganese (Fig.6).

CONCLUSION

Fe and Fe-Mn materials were prepared by the powder metallurgical route. Namely,
Fe and mixed Fe-Mn powders were pressed into cylindrical samples and sintered at
1120°C.
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The microstructure of obtained materials was analyzed and their corrosion
potential and corrosion rates in saline solution at 37°C were investigated.

The degradation rate of a sample from pure iron is about 0.16 mm year '.
Alloying of Fe with Mn, with a heterogeneous distribution of Mn concentration, generated
a higher degradation rate of about 1.98 mm year ' due to many micro-galvanic cells acting
on the metal surface. This rate is higher than the one reported for the homogeneous Fe-Mn
alloy [7].

The higher susceptibility of heterogeneous Fe-Mn alloys to corrosion could be
ascribed to the presence of short-circuited galvanic cells acting on the surface of
heterogeneous alloy. As the corrosion rate depends on the composition of the surrounding
electrolyte, it should be tested in ,,in vivo* conditions as to whether the corrosion rate of the
above Fe-Mn alloy is sufficient for medical applications.
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