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a b s t r a c t

A hydroxyapatite (HA) coating was deposited onto a porous NiTi alloy via dip-coating using a sol–gel
procedure with triethyl phosphite and calcium nitrate as phosphorus and calcium precursors, respec-
tively. Adjusting the concentration and viscosity of the sol as well as changing the spin-coating rotational
velocity or dip-coating times, enabled uniform coatings with controllable thickness at the sub-micron
eywords:
orous NiTi alloy
ydroxyapatite coating
ol–gel
i ion release

scale to be successfully deposited on the external surface and within the pores of the porous NiTi alloy.
Cross-sectional SEM analysis and EDS characterization of the HA films show that the coating on the inner
surface of the pores is thicker than that on the outer surface. The results of an immersion test in a Tris
solution show that the HA coating possesses excellent stability, and the rates of Ni ion release through
the HA coatings on the porous NiTi alloys of different porosity ratios in a simulated body fluid decrease
markedly compared with the uncoated alloys. There is also a remarkable increase in the apatite forming

orou
patite forming ability ability of the HA coated p

. Introduction

NiTi shape memory alloys are important biomaterials for use in
edical devices because of their unique properties, such as shape
emory effect, superelasticity and high damping capacity [1,2]. In

articular, NiTi shape memory alloys have been widely used in the
eld of orthopedic surgery [3–6]. In comparison with conventional
ense NiTi alloys, the porous NiTi alloy not only keeps the excel-

ent mechanical properties of the bulk NiTi alloys, but also shows
ome special advantages; for example, the interconnected porous
tructure may facilitate the transportation of body fluids and fur-
her promote bone tissue ingrowth, which enables integration with
he surrounding tissue more firmly, leading to the enhancement
f interfacial stability. Recently, porous NiTi alloys with control-
able pore features and thus tailored mechanical properties can be
abricated [7–9], which may further enhance their applicability for
eplacement of real bones. Nowadays, it is commonly accepted that
he porous NiTi alloys are becoming one of the most suitable and
romising biometals for bone repair or replacements [10,11].
However, there is a major concern regarding the biocompatibil-
ty of the NiTi alloy due to the high Ni content in the alloy, which

ay bring about Ni ion release due to in vivo corrosion of the NiTi
lloy, regardless of dense or porous. The released Ni ions may be

∗ Corresponding author. Tel.: +86 20 2223 6396; fax: +86 20 2223 6393.
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s NiTi alloy in a calcium containing solution.
© 2011 Elsevier B.V. All rights reserved.

allergenic and toxic when the accumulation of Ni ions reaches a
sufficiently high level. In particular for the porous NiTi alloy, the
high specific surface area and complicated surface configuration
pose a more serious challenge regarding Ni ion release issue than
dense NiTi alloy. Therefore, it is imperative to improve the corro-
sion resistance of NiTi alloys and minimize Ni ion release before
considering them safe for clinical biomedical applications.

Surface modification is an effective approach to reduce the cor-
rosion rate of NiTi alloys to an acceptable level. A popular method
for surface modification of clinical biomedical materials is to use
hydroxyapatite (HA) coating due to their excellent biocompatibil-
ity and osteo-conductivity. There are several processes to prepare
the HA coatings, namely by physical methods such as plasma spray-
ing and ion-beam-assisted deposition, and by chemical methods
such as sol–gel and biomimetic processes. Compared with physical
methods, chemical treatment is believed to be more suitable with
complex surface morphology such as porous structures. Chemical
treatment allows the liquid medium full access to the outer surfaces
and inner surfaces at a low temperature which would not influence
the superelasticity and other mechanical properties of porous NiTi
alloys. In a previous study [12], crystalline HA layers were success-
fully prepared on porous NiTi alloys by chemical treatment in 32.5%

HNO3 solution followed by boiling in 1.2 M NaOH solution and sub-
sequent immersion in a simulated body fluid (SBF). These coatings
resulted in lower Ni ion release and simultaneously enhance bioac-
tivity with micrometer scale particle size of HA on porous NiTi
alloys, which unfortunately tended to form cracks owing to particle

dx.doi.org/10.1016/j.jallcom.2011.01.196
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Ion concentrations (mM) in SBF and FCS solutions [8,9].
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Na+ K+ Mg2+ Ca2

SBF 142.0 5.0 1.5 2.5
FCS 137.0 4.64 – 3.10

ggregation. As an alternative chemical method, sol–gel deposi-
ion possesses a number of advantages, such as better control of
he chemical composition of the coating, a reduction in the den-
ification temperature of the ceramic layer, and the controllable
hickness of the layer which can be achieved by adjusting the con-
entration and viscosity of the sol and changing the spin-coating or
ip-coating time. The process is also a non-line-of-sight process, so

t is anticipated to generate uniform coatings on porous substrate.
hus far, there are many studies about preparation of HA coatings
n titanium and its alloys as well as other bulk metals by the sol–gel
ethod, whereas preparation of HA coatings on porous NiTi alloys

s not reported.
The present study reports our latest results on the successful

reparation of dense and uniform HA coatings on both the outer
urface of the porous NiTi alloy and within the pores via a sol–gel
oute employing triethyl phosphite and calcium nitrate as phos-
horus and calcium precursors, respectively. The stability of the
oating in tris(hydroxymethyl)aminomethane solution and the rate
f Ni ion release from the coated porous NiTi alloys with various
orosity ratios in SBF solution as well as the apatite forming ability

n a calcification solution (FCS) were investigated.

. Experimental details

.1. Preparation of porous NiTi alloy samples and HA coatings

The porous NiTi alloys with tailored pore characteristics and adjustable porosity
atio were fabricated by using a temporary space-holder (NH4HCO3) and a conven-
ional sintering method developed by our group [7,9]. In this study, the porous NiTi
lloy disc samples of 16 mm in diameter and 2 mm in thickness were prepared by
lectrical discharge machining. The samples were well polished using a series of SiC
andpapers. Then the samples were ultrasonic cleaned with acetone, ethanol and
eionized water, each for 20 min, respectively, and finally dried in air. The proce-
ure for preparation of the sol utilises a recent study [13]. Briefly, triethyl phosphite
as diluted in anhydrous ethanol and then a fixed amount of deionized water was

dded for hydrolysis in a paraffin-sealed glass container under vigorous stirring for
4 h. The molar ratio of the water to phosphite was 4. A stoichiometric amount
Ca/P = 1.67) of 2 M anhydrous ethanol calcium nitrate solution which had been vig-
rous stirred for 3 h was added drop wise into the hydrolyzed phosphite sol. It was
equired to retain solution transparency during the entire process of drop mixing.
he mixed sol solution was then continuously agitated for additional 24 h and then
apour driven off at 60 ◦C for 72 h until a viscous liquid was obtained. The rinsed
orous NiTi alloy samples/substrates were dipped into the sol with the aid of ultra-
onic cleaning for 5 min for excluding gas in the pores. Then the substrates were
ithdrawn at a speed of 20 mm/min at ambient atmosphere. After each dip coat-

ng, the samples were dried at 80 ◦C to evaporate the residual solvent, followed by
nnealing in air at 450 ◦C for 2 h. The dip-coating-drying step was repeated several
imes to obtain the coating with required thickness and quality.

.2. Microstructural characterization

The surface and the cross-section of the coated porous NiTi alloy samples, before
nd after immersion in different solutions used in this study, were examined by
scanning electron microscopy (JSM-T300) and the thickness of the coating was

etermined accordingly. The phase components were analyzed by an X-ray diffrac-
ometer (MSAL-XD2, Cu K�, 36 kV, 20 mA) at a scanning speed of 2◦ (2�)/min, from
0◦ to 80◦ .

.3. Evaluation of the stability of the coatings by immersion test in Tris solution

Tris solution can provide the same pH value as body fluid and does not contain
ther cationic components except H+ and other anionic except Cl− , so it can avoid

nterference from chemical reaction of other ions. The presence of other ions in
ris solution after an immersion test is due to the dissolved coating. Thus, the Tris
mmersion test is employed to evaluate the stability of the coatings.

Tris solution was prepared by dissolving tris(hydroxymethyl)aminomethane
(HOCH2)3CNH2, AR) in deionized water and adding 1.00 mol/L HCI to adjust pH
alue to 7.25. The concentration of Tris solution is 0.05 mol/L.
Cl− HPO4
2− SO4

2− HCO3
2−

148.0 1.0 0.5 4.2
145.0 1.86 – –

The coated samples were immersed in Tris solution at 37 ± 0.5 ◦C. Every two
days, an amount of 5 mL of immersion solution was taken to measure Ca and P
concentrations by an inductive coupled plasma emission spectrometer. The total
soaking time was 14 days. After the soaking period, the samples were cleaned and
dried in air, and then the surface of the samples was examined by SEM.

2.4. Ni ion release test

After the porous NiTi alloy samples of different pore sizes and porosity ratios
were coated with HA, the samples were then immersed in a beaker containing
30 mL of SBF for different periods to evaluate the behavior of Ni ion release from
the HA coated porous NiTi alloy samples. The immersion test was conduct in SBF at
37 ± 0.5 ◦C. For comparison, the porous NiTi alloy samples without coating were also
tested in SBF. Table 1 gives the ion concentrations of the as-prepared SBF solution
[14]. An amount of 5 mL of immersion solution was taken to measure Ni concentra-
tion every 2 days, and meanwhile 5 mL of the fresh SBF solution was added into the
beaker to maintain a nearly constant concentration of SBF solution.

2.5. Immersion test in FCS

To evaluate the apatite-forming ability of the HA coated porous NiTi alloy sam-
ples in comparison with the uncoated one, a fast calcification solution (FCS) [15]
was prepared according to the composition shown in Table 1. The samples were
immersed in the FCS at 37 ± 0.5 ◦C and at pH 7.4. The ratio of volume to exposed
area was about 0.25 mL/mm2, with the FCS refreshed every 2 days. The surface of
the samples after the soaking was examined by SEM, and apatite particles (crystals)
on the coating were taken out of the substrate by gently scraping and then measured
with Fourier transform infrared spectroscopy (FT-IR).

3. Results and discussion

3.1. Coating characteristics

The surface morphology of the coated porous NiTi alloy sample
is shown in Fig. 1. Clearly, the outer planar surface is covered by a
homogeneous coating and no cracks are found as shown in Fig. 1(a)
and (c), and so is the curved surface inside the pores of the porous
NiTi alloy, see Fig. 1(d). Fig. 2 presents X-ray diffraction patterns
from the outer surface and inside the pores of the coated porous
NiTi alloy, and the EDS analysis results are also shown (inserted in
Fig. 2). In Fig. 2, the peaks of Ca and P are dominant and the ratio of Ca
to P is 1.32, which is lower than that in the original sol with the Ca to
P ratio of 1.67. Fig. 3 shows XRD patterns of the coated porous NiTi
alloy, where the diffraction peaks of (2 1 1), (1 1 2), (3 0 0), (2 0 2)
and (0 0 2) corresponding to the HA phase are clearly seen, besides
the peaks of NiTi phase. These results prove that the HA coating
with calcium deficiency has formed on the surface of the porous
NiTi alloy.

Furthermore, in Fig. 1(c) it can be seen that the surface of the
porous NiTi alloy matrix is adhered to by uniform spherical HA
particles of submicron size, which may be the expected surface
structure condition for promoting bone ingrowth; in Fig. 1(d) it is
clear that the HA coating is uniformly deposited on the inner side
of the pores, which looks clean and shows no impurities.

Moreover, after six cycles of the dipping-drawing-drying-firing
process, the cross-section of the HA coatings on outer and inner
surfaces was examined by SEM. The interfacial morphologies are
shown in Fig. 1(e) and (f), respectively, where the thickness of the
coatings on the outer surface reaches 1–2 �m and 3–4 �m on the

inner surface. Clearly, the inner surface coating is thicker than the
outer surface one and this is caused by more amount of the sol
entering into the pores during the dip-coated process under ultra-
sonic vibration. The cross-sectional images of the coatings also
show that the coating–substrate interface is fully dense with no
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ig. 1. SEM images of the surface and cross-section of the coated porous NiTi alloy s
f the area A in (a); (d) high magnification image of the pore area B in (b); (e) cro
urface coating.
ores or voids and the bonding between layer and substrate is
ood.

In addition, it is clear in Fig. 2 that Ti and Ni contents from the
uter surface (see Fig. 2(a)) are higher than those corresponding to

Fig. 2. The EDS analysis results of (a) the outer surface and
: (a) and (b) coated with HA (at a low magnification); (c) high magnification image
tional view of the outer surface coating; and (f) cross-sectional view of the inner
the inner pore (see Fig. 2(b)) and this means that the inner surface
coating is thicker than the outer surface one. These results are con-
sistent with those obtained from the cross-sectional examination
shown in Fig. 1(e) and (f).

(b) inside the pores of the coated porous NiTi alloy.
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of the coating is small. The following reaction would occur due to
Cl− adsorption on the exposed surface [18]:
Fig. 3. XRD patterns of the HA coated porous NiTi alloy.

.2. Stability of the coatings in Tris solution

The surface morphology of the HA coated porous NiTi alloy after
wo weeks immersion in Tris solution is shown in Fig. 4. Compared
ith Fig. 1(a), there is no obvious change in the surface morphology

nd most of the surface area is covered by smooth and continuous
oating. The result shows that the HA coating has good stability
n Tris solution. In addition, a small amount of spherical parti-
les appear on the surface, which originate from redeposition of
ome dissolved HA coatings on the substrate. In the experiment,
he sol–gel derived HA coatings on the porous NiTi alloy consist
f mainly apatite phase (AP) and amorphous calcium phosphate
hase (ACP). Generally, the solubility of calcium phosphate obeys
he following rule: the solubility of ACP is greater than that of HA
16]. In immersion test in Tris solution, some amorphous calcium
hosphate phases in the coating tend to dissolve in the solution and
ause an increase of Ca and P concentrations at the initial stage of
mmersion, as shown in Fig. 5. Then, with the increase of Ca and
concentrations, the Ca and P ions in the solution may re-deposit
n the substrate and reach a precipitation–dissolution equilibrium
uring the subsequent immersion period. It has been indicated that
he re-deposition process of HA a spontaneous reaction from Ca and

ions in solution which may occur as follows [17]: ACP is sponta-
eously precipitated out of the solution first, and then the ACP is
hanged into ocatacalcium phosphate (OCP) under the action of the
olution, finally OCP hydrolyzed into HA phase. Because these reac-
ions took place on the coating, the product was also attached to

ig. 4. SEM image of the surface morphology of the coating after two weeks immer-
ion in Tris solution.
Fig. 5. The Ca and P concentrations in Tris solution versus immersion time.

the coating. Accordingly, the coating morphology was also affected
in the process of conversion of ACP to HA. The conversion of ACP
to the transitional product OCP was not an in situ growth process.
Thus, with the dissolution of ACP and the growth of OCP, some sur-
face pits appear on the original flat coating due to ACP dissolution
and some small particles emerge owing to HA growth eventually.

3.3. Time dependence of Ni ion release

The rates of Ni ion release from the un-coated and HA coated
porous NiTi alloy samples of various porosity ratios in SBF are plot-
ted against time in Fig. 6. Clearly, the rates of Ni ion release from
the HA coated samples with the four porosity ratios decrease with
immersion time and are much lower than that of the uncoated sam-
ple. Furthermore, it is clear that the rate of Ni ion release from the
sample with a high porosity ratio is greater than that of the sample
with a low porosity ratio. As discussed in the above immersion test
in Tris solution, the preferential dissolution of ACP can cause sur-
face pits on the original flat coating, which may produce an exposed
surface in direct contact with simulated body fluid if the thickness
Ni + 2Cl − 2e = NiCl2 (1)

Fig. 6. Change of concentration of Ni ion released from uncoated and HA coated
porous NiTi alloy samples in SBF with immersion time.
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y after immersion in SBF for 10 days: (a) the outer surface and (b) the inner surface.
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Fig. 7. SEM images of the surface morphology of the HA coated porous NiTi allo

i + 2H2O − 2e = NiO + 4H+ (2)

iO + 2Cl− + 2H+ = NiCl2 + H2O (3)

These reactions all act to form localized pitting sites as the
node, and the surrounding HA coated surface which may act as
athode was protected.

For the porous NiTi alloy samples with various porosity ratios,
he characteristics of the pores, such as the shape, depth and the
umber of pores, can directly affect the crystallinity and thickness
f the coating during the dip-coating process and the subsequent
intering process. Thus, the possibility of generating pitting corro-
ion on the surface during the immersion test increases and the rate
f Ni ion release also increases with increasing the porosity ratio.
eanwhile, the results in Fig. 6 suggest that the porosity ratio in

he range of 35.3–45.5% shows only a slight effect on the rate of Ni
on release at the same immersion time. But for the sample with a
orosity ratio of 51.5%, the rate of Ni ion release is much higher.

Moreover, the results in Fig. 6 show that the rate of Ni ion
elease for all the samples becomes a maximum after immersion
or 24 h and then decreases gradually. It is also clear that the dis-
olution rate of the coating is greater than the redeposition rate
f Ca and P in the solution in the early stage of the immersion
nd it reaches a precipitation–dissolution equilibrium during the
ubsequent immersion process.

.4. Apatite-forming ability

Fig. 7 shows SEM images of the surface morphology of the HA
oated porous NiTi alloy samples after immersion in FCS for 10
ays. In Fig. 7(a), flake-like apatite crystals have formed on the outer
urface and some petal-like circular clusters apatite crystals of a few
icrons in size present on the inner surface as shown in Fig. 7(b).
In the classical Ostwald’s nucleation theory [19], the nucleation

ree energy (�G) depends on the supersaturation of solution (S),
he net interfacial energy for nucleation (�), the temperature (T)
nd the particle surface area (A), and �G can be expressed by
G = − RT ln S + �A. This nucleation theory indicates that increasing

he solution supersaturation (S) and reducing the net interfacial
nergy (�) can induce heterogeneous nucleation. In the present
tudy, the supersaturation in FCS was greatly increased to reduce
he nucleation free energy �G. The reduction of �G induces het-
rogeneous nucleation on the outer surface and inner surface.
urthermore, the rough surface on the inner surface of the HA
oated porous NiTi alloy, as shown in Fig. 1(d), decreases the net
nterfacial energy (�) effectively. Therefore, the nucleation rate of
patite phase greatly increased, and accordingly some petal-like

ircular clusters apatite crystals formed due to flake-like crystals
ggregation growth. In contrast to Fig. 7, there is no detectable
patite deposition due to immersion on the uncoated porous NiTi
lloy. These results indicate that the HA coated surface is favorable
or apatite formation, and this is consistent with the reported stud-
Fig. 8. FT-IR spectra of apatite on HA coatings.

ies that oxide layers containing Ca ions would increase the apatite
forming ability [20] or an HA coating would definitely favor apatite
formation in SBF [21].

The FT-IR spectra of the apatite crystals on the surface of HA
coating are shown in Fig. 8. It is clear that the apatite crystals contain
both OH− and PO4

3− groups. In addition, a CO3
2− vibration band

was also been detected due to the dissolution of CO2 present in the
air into the solution, replacing part of the PO4

3− group.

4. Conclusions

(1) A uniform HA coating layer has been deposited on porous NiTi
alloys via the sol–gel route. The HA coating, with a thickness at
a sub-micron scale, has been formed not only on the surface of
the porous NiTi alloy but also inside the pores without blocking
them.

(2) The sol–gel derived HA coating shows good stability in Tris
solution. The rate of Ni ion release from the HA coated porous
NiTi alloys with various porosity ratios in SBF is much smaller
compared with the uncoated one.

(3) There is a remarkable increase in the apatite forming ability of
the HA coated porous NiTi alloy in FCS and the inner surface of
porous NiTi alloy has an increased apatite deposition rate due
to the rough surface.

Based on these observations and characterization, it may

be concluded that the sol–gel method provides an effective
way to produce the HA coating on porous NiTi alloys with
the enhanced apatite forming ability beneficial for biomedical
applications.
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