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Nitinol is an attractive material for various types of medical implants due to its superior mechanical
and unique properties (shape memory effect, superelasticity, high damping capacity etc). The Nitinol
surface was modified with biocompatible coatrgf calcium phosphate prepared by thegaldip

coating method. The surface morphology, structure, and chemical composition of coatings were
investigated by field emission scanning electron microscopyi(FEM)/energy dispersive -xay
spectroscopy (EDS$and Fourier transform infrared spectroscopy (FTIR). The barrier properties were
investigatedn vitro in simulated physiological solution using electrochemical impedance spectroscopy
(EIS). It has been shown that the cycling-dgatingcalcining procedre produces homogeneous films

with excellent barrier properties.

Keywords: materials science, Nitinol, biphasicldam phosphate, sajel methog biocompatibility,
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1. INTRODUCTION

Titanium and its alloys have been extensivelgduas dental and orthopedic implant materials
due to their good biocompatibility, superior mechanical strength, durability, and corrosion resistance
[1,2]. Besides the other titanium alloys (e.g. titarialmminumvanadium, and titaniuraluminum
niobium), Nitinol (NiTi) has been widely used in the field of orthopedic surgery [3,4] owing to its
unique properties, such as shape memory effect, superelasticity, and high damping capacity [5].
Although Nitinol possess high corrosion resistance piysiological stutions caused by the
spontaneously formed passive film of %i{3,6], the major concern regarding its biocompatibility is
release of allergenic and toxic “Nions [7] due tain vivo corrosion. Thus, to improve its corrosion
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resistance and prevent nicldéssolution, Nitinol has been modified using different surface treatments
including coatings [8L0].

Nitinol and Tibased alloys are classified as bioinert materials as they do not induce bone
formation on their surface [11]. An achieved integrity andcstmal continuity of implant material
with surrounding bone are of extreme importance ifovivo behavior and a longer lfeme of
implants [12]. Hence, the formati@f calcium phosphates (CaP®)ating serves as a good barrier to
Nitinol degradation ath combines good mechanical properties of the metallic substrate with a good
bio-behavior of coatings [1,1B6]. It is necessary to stress thia¢ tbioactive concept, developed for
biphasic calcium phosphate ceramics, is based on an optimum balance air¢hstable phase of
hydroxyapatite (HAp) and more soluble tricalcium phosphate (TCP), depending on the application
aspect. Thus, the presence of TCP in the bioceramic material is not necessarily detrimental as wa
considered earlier, since its rate of dission is greater than that of HAp in physiological
environments [17]. TCP gradually dissolves in the body and a biological calcium phosphate layer
precipitates and leads to a more effective bone regeneration ability [18]. Hence, low content of TCP in
bioceramic material is helpful for the enhanced osseointegration [19].

Different methods have been used for the formation of CaP coatings on titanium/titanium
alloys: solgel, electrocrystallization, electrophoretic deposition, electrochemical depositien, las
pulse deposition and plasma or thermal spraying [13T21§.solgel method followed by calcination
has gained nre attention for producing adherent, dense and crystalline coatif&8]21

In the present paper Nitinol was protected with CaP coatingg @s solgel method. The
microstructure of CaP coatings was characterized by field emission scanning electron microscopy
(SEM). The chemical composition was examined using energy dispersiag spectroscopy (EDS),
Fourier transform infrared spectroscofyTIR), and Xray diffraction analysis (XRD). The barrier
properties of coatings were tested in a physic
spectroscopy (EIS).

2. EXPERIMENTAL

2.1. Solgel synthesis/preparation

10 g of calcium Zthyhexanoate (Ca(EHA) wt98%, Aldrich ) was dissolved in 28.6 mL of
ethylhexanoic acid (EHA; wt99%, Aldrich). To produce the sol of calcium phosphate with Ca/P molar
ratio of 1.67, the above solution was mixed with 4.76 mL-eti®/lhexylphosphate (EHP; 9%1t%,

Merck, mixture of 45% monoand 55% diester of phosphoric acid). After adding ethanol to reduce
the overall calcium phosphate concACrar 4 albeforen t
being used for coating. The sol was dried at &30for 4 h and the resulting yellow sticky gel was
calcined at 450 and 60X for further characterization.
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Figure 1. The flow chart of the sol synthesis and coating formation.
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2.1.1. Methods for gel characterization

Simultaneous differential thermal apsis (used in DSC mode) and thermogravimetry (BSC
TGA) were carried out using Netzsch STA 409 to determine the thermal behavior of prepared gels
with the constant air flow of 30 ¢chmin™ and at the heating rate of 10 K mirPhase analysis was
accomplised by XRD. The XRD pat tA2usingsAPIv2000eXtayrpevaerr d e ¢
diffractometer (CuKl radiation, #st ep of 0. 02A / 10 s ,-Tldetecogphi t e
manufactured bjtalStructures Riva Del Garda, Italy.

2.2. Dipcoating proedure

The Nitinol foil (Al fa Aesar with wt% cont
i mpurities O 0.20, and Thick diskslofal@ mre n diameter. Coraudar i n
shaped Nitinol samples were successively abraded with SiCspaif¢240 to #1200 gritizefollowed
by ultrasonic cleaning with acetone and redistilled water. The freshly prepared Nitinol samples were
kept at 90 AC f or-coBvBctiomovan. Tihe coating wasaumea by dipping the
samples intothe @ s o | A8 tpullipgltHém out at a speed of approximately 6 cmi‘miinying
in air at 130 AC for 4 h, and calcining in a
multilayered coatings on Nitinol were prepared by cycling the above guoee

2.2.1. Methods for coatings characterization

Field emission scanning electron microscopy/energy dispersixay Xspectroscopyi The
microstructure and morphology of the coatings on the Nitinol substrates were determined by SEM
using Jeol Ltd. FE SBM, model JSM7000F. An elemental analysis was performed by EDS using
Oxford Instruments LtdEDS/INCA 350 in addition to SEM.

Fourier transform infrared spectroscop¥TIR was used to determine the functional groups in
CaP coatings. The spectra were rdedr on Perkin Elmer Spectrum One FTIR spectrometer in the
range of 4000 to 450 chwith the scan resolution of 4 ¢€m
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Electrochemical impedance spectroscdpylhe corrosion behavior of coated Nitinol was
examined by EIS, which were performed in a stashdhreeelectrode cell (PAR, Corrosion Cell
System, Mo d el Ka47) at 37AC in the Hanksd sol
1287) with FRA 1260 was used in these measurements. A reference electrode, to which all potentials
in the paper areeferred, was an Ag | AgCl, 3.0 mol &niKCl (E = 0.210 V vs. SHE). Impedance
measurements were performed at the open circuit potelBgied) (@fter one hour of stabilization of the
working electrodes (uncoated amc oddatgead )a mpr it
mV and in the frequency range from°16 10° Hz. Impedance data were fitted by a suitaétrical
equivalent circuit (EEC) modeemploying the complex neimear least squares (CNLS) fit analysis
[24] offered bythe Solartro ZView software.The fitting quality was evaluated by the &guared
and relative error values, which were in the order 6f210' “and below 5 %, respectively, indicating
that the agreement between the proposed EEC model and the experimental datzdwas

3. RESULTS

3.1. Characterization of the CaP gel

The CaP gel, produced by, whs subjested totDiA and TGHA a't
analyses. The scans obtained are presented in Fig. 2a. Several exothermic peaks can be observed in-
temperatre range from 54 500 AC. The first one at 78 AC i
ethanol removal and is accompanied by small mass loss of 3 % in the corresponding TGA scan. The
strong exothermic peak at 270 A€C,awewakd eA®Q@ hAC
by a large mass loss of 70 % (Fig. 2a) are attributed to evaporation of volatile components (EHA and
EHP) [25]andbumo f f of organic materi al [ 26] . The str«
are attributed to the combusbn of organic materi al and peaks
phosphate crystallization [17,19,27]; these processes occur simultaneously. The strong endothermic
peak at 700 AC is probably related fThe TGAsomo vV a |
showed a small mass | oss of 5 % at temperatur
indicating thermal stability of dried sol.

To define the thermal behavior in detail, the powder sample was additionally calcined at 450
A C 10aminutes to burn off the majority of organic material. The subsequent DTA/TGA (Fig. 2b)
and XRD analyses of calcined gel were performed (Fig. 3). The DTA analysis (Fig. 2b) of calcined gel
shows an exothermic peak at t&dso rédn@valfobadsorbed eater by
andsolventasfornemal ci ned sample. The peaks observed
AC lie on an exothermic rise. These peaks po
residues of organic preaars, respectively [27,29,30]. The release of heat on crystallization is small,
suggesting that a small atomic rearrangement of calcium and phosphate species is required fo
crystallization. The ther mal b e h acalitoadhat ofethe nane mp ¢
calcined gel. The corresponding TGA trace (Fig. 2b) showed a total mass loss of 15 % including the
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evaporation of absorbed water, the decomposition of organic compounds, and the phosphate
crystallization.
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Figure 2.Results of DTA TGA anal ysis of gel dried at 130

Figure 3 presents the XRD pattern f ofhet he
identification of phases was performed by comparing the experimental XRD patterns to standards
compiled by the Joint Committee on Powder Diffraction Standards [31] using the cards-G¥329
for HAp, 851108 for calcite, and 20359 for tricalcium phosphate.

The XRD data indicate that the calcined powder is composed of HAp, tricalcium phosphate and
calcite (Fig. 3). The HAp phase was identified from the XRD pattern based on the position and
intensity of the diffraction peaks in the range 33.2 . 5 A valuds, which is characteristic for the
apatite phase. These results are corroborated with the DTA results (Fig. 2); the exothermic peaks
around 400 AC are associated with crystalliza
organic matters burned and produced G(ig. 2) may become incorporated into the crystal structure
in the form of calcium carbonate [23]. The increase in the calcining temperature favors the formation
of the HAp phase with a small amount of tricalcium phosphate. &ttex has ability to form biphase
calcium phosphate (both HAp and TCP), which has been recently recognized as an offering material in
clinical application [32] due to its controllable degradation rate and more effective bone regeneration
ability [33].
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Figure3.The XRD pattern for the gel <calcin

3.2. Characterization of CaP coatings on Nitinol

3.2.1.Field emission scanning electron microscopy

The microstructure and morphological characteristics of CaP coatings were charmhdigrize
SEM. The SEM images, presented in Fig. 4a,b, show a heterogeneous cracked morphology ef a single
layer coatings consisting of flat/smooth areas and aggregated spherical argptsemaial particles
formed on flat/smooth areas. The SEM imagesrevBatlar i ed mudo type cracki
indicative of high shrinkage [34]. The formation of cracks occurs due to densification and thermal
stresses originated from the mismatch between thermal expansions coefficients of metallic substrate
covered vith oxide layer (TiQ) thermally formed and CaP coating [11,35]. The increase in calcination
temperature makes the structure of coating more compact and agglomerates became more condens
but does not eliminate the presence of pores/cracks; (not prekerdg¢d

Figure 4(ef) presents SEM images of muléiyer coatings. From the sample top view, a
relatively homogenous distribution of a deposit on a large length scale could be observed at all
samples. It is clearly evident that multjgeating process pduces very compact CaP coatings
without cracks/pores. A multayered CaP coating strategy was successful in formation of indented
bonelike structure (Fig. 4) [36].
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Figure 4. SEM images of coated Nitinol substrates by 1 (a,b), § émd 10 CaP layers (e,f) calcined
at 450 AC.

Using SEM, the map for each element of interest was obtained on thelayegleoatings.
Various color intensities were used to visualize the concentratieadabfspecific element across the
area being ingxted. Fig. 5 shows a SEM image and corresponding mapping images of Ca, O, P, Ti
and Ni of the Nitinol substrate coated &dgingleCaP layer. The elemental distribution shows only the
presence of Ca, P and O at the island like/flat surfaces. At the qga® Erich regions are observed
due to the presence of TiO
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Figure 5. The SEM image (a) and elemental mapping images of CaP coated Nitinol substrates: Ca (b),
O (c), P (d), Ti (e), Ni (f).

3.2.2. Energy dispersive-pdy spectrosepy

To identify the chemical nature of CaP coatings in detail, the EDS analysis was performed at
the places of interest: in the pores/cracks (Fig. 6a), in the particle agglomerate areas/flat surfaces on th
single (Fig. 6b) and multilayer (Fig. 6¢c) CaPatings. The EDS results support the results presented
in Figs. 4 and 5.

The singlelayered coatings show a Ca/P molar ratio of approximately 1.41 (Fig. 6b), indicating
a composition close to physiological HAp (Ca/P molar ratio is-1.86) [35]. The EDSanalysis
performed on multlayered CaP coatings (Fig. 6¢) does not show any trace of Ti or Ni metal signals
on the overall surface confirming the complete coverage of the substrate. The Ca/P molar ratio of these
coating is 1.57, which closely resembldsuanan bone apatite [37].
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Figure 6. The EDS analysis of CaP coatings: in the pores/cracks (a), in the particle agglomerates
area/on the flat surfaces on Nitinol substrate coated by 1 (b) and 10 layers (c).
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3.2.3. Fourier transform infrared spectroscopy

The FTIR spectra of uncoated and CaP coated Nitinol samples are presented in Fig. 7. They
clearlyillustra e typi cal bands of asPef hands at 56800 (QuPr e :
O bendi ng MODbaadtai 903 cti(P-O symmetric stretchiang vi
PO,>absorption band in the range 110000 cm® (P-O asymmeti stretching vibrations) [15,21,38
40].

Figure7.FTI R spectra of wuncoated and CaP coat ec

The RO deformation (570 and 600 &nand vibration bands (1046 and 1090 §rbecame
more separated and stronger with th@ease in calcination temperature. Two bands at about 3570 cm
! (not presented here) and at 630 cane derived from stretching and vibrational modes of OH groups
in hydroxyapatite [15,29]. The bands observed in the region-1260 cm* (not presented he) can
be ascribed to © and C=0 vibration of organic residues or to C=0 vibration of carbonate groups in
calcite [38,41]. These results as well as the EDS ones show that the CaP coatings obtainedddy a sol
procedure contain tricalcium phosphate, loxyapatite and a small amount of calcite. The presence of
tricalcium phosphate in the coating mimics the bone composition and gives an added advantage
because it leads to an enhanced osseointegration [11].

3.3. Barrier properties of CaP coatings on Nitino

Barrier properties of CaP coatings on Nitinol were examined in the Hanks' solution by using
EIS as a nondestructive method. In order to quantify the contribution of the CaP coating to barrier
properties of the NiTi|CaP|physiological solution interfad& &pectra were recorded on Nitinol with
a native oxide layer and CaP coated Nitinol (dried and thermally treated). Since the oxide film grows



