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ANALYSIS OF THE CORROSION RATE OF FeMn-Si BIODEGRADABLE MATERIAL

The Fe-based alloy with manganese led to the appearance of new austenitic alloys, with the antiferromagnetic property pur-
sued, resulting in compatibility with the magnetic field as that of magnetic resonance imaging. The corrosion resistance behavior
of the biodegradable Fe-Mn-Si alloy was analyzed in a thermostatic chamber at 37+1°C for 24, 48 and 72 hours by immersing
in Ringer solution. Also, the cast and laminated samples were subjected to electro-corrosion tests using a potentiostat equipment.
Linear and cyclic potentiometry is presented for characterize the corrosion behavior of the experimental samples in electrolyte.
Due to the interaction between the alloy and the liquid medium a change in the solution pH was observed. Structure analysis and
chemical composition details of the surfaces were obtained using electron scanning microscopy (SEM) and X-ray energy dispersive

spectroscopy (EDS).
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1. Introduction

The idea of designing a biodegradable material for medi-
cal applications is a highly debated topic in the scientific world
due to the mechanism of healing diseased tissue and subsequent
degradation once its function is completed [1]. This process in-
volves numerous aspects to be analyzed on the possible harmful
effects on the human body due to the reactions that occur at the
material/biological environment contact [2,3]. The corrosion rate
and corrosion products released in the body can have effects on
cytotoxicity and solution pH. It is desired to reach an optimal
ratio between the rates of degradation/healing time through dif-
ferent methods of control over the properties of these biomateri-
als. The technology of obtaining the right materials for different
types of implants [4] and the percentages of alloying elements
in the chemical composition that are suitable for certain medical
applications [5-7] represent a challenge for scientists. Mg-based
alloys as biodegradable materials for medical implants have been
considered for good biocompatibility and a relatively high rate
of degradation compared to Fe-based alloys.

Fe-Mn alloys have been studied as biodegradable metals
over time in various publications that have presented the pos-

sible advantages and disadvantages that they would have in
the design of implants for cardiovascular [8] and orthopedic
applications [9]. The low content of Mn element made possible
the nontoxicity of biodegradable alloys [10] and showed good
results regarding biocompatibility and mechanical properties.
By adding new elements such as Si [11] the new biodegradable
alloy with a shape memory effect showed a higher corrosion rate
and mechanical properties superior to its predecessor Fe-Mn.
Lower corrosion resistance was observed, due to the addition
of Si, which increased the y-austenite content [12]. Different
alloying elements at different concentrations were used to study
the biodegradability and biocompatibility of these alloys based
on the Fe-Mn system [13].

Scientific papers published in the field show a great inter-
est in the research of biodegradable alloys based on FeMn as
biodegradable materials for implants. In vitro and in vivo tests
have shown favorable results on degradation rate, mechanical
properties and biocompatibility [14,15]. The shape memory ef-
fect that these types of alloys have, necessary for example, for
pipe joints has been studied in terms of shape recovery charac-
teristics in order to expand the range of applications for use [16].
FeMnSi-based alloys are being studied by researchers as an
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alternative to nitinol implants due to their lower cost and cold
workability [17]. FeMnSi-Al alloys have the particularity of be-
ing SMA being studied in numerous specialized papers on trans-
formation temperatures and deformation characteristics [18,19].

In this article, a new iron based shape memory alloy is
proposed as biodegradable material. Corrosion and electro-
corrosion results encouraged the application of this material for
long term implants.

2. Materials and Methods

Two samples of the same FeMnSi-Al alloy were obtained
for this work. One sample was obtained by casting from high
purity Fe, master alloy FeMn and FeSi in an arc furnace and re-
melted five times for chemical and structural homogenization
in induction furnace. The addition of aluminum was used to
increase the degradation rate of the alloy subjected to the immer-
sion environment and to change the transformation temperatures
Ms-MT, respectively As-Af, in order to obtain a good function-
ality of the material in the field of implants for medical appli-
cations. Second sample was in laminated state after rolling at
1100°C till Imm thickness of the sample. All experiments were
conducted in accordance to safety conditions regulations [20].

The surfaces were prepared for the tests with SiC metal-
lographic paper, starting from 600 to 2400 grit. Before starting
the experiment, the samples were cleaned in ultrasound bath
with ethanol of 92% concentration and dried in air.

For the degradation tests, both samples were immersed
in Ringer’s solution (NaCl, KCl, CaCl,, NaHCO; and MgCl,)
with a pH between 5.0-7.0 at a ratio of 20 ml/cm? [21,22] and
incubated for 24, 48, and 72 h at a temperature of 37 +1°C,
respectively. After each immersion interval, the samples were
extracted from the electrolyte solution and cleaned in an ultra-
sonic bath in ethyl alcohol solution. The corrosion compounds
and the surface covered by them were subjected to chemical
analysis, electronic and optical micrographs after each immersion
interval mentioned above. The samples were weighed initially,
after the immersion test and after ultrasonic cleaning to highlight
the mass loss of the metallic material.

The electro-corrosion tests were performed in a three-
electrode cell, with a platinum electrode as counter, an saturated
calomel electrode as reference, and the samples with a area of
0,7 cm?. All the experiments were performed in Ringer*s solution
at the 20°C temperature using an potentiostat PGP201. The liniar
potentiodynamic polarization tests were done with a scanning

rate of 1 mV/s and cyclic potentiodynamic polarization tests
were done with a 10 mV/s scanning rate.

Chemical composition details of the surfaces were ob-
tained using energy dispersive X-ray spectroscopy (EDS) Esprit
PB-ZAF automated software and item list analyzed with Bruker
detector connected to electron microscope scanning equipment
(SEM) — VegaTescan LMH II (30 kV, SE detector, high vacuum).

3. Results and Discussion
Degradation Test

In the case of biodegradable alloys, variations in the mass
of the experimental samples will always be observed following
the interaction with an electrolyte solution because they interact a
lot from the first contact. The degradation of materials is ensured
by a continuous interaction between the sample and electrolyte
medium even if these materials, similar to biocompatible, the
surface passivation phenomenon occurs at some point in the
interaction of the two media, the passivation layer does not
have good stability on the surface, allowing the continuation of
chemical interactions between the metal of the substrate and the
electrolyte solution.

After 24 h of immersion in Ringer’s solution, the samples
showed an obvious increase in mass by the formation on the
sample surface of oxides, chlorine-based compounds and car-
bonates (Eq. 1.3-1.6). After ultrasound cleaning of the surface
and removal of unstable compounds from the surface of the ex-
perimental material, a decrease in the initial mass was observed.
A larger amount of mass was lost in the case of the cast sample
compared to the laminated one, which is in accordance with the
literature on high corrosion rate of rolled samples compared to
cast ones. After 48 h and 72 h from the beginning of the experi-
ment, respectively, the samples decreased in mass, keeping the
difference higher in the case of the cast sample. The corrosion rate
according to mass loss was determined using the formula [23]:

KW

CR=——
Apt

(1.0)
Where: CR = corrosion rate [mm/Y]; K = 8.76 x10*; W= weight
loss = Wf— Wi [g]; A = sample’s initial area [cm?]; p = material
density [g/cm’]; £ = immersion time [h].

All corrosion rates calculated in this way are found in
TABLE 1. The results show an increase proportional to the ex-

TABLE 1
Corrosion rate corresponding to mass loss
24 hours 48 hours 72 hours
Sample Cast sample Laminated Cast sample Laminated Cast sample Laminated
[C] sample [L] [C] sample [L] IC] sample [L]
Initial mass [mg] 4164.3 774.6 4139.7 758.9 4002.8 739.2
Mass after immersion [mg] 4164.7(+0.4) 775.1(+0.5) 4139.0(-0.7) 758.7(-0.2) 4002.7(-0.1) 739.1(-0.1)
Mass after ultrasonic cleaning [mg] | 4163.7(-0.6) 774.3(-0.3) 4137.7(-2.0) 757.8(—1.1) 3999.9(-2.9) 736.7(-2.5)
Corrosion rate [mm/Y] 0,084 0,053 0,14 0,096 0,135 0,146




posure time of the samples to the electrolyte medium, the highest
corrosion rate was recorded on the laminated sample, 72 h after
immersion. The differences in rate between the first days is given
by the chemical reactions that occur at the contact of the alloy
with the Ringer solution.

In the first 24 hours, based mainly on formation of ferrous
oxides, an increase of the mass is observed in both cases melted
and laminated. After ultrasound cleaning, a part of these com-
pounds, with no more stability on the surface, pass to electrolyte
solution decreasing the sample mass. After 48 and 72 hours no
more gain in mass was observed for all experimental samples,
TABLE 1, all of them presenting a loss of mass. In the first
hours laminated sample present a better corrosion resistance
in electrolyte and after 48 hours and the surface layers were
removed the melted and laminated samples changed the resist-
ance to corrosion values.

Dispersive X-ray Spectroscopy (EDX) Results

Chemical composition details were obtained using energy
dispersive X-ray spectroscopy (EDX) and the list of items
analyzed with the mode detector connected to the electron
microscope scanning equipment (SEM). Standard deviations
were provided for all chemical determination. The analysis was
performed in various areas on the surface of the material (1 mm?)
and an average was made. Initially (TABLE 2) it is observed the
identification of the basic elements: Fe, Mn, Si and Al at different
X-ray energies for the elements iron and manganese. The chemi-
cal composition is proper for shape memory effect and addition
of Al was realized in order to modify the solid-state transforma-
tion temperatures of austenite to martensite and reverse [24-26].

1245

TABLE 2
Chemical composition of the experimental alloy
in its initial state

Elements Fe Mn Si Al
Sample | Wt% | At% | Wt% | At% | Wt% | At% | Wt% | At%
Cast 78.90|73.76|14.53 | 13.81| 3.47 | 6.45 | 3.09 | 5.98
Laminated | 81.18 |77.18|13.99|13.52| 2.86 | 5.41 | 1.97 | 3.89

EDS error 2.06 0.46 0.25 0.25

Standard deviation (made on 20 determinations): Fe:+1, Mn:£0.25, Si:+0.1
and Al:=0.1

The differences between melted and laminated samples in
chemical composition appear, at least at the surface (>5 um)
during the loss of silicon and aluminum elements on the rolling
process.

After contact with Ringer electrolyte solution for 24 h,
additional surface identification of the elements is observed:
oxygen, carbon, chlorine and sodium (TABLE 3). After 48 h,
the analysis showed in the composition the presence of potas-
sium and calcium in small quantities. In this case, the bioactiv-
ity specific to orthopedic applications could be shown by the
precipitation reaction of Ca/P [27]. After ultrasonic cleaning in
technical alcohol, the disappearance of sodium, potassium and
calcium from the surface and maintenance of oxygen, carbon and
chlorine is observed. Tab. 3 presents the results of chemical ana-
lyzes performed on the surface of the rolled and cast experimental
alloy before and after immersion in Ringer electrolyte solution,
respectively after ultrasonic cleaning in technical alcohol for 24,
48, and 72 h. From the electrolyte solution, compounds based
on carbon, oxygen, sodium and chlorine passed on the surface
of the experimental alloy. The vast majority of compounds are
oxygen-based (with a percentage of 34 wt. %) of which after

TABLE 3
Chemical composition obtained after each immersion test and after cleaning in an ultrasonic bath
Elements/
samples
(C:cast, Fe Mn Si Al o C Cl Na K Ca
L:laminated,
1: after
immersion,
I+UC: after
immersion | wt% | at% | wt% | at% | wt% | at% | wt% | at% | wt% | at% | wt% | at% | wt% | at% | wt% | at% | wt% | at% | wt% | at%
and ultrasonic
cleaning)
I |47.80(21.96| 693 | 3.24 | 1.50 | 1.37 | 1.73 | 1.65 |29.90|47.96(10.19{21.77| 0.29 | 0.21 | 1.65 | 1.85 | — — — —
24h C I+UC [49.85(23.52| 8.88 | 4.26 | 1.61 | 1.51 | 2.02 | 1.98 [22.84[37.63|13.63|29.90| 0.33 | 0.25 | 0.83 | 0.95 | — — — —
L I |[48.30(|21.85]|5.61 | 258 | 1.25 | 1.13 | 1.25 | 1.17 |32.66|51.58| 9.86 |20.73| 0.53 | 0.38 | 0.54 [ 0.59 | — — — —
I+UC|[50.35(23.61| 8.21 | 3.91 | 2.09 | 1.95 | 1.94 | 1.88 |23.32|38.15|13.94|30.39| 0.15 | 0.11 | — — — — — —
C I |52.52|28.66(9.79 | 543 | 1.74 | 1.88 | 1.70 | 1.92 [26.34|50.18| 1.76 | 4.47 | 1.34 | 1.15 | 4.67 | 6.19 | 0.06 | 0.05 | 0.09 | 0.07
48h I1+UC [49.19(23.73] 9.14 | 448 | 1.76 | 1.69 | 1.83 | 1.82 |25.76|43.37|10.12|22.71| 093 | 0.71 | 1.27 [ 1.49 | — — — —
L I |47.25|2191|552 |2.60 | 1.58 | 1.46 | 1.70 | 1.63 [34.11 [55.22| 6.63 |14.29| 1.76 | 1.29 | 1.39 | 1.57 | 0.05 | 0.04 | — —
I+UC |45.03|20.29| 7.34 | 3.36 | 2.02 | 1.81 | 2.03 | 1.89 |30.19|47.48 [10.81 [22.66 | 0.80 | 0.57 | 1.78 | 1.95 | — — — —
C I [4391(1941|7.87 | 3.53 | 1.09 | 0.96 | 0.86 | 0.79 [34.33(52.96 | 9.89 |20.32| 0.39 | 0.27 | 1.61 | 1.73 | 0.05 | 0.03 | — —
72 h I1+UC |47.77 |121.97 | 8.75 | 4.09 | 1.35 | 1.23 | 1.61 | 1.53 |29.06 |46.64 [11.48 [24.55| — — — — — — — —
L I [53.30(28.10| 7.30 | 3.91 | 2.03 | 2.13 | 2.54 | 2.78 |33.17|61.05| 9.67 |21.40 | — — [ 1.32 [ 1.69 | 0.06 | 0.04 | 0.06 | 0.05
I+UC [39.09 |18.61 | 6.36 | 3.08 [ 1.96 | 1.86 [ 2.50 |2.46 [{30.26 [50.31 | — — — — — — — — — —
EDS error 1.57 0.35 0.18 0,18 4.09 4.33 0.08 0.19 0,04 0,05
St. Dev (made on 20 determinations) of: Fe: 1, Mn: £0.7, Si: £0.41, Al: £0.3, O: £1.2, C: 0.7, Cl: £0.1,Na: £0.1, K: £0.1, Ca: £0.2
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ultrasonic cleaning about 10 wt. % are lost by detaching from
the surface and passing into the cleaning solution. Carbonates
had higher stability, the increased percentage of carbon after
the cleaning operation was due to the decrease in the oxygen
percentage. After the immersion test, the appearance of salts on
the surface was observed. Sodium chloride compounds passed
into the solution after the cleaning stage without stability on the
metal surface. Following the cleaning step, no compounds based
on sodium, calcium and potassium were identified and only
traces of chlorites remained on the surface. In the last cleaning
stage at the end of the experiment, only the presence of oxides
was registered, the other compounds being removed in the case
of the laminated sample.

Electro-Corrosion Test

Experimental results registered with the potentiostat equip-
ment for both experimental samples are presented in TABLE 4.
The cast state sample has the highest corrosion current and the
highest polarization resistance value that will accelerate the
degradation rate of the material. Both the anodic and cathodic
branches are similar, so reduction and oxidation reactions occur
during the electro-corrosion experiment. Based on the corrosion
rate determined the alloys can be proposed for different medical
applications to fulfill the degradation rate.

TABLE 4
Electro-corrosion process parameters
Sample EO ba bc Rp Jcorr Vcorr
P [mV] | [mV] | [mV] | [ohm.cm?] | [mA/cm?] | [pm/Y]
Cast |[-1071.0|-81.0| 87.3 90.82 38.2939 | 430.0
Lami- 1 11640] 750 | 83.8 224 5.4294 | 60.97
nated

Linear Tafel curves (Fig. 1a) show the variation of the cor-
rosion current with modification of the experiment potential. The
highest corrosion resistance is of the laminated sample and the
differences between samples is not very big being in 100 mV.

3,04

— 8211
—82T1

2,5

2,0

log | (UA/cm?)

0,5

0,04

T T T T T T T T T T T T 1
-1250 -1200 -1150 -1100 -1050 -1000 -950
(a) Potential (mV)

Both anodic and cathodic branches are appropriate highlighting
the fact that oxidation and reduction take place on the surface of
the experimental alloys. As for cyclic potentiometry (Fig. 1b),
the general corrosion characteristics of the experimental sam-
ples behavior in Ringer’s solution are noticed. The cast sample
present a higher current density, (Fig. 1b) and small variations
based on local accelerated corrosion (based on inclusions or
bigger pores etc.). Pores, cracks, micro-cracks and chemical
inhomogeneity (Fig. 2a) presented by the cast sample caused
variations in current density. No passivation process was regis-
tered for these samples based on the continuous degradation of
the sample surface and insignificant periods of passivation after
the iron oxide formation, to be reduced as time maintaining to
be represented on the graph, followed by the fast penetration
of the passivation layer and the continuing degradation of the
material through corrosion.

PH Monitoring

During the experiment, the solution changed its pH value
in both cases (Fig. 3). The pH-meter recorded values for 0-24 h,
24-48 h, and 48-72 h. The cast material (Fig. 3a) behaves in the
same way as the laminated one (Fig. 3b) with a higher increase
in the pH values after 2500 min to values of 7.5 passing from the
acidic environment to the basic one. The cast sample registered
different reactions, after 2500 min, with a pH increasing from
relatively stabilized values between 6.2-6.4 to values above 7.
This can be associated with the formation of goethite (a-FeOOH)
and the formation of a small amount of Ca based compounds
[28] detected according to the EDS analysis at 72 h. The pH de-
creases, from 24-48 h in the case of the laminated sample due to
the formation of free acid (Eq. 1.6), mainly due to pitting marks
at the surface of the metallic material. These fluctuations in the
basicity/acidity of the electrolyte solution occur throughout all
analyzed period (72 h). Both experimental samples registered
these fluctuations, due to the alternation of reactions that occur
on the surface of the material and depending on the areas where
they occur at a different time.

250 -

— 8211
200 4 ——82T1 /L;f’
bE 150 ,/ﬁ/
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Fig. 1. Tafel diagrams of the experimental alloy: (a) linear and (b) cyclic potentiometry; (S2T-cast sample, S2L-laminated sample)
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Fig. 2. Optical micrographs after the electro-corrosion process for: (a) cast sample; (b) laminated sample
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Fig. 3. The pH variation registered for the experimental samples during 3 days of immersion test: (a) cast; (b) laminated

The pH variations monitoring over experiments provided
information about the time of corrosion compounds formation
at the electrolyte/biomaterial interface [29]:

Anodic reaction:

Fe — Fe?" +2¢” (1.1)
Mn — Mn?" + 2¢”
Cathodic reaction:

1/20, + H,0+2e™ — 2HO™ (1.2)

Compound formation and dissolution:
Fe>* + 2HO™ — Fe(HO)4(s) (1.3)
2Fe(HO),(s) + H,O + 1/20, — 2Fe(HO)3(s)  (1.4)
Fe?* + 2C1” — FeCl, (1.5)
FeCl, + 2H,0 — Fe(HO), + 2H" + CI (1.6)
Fe?" + CO;3* — FeCO5(s) (1.7)

The further production of insoluble compounds Fe(HO), (s)
is done by the reaction between the released Fe?* ions and
HO™ (Eq. 1.3). Hydroxo-polymers and oxyhydroxides as well
as Fe-complexes are formed together with Fe(HO); (Eq. 1.4).

The prevalence of Fe-complexes depends on the pH value [30].
Aggressive Cl ions present on the surface of the material acti-
vate the degradation process (Eq. 1.5). Water hydrolysis and the
formation of free acid (Eq. 1.6) will lead to localized corrosion
on the metal surface. Further carbonates will lead to the forma-
tion of insoluble compounds (Eq. 1.7). Studies addressing the
biocompatibility of biomaterials report that cytotoxicity should
be analyzed in the following reactions that contribute to changes
in pH in solution due to insoluble corrosion products [31].

Surface characterization through
Scanning Electron Microscopy (SEM)

Electron microscopy of the surface shows the formation of
corrosion compounds (Fig. 4a-h). After 48 h of immersion test,
the cast sample shows clear traces of cracks (Fig. 4b). Respective-
ly after 72 h cracks and crystals of different sizes distributed over
the entire surface were observed (Fig. 4c), these were present in
a smaller amount after ultrasonic cleaning. The compounds are
based on oxides and hydroxides of iron and manganese, as well
as silicon and aluminum in smaller quantities, but on carbonates,
salts or chlorates, which were formed because of the interaction



between experimental and electrolyte environment. Analyzing
Fig. 4¢), the laminated sample also underwent a chemical attack
of pitting type with pits around 10 um in diameter in which
a layered corrosion of the material is observed. The compounds
formed on the metal surface have a porous structure (Fig. 4f, g),
with oxides of all elements that make up the alloy and compounds
based on carbon, chlorine and sodium. A substantial part of the
compounds was removed after ultrasound cleaning from the
surface of the 72 h immersed laminated sample (Fig. 4h). The
removal was for those who does not have good stability and only
that part which is bonded to the surface of the alloy by various
chemical reactions remained. The signal of iron and manganese
is masked by oxides that have remained attached to the metal
surface. They will contribute over time, if contact with the
electrolyte solution is maintained, to the general degradation of
the material. In addition to the more pronounced pitting traces
after 72 h, cracks of the formed oxide layer are observed on the
metallic material of the laminated sample, defects that contribute
to the detachment of the substrate material.

Surface characterization through
Optical Microscopy (OM)

The surfaces of the experimental alloys were analyzed using
an optical microscope (Fig. 5) to highlight the corrosion details.
Following the visual observations on the experimental specimens
FeMnSi-Al, the appearance of some compounds on the surface

(® (h)
Fig. 4. SEM micrographs for the cast sample: (a) after 24 h of immersion; (b) after 48 h of immersion; (c) after 72 h of immersion; (d) after
ultrasonic cleaning the 72 h-immersed sample, and the laminated one: (e) after 24h of immersion; (f) after 48 h of immersion; (g) after 72 h of
immersion; (h) after ultrasonic cleaning the 48 h-immersed sample

as well as the traces of corrosion are observed. The compounds,
partially hydroxides, appeared as a red-brown surface layer on
the top, which proves the presence of anti-ferromagnetic hema-
tite (a-Fe203) on the surface, gray with shades of wiistite green
(FeO) and a black layer on the surface as magnetite (Fe304).
After ultrasound, traces of corrosion appeared on the cast sample
(Fig. 5b). They are distributed over the entire surface compared
to the laminated one (Fig. 5d), which has a non-uniform mor-
phology with uneven pitting pits.

4. Conclusions

A new shape memory alloy material FeMnSi with addition
of Al was made through arc melting and induction vacuum re-
melting. The material under study showed good biodegradability
properties and can be considered a candidate for implants in
medical applications. All samples showed a decrease in mass
after 72 h of immersion in SBF due to degradation of the material
in the electrolyte solution by oxidation for the most part. The
interaction between the alloy and the liquid medium changes the
pH of the solution over time. Microstructurally and chemically,
a partial removal of the compounds was observed after ultrasonic
cleaning, especially of the salts that passed from the surface into
the solution. A pitting corrosion was observed under the layer
of compounds and multiple cracks and crevices. Of course,
a repetition of the experiment is required for a longer study to
follow the repeatability of the material’s behavior.
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Fig. 5. Optical micrographs after 72 h of immersion test: (a) cast, (c) laminated; and after the ultrasonic cleaning stage: (b) cast, (d) laminated
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