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A B S T R A C T

In vitro electrochemical characterization and in vivo implantation in an animal model were employed to
evaluate the degradation behaviour and the biological activity of FeMnSi and FeMnSiCa alloys obtained using
UltraCast (Ar atmosphere) melting. Electrochemical characterization was based on open circuit potential mea-
surement, electrochemical impedance spectroscopy and potentiodynamic polarization techniques while the al-
loys were immersed in Ringer's solution at 37 °C for 7 days. Higher corrosion rates were measured for the Ca-
containing material, resulting from inefficient passivation of the metal surface by oxy-hydroxide products. In
vivo osseointegration was investigated on a tibia implant model in rabbits by referring to a standard control
(AISI 316 L) stainless steel using standard biochemical, histological and radiological methods of investigation.
Changes in the biochemical parameters were related to the main stages of the bone defect repair, whereas
implantation of the alloys in rabbit's tibia provided the necessary mechanical support to the injured bone area
and facilitated the growth of the newly connective tissue, as well as osteoid formation and mineralization, as
revealed by either histological sections or computed tomography reconstructed images and validated by the
bone morphometric indices. The present study highlighted that the FeMnSiCa alloy promotes better os-
teoinduction and osseconduction processes when compared to the base FeMnSi alloy or with AISI 316 L, and in
vivo degradation rates correlate well with corrosion resistance measurements in Ringer's solution.
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1. Introduction

An ideal biodegradable material should be biocompatible with bone
tissue, sufficiently porous to stimulate bone induction, with a stable
structure during the healing period to ensure osseointegration, but ea-
sily resorbable thereafter to leave no harmful traces in the body [1,2].
Iron-based biodegradable materials are attracting interest because in
vivo tests have shown that pure iron implants do not show toxicity
effects, neither inflammation processes [3]. In addition, iron-based al-
loys have an excellent mechanical behaviour, in addition to being in-
expensive likewise stainless steel [4–8]. The strength and rate of de-
gradation rate of pure Fe increases in alloys that combine Mn with Fe
[9–12]. On the other hand, Si is an essential trace element for bone
development that is involved in osteogenesis and collagen synthesis
[13–17]. The addition of Ca can increase the bioactivity of the basic
alloy, both by enhancing interactions at the implant-bone interface and
by promoting the activation of osteoblasts [18–24].

The main hindrance for iron-based alloys to be employed for the
manufacturing of biodegradable implants is the slow degradation rate
of these materials [4]. Thus, Fe-Mn alloys, exhibit degradation rates at
least one order of magnitude smaller than magnesium-based alloys
[15,19,25]. Work in progress focuses on developing new ir-
on‐manganese based materials with lower corrosion resistance and
higher degradation rates, by testing new alloy characteristics when
other elements are added (i.e., Ca, Co, Mg, Si, V), and subsequently
determine their optimal practical utility [1–4,6,8–12]. Recently, a
FeMnSi (master) alloy was proposed by our group as alloplastic graft
material for bone implants that evidenced a higher bone restoration
process when compared to a standard/control implant after evaluation
of its mechanical and physicochemical properties from in vitro corro-
sion assays and in vivo biodegradation tests in a rat tibia bone model
[15]. These findings led us to consider the FeMnSi master alloy as an
efficient and inexpensive biomaterial candidate for manufacturing im-
plants for individuals that require a long recovery period. A small ad-
dition of Ca (1 wt.%) to FeMnSi should improve the functional prop-
erties of the master alloy, by upgrading the shape memory control of
the master FeMnSi alloy through MnSi shape control [20,22], and by
improving the corrosion characteristics of the alloy, through the pro-
motion of a generalized corrosion process (i.e., a more homogeneous
degradation rate) on the surface of the alloy [16,23], whereas facil-
itating the formation of hydroxyapatite [24].

In this work, the microalloying of an Fe10Mn6Si alloy by adding
1 wt.% Ca was investigated as a candidate material for bone implants
by performing in vitro corrosion resistance tests as well as in vivo tests,
and characterizing the surface of the samples after implantation. The
main objective of this work was to evaluate and compare the de-
gradation rates, corrosion mechanisms and osseointegration processes
of the Fe10Mn6Si alloy with 1 wt.% added Ca (which will be named
hereafter FeMnSiCa), with those of the unmodified Fe10Mn6Si (which
will be named hereafter FeMnSi). Electrochemical characterization was
performed in a simulated body fluid as corrosive environment, whereas
in vivo tests were conducted in rabbit tibiae through cross-examined
biochemical, histological and computed tomography (CT) investiga-
tions. The surface morphology and composition of the FeMnSiCa and
FeMnSi specimens were investigated by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS). In addition, the
relationship between in vitro corrosion resistance characterization and
in vivo performance was also discussed in order to evaluate the po-
tential of FeMnSiCa alloys for biomedical application.

2. Materials and methods

2.1. Materials

The master Fe10Mn6Si alloy was produced by melting the high-
purity metallic elements (i.e., Fe 99.99%, Mn 99.98% and Si 99.9%) in

an electric arc furnace (RAV MRF ABJ_900, Allenstown, NY, USA).
Details on the fabrication, as well as the structural and surface char-
acterization of the as cast alloy, have been reported elsewhere [16,26].
Ca was added within 1 wt.% by the use of a vacuum induction furnace
(UltraCast, Ronkonkoma, NY, USA) in a ceramic crucible [23]. The
casted material was melted and annealed in a fluid bed of sand at
1050 °C for 300min, then cooled along with the sand in which it was
heated to obtain a homogenous solid solution and thus reducing the
heating fragility induced by the hot deformation process.

2.2. Surface characterization

The morphological characterization of the implanted surfaces was
carried out by scanning electron microscopy (SEM, model Vega II LMH,
provided with a SE detector, Tescan, Brno, Czech Republic), while the
chemical analysis of the surface of the material was performed by EDS
(model XFlash with PB-ZAF Esprit software, Bruker, Billerica, MA,
USA). MATLAB software [27] was employed for 2D- and 3D-re-
construction of the images of the plot surface profiles.

2.3. In vitro electrochemical characterization

FeMnSi and FeMnSiCa ingots were cut into small strips and
mounted into a resin sleeve (Epofix kit, Struers, Ballerup, Denmark) to
offer a flat surface for electrochemical tests, while the metal was al-
lowed to protrude at the rear of the sleeve for electrical connection. The
exposed areas were determined under microscope, namely 0.23 cm2 for
FeMnSi, and 0.35 cm2 for the FeMnSiCa samples, respectively. The
samples were abraded with silicon carbide paper down to 4000 grit,
thoroughly rinsed with Millipore deionized water (resistivity, 18
MΩ·cm), and sonicated in ethanol for 15min. Electrochemical tests
were performed in Ringer's solution in order to simulate the corrosive
aggressiveness of the physiological media. Ringer's solution was pre-
pared from analytical grade reagents and Millipore deionized water.
The composition of the Ringer's solution was 8.5 g/L NaCl, 0.40 g/L KCl
and 0.34 g/L CaCl2·2H2O. The temperature of the electrochemical cell
was maintained at 37 ± 1 °C.

The alloy sample surrounded by the resin sleeve was placed up-
wards in the electrochemical cell, with a platinum grid and a saturated
calomel electrode (SCE) serving as auxiliary and reference electrode,
respectively. The electrochemical cell was placed inside a Faraday cage.
Measurements were conducted using an EG&G Princeton Applied
Research model 2263 potentiostat/galvanostat (AMETEK, Berwyn, PA,
USA). Samples were initially left at their open circuit potential (OCP)
for 1 h in order to develop a quasi-stable potential value.
Electrochemical impedance spectroscopy (EIS) measurements were
performed with the samples still unbiased at their open circuit potential
in the test electrolyte, after 1 h, 1 day, and 1week of immersion in
Ringer's solution at 37 °C. EIS data were conducted by applying a sine
wave perturbation at frequencies between 20 kHz and 1 mHz, with
amplitude of± 10mV. The data quality acquisition was established in
15 cycles at each frequency, thus providing good signal-to-noise ratios
at all frequencies. The impedance spectra were modelled in terms of an
equivalent circuit by using Yeum's ZSimpWin 2.00 software [28]. Fi-
nally, linear polarization tests were performed after 1 week of immer-
sion, namely Tafel analysis, within the potential range between −200
and +200mV vs. OCP, at scan rate 1mV/s.

2.4. Evaluation of in vivo osseointegration

Three groups of rabbits (3 months of age, approximately 1.3 kg),
received by surgery on the tibial crest (Fig. 1) an implanted specimen of
parallelepiped shape (25mm×2.5mm×0.5mm), either of the new
alloys under investigation (i.e., FeMnSiCa and FeMnSi) or a control
(AISI 316 L stainless steel). During the experiment, the animals were
housed with free access to food and water in accordance with the
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ISO10993-2:2006 standard on animal welfare [29]. The experimental
model was carried out for four weeks (28 days).

The evaluation of the implant osseointegration process, during the
four weeks, involved a general evaluation of the health status of the
rabbits from the experimental groups by permanent clinical control and
weekly blood sample collection/analysis. The bone restoration process
was monitored by the team of specialists (surgeons and clinicians) at
the Faculty of Veterinary Medicine (FMV) Iasi after 2 and 4weeks by X-
rays that evidenced a normal evolution of bone recovery (see
Supporting Information). Histological evaluation involved an inter-
mediate test analysis at 2 weeks post-implantation, while at 4 weeks (at
the end of the experiment), the major evaluation involved both CT and
histomorphology investigations.

The implantation procedure was performed by the FMV Iasi surgical
team under standard sterile conditions. Before surgery, all the rabbits
were subjected to clinical checks. The anesthetic protocol used a mix-
ture of ketamine hydrochloride-xylazine mixture and consisted in in-
tramuscular administration of xylazine bio 2%, inj. ad us vet (0.4 mL/
kg body weight), as the main analgesic, sedative, and 10min later a
muscle relaxant compound, a 10% ketamine solution (0.7mL/kg body
weight) as the main general anesthetic compound.

The intervention surface was prepared by shaving with an electric
razor an area for twice the size of the planned surgical field. Skin dis-
infection was done with Betadine 1%. The animal was draped with a
sterile, impermeable covering surgical field, that was fixed with clamps,
to properly isolate the disinfected area. A 4 cm in length, straight in-
cision was performed on the skin area above the palpated tibial crest
(see Fig. 1a). After incision of the skin, the tibial crest was carefully
exposed.

A cylindrical shape perforation (30mm length, 3mm diameter) was

performed starting 0.5 cm below the proximal extremity of the tibial
crest, with an electric surgical drill which was oriented to ensure access
to the medullary channel (cf. Fig. 1b). Before insertion of the implants,
the surgical perforation was washed with saline solution to remove any
bone shards. The implant was inserted with the aid of the hemostatic
pencil (see Fig. 1c) in the surgical cavity created in the tibia crest and
pressed into the medullary canal to achieve primary stability until it
was fixed by ensuring an oblique disposition.

The surgical wound of the different layers of soft tissues was closed
with suture in separate threads (as it is shown in Fig. 1d), using re-
sorbable threads No. 4/0 for the suture of the periosteum (to better
assure stabilization of the implant) and non-absorbable threads No. 2/
0, which were removed after 10 days, for suturing the skin and un-
derlying tissues. The surgical procedure was performed in 30min. To
prevent wound infection, Enroxil 5% (0.1 mL/kg body weight) was
administered intramuscularly for 3 days.

At the end of the experimental period, to provide euthanasia, the
animals were previously anesthetized according to the same protocol
presented above. The procedure of euthanasia involved an in-
trapulmonary injection of T-61 solution (Embutramide
200mg+Mebezonium iodide 50mg+Tetracaine hydrochloride
5mg), on a dose of 0.5–2mL according to the animal body weight.

2.4.1. Biochemical analysis
Blood samples were collected under anesthetic conditions, every

seven days after the implantation procedure. All blood samples were
collected, by the FMV laboratory staff, by jugular venipuncture from
the rabbits, between 8:00 and 9:00 a.m. and, before feeding, to avoid
diurnal variations. Venous blood samples were collected in the condi-
tions of difficult draws, by using adequate needle and syringe setup, in

Fig. 1. Main stages of the tibia implant surgery in a rabbit.
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order to obtain adequate volumes of the blood samples. Thus, the de-
termination of ionized calcium was done in total venous blood collected
into a special 1 mL syringe containing lyophilized lithium heparin.
Immediately after collection, the needle was removed, the end of the
syringe was cap covered and, the sample was thoroughly mixed for
20–30 s and, then was transferred into Eppendorf tube that was pre-
served at −80 °C. For all other biochemical markers, after blood col-
lection in a normal syringe, the phlebotomy needle was replaced with a
clean needle and, the blood was injected into serum vacutainers con-
taining no anticoagulant. Thirty min after collection, the blood was
centrifuged at 3000 rpm for 10min and the resulting blood serum was
rapidly harvested into 2mL Eppendorf tubes that were stored at
−80 °C. The analyses of biochemical markers, (namely, inorganic
phosphate (PO4

3−), ionic calcium (Ca2+), alkaline phospatase (ALP)
and total proteins (TP)), were performed at the Clinical Biochemical
Laboratory (FMV, Iasi, Romania), with an automatic biochemistry
analyzer (TCC220) by using clinical biochemistry specific kits (Bio Lab
Diagnostics, Mumbai, India).

2.4.2. Histological analysis
The extraction of the bone samples involved a small incision

through the skin of the animal to gain access to the external wall of the
tibial crest. After removing the implant, the primary bone samples were
collected using osteotomes as to contain 1 cm of bone tissue starting
from the implant-bone interface and to include the intermediate area of
new trabecular bone, bordered by two strips of cortical bone, i.e. the
internal bone layer (endosteum) and the external bone layer (perios-
teum). The primary bone samples were fragmented into thinner pieces
(0.3 cm thickness) which were shaped to the final specimens such as to
contain the peri-implant capsule and the newly formed bone tissue area
(with different ratio woven bone/lamellar bone type of organization),
that was formed due to endosteum and periosteum activation and was
induced by the bone defect surgery, being directly influenced by the
specific effect of the implant in the vicinity of the implant-bone contact
area. The final specimens were processed further by fixation (being
stored for three days in 10% formaldehyde solution), decalcification
(for six weeks, with 15% EDTA solution at pH=7, and weekly chan-
ging of EDTA solution), dehydration (with ascending grades of ethanol
solutions, from 96% to 100%), clearing (with xylene), and finally im-
pregnation and embedding (in paraffin). To obtain 5 μm thick bone
samples, the cut was performed with a microtome machine.
Hematoxylin and Eosin (H&E staining) method allowed the chromatic
visualization of the main bone tissue-specific structures, that were ex-
amined under an optical microscope by using 4× - 40× magnifica-
tions.

Bone histomorphometry is a quantitative assessment of bone micro-
architecture able to evaluate bone microscopic organization and
structure [30]. It is able to determine bone's microarchitectural para-
meters (either in 2D, or in 3D -by applying a stereological formula) such
as bone area (i.e. the percentage of occupied area by calcified bone in
relation to the total tissue area), trabecular width (i.e. the distance
across individual trabeculae), and trabecular separation (i.e. the dis-
tance between trabeculae). The main histomorphometric structural/
static parameters (according to the Nomenclature Committee of the
American Society for Bone and Mineral Research, ASBMR) are BV/TV
(%) (bone volume/total tissue volume), Tb.Th (μm) (trabecular thick-
ness), and Tb.Sp (μm) (trabecular separation). In our study we have
adopted ImageJ [31] as freely available software package for image
analysis. Recently, van't Hof et al. [32] reported an application of Java-
based script compatible with freely available open-source ImageJ soft-
ware, that is able to analyze osteoblast and osteoclast activity. Simi-
larly, BoneJ is a freely available open-source ImageJ-based plugin de-
veloped by Doube et al. [33], that allows to achieve standard static/
structural bone parameters measurements. In order to determine the
above mentioned three parameters, semi-automatic histomorphometry
was performed using ImageJ and BoneJ softwares by selecting the region

of interest (2D-ROI) as a circular surface (300 μm diameter) from the
intermediate trabecular area corresponding to the new bone formation
(located at a distance of 200 μm from the implant) and by applying (for
each of the 27 selected ROI surfaces/group) the protocol developed by
Doube and coworkers [33].

2.4.3. CT analysis
A high-resolution CT system (X-ray CT, Siemens Somatom Balance,

Erlangen, Germany) was used to evaluate the microstructure of each
hind limb of the rabbit with implant inserted, with a scanning resolu-
tion of 20 μm/slice. 3-D images were reconstructed based on the ac-
quired 2-D image sequences, by using the Syngo Viewer image software,
Version 2.21.

ImageJ and BoneJ softwares were used for semi-automatic evalua-
tion of the three structural bone parameters from CT scans. The cor-
responding region of interest (ROI) was a 3D parallelepiped-shaped
space resulting from adding 1mm to each main dimension of the im-
plant's contour. In practice, the main stages of the procedure to de-
termine the structural (trabecullar) bone parameters following (for each
of the 27 selected ROI surfaces/group) the protocol established by
Doube et al. [33] were as it follows, open the image as a virtual stack
(by dragging and dropping directory of scan slices onto ImageJ), crop
the empty slices above and below ROI (with Plugins→ Stacks→ Delete
Slice Range), crop the sides (with ImageJ's rectangular region of interest
(ROI) tools and Image→ Crop command), segment automatically into
bone and background (with Plugins→ BoneJ→Optimise Threshold/
Threshold only; Apply threshold), measure (BV/TV), bone volume
fraction (with Plugins→ BoneJ→ Volume Fraction), measure (Tb.Th) and
(Tb.Sp), trabecular thickness and spacing (with Plugins→ BoneJ→
Thickness).

2.4.4. Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics (IBM

Corp. Released 2012 IBM SPSS Statistics for Windows, Version 21.0;
IBM Corp, Armonk, NY, USA) [34]. For in vivo results, Kolmogorov-
Smirnov Test of Normality was used in the first stage to evaluate the
normal distributions of the result. In the case of biochemical para-
meters, the statistically significance of the variations registered (sta-
tistically significant difference for p < 0.05) was verified by Mann-
Whitney U Test (n=3), while for histomorphometry and CT bone
structural parameters, direct statistical evaluation considered t-test for
two independent Means (n=27). Correlations between the variations
registered were established by using one-way analysis of variance
(ANOVA).

3. Results and discussion

3.1. In vitro electrochemical characterization

In vitro electrochemical testing was performed by exposing samples
of the alloys under investigation to naturally aerated Ringer's solution
thermostatted at 37 °C. Although Ringer's solution was originally de-
signed as an isotonic solution relative to the body fluids of animals for
biological testing, it is often preferred to other simulated body fluids in
corrosion studies because the absence of phosphates compared to real
physiological solutions leads to the measurement of higher corrosion
rates and minimization of corrosion product precipitation [35]. In this
way, a non-buffered electrochemical characterization of the corrosion
resistance of the material can be attained.

3.1.1. Open circuit potential
The evolution of the open circuit potential (OCP) following im-

mersion in Ringer's solution is shown in Fig. 2. A shift of OCP in the
negative direction indicates the activation of metal dissolution in the
aqueous environment immediately at short exposure times. At longer
times, the shift of the OCP values to more negative potentials occurs at a
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slower rate, indicating an almost stationary regime. Therefore, elec-
trochemical tests were initiated after 1 h exposure to the simulated
body fluid. As it can be seen in Fig. 2, the OCP of the FeMnSi alloy
shifted to the negative direction of potential with the addition of Ca, by
approximately 50mV, probing the latter to be a more electrochemically
active material towards corrosion.

3.1.2. EIS measurements and equivalent circuit analysis
EIS measurements were performed after 1 h, 1 day and 1week of

immersion in Ringer's solution, producing the impedance plots pre-
sented in Fig. 3 for the FeMnSi and the FeMnSiCa alloys. Impedance
data are displayed as both Nyquist (real vs. minus the imaginary part of
the impedance), and Bode-amplitude and Bode-phase diagrams (mod-
ulus (|Z|) and phase angle (Φ) vs. frequency (f), respectively). Analysis
of the electrochemical impedance data was performed by fitting an
equivalent circuit (EEC) that provided the best correlation between
experimental and fitted data while leading to χ2 values in the 10−3 to
10−4 range. The capacitive components were better described using a
constant phase element, Q, instead of a pure capacitance, whose im-
pedance is determined using [36]:

=Z j Q( )Q
n 1 (1)

where n may vary from 0 (pure resistance) to 1 (pure capacitor), in
which case Q would be equal to the capacity of the capacitor; ω is the
angular frequency; and j is the imaginary number (j2=−1). In addi-
tion, a resistance component Rs representing the resistance of the so-
lution was introduced in the EEC although it does not depend on the
substrate surface.

The FeMnSi and FeMnSiCa alloys immersed in Ringer's solution
initially behaved as a bare metal exposed to the electrolyte, and the EIS
data could be satisfactorily described by the classical Randles-Ershler
equivalent circuit [37], which contains a double layer capacitive ele-
ment in parallel with the charge transfer resistance and a diffusive
impedance in the electrolytic phase given by the Warburg impedance.
But the development of an oxy-hydroxide layer soon coexisted with

metal dissolution due to corrosion, and the physicochemical system was
then described using two-time constants (i.e., two combinations in
parallel of a resistor and a pseudo-capacitor). The two-time constants
could be easily distinguished from the Bode-phase plot already as early
as 1 h immersion for the FeMnSiCa alloy. This feature reflects the
presence of two interfaces, namely metal oxide-electrolyte and metal-
electrolyte, represented by the R1Q1 and R2Q2 pairs of elements, re-
spectively [38]. That is, the oxy-hydroxide layer formed on the alloy
presented pores and defects that allowed the aggressive species present
in the electrolyte to reach the metal surface. The constant phase ele-
ments of the metal oxides and at the reacting metal surface have an
intermediate behaviour between those corresponding to a capacitor and
a resistor, as evidenced by n values close to 0.5. This reflects the pre-
sence of a leaking double layer which, according to the Q values, pro-
gressively increases in capacitance upon exposure to the electrolyte. At
the same time, the metal-metal oxide interface accounts for a larger
resistance to the charge transfer process and more capacitive behaviour.
Inspection of the impedance spectra recorded for the FeMnSiCa alloys
shows the onset of a third time constant that could be distinguished in
the low frequency range for the impedance spectrum measured after 1-
day exposure. Although this third time constant could not be resolved
using the fitting software in this case, the divergence between the ex-
perimental and the fitted data is observable at the low frequency limit
in Fig. 3d–f. At longer exposures, the new time constant could be sa-
tisfactorily modelled for the impedance spectrum recorded after 1
week. The new time constant arose from the accumulation of ionic
species in the electrolyte volume adjacent to the fast corroding surface,
leading to the precipitation of a new layer formed by corrosion products
inside the pores and defects developed in the non-sealing oxy-hydroxide
layer.

Further inspection of the spectra depicted in Fig. 3 allows distin-
guishing a major difference in regards to the time evolution of the
system. That is, the corrosion activity of the FeMnSi decreases abruptly
upon immersion in the electrolyte due to passivation of the surface by
the formation of an oxy-hydroxide layer sufficient to slow down the
metal dissolution rate from the alloy, resulting in 10-fold increase of the
impedance modulus in the low frequency range as observed in Fig. 3b,
layer that was already developed after 1-day exposure, whereas it aged
slowly for longer exposures (see Fig. 3a and b). Nevertheless, the layer
formed on the surface of the alloy was not an efficient dielectric barrier
layer because it was unable to attain a frequency range with capacitive
behaviour in the Bode-phase diagrams shown in Fig. 3c, but its re-
sistance was sufficient to provide some degree of passivation to this
alloy in the test electrolyte.

In the case of the alloy containing Ca, the EIS diagrams depicted in
Fig. 3d–f clearly show a trend to decrease the sample impedance shortly
after exposure to the test electrolyte, that is observed from the reduc-
tion of the diameter of the semicircle in the Nyquist plot (cf. Fig. 3d),
and from the decrease of the impedance values in the Bode plot in the
low frequency range (Fig. 3e). Thus, impedance data show a pro-
gressive activation of the sample during immersion in Ringer's solution,
thereby accelerating the corrosion rate when exposed to this simulated
body fluid. In fact, the slower corrosion rates for the Ca-modified alloy
were observed only at the beginning of the experiment (cf. Fig. 3d),
when the corrosion rate was close to that exhibited by FeMnSi (Fig. 3a).
In addition, the decrease of the electrochemical impedance for longer
exposures mainly occurred in the low frequency range, which accounts
for the electrochemical characteristics of the oxy-hydroxide layer de-
veloped on the metal. Although slightly higher values for the im-
pedance modulus in the low frequency range were registered after 1-
week exposure to the physiological solution, this effect was accom-
panied by the observation of higher dissolution rates at the metal-metal
oxide interface in the high frequency range. This feature supports that
although some precipitation process may also occur on FeMnSiCa
sample at longer exposures, it is insufficient to hinder metal dissolution.
Therefore, in vitro electrochemical characterization is consistent with a
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Fig. 5. Linear potentiodynamic polarization plots for FeMnSi and (d–f)
FeMnSiCa alloys after 7 days immersion in Ringer's solution at 37 °C. Scan rate:
1 mV/s.

Table 1
Electrochemical parameters determined from linear potentiodynamic polar-
ization tests for FeMnSi and FeMnSiCa samples immersed for 7 days in Ringer's
solution at 37 °C.

Material OCP (VSCE) jcor (mA/cm2)

FeMnSi −0.462 3.37
FeMnSiCa −0.773 8.44
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more biodegradable material than the FeMnSi alloy considered as re-
ference.

It is also important to observe that the total resistance of the
FeMnSiCa alloy is more than one order of magnitude smaller than for
the FeMnSi alloy at the end of the in vitro tests (e.g., 0.597 and 45.7 kΩ

cm2, respectively). More interestingly, the inspection of Fig. 4 leads to
observe that the R2 component accounts totally for the observed change
in the total resistance. This fact indicates that the addition of Ca to the
FeMnSi alloy, although as minor constituent, is very effective in pre-
venting or at least reducing the growth of the oxy-hydroxide layer on

Fig. 6. Dynamics of blood serum mean values of (a) inorganic phosphate, (b) alkaline phosphatase activity, and (c) total calcium during the rabbit experimental
model with tibial implant. *Statistically significant difference (p < 0.05) when compared to day 0.
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the corroding metal in Ringer's solution, thus hindering its passivation.

3.1.3. Potentiodynamic curves
Linear polarization measurements were performed at the end of the

in vitro tests, immediately after recording the EIS spectra for 1-week
exposure. The corresponding Tafel plots are given in Fig. 5 depicted as
semi-logarithmic diagrams, and the relevant electrochemical para-
meters derived from their analysis are listed in Table 1. The behaviour
of the two alloys differed significantly after 7-day immersion, leading to
a more positive OCP value only in the case of the base FeMnSi alloy,
which is an indication of the development of an oxy-hydroxide layer on
the surface of this material. Conversely, the OCP value determined for
the FeMnSiCa alloy is slightly more negative than the value attained at
the beginning of the experiments (cf. Fig. 2). This is an indication of the
inability of the modified alloy to achieve a passive condition. Although
the corrosion current densities obtained from the corresponding Tafel
lines are similar for both metals, a current plateau (characteristic of the
passivation process) could be found in the anodic branch for the FeMnSi
alloy, which supports a bigger degradation rate for the alloy modified
by adding 1 wt.% Ca.

3.2. Evaluation of in vivo osseointegration

3.2.1. Dynamics of total calcium, inorganic phosphate and alkaline
phosphatase activity mean values from the rabbit experimental model with
tibial implant

In the growing rabbits, the high-serum alkaline phosphatase activity
is determined by the physiological skeletal growth and is positively
related to the intense osteoblastic activity able to assure a fast recovery
of bone defects when needed [39–42]. Moreover, our previous experi-
ments with bone implants inserted in young growing animals
[15–17,19,41,42] support observations from other studies that sustain a
high potential of blood alkaline phosphatase's activity as a real valuable
diagnostic indicator of metabolic transformations involved in the bone
recovery process [43]. In the case of the young rabbits with tibial im-
plant, the alkaline phosphatase activity registered statistically sig-
nificant variations (p < 0.05) at 7, 14 and 21 days (see Fig. 6a), and
statistically insignificant variations at 28 day post implantation for all

experimental groups, when compared with the normal state before
surgery (day 0). Following other relevant studies [37,44–54], these
observations signal a proper evolution of various metabolic processes
generated by the significant activation of osteoblasts (with the sub-
sequent increase of the alkaline phosphatase activity) for the period
between 7 and 21 days post-implantation, that was able to ensure a
bone recovery state close to normal at the 28th day.

The fluctuations of inorganic phosphatemia (cf. Fig. 6b) and blood
ionic calcium (Fig. 6c), two general clinical biochemical parameters
that are most intrinsically associated with alkaline phosphatase activity
and bone recovery process [55,56], cannot be explained directly by the
primary cause-effect algorithms, given the interference of many others
various individual reactive factors that are able to modify the protective
influence of the body's (buffer) capacity to ensure homeostasis, either
locally (i.e., at the bone tissue level) or generally (i.e., at the blood
level). However, statistical correlations (Anova test) between these two
biochemical markers and alkaline phosphatase activity allowed a gen-
eral summative (and associative) interpretation of the involvement's
degree of various local/cellular metabolic processes in the repair of
bone defects. Thus, although the values of inorganic phosphatemia and
alkaline phosphatase activity recorded on day 7 post-implantation re-
gistered statistically non-significant (p > 0.05) low variations (when
compared with the normal state before surgery, day 0), on the 14-day
post-implantation the variations recorded were statistically sig-
nificantly lower (p < 0.05), which may be considered as a delayed
metabolic disturbance induced by the surgical trauma, that normally is
reported to occur in the first seven days post-implantation [57–64]. In
addition, the statistically significant increase (p < 0.05) of inorganic
phosphate value registered in the day 21 as compared to the 14-day
post-implantation was only moderately correlated (R2= 0.523) with
the increased activity of alkaline phosphatase, being most probably a
lately effect induced by the osteoblasts' activation and the subsequent
intense woven bone formation, according to the conclusion of other
interdisciplinary reports [15,19,41–46,55–59]. Next, the statistically
non-significant hypophosphatemia (p > 0.05) recorded between 21
and 28 days was strongly correlated (R2= 0.973) with the statistically
non-significant hypocalcemia (p > 0.05), and this was explained on
the basis of other relevant studies [48–53] by considering the trans-
formation of the osteoblasts into osteoclasts once stabilization of its
osseous structure will be initiated with their entrapment by the extra-
cellular matrix of calcium phosphate and will subsequently intensify the
osteoclasts' activation in order to assure the evolution of the woven
bone into lamellar bone.

3.2.2. Histological evaluation of the bone-implant interface
No inflammatory effects or signs of rejection were observed [60–62]

for any histological bone sample from any of the three groups of rabbits.

Fig. 7. Morphology of bone tissue at the implant-bone interface of the three experimental rabbit groups (Control, FeMnSi and FeMnSiCa): a) after 2 weeks (first row)
and b) after 4 weeks (second row) from implantation surgery with details presenting b1) new woven bone/lamellar bone ratio (third row) and predominance of the
main cell types of bone tissue (fourth row). Coloration HE ×500, ×200, ×50.

Table 2
New woven bone structural parameters according to BoneJ histomorphometry of H&E stained histological samples from rabbit's tibia at 2 and 4weeks post-
implantation.

Parameter Group

Control FeMnSi FeMnSiCa

@ 2weeks post-
implantation

@ 4weeks post-
implantation

@ 2weeks post-
implantation

@ 4weeks post-
implantation

@ 2weeks post-
implantation

@ 4weeks post-
implantation

BV/TV (%) 30.05 ± 4.65 46.15 ± 5.12 39.42 ± 3.19 49.97 ± 4.72 54.82 ± 5.79⁎ 68.12 ± 6.81⁎

Tb.Th (μm) 23.63 ± 3.23 28.97 ± 3.73 24.77 ± 3.43 30.37 ± 4.16 27.96 ± 3.05 37.35 ± 3.63⁎

Tb. Sp (μm) 25.55 ± 3.53 21.12 ± 3.25 21.25 ± 2.63 17.12 ± 2.03 17.54 ± 1.64⁎ 13.33 ± 1.65⁎

⁎ Statistically significant difference (p < 0.05) when compared with the control group (n=27).

Table 3
Surface topography characterization of the samples removed from animal
testing for 28 days and subsequent cleaning.

Material Specific surface of pores
(3D)

Porosity (%) Average roughness, Ra
(μm)

FeMnSi 0.014 0.601 6.801
FeMnSiCa 0.028 0.758 4.944
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In the histological images presenting the bone tissue morphology at
the implant-bone with defect interface, after 2 weeks from implantation
surgery (Coloration HE ×200, Fig. 7a), an intense cell multiplication of
osteoprogenitor cells, massive proliferation of the fibrosis layer of the
periosteum, and a significant formation of woven bone as well as a
small amount of lamellar bone may be observed, similarly to data re-
ported by other studies [60–66]. Additionally, a simple visual com-
parison of the three experimental groups (namely, Control, FeMnSi and
FeMnSiCa) highlighting a bigger proliferation of the woven bone and,
an initial somehow increased proportion of lamellar bone, in the case of
FeMnSiCa group, medium for the FeMnSi group and lowest for the
control group, is also sustained by the results of bone structural para-
meters (evaluated histomorphometrically with BoneJ software) that are
presented in Table 2. Moreover, the greater number of active and bigger
osteoblasts, with many large extensions, arranged on multiple rows,
induced by the proliferative differentiation tissue present in the thick-
ened periosteum as well as in the areolas and in immature bays high-
lights a bigger osteo-induction process with a subsequent greater re-
generation of the bone with defect tissue, as woven bone [64] in the
case of the FeMnSiCa group.

In the histological images (Coloration HE ×500) presenting the
bone tissue morphology at the implant-bone with defect interface, after
4 weeks from implantation surgery (see Fig. 7b), may be observed that
on a normal background of the periosteum thickness, with no more

hypercellularity, the amount of lamellar bone (showing darker ossifi-
cation lines) start to increase, even the woven bone is yet abundant in
the adjacent area to the obliquely disposed implant. A detailed image
(Coloration HE ×200) that compares the ratio of woven bone/lamellar
bone (shown in Fig. 7c) for the three experimental groups (namely,
Control, FeMnSi and FeMnSiCa) evidences the exceeded proportion of
the lamellar bone (evolved from the woven bone-yet abundant in the
implant's adjacent area), that was higher in the case of FeMnSiCa group,
medium for the FeMnSi group and lowest for the control group. Addi-
tional details (Coloration HE ×50) presenting the main type of bone
cells attached to the bone trabeculae (see Fig. 7d), outlines a normal
proportion of osteoblasts and only few/rare osteoclasts, but also the
presence of a large number of active osteocytes in the case of FeMnSiCa
group, as compared with the medium number in the case of FeMnSi and
low number in the control group. These observations are sustained by
the values of the main structural parameters listed in Table 3, that are
specific to the bone histomorphometry, performed with ImageJ and
BoneJ softwares, by selecting ROI (300 μm circular surface) from the
intermediate (trabecular) new bone area. Under the general limitations
imposed by the tissue disruption, occurring when bone samples are
harvested (fact affecting preservation of the structure closer to its in
vivo appearance) bone histomorphometry allowed to achieve in-
formation from the insight of the new (formed) bone (tissue) organi-
zation for all three experimental groups. Thus, in the implant-bone with

Control FeMnSi  FeMnSiCa 

CT 

2D 

3D 

Fig. 8. CT scans (showing implant insertion in the rabbit's tibia crest), 2D reconstructed transversal section through implant (red color for alloy's intrinsic structure
and white color for the newly formed/deposited bone tissue) and 3D reconstructed images of the implanted specimens in rabbit tibia (showing % of new bone tissue
(woven bone) formed on the whole implant's surface and on its close 3D vicinity). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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defect vicinity, on the background of statistic significant (p < 0.05)
higher ratio (%) of new woven bone volume per total tissue volume, the
trabecular thickness (Tb.Th.) registered statistically significant higher
values, while the spaces between the trabeculae (Tb.Sp.) showed sta-
tistically significant decreased values (p < 0.05), a fact sustaining that
higher osteoinductive capacity and an evolved degree of osteoconduc-
tion process occurred in the case of the FeMnSiCa group compared to
either FeMnSi or the control groups.

3.2.3. CT characterization
Bone's microarchitecture and microstructure testing of the re-

constructed images resulted through computed tomographic analysis,
started lately to gain a leadership position even in the case of selected
CT scans, (similarly as in the case of selected bone histomorphometry
images), still prevails the practical need to establish an optimized
standardized algorithm for preventing any interference with the
quantification procedure during analysis [30,65–68].

The computed tomography investigation allowed to evaluate the
integrity of the implant's cross-sectional surface/shape but also the

microstructure of the newly formed bone tissue deposited on the sur-
face of the implant, as a measure of various processes involved in the
repair of the bone defect [15,19],

Thus, the reconstructed 2D images of the implant's (transversal
section) surfaces given in Fig. 8 showed that, the integrity of the im-
plant's (most) central cross-sectional surface/shape (red colored) was
affected by the biodegradation process (when compared to control) in a
bigger proportion in the case of the FeMnSiCa implant and in a medium
proportion for the FeMnSi implant, in good agreement with the cor-
rosion test's results from Section 3.1.1.

Also, the reconstructed 3D images of the new bone tissue deposited
on the implant surface (Fig. 8) highlighted that one month after the
implantation surgery, the FeMnSiCa implant was covered in greater
proportion with a thick layer of the newly formed bone. Thus, the ratio
(%) of the new bone volume per total tissue volume as shown in Fig. 9,
was highest in the case of FeMnSiCa group, being statistically sig-
nificant (p < 0.05) when compared with the control group. Moreover,
even the value of trabecular thickness (Tb.Th.) showed the highest
values in the case of the new trabecular bone tissue deposited on the
FeMnSiCa implant surface, without registering statistically significant
differences (p > 0.05) for any of the experimental groups, the statis-
tically significant decreased values (p < 0.05) of the trabecular spaces
(Tb.Sp.) revealed a more advanced organization, according to other
relevant studies [59–62], of the new bone tissue deposited on the sur-
face of FeMnSiCa, in comparison with the control group, fact induced
by the higher osteoinductive and osteoconductive capacity of FeMnSiCa
implant.

3.3. Surface characterization of the implanted specimens

Fig. 10a–b shows the morphology of the alloy (i.e. (a) FeMnSi and
(b) FeMnSiCa) surfaces, per se harvested after implantation while
Fig. 10c–d of the alloys (i.e. (c) FeMnSi and (d) FeMnSiCa) after sub-
sequent cleaning by ultrasonication.

Image analysis of the just harvested samples revealed the formation
of consistent deposits on the surfaces of both samples during the im-
plantation period, and such a deposition process was more extensive on
the FeMnSiCa sample. According to our previous report [15], on the
surface of the implanted specimen will initially appear Fe, Mn, Si, Ca
and Mg oxides, which will form hydroxides when interacting with the
internal hydrophilic environment of the body. In addition, these oxy-
hydroxides can further react with various ionic components of the
blood or bone tissue to form salts, which either will be taken up and
transported by the blood to other tissues, or once the nucleation centers
are induced, will be deposited on the surface of the implant together
with the other salts of Na, Mg, or Ca and P. The ratio between the
stability and the reactivity of the resulting oxy-hydroxides and salts will
influence the intensity of the biodegradation processes and the type of
corrosion manifested by the implanted alloy in the bone tissue [1,2].

The present experiment on rabbits strengthens the conclusions of
our previous in vivo investigation on Wistar rats [15] that showed a
very good bio-compatibility of the FeMnSi subcutaneous implant due to
the absence of any kind of local reaction or toxic systemic fact, which
was explained in terms of the slow degradation of the alloy and the
consequent metabolization of the resulted byproducts without per-
turbing the body's homeostasis. Moreover, the FeMnSi alloy implanted
in the rat (tibiae) model, did not induce any adverse biological reaction
and provided temporary mechanical support to the affected bone area.
Similarly, the implantation of FeMnSi and FeMnSiCa alloys, in the
rabbit's tibia, generated various Fe, Mn and Si oxides/hydroxides as the
main significant biodegradation or corrosion by-products and, a major
quantity of phosphorus and calcium derivatives, formed as a result of
the interactions with HPO4

2− and Ca2+ ions mobilized from the blood,
disposed in bigger proportion in the case of FeMnSiCa (compared to
FeMnSi) in overlapping layers to the alloy's surface.

The cleaning by ultrasonication of the implanted samples revealed a

Fig. 9. Main structural parameters (BV/TV, Tb.Th, and Tb.Sp mean) of the new
bone formed on the implant's surface according to BoneJ processed CT scans in
rabbit's tibia at 4 weeks post-implantation.
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larger fraction of the surface area affected by general corrosion in the
case of the FeMnSiCa sample (see Fig. 10d) than for the master FeMnSi
alloy (Fig. 10c). This feature probes that Ca addition induced an in-
creased reactivity of the FeMnSiCa alloy by enhancing interactions at
the bone-implant interface. A detailed analysis of the surface topo-
graphy indicates that on the background of an average roughness, the
denser closely spaced irregularities (shown by the plot surface profiles
included in Fig. 11c–d), are the main indicators that highlight the in-
crease in surface biodegradability through increased reactivity induced
by the addition of Ca in the FeMnSiCa alloy. Further analysis of the 2D-
and 3D-reconstructed SEM images allowed porosity evaluations to be
conducted along the red lines drawn on the micrographs of Fig. 11c–d
[69,70]. Although porosity data obtained in this way maybe regarded
less precise than those obtained from AFM measurements, they can be
employed for the sake of comparison of the final surfaces of the re-
trieved implants, and the obtained data are summarized in Table 3.
Larger values for the 3D specific surface pores and porosity were found
for the FeMnSiCa specimen (cf. Fig. 11e–f), a feature that can be re-
garded as a major sign of an extensive general corrosion of FeMnSiCa
alloy.

Given that the initial thickness of the FeMnSi implant was 500 μm,
while the remaining thickness after extraction and ultrasonic cleaning
of the implant was 490 μm (determined as the average of three separate
measurements), then around 10 μm of metallic material was lost during
the implantation period. By considering that degradation rates should
be approximately the same at each end of the sample, we can consider

that 5 μm were lost from each side. Analogously, the variation of the
thickness of the FeMnSiCa implant as a result of the implantation
process can be determined by comparing the initial value of 450 μm
with that observed after extraction and ultrasonic cleaning as being
400 μm (average of three measurements). Thus, approximately 50 μm
of metallic material was lost during implantation period, with 25 μm for
each side. Assuming an ideal constant degradation rate to operate
during the implantation period, complete degradation of the implanted
samples would require 50months for the FeMnSi implant and only
9months for the FeMnSiCa implant. Although the complexity of the
degradation process would require further elaborated analyses [71–73]
to establish the actual period of time needed for the degradation process
of both specimens, a rough estimate of ca. 6-fold higher degradation
rates for the Ca-containing alloy can be estimated. This estimate cor-
relates very well with the 1-order of magnitude increase derived from
the in vitro corrosion tests as described in Section 3.1.2.

The retrieved specimens were further analyzed by EDS to monitor
changes in the composition distribution of the main constituent ele-
ments of the alloys over the implantation period. For the sake of re-
producibility, EDS analysis was performed at three representative lo-
cations over the investigated surfaces, and the main observations are
listed in Tables 4 and 5 for FeMnSi and the FeMnSiCa alloys, respec-
tively. Thus, the first three areas represented the corresponding surfaces
of the FeMnSi and the FeMnSiCa specimens after implantation, while
the last three areas corresponded to the same specimens after im-
plantation and cleaning. It is interesting to observe that the same

Fig. 10. SEMmicrographs of (a) FeMnSi and (b) FeMnSiCa specimens as harvested from the animal models after the in vivo tests, and of (c) FeMnSi and (d) FeMnSiCa
specimens following subsequent ultrasonic cleaning of the harvested sample from the animal models after the in vivo tests. *Statistically significant difference
(p < 0.05) when compared to day 0.
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Fig. 11. Surface topography analysis for SEM micrographs of (a,c,e) FeMnSi and (b,d,f) FeMnSiCa specimens after implantation and following subsequent ultrasonic
cleaning.

Table 4
Surface composition by EDS from a FeMnSi specimen after implantation (areas 1–3), and after implantation and cleaning (areas 4–6). See the text for details.

FeMnSi alloy Element

Fe
(wt.%)

Mn
(wt.%)

Si
(wt.%)

O
(wt.%)

Ca
(wt.%)

P
(wt.%)

K
(wt.%)

S
(wt.%)

C
(wt.%)

Area 1 41.00 0.34 0.66 10.54 7.14 9.89 1.21 1.63 27.59
Area 2 27.96 0.25 0.54 18.07 13.88 12.82 1.42 1.78 23.28
Area 3 44.28 0.35 0.73 10.77 9.32 10.63 1.52 1.58 20.83
Area 4 85.97 10.53 1.29 2.21 – – – – –
Area 5 83.98 12.55 1.06 2.41 – – – – –
Area 6 82.74 13.67 1.25 2.34 – – – – –

Standard deviations: Fe:± 1.1; Mn:± 0.22; Si: ± 0.3; Mg:± 0.1; Ca:± 0.05.
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specific signals were observed for both specimens either as retrieved or
after ultrasonic cleaning: two energy lines for Fe (with ka peak being
much bigger then kb peak), two energy lines for Mn (with kb peak being
much bigger then ka peak), and one energy line for Si. The major dif-
ference aimed the Mn peak (ka), which was more intense and shifted to
lower Energy-keV values in the case of the FeMnSiCa specimen. The
lack of Ca signal from the implanted specimen after ultrasonic cleaning
reveals that calcium was quantitatively lost from the metallic material
surface. This feature can be attributed to the transformation of calcium
from the alloy surface into ionic calcium (Ca2+) in the hydrophilic
environment of the internal body. These ionic species will subsequently
diffuse from the corrosion layer, being able to react with (PO4)3− or
(CO3)2− anions from the blood/bone tissue in order to form calcium
phosphate and carbonate salts [15].

Both implanted specimens, prior to ultrasonic cleaning (see areas
1–3 in Tables 4 and 5) showed rather high quantities of oxides, as well
as C and Ca-P based compounds, but also some K and S derivatives
occurred, either being new species formed and deposited on the me-
tallic surface, or biological tissue traces. After ultrasonic cleaning of
both implanted specimens, the areas 4–6 showed that large quantities
of Si oxides, some amounts of Fe and Mn oxides together with C-based
compounds as well as various salts were removed. Thus, more than 80%
of the deposited compounds were detached from the surface, such that,
only in some areas, it remained some stable oxides and small quantities
of calcium‑phosphorus based compounds. The Mn percentage close to
the initial values and the higher quantity of Si from the specimens
cleaned by ultrasonication (i.e., areas 4–6) may be explained (in good
accordance with the kinetics of Si oxides formation and with the pas-
sing rates of Fe, Mn, and Si compounds into solution), by the continuous
transfer of the oxides of these elements into the hydrophilic environ-
ment of the internal body, either being blood or bone tissue. These
results outline that Mn compounds from the implanted alloy are more
prone to corrosion than Si compounds due to their higher electro-
chemical potential that will induce an increased reactivity. In order to
preserve the shape memory properties of the FeMnSi specimen [74–76],
the added content of Ca in the alloy was kept very low (under 1 wt.%).
After implantation, the low Ca concentration was reduced even more,
due to its bigger reactivity in the bone tissue environment. Thus, the
EDS investigation of the implanted and cleaned sample showing no
signal for Ca (that was below the detection limit of 0.05 wt.%) is in
agreement with previous reports describing the role of calcium addition
for increasing the degradation rate of the FeMnSi alloy [16,23,77].

Additionally, the differences in concentration between areas 1 and 2
(cf. Tables 4 and 5) outlined the heterogeneous composition of the
degradation layers developed on the surface of the alloy. In the case of
area 3, the oxide layer was not compact, thus leading to the observation
of larger signals for the main element constituents (Fe,Mn,Si) of the
alloy.

4. Conclusions

In vitro electrochemical testing of FeMnSi and FeMnSiCa alloys in
Ringer's solution showed more than one order of magnitude decrease of
the total resistance of the material for the Ca-containing alloy.

In vivo testing of the alloys in a rabbit's tibia model for 28 days
evidenced higher osteoinductive and osteoconductive capacities of the
FeMnSiCa implant on the basis of bone histomorphometry and CT tests.
Retrieved implants showed generalized corrosion on their surfaces, al-
though to a larger extent in the case of the FeMnSiCa specimen.

The estimations of increased degradation rates for the new
FeMnSiCa alloy with regards to the master FeMnSi alloy from in vitro
corrosion tests agreed well with those derived from in vivo observa-
tions, thus demonstrating the powerful experimental combination of-
fered by these two experimental approaches.

In summary, this work showed the ability of Ca-containing FeMnSi
alloys to degrade at higher corrosion rates while simultaneously pro-
moting improved osteoinduction and osseoconduction processes com-
pared to the master FeMnSi alloy or to standard AISI 316L stainless
steel.
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O
(wt.%)
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P
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S
(wt.%)

C
(wt.%)
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Area 5 81.78 12.70 3.39 2.13 – – – – –
Area 6 81.01 13.37 3.40 2.21 – – – – –

Standard deviations: Fe:± 1.1; Mn:± 0.22; Si: ± 0.3; Mg:± 0.1; Ca:± 0.05.
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