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4Faculty of Chemical Engineering and Environmental Protection, “Gheorghe Asachi” Technical University of Iaşi,
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Biodegradable alloys are very attractive biomaterials. Electrochemical impedance spectroscopy (EIS) and linear potentiodynamic
polarization (LPP) techniques were used for the study of the electrochemical behavior of uncoated FeMnSi and coated FeMnSi with
hydroxyapatite + zirconia (HA-ZrO

2
) through pulsed laser deposition (PLD) technique. Experiments were carried out usingHank’s

balanced salt solution (HBSS). It has been shown that in HBSS the impedance for uncoated FeMnSi was mainly characterized by
one capacitive effect, which related to the alloy charge transfer control.The charge transfer resistance increases for HA-ZrO

2
-coated

FeMnSi alloy. The equivalent circuits simulating the electrochemical behavior of both uncoated and HA-ZrO
2
-coated FeMnSi

alloys in HBSS were proposed. From LPP the corrosion resistance was evaluated by means of the zero current potential (ZCP) and
corrosion current density (𝑗corr). The surface morphology of both uncoated and HA-coated FeMnSi alloys in HBSS obtained after
LPP was studied using scanning electron microscopy (SEM).

1. Introduction

Metallic materials are used as implant components in human
body due to their biocompatibility (related to their corrosion
behavior), and mechanical properties. However, the con-
ventional metallic implants suffer a grand challenge: stress
shielding which reduce the life quality. The stress shielding
effect can cause bone resorption, cell death, and implant loos
[1, 2].

Intensive efforts have been made in recent years to
develop the “biodegradable implants,” some nontoxic
implant materials that are resorbed by the human body after
a certain period of time. MgCa and its alloys are becoming
candidates for biodegradable metallic implants due to their

biocompatibility and their excellent mechanical properties
[3–7]. However, the degradation rate of MgCa alloys can
hardly meet the requirements for biomedical applications.
The high corrosion rate makes the biodegradable process be
faster than the time required to heal the bone [8]. Similar
attempts have targeted the supplementary alloying with Cr,
Cu, Fe, Mn, Mo, Se, or Zn [9]. However, coordination is
needed within the toxicology community due to the many
limits variation of the different metal maximum permissible
concentrations in the body [10].

The development of the biodegradable metallic materials
has grown in the latest years due to the many advantages as
comparedwith permanent implantablematerials and because
of the multitude of the existing medical applications [11].
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A biodegradable implant requires only one surgery (for the
implant insertion) as compared to a permanent implant
for which two surgical interventions are needed (for the
insertion and the removal of the implant). Besides, the risks
arising from long-term implants will disappear, like chronic
inflammation of the biological tissue, or side effects of their
rejection in time from the biological environment.

More than 70% of the implants are made nowadays of
metallic biomaterials used as structural units in reconstruc-
tive surgery. In the case of iron-based alloys, stainless steels
were used as implantable materials [12]. Lately, the possibility
of obtaining iron-based biodegradable materials appeared
as a consequence of the outstanding results of the in vivo
and in vitro tests. When implantable elements made of pure
Fe [13] were used, there were no indications of local or
general toxicity and also no reports of local inflammations
or other clinical conditions. However, due to the low speed of
degradation of pure Fe in the biological environments, these
implants develop with time similar reactions with long-term
implants [14]. This is the reason why Fe alloy-new products
were developed aiming to reduce the corrosion resistance
and accelerate the speed degradation. Compared with the
magnesium alloys, Fe-Mn present degradation rates of 10
times less or more [15, 16] and they are considered to be
inadequate for most applications of temporary implantation
[17].

Hydroxyapatite (Ca
10
(PO
4
)
6
(OH)
2
, HA) presents bioac-

tive properties due to the similar mineral constitution with
bones, being able to achieve a firm and direct biological
fixation with the surrounding bone tissue. However, the
increased degradability of HA coatings is impediment for
the long-term clinical application. Zirconia (ZrO

2
) has been

commonly used as reinforcement for ceramics because of its
chemical inertness, excellent mechanical properties, and low
cytotoxicity. However, the zirconia based devices for total
knee replacement showed reduced wear with respect to Co-
Cr devices, in abrasive conditions [18].The concept of adding
ZrO
2
as secondphase toHAdetermined a significant increase

of the bonding strength that was reported for the implant
material [19].

An ideal behavior of the biodegradable metallic materials
involves the dual manifestation of these materials in the
biological environment in which they operate. This duality
refers to both periods in which the material must behave
differently. In the first period, the metallic material must
provide a very good stability of the mechanical properties
to replace the first stage of recovery of the hard tissue. In
the second period, the metallic element should be degraded
by generalized corrosion in order to achieve the complete
transition in the biological system.

The corrosion resistance of biodegradable metallic mate-
rials for biomedical applications in corrosive environments
such as simulated body fluids must be improved especially in
the first period of implantation. The integrity of the metallic
implant in first period is important for the bone healing.
A biodegradable implant can be improved by adding on
the surface thin layers resistant to corrosion in order to
protect the material integrity [20]. After the breakdown of
the thin layer, the implant material will degrade normally.

One of the methods to improve the corrosion resistance
of biodegradable alloy for biomedical applications is pulsed
laser deposition (PLD). PLD has been proven to be a versatile
technique which also allows the deposition of polymer thin
films as first described by Hansen and Robitaille [21, 22]. The
material is vaporized from the target (in a plasma plume)
which will deposit it as a thin film on a substrate.

In the present study, the degradation characteristics of a
new uncoated FeMnSi and HA-ZrO

2
-coated FeMnSi alloys

using PLD technique will be evaluated using electrochemical
methods.

2. Materials and Methods

Results from literature [14] revealed the potential of Fe-base
alloys as biodegradable implants. In the same time there is a
necessity to increase their corrosion rate to meet the medical
requirements for applications. In order to obtain an increased
degradation rate of iron, the susceptibility of corrosion can
be improved by addition of less noble alloying elements in
the iron limit of solubility. The scope of this action is to
make the iron matrix responsive to corrosion in a higher
level.This approach, based onmetallurgical and toxicological
considerations, considers Mn as a suitable alloying element
becauseMndecreases the standard electrode potential of iron
[23]. In this paper we analyze an alloy based on iron with
small amounts of silicon (2wt%) and manganese (1 wt%).
The concentration of all impurities (traces of S, C or N)
was less than 0.1 wt%. Silicon was added to stabilize the 𝛼
phase solid solution at the ambient temperature in order
to assure a uniform degradation. Silicon, by dissolving in
the ferrite, will increase the mechanical properties of the
material [24]. Also, when silicon is alloyed to pure iron,
it will increase the electrical resistivity of the material by
decreasing the losses through Foucault currents and will
lead to a material corrosion enhancement by favoring the
generalized corrosion. Adding manganese to the silicon-iron
alloy will increase the elasticity limit and will improve the
processing capacity of the metallic material.

2.1. Materials and DepositionMethod. Commercial pure iron
(99.9%), silicon (99.999%), and manganese (99.7%) were
melted (5 times for homogenization) in a vacuum-induction
furnace (model UltraCast), under argon atmosphere to fab-
ricate FeMnSi with low Mn and Si mass percentages. Parts of
the FeMnSi alloy ingot were cut, through spark erosion, and
heat treated at 1100∘C for 40 minutes and slowly chilled with
furnace for chemical and structural homogenization. Plates
were obtained through hot rolling (10% reducing degree) at
900∘C and the thickness was reduced to 1mm and specimens
were cut by spark erosion with gauge dimensions 1 × 10 ×
10mm.

The chemical composition has been determined by
EDS analysis using a Bruker detector (XFlash QUANTAX)
on 4mm2 surface. Chemical composition was 0.95wt%
Mn and 2.05wt% Si with a standard deviation of 0.1%
(obtained through 30 chemical composition determinations
on the same area). The above-mentioned percentages of
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Figure 1: SEM micrographs of FeMnSi surface: (a) heat treated sample uncoated and (b) coated before the LPP test.

alloying elements have been calculated as average of ten
values.

The depositions were done in a stainless steel vacuum
chamber, equipped with a dry pump (BlufftonMotorWorks)
which ensured a 10−2 Torr pressure during the film growth.
A thorough description of the experimental set-up is given
in [25]. The HA-ZrO

2
target was placed on a micrometric

precision 3D translation stage and moved constantly during
deposition.The second harmonic of anNd-YAG laser (Quan-
tel Brilliant Easy) was focused on the bulk source material by
a 35 cm focal point lens at a 45∘ angle with respect to the target
surface. The estimated impact area was 0.8mm2 while the
laser energy was set at 40mJ; this led to fluence of ∼5 J/cm2.
The FeMnSi substrate was placed at a distance of 3 cm from
the HA (10wt% ZrO

2
doped) target surface. The deposition

time was 30min.
The surfacemorphology of both uncoated andHA-ZrO

2
-

coated FeMnSi alloys before LPP test was assessed using
scanning electronmicroscopy (VegaTescanLMHII, SE detec-
tor, 30 kV). The structure of FeMnSi alloy was characterized
by X-ray diffraction (XRD) at ambient temperature using a
Philips PW 1830/00 (Eindhoven,Netherlands) diffractometer
(CuK𝛼

1
radiation). Topography of HA-ZrO

2
-coated FeMnSi

alloy was determined by atomic force microscopy (AFM)
using a NanoSurf EasyScan 2 (Nanosurf AG, Liestal, Switzer-
land). The instrument was equipped with silicon cantilevers
and easy scope video camera. The images were recorded at a
scanning rate of 0.2 s line−1.

2.2. Electrochemical Tests. Thesolution used for electrochem-
ical test consisted of simulated physiological Hank’s balanced
salt solution (HBSS).The chemical composition of HBSS was
presented elsewhere [26].

Both uncoated and HA-ZrO
2
-coated FeMnSi alloy was

placed in a glass corrosion flow cell kit (C145/170, Radiometer,
France), which was filled with HBSS. A saturated calomel
electrode was used as the reference electrode and a platinum
coil as the counter electrode. The potentials in this paper are
reported versus the saturated calomel electrode (SCE). The

temperature of the electrochemical cell was maintained at
37 ± 1∘C.

Electrochemical measurements were performed using
a potentiostat model PARSTAT 4000 (Princeton Applied
Research, NJ, USA). The instrument was controlled by a
personal computer and VersaStudio software.

Electrochemical impedance spectra (EIS) were measured
over a frequency range extending from 105Hz to 10−2Hz
using a 10mV amplitude AC voltage signal. The EIS tests
were recorded at the open circuit potential developed by the
samples after 1 hour, 1 day, and 7 days of immersion in test
solution. Analysis of the spectra was performed in terms of
equivalent circuit (EC) fitting using ZSimpWin software.

Linear potentiodynamic polarization (LPP) test was also
carried out in HBSS, after 7 days immersion time, at 37 ±
1∘C. These measurements were conducted by stepping the
potential using a scanning rate of 0.5mV/s from −1 V to +1V.
All the polarization experiments were performed three times,
to ensure the reproducibility of the results obtained.

3. Results and Discussion

3.1. Microstructural Characterization. Experimental results
analyze the “in vitro” experiments realized by electrochemical
impedance spectroscopy. Surface of FeMnSi and HA-ZrO

2
-

coated FeMnSi alloys before the electrochemical corrosion
test is presented in Figure 1. The alloy features a classical
microstructure (Figure 1(a)) which consists of generally
equiaxial grains with dimensions in the range: 43.26 ×
71.38 𝜇m (average of 50 grains) and a standard deviation of
25 𝜇m.

The layer obtained by laser ablation is highly homo-
geneous, having nanometer size (<100 nm) [27, 28] and
with droplets characteristic for medium pressure deposits
(Figure 1(b)). Droplets have dimensions between hundreds
of nm and 2-3 𝜇m, are homogeneously distributed on top of
surface, and have the same composition as the target.

The HA-ZrO
2
-coated FeMnSi alloy was found to be

complex structure consisting of 𝛾 austenite and 𝜀 martensite
phase by X-ray diffraction as shown in Figure 2. Indeed, all
the peaks in the diffractogram were unambiguously indexed
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Table 1: Chemical analysis for (HA-ZrO
2
) coated FeMnSi alloy as

determined from EDX test.

Elements Fe O Si Na P Mg Zr C Mn Ca Cl
wt.% 61.3 18.9 6.1 4.2 2.2 0.6 0.7 0.5 1.7 3.6 0.8
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Figure 2: XRD patterns of HA-ZrO
2
-coated FeMnSi alloy.

according to this structure, and the corresponding diffracted
planes are indicated in the plot.

The EDX analysis of HA-ZrO
2
deposited thin film on the

surface of FeMnSi sample is shown in Figure 3. The chemical
analysis reveals that the Ca/P ratio in the HA-ZrO

2
-coated

thin film is 1.65±0.03, being very close to the theoretical value
(1.67 in HA).The EDX spectrum highlights also the presence
of Zr in the thin film deposited on FeMnSi alloy.

Chemical analysis parameters of the HA-ZrO
2
-coated

FeMnSi alloy as determined from EDX images are listed in
Table 1.

Surface roughness of the samples was determined by
atomic force microscopy analysis. A rugged surface was
observed for HA-ZrO

2
-coated FeMnSi alloy (Figure 4).

3.2. Electrochemical Impedance Spectroscopy. The EIS results
are presented in the form of Nyquist plots in which the imag-
inary impedance (𝑍im) is plotted against the real impedance
(𝑍re).

Figure 5(a) shows theNyquist plots obtained for uncoated
FeMnSi alloy, at open circuit potential, after 1 hour, 1 day,
and 7 days of immersion in HBSS. The Nyquist plot of
uncoated FeMnSi alloy shows one capacitive arc in the high
and intermediate frequency all three immersion times. The
capacitive arc is associated with the dielectric properties of
the corrosion products layer formed on the alloy surface.
As the immersion time increases the dimension of the plot
decreases indicating that the corrosion resistance of the
uncoated FeMnSi alloy decreased. Bode spectra recorded at
open circuit potential, with the uncoated FeMnSi alloy for
different periods of time in HBSS, at 37∘C, are shown in
Figure 5(b). The Bode phase plots show one relaxation time
constants; that is, one peak is observed in the Bode phase
plots. The impedance values of 1-hour immersion are larger
than that of 1 day and 7 days of immersion. This aspect can

Table 2: Electrochemical parameters obtained from EIS spectra
using the selected EC for the uncoated FeMnSi alloy after different
immersion time in HBSS, at 37∘C.

Time Q
1
(𝜇S cm−2 sn) 𝑛

1
R
1
(kΩ cm2)

1 hour 56 0.80 1.5
1 day 57 0.80 1.3
7 days 58 0.79 0.8

be attributed to the formation of a more compact corrosion
products layer after short immersion time in HBSS.

Analysis of Bode spectra in terms of an equivalent circuit
(EC) allowed the values of the impedance parameters.

The EIS spectrum measured for uncoated FeMnSi alloy
in HBSS, at 37∘C, could be satisfactorily fitted with the model
presented in Figure 6(a). The experimental data show good
fitting and an error smaller than 5%. Table 2 shows the results
of the fits.

Constant phase elements (CPE) were used instead of pure
capacitances because of the nonideal capacitive response due
to surface inhomogeneities present on the FeMnSi surface
[29]. The impedance representation of CPE is given by

𝑍
(CPE) =

1

𝑌
0
(𝑗𝜔)
𝑛
, (1)

where 𝜔 is the angular frequency and 𝑌
0
is a constant and

the value of the exponent 𝑛 indicates the deviation from ideal
capacitive behavior (e.g., when 𝑛 = 1).
𝑅sol is the resistance of solution occurring between the

sample and the reference electrode. This parameter has a
value around 70±2Ω cm2 inHBSS and is not listed in Table 2.
The 𝑅

1
and 𝑄

1
parameters describe the charge transfer

resistance and the constant phase elements of the corrosion
products layers. The values of 𝑅

1
decrease by increasing the

immersion time. These results indicate the failure of the
surface corrosion products layer.

Figure 7(a) shows Nyquist diagram for the HA-ZrO
2
-

coated FeMnSi alloy in HBSS after different immersion
times. All three Nyquist diagrams indicate that the results
describe two depressed, capacitive-like semicircles, one at
high frequencies and another at intermediate and lower
frequency values.

Also, the Bode phase spectra (Figure 7(b)) correspond
to systems exhibiting two time constants as revealed by
the presence of two maxima in these diagrams. That is,
they can be divided into two distinct frequency ranges:
the time constant in the high frequency part, which arises
from uncompensated ohmic resistance resulting from the
penetration of the electrolyte through a porous coating layer
and the low frequency part accounting for the processes
taking place at the substrate/electrolyte interface.

The impedance spectra obtained at different exposure
times could be quality fitted with the equivalent circuit given
in Figure 7(b).The EC is based on the consideration of a two-
layermodel for the surface and represents the electrochemical
behavior of a metal covered with an unsealed porous layer
[30–35]. The resultant EIS parameters are given in Table 3.
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Figure 3: Representative X-ray spectrum of elements identified by EDX from FeMnSi after PLD coating with HA-ZrO
2
.
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Figure 4: AFM surface topography for HA-ZrO
2
-coated FeMnSi alloy. (a) 100 and (b) 10 𝜇m width analyze area.

The 𝑅
1
and 𝑄

1
parameters describe the processes occur-

ring at electrolyte/coating layer. 𝑅
1
is the pore resistance due

to the penetration of the electrolyte through the pores or
pinholes existing in the coated layer and 𝑄

1
corresponds

to capacitance of the coating layer. Parameter 𝑅
2
coupled

with 𝑄
2
describes the processes at the electrolyte/substrate

layer interface. 𝑅
2
is the charge transfer resistance at the

electrolyte/substrate interface in the pores and 𝑄
2
is the

constant phase element at the electrolyte/substrate layer
interface.

From the fitted values of Table 3, some differences
between the characteristics of coated layer are observed. In
fact, the𝑅

1
values determined for each time of immersion are

smaller than 𝑅
2
, thus indicating that the coating layer is less

protective in these environments. However, both resistances
𝑅
1
and 𝑅

2
values of HA-ZrO

2
-coated FeMnSi alloy decrease

with immersion times.
Despite the protecting effect of HA-ZrO

2
in the coating

for the protection of the FeMnSi alloy for more extended
period of time, the poor sealing capacity of the coating is
responsible for the later deterioration of the electrochemical
behavior of the system. In fact, new ionic pathways are devel-
oped through the coatings that probably lead to the exposure
of the underlying FeMnSi alloy to the HBSS. However, the
charge transfer resistances for HA-coated FeMnSi are higher
than uncoated FeMnSi alloy.



6 Journal of Chemistry

160012008004000

Zre (Ω cm2)
1hour
1day
7days

0

400

800

1200

1600

−
Z

im
(Ω

cm
2
)

(a)

1hour
1day
7days

2

2.2

2.4

2.6

2.8

3

3.2

3.4

lo
g
|Z
|

(Ω
cm

2
)

−2 −1 1 40 2 53

log f (Hz)

0

10

20

30

40

50

−
Φ

(d
eg

.)

(b)

Figure 5: Nyquist plot (a) and Bode plot (b) recorded for uncoated FeMnSi alloy after different immersion times in HBSS at 37∘C, measured
at open circuit potential.
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Figure 6: Equivalent circuits (ECs) used to fit the impedance data.

Figure 8 displays the experimental linear potentiody-
namic polarization curves, after 7 days of immersion time in
HBSS at 37∘C, for the uncoated andHA-ZrO

2
-coated FeMnSi

samples.
The zero current potential (ZCP) and corrosion current

density (𝑗corr) values were determined by Tafel analysis for
a range of ±100mV around of ZCP. The average values of
zero current potential (ZCP) and corrosion current density
(𝑗corr) determined from the polarization curves are presented
in Table 4. The polarization curves showed a clear difference
between the uncoated and HA-ZrO

2
-coated FeMnSi alloys.

The ZCP of the HA + ZrO
2
-coated FeMnSi alloy was

shifted towards amore negative potential, indicating a porous
film formed on the surface [34]. The corrosion current
density (𝑗corr) is representative of the degradation degree of
the alloy. It is evident from Figure 5 that there is a decrease of
the corrosion current density of the HA-ZrO

2
-coated sample

with respect to the uncoated sample. The corrosion current
density for uncoated FeMnSi alloy is approximately three
times bigger than in the case of HA-ZrO

2
-coated FeMnSi

alloy, when they were obtained in the same conditions. In

the case of both HA-ZrO
2
-coated and uncoated samples,

the anodic current shows a monotonically increase as the
polarization is made positive from the ZCP, related the
dissolution process. The observations confirm the trends
presented above from EIS experiments.

A generalized corrosion of the uncoated FeMnSi surface
alloy was confirmed by SEM examination of the retrieved
sample after completing the polarization tests (Figure 9(a)).
Figure 9(b) presents the SEM of HA-ZrO

2
-coated FeMnSi

alloy after LPP in HBSS at 37∘C. After polarization at
+1 V in HBSS the thin HA film is cracked and exfoliated
in different locations by corrosion process. The uncoated
FeMnSi alloy presents a preferential corrosion, based on
the orientation of the equiaxial grains. Those with perpen-
dicular fibers, indicated by arrows in Figure 9(a), present
a higher corrosion compared to those with longitudinal
fibers.

In the coated sample case (Figure 9(b)), the LPP test
determined corrosion compounds formation (on the top
of surface) and exfoliations in some parts of the material.
However, silicon and zirconium present a good stability and
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Table 3: Electrochemical parameters obtained from EIS spectra using the selected EC for the (HA-ZrO
2
) coated FeMnSi alloy after different

immersion time in HBSS, at 37∘C.

Time Q
1
(𝜇S cm−2 sn) n

1
R
1
(kΩ cm2) Q

2
(𝜇S cm−2 sn) 𝑛

2
R
2
(kΩ cm2)

1 hour 330 0.80 0.5 39 0.81 4.7
1 day 370 0.80 0.4 44 0.81 3.8
7 days 430 0.79 0.2 51 0.80 2.5
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Figure 7: Nyquist plot (a) and Bode plot (b) recorded for HA-ZrO
2
-coated FeMnSi alloy after different immersion times in HBSS at 37∘C,

measured at open circuit potential.
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Figure 8: Linear potentiodynamic polarization curves for both
HA-ZrO

2
-coated and uncoated FeMnSi alloys in HBSS. Scan rate:

0.5mV s−1.

Na,Mg, and Cl form new compounds on the surface together
with the oxides which are predominant [25].

Table 4: Electrochemical parameters (average (standard deviation))
determined from linear potentiodynamic polarization curves mea-
sured for both (HA-ZrO

2
) coated and uncoated FeMnSi alloys in

HBSS, at 37∘C.

FeMnSi alloy ZCP (mV versus SCE) 𝑗corr (𝜇Acm−2)
(HA-ZrO

2
) coated −825 (13) 18 (0.4)

Uncoated −370 (16) 59 (0.7)

4. Conclusions

A new biodegradable FeMnSi alloy was developed. The elec-
trochemical behavior of uncoated and PLD hydroxyapatite
coatings on FeMnSi alloys was evaluated by electrochemical
impedance spectroscopy (EIS) and linear potentiodynamic
polarization (LPP) in HBSS, at 37∘C. EIS measurements
showed that corrosion process for both HA-ZrO

2
-coated

and uncoated FeSiMn were under charge transfer control.
The EIS results exhibited small resistance values (order
102Ω cm2) obtained frommedium to low frequency which is
indicative of the dissolution process of the corrosion products
formed on uncoated FeMnSi alloy. The coating increases
the charge transfer resistance for FeMnSi substrate in HBSS.
The corrosion current density for uncoated FeMnSi alloy is
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Figure 9: SEM micrographs of FeMnSi surface: (a) heat treated sample uncoated and (b) coated, after linear potentiodynamic polarization
at 1 V in HBSS, at 37∘C.

approximately three times bigger than in the case of the HA-
ZrO
2
-coated FeMnSi alloy. Using SEM, both uncoated and

HA-ZrO
2
-coated FeMnSi alloy showed degradation during

the polarization test. These in vitro results will assure the
background for carrying out in vivo biological tests. Satisfac-
tory results from this complementary analysis must also be
obtained before using the HA-ZrO

2
-coated FeMnSi alloy for

biomedical applications.
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