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The sintered iron samples were electrochemically coated with hydroxyapatite (HAp) and manganese-
doped HAp (MnHAp) ceramics layer to enhance the biocompatibility of biodegradable material for
orthopaedic applications. The influence of electrodeposition duration and concentration of Mn?* ions
in the electrolyte on the amount, surface appearance, composition and corrosion properties of
developed samples was studied. The surface morphology was examined using a scanning electron
microscope (SEM) and energy-dispersive X-ray (EDX) analysis. Formation of HAp was proved by
time of flight secondary ion mass spectrometry (TOF SIMS). The corrosion behaviour was
investigated by means of potenciodynamic polarisation measurements in Hank’s solution. Amount of
MnHAp coating was lower than the amount of HAp coating deposited at the identical deposition
conditions. Introduction of Mn into the bioceramic film resulted in different surface morphology. The
increase in Mn content in MnHAp coating at higher concentration of Mn?" ions in deposition bath and
longer deposition time was observed. Moreover, the higher content of P and Ca in bioceramic films at
longer deposition time was detected. The slight decrease in corrosion susceptibility due to the presence
of bioceramic coating layer was registered. The lowest degradation rate was observed for iron sample
with HAp coating layer.
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1. INTRODUCTION

The development of non-toxic and allergy-free biomaterials is one of the most important
directions of material chemistry today [1]. Degradable metallic implants have achieved clear
advantages in orthopedic applications in the last few years, because of their biocompatibility, high
strength and high elastic modulus [2-6]. Iron plays very important role in human body metabolism, but
some difficulties arise when this material is used for surgical implants due to the ferromagnetic
behavior and the slow degradation rate of pure Fe [7-10]. Compared with Mg based alloys, pure iron
and its alloy possess better mechanical properties and don't have hydrogen evolution during the
degradation [11, 12].

Orthopedic implants usually come in direct contact with bone marrow stromal cells [13].
Therefore, metallic implants are frequently covered with osteoconductive biomaterials, such as
hydroxyapatite (HAp) ceramics [14]. HAp is one of the most effective bioceramics in the clinical
repair of hard-tissue injury and illness [15]. It possesses excellent biocompatibility, both in-vitro and
in-vivo [16] and it is also degradable in body environment [17]. HAp is the major mineral component
of human hard tissues composed of calcium, phosphate and hydroxyl ions with Ca/P ratio within the
range known to promote bone regeneration (1.50 - 1.67) [18-20]. Moreover, the hybrid manganese-
doped HAp (MnHAp) material was shown to greatly improve the quality and rate of bone repair in
biocoating technology [21-24]. The addition of Mn®" into HAp coating significantly reduced the
porosity, induces its interaction with the host bone tissue, improves the ligand binding affinity of
integrins, and activates cellular adhesion [22-27].

The iron biodegradable materials were proved to be suitable biomaterials for cardiovascular
and orthopaedic applications [8-10, 28]. However, the observed degradation rate was rather low. For
this reason, the incoherent thin HAp layer was deposited on the surface of iron substrate and the effect
of this layer on corrosion behaviour in simulated body fluid was evaluated in this work. Addition of
Mn to HAp was examined for their ability to increase biocompatibility and degradation rate of
biomaterials. Electrochemical deposition of HAp coatings is favourable due to the availability and low
cost, the ability to coat complex shape or porosive substrates and, the ability to control coating
properties by adjusting the deposition conditions [1, 18, 19, 22]. The effect of deposition time and
concentration of Mn?* ions in the electrolyte solution on surface morphology, amount and composition
of deposited bioceramic layer was studied.

2. EXPERIMENTAL PART

2.1 Materials preparation

The carbonyl iron powder (CIP) fy BASF (type CC, d50 value 3.8 — 5.3 um) with composition:
99.5 % Fe, 0.05 % C, 0.01 % N and 0.18 % O used for the experiments as a starting material was cold
pressed at 600 MPa into pellets (@ 10 mm, h 2 mm) and sintered in a tube furnace for 1 hour at 1120°C
in reductive atmosphere (10 % H, and 90 % N»).
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2.2 Electrodeposition of HAp and MnHAp coating layers

The surface of prepared Fe plates was finished gradually with SiC papers of different grits
(240, 800 and 1500). Then, the surface was ultrasonically washed in acetone, anhydrous ethanol and
distilled water.

Cathodic electrochemical deposition ED was carried out using an Autolab PGSTAT 302N
potentiostat and conventional three-electrode system with the Ag/AgCI/KCl (3 mol/l) reference
electrode, platinum counter electrode and Fe pellet as the working electrode. Deposition of HAp layer
was realised in an electrolyte composed of 4.2 x 10 mol/l Ca(NO3), (analytical grade), 2.5 x 107
mol/l NH4H,PO, (analytical grade). Deposition of MnHAp layer was conducted from the same
electrolyte with addition of 3 x 10 mol/l or 3 x 10 mol/l Mn(NO3), (analytical grade) under the
following parameters: pH 4.3 + 0.5, current density 0.85 mA cm, deposition time 20 or 40 min and
temperature 65 £ 0.5 °C. After deposition, the samples were immersed in 1 mol/l NaOH solution at 65
°C for approximately 2 h, washed in distilled water and then dried at 80 °C for 2 h. Then, the samples
were sintered at 400 °C for 2 h in N».

2.3 Materials characterization

The microstructure of the experimental specimens was observed by a scanning electron
microscope (SEM) (JOEL JSM-7001F, Japan equipped with INCA EDX analyzer).

Time of flight secondary ion mass spectrometry (TOF SIMS) experiments were performed with
a TOF SIMS 1V instrument built at University of Miinster by using a 25 keV Bis" primary ions (0.05
pA current). The primary ion beam was rastered on a field of 150 x 150 pm® with 256 x 256 pixels
and 250 scans. The cycle time was 100 us. The charge compensation was used.

The content of Mn in MnHAp coating was determined after dissolution in nitric acid by atomic
absorption spectrometry (AAS) PERKIN-ELMER 420.

2.4 Electrochemical corrosion measurements

The electrochemical studies were conducted using an Autolab PGSTAT 302N potentiostat,
interfaced to a computer. Measurements were carried out by conventional three-electrode system with
the Ag/AgCI/KCI (3 mol/l) reference electrode, platinum counter electrode and uncoted or bioceramic
coated Fe sample as the working electrode. The degradation behavior was investigated by Hank’s
solution with a pH value of 7.4 prepared using laboratory grade chemicals and double distilled water.
The composition of the Hank’s solution used was: 8 g/l NaCl, 0.4 g/l KCI, 0.14 g/l CaCl,, 0.06 g/l
MgS0,.7H,0, 0.06 g/l NaH,PO4.2H,0, 0.35 g/l NaHCO3, 1.00 g/l Glucose, 0.60 g/l KH,PO,4 and 0.10
g/l MgCl,.6H,0. Freshly prepared solution was used for each experiment. A constant electrolyte
temperature of 37+2°C was maintained using a heating mantle. All the potentiodynamic polarization
studies were conducted after stabilization of the free corrosion potential. The potentiodynamic
polarization tests were carried out from -800 mV to -200 mV (vs. Ag/AgCI/KCI (3 mol/l)) at a
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scanning rate of 0.1 mV/s. The corrosion rate was determined using the Tafel extrapolation method.
The corrosion rate (CR) was calculated using equation:

CR: JCOI’I’ dK EW (l)

where, jeorr is current density (A/cm?), EW is equivalent weight (g/mol), d is density (g/cm®) and K is a
constant that defines the units for the corrosion rate.

3. RESULTS AND DISCUSSION

3.1. Cathodic deposition of bioceramic coating layer

Cathodic electrochemical deposition of HAp layer was performed in an electrolyte solution
containing 4.2 x 10 mol/l Ca(NOs), and 2.5 x 102 mol/l NH4H,PO, for 20 min and 40 min.
Electrodeposition of MnHAp films was conducted from the same electrolyte with addition of 3 x 10™
mol/l or 3 x 10 mol/l Mn(NOs), for 20 min and 40 min.

The mechanism of cathodic electrochemical deposition of HAp coating was early reported on

different substartes [18, 22, 29, 30]. The following electrochemical and chemical reactions are
involved in the deposition of HAp and MnHAp coatings:

2H +2e” — H; )
0:+2H0+4e” — 40H" (3)
2H,0+2e” — Hy+20H" (4)
NO;+2H0+4e” — 40H (5)
NO; +H,0+2¢” — 2 0H™ +NO3 (6)
H;PO; +H,0+2¢” — 2 0OH™ +H,PO; ()
H;PO; + OH™ — H;0 +HPO}~ (8)
H,PO; +¢ — HPO + - H, 9)
H:PO; +2¢ — PO +H, (10)
H,PO; 2 HPO; +H* (11)
HPO;” + OH™ — H,0 +PO;” (12)
HPO™ + ¢~ — = Hy +PO}" (13)
Ca’* +HPO, +2H;0 — CaHPO4 .2 H)0 (14)

xMn* + (1-x)Ca  +HPO, +2H;0 — Mn,CaqoHPOs 2H0  (I>x>0)  (15)

3 Ca’ + PO — Cas(POs) (16)

The hydroxyl ions formed through reactions (3) — (7) the leads to the increase in concentration
of phosphate ions and subsequently resulted in deposition of HAp.

Following reactions represent the formation of hydroxyapatite films resulted from the alkaline
treatment to the coated samples [22, 29]:

10 CaHPO4 .2 H; 0+ 120H 2 CaiPO4)s(OH)y +4 PDi_ + 30 H:0 a7
10 Mn,Can.HPO4 +2 OH — Mn:Cao1on(PO4)s(OH), +4 PDi_+1|:| H™ (1=x=0) (18)



Int. J. Electrochem. Sci., Vol. 10, 2015 663

The formation of HAp and MnHAp coating layers was confirmed by TOF SIMS, SEM and
EDX studies.

3.2. SEM and EDX analysis of bioceramic coating layer

Representative SEM images of the surface of uncoated sintered iron sample and bioceramic
coated iron samples are shown in Fig. 1. The incoherent HAp layer consisting of flake-like star-shaped
structures on the iron surface could be seen in Figs 1b and 1c as compared to smooth surface of
uncoated iron sample (Fig. 1a). The unhomogeneously distributed cracked MnHAp coating layers with
globular irregular structures are shown in Figs. 1d and 1e. Neither the deposition time nor the
concentration of Mn?* ions have changed the surface appearance of bioceramic layer. All deposited
coatings were stable and very adhesive.

Table 1. Mass of bioceramic coating layer determined from the mass difference of coated and
uncoated samples depending on the deposition time and concentration of Mn(NO3), in the
electrolyte.

MnHAp

3x 10 mol/l Mn(NO3),  3x 10™ mol/l Mn(NO3),
20 34+04 22+0.3 22+0.5
40 3.6+:04 23+04 2.4+0.3

SEI 100Ky X5

Figure 1. SEM images of the surface of uncoated Fe substrate (a), Fe material with HAp layer at 20
min (b) and 40 min (c), and Fe material with MnHAp layer deposited from the electrolyte
containing 3 x 10-3 M Mn(NO3)2 at 20 min (d) and 40 min (e).
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The amount of deposited bioceramic coating layers determined from the mass difference of
coated and uncoated cylindrical iron samples are summarised in Table 1. Again, neither the deposition
time nor the concentration of Mn?* ions have affected significantly the mass of deposited bioceramic
coating. Generally, amount of MnHAp coating was lower than the amount of HAp coating deposited at
the same deposition conditions.

Content of Mn in MnHAp hybrid layer determined by AAS after the removal and dissolution of
coating layer was between 0.2 and 0.3 wt.% for lower concentration of Mn®" and between 0.4 and
0.5wt.% for higher concentration of Mn?".

The elemental analyses performed by EDX on the surface of sintered iron samples coated with
HAp layer revealed the difference in the composition of layers deposited at different deposition times.
Average composition of the surface of sintered iron samples with HAp coating layer depending on the
deposition time calculated form cca 10 EDX analyses performed on different areas of the surface are
referred in Table 2. Content of P and Ca was higher while the content of Fe and O was lower in the
HAp layer deposited after 40 min as compared to the HAp layer deposited after 20 min.

Table 2. Nominal composition of the surface of sintered iron samples with HAp coating layer
depending on the deposition time.

20 min 40 min

wt.% at.% wt.% at.%
CK 2.52 6.07 2.70 6.53
oK 26.91 48.79 23.67 43.01
Na K 2.33 2.95 2.20 2.79
P K 8.37 7.84 12.50 11.74
CaK 15.96 11.55 25.68 18.63
Fe K 43.90 22.80 33.26 17.32

Table 3. Nominal composition of the surface of sintered iron samples with MnHAp coating layer
depending on the deposition time and concentration of Mn?" ions.

3x 10™ mol/l Mn(NO3), 3x 10 mol/l Mn(NO3),

20 min 40 min 20 min 40 min

wt.% at.% wt.% at.% wt.% at.% wt.% at.%
CK 3.92 9.95 4.22 9.26 341 8.66 8.06 15.20
OK 24.23 46.23 28.94 47.74 23.38 47.59 35.48 50.22
Na K 2.59 2.97 3.72 4.65 1.97 1.53 4.34 4.22
PK 3.49 3.44 11.21 9.55 3.56 3.53 10.42 7.61
CaK 6.40 4.88 21.45 14.13 6.54 5.01 21.24 12.00
Mn K 2.67 1.54 3.21 1.78 3.27 1.83 10.16 4.19
Fe K 56.70 30.99 27.24 12.87 57.86 31.84 10.30 6.56
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The increase in the content of P and Ca with increasing deposition time was observed also for
MnHAp coating. Moreover, the increase in Mn content in MnHAp layer with increasing deposition
time as well as with increasing concentration of Mn** jons was detected. Average composition of the
surface of sintered iron samples with MnHAp coating layer depending on the deposition time and
Mn(NO3), concentration calculated form EDX analyses are summarised in Table 3.

3.3. TOF SIMS analysis of bioceramic coating layer

Field of view: 1434 x 143 4 ym?

"~ e rr—

Ca ' Mn CaQ " CaOH

tc4B97711 tc:2454 16274 500760 tc-1222897
e

Ca:POs CaPOq4 CasPOs ; total ion
tc:251973 tc:316642 tc: 158019 tc 60467 tc 50482959

Field of view: 1494 x 1494 ym?

s
 a

OH OH PO
tc: 15866078 tc:10889102 tc:199415 tc:318798 tc: 729242

gL 5 - i
PO, PO, PQOg4 total ion
tc: 14596148 tc: 14078083 tc:63225 tc:99292798

Figure 2. 2D distribution of characteristic fragments of HAp coated Fe sample surface obtained by
TOF SIMS analysis: positive mode (upper), negative mode (bottom). The deposition time was
40 min.
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The presence of HAp in bioceramic coating layers was later confirmed by TOF SIMS analysis.
As TOF SIMS is a purely surface sensitive technique in the static mode, thus only the uppermost
molecular layers are analysed [31]. The representative TOF SIMS images of HAp and MnHAp coated
iron samples recorded in the positive and negative ion modes are presented in Fig. 2 and Fig. 3,
respectively.

Field of wiew: 1494 x 1494 pm?

Ca Mo Fe Ca0 o CatH

tc: 1501448 to: 70232 tc: 263956 tc: 123681 tc:345134

T o T o B e TS BT
Fatas

l‘* "
o

* '. atié‘

3203 2'::'4 - agF'ﬁ N CaqPO5 total ion

tc: 45126 to: 71553 tc: 38065 tc: 18129 tc:42837002

Field of vieww 1494 x 149 4 pm?=

Eﬁ 3 h

r'ﬂ*
o] QOH F CigH PO

tco 10388115 tC:a015602 fc:21442 _fciH1340 tc:4 7354

o PO F' sum of rest total ion
tc: 1088928 tc: 1276311 tc: 5282 tc:8630138 tc: 268574573

Figure 3. 2D distribution of characteristic fragments of MnHAp coated Fe sample surface obtained by
TOF SIMS analysis: positive mode (upper), negative mode (bottom). The deposition time was
40 min, concentration of Mn(NO3), was 3x 10 mol/l.

Characteristic positive fragment ions derived from a Cajo(PO4)s(OH), precursor species
allowing its identification include Ca*, CaO*, CaOH", Ca,POs, Ca,PO, and CasPOs. Characteristic
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negative fragment ions include O°, OH", P, HO,, PO", PO,, POs and PO, . [31, 32]. Generally,
intensities of characteristic fragment ions were higher for HAp coating than for MnHAp layer which
could be assigned to the higher amount of HAp as compared to MnHAp. The CaOH"/Ca* (57/40)
fragments intensity ratio have often been used to identify different calcium phosphates. The values of
CaOH*/Ca" intensity ratios we observed were 0.26 = 0.01 for HAp and 0.24 + 0.01 for MnHAp
coating layer. Similar results were previously obtained by Yan et al. [33] and Franga et al. [34].

3.4 Electrochemical corrosion test

Representative potentiodynamic polarisation curves obtained from the uncovered and
bioceramic coated Fe samples in Hank's solution at 37 °C are shown in Fig. 4. The corrosion potential
(Ecorr) and corrosion current density (jeorr) Were calculated from the intersection of the anodic and
cathodic Tafel lines extrapolation. The reproducibility of Tafel plots was good. The values of Ecorr, jeorr
and average corrosion rates extracted from potentiodynamic polarisation curves using polarisation
resistance method for three experimental materials are listed in Table 4.

—Fe

HAp 20 min
74 —— HAp 40 min
| —— MnHAp 20 min, 3x10™ mol/l
MnHAp 20 min, 3x10° mol/l

log (j/Acm?)

-8 4
——— MnHAp 40 min, 3x10™ mol/l
o MnHAp 40 min, 3x10°° mol/l
B T T T T T T T
-700 -600 -500 -400 -300

E/mV

Figure 4. Potentiodynamic polarisation curves of uncoated and bioceramic coated Fe substrate
obtained in Hank’s solution at pH 7.4 and 37°C at scan rate 0.1 mV/s.
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The presence of MnHAp coating layer on the surface of iron sample resulted in slight positive
shift of corrosion potential and decrease in corrosion current density as compared to uncoated iron
sample. The next positive shift of corrosion potential and decrease in corrosion current density was
observed for the iron sample with HAp coating layer. The higher corrosion susceptibility of MnHAp
coated samples than that of HAp coated samples was clearly associated with the presence of Mn in the
bioceramic layer. Corrosion resistance of MnHAp coated samples decreased with increasing content of
Mn in MnHAp coating layer (Tab. 1). The in-vitro degradation rates in Hank’s solution determined
from potentiodynamic polarisation curves were in the sequence: Fe, MnHAp (40 min, 3x107 mol/I
Mn®*), MnHAp (40 min, 3x10™ mol/l Mn?*), MnHAp (20 min, 3x10° mol/l Mn*"), MnHAp (20 min,
3x10™ mol/l Mn?*), HAp (20 min), HAp (40 min) from higher to lower. The opposite trend was
observed for corrosion potentials of developed materials.

Table 4. Values of Ecorr, jeorr and corrosion rates for uncoated and bioceramic coated sintered iron
samples obtained from the potentiodynamic polarization curves in Hank’s solution at pH 7.4
and 37°C.

3x 10" mol/Il 3x 10 mol/l
Mn(NO3), Mn(NO3),
20 min 40 min 20 min 40 min

20 min 40 min

Ecorr (MV)  -502.46 -453.44  -451.75  -478.40  -480.12 -482.50  -485.56
Jeorr 46.027 14.724 14.675 21.570 21.971 25.832 28.961
(nA/cm?)

Corrosion  0.5348 0.1712 0.1705 0.2506 0.2555 0.2903 0.3364
rate

(mm/year)

4. CONCLUSIONS

The adhesive incoherent bioceramic coating was produced by electrochemical deposition on
the surface of sintered iron substrates. The flake-like structure of HAp coating layer was changed after
addition of Mn to more layered cracked surface appearance of MnHAp film. Amount of both
bioceramic coatings as well as the content of P, Ca and Mn in the coatings were higher at longer
deposition time. Still, the amount of deposited MnHAp coating was lower than that of HAp coating.

The characteristic fragment ions well representing the HAp moiety were detected in both
bioceramic coating layers by TOF SIMS analysis.

The in-vitro degradation rates in Hank’s solution were in the sequence: Fe, MnHAp, HAp,
from higher to lower. No significant effect of ceramic coating presence on the degradation behavior of
iron material was observed, however, the significant increase in biocompatibility is supposed. This will
be the scope of further investigation.
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