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In order to reinforce the clinical applications of hydroxyapatite (HAP) sol–gel coatings deposited onto 316 L stain-
less steel, we suggest the introduction of an intermediate thin layer of titania (TiO2) on the substrate. The titania
sub-layer is introduced in order to improve both the corrosion resistance and the mechanical properties of the
HAP/316 L stainless steel coated system. The two coatings, HAP and TiO2,were studied separately and afterwards,
compared with the bi-layered coating. A film without any cracks is obtained under the optimum conditions in
terms of annealing temperature, dipping rate and aging effect. Microstructural, morphological and profilometry
analysis revealed the non-stoichiometric carbonated porous nature of the hydroxyapatite coatings, which were
obtained after annealing at 500 °C during 60 min in the atmosphere. The obtained TiO2 coatings exhibit a
dense and uniform surface. Addition of TiO2 as sub-layer of the HAP coating tends to increase the homogeneity
and the crystallinity rate as compared to the HAP one.
The mechanical properties, i.e. hardness and elastic modulus, are determined by means of nanoindentation ex-
periments and the adhesion between the coating and substrate is estimated by scratch tests. The corrosion be-
havior is evaluated by potentiodynamic cyclic voltammetry tests. As a main result, the values of the elastic
modulus and hardness, respectively of 30 GPa and 2.5 GPa, are relatively high for the HAP–TiO2 bilayer coating.
This result allows the use of such coated material as a replacement material for hard tissues. The adhesion
strength increased from 2925 mN up to 6430 mN after the addition of the TiO2 intermediate film. According to
the Tafel's analysis, the 316 L stainless steel specimens coated with both HAP and titania layers
(ECorr = −234 mV, lCorr = 0.089 μA cm−2) present a better resistance than the HAP-coated specimens
(ECorr = −460 mV, lCorr = 0.860 μA cm−2).

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Thin titania coatings on 316 L stainless steel have the combined ad-
vantages of biocompatibility and corrosion resistance [1,2]. Conse-
quently, the use of Titania as a bonding oxide film between the
hydroxyapatite and the substrate is studied with the objective of im-
proving the global properties of the HAP coatings [3–7]. In this work,
we propose a strategy of HAP coating with the introduction of TiO2

oxide ceramic at the surface of the 316 L stainless steel substrate in
order to improve the corrosion resistance, the mechanical properties

and the bonding strength of the bilayer HAP–TiO2 bioceramic coating.
The coatings were obtained by the sol–gel dip coating process due to
its simplicity, and also because it allows the preparation of high-
quality thin films on metal substrates [8,9]. Moreover, it has been re-
ported in the literature that the coated materials prepared by sol–gel
deposition are more bioactive than those prepared by other methods
[10,11]. The main objective of this study is to evaluate the mechanical
behavior of sol–gel hydroxyapatite and hydroxyapatite–titania bilayer
coatings on 316 L stainless steel.

In a previouswork [12], we determined the hardness of theHAP sin-
gle and the bi-layered coating systems by means of classical
microindentation tests. Themodel of Jönsson andHogmarkwas applied
to separate the two contributions of the substrate and of the film in the
measured hardness in order to determine the hardness of the film only.
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In this paper, additional studies have been performed using the contin-
uous stiffnessmeasurementmode in nanoindentation in order to deter-
mine thehardness of thefilm as a function of the indenter displacement.
Consequently, nanoindentation provides a useful comparison with the
mechanical properties of the surrounding coatings and underlying sub-
strate. Various methods can be employed to address the problem of de-
termining the hardness and elastic modulus of thin films when the
substrate is involved in the deformation process occurring during the
indentation experiments. Only fewpublicationspresent in detail thede-
termination of the elastic modulus and the hardness of thin hydroxyap-
atite sol–gel films (b2000 nm in thickness) directly and properly from
the indentation data. The determination of the mechanical properties
of relatively thin coatings by nanoindentation often requires the appli-
cation of models for separating the contribution of the substrate from
the indentation data [13,14]. For hardness measurements, a model
must be applied when the indenter displacement is higher than a
given value, which depends both on coating thickness and themechan-
ical behavior of the coating, i.e. for a hard coating on a soft substrate or
for a soft coating on a hard substrate. For example, Bückle [15] and Sun.
et al. [16] indicate a value for the indenter displacement close to 10% of
the coating thickness after which the substrate interferes with themea-
surement. Unfortunately, this limit of 10% is not a predictable value.
When considering the elastic modulus determination, this limit value
can be much less. Indeed, this value is close to 1% of the film thickness
for a hard film deposited onto a soft substrate [17,18] and it can reach
20% for a soft film deposited onto a hard substrate [19,20]. As a conse-
quence, to avoid the application of models for which the above men-
tioned limit values cannot be defined precisely and also for which the
accurateness significantly depends on the adjustment of the intrinsic
fitting parameters to the model, a direct determination of the mechan-
ical properties of the material will be preferable. This is rendered possi-
ble by means of the continuous stiffness measurement mode, which
allows the computation of both the hardness and the elastic modulus
as a function of the indenter displacement [21]. Moreover, under these
conditions, the mechanical properties can be obtained for very low in-
denter displacements, typically less than 50–100 nm. According to the
nature of these variations, application of models may or may not be re-
quired. In this work, we suggest the study of the mechanical properties
by analyzing the variation of the hardness and the elastic modulus as a
function of the indenter displacement.

Regarding the application of coated systems, the adhesion strength
between the coating and its substrate is a very important parameter,
whichmust be studied bymeans of scratch tests. These tests performed
with a spherical diamond indenter, allow the determination of the crit-
ical load corresponding to the removal of the coating. This critical load
can be used as an adhesion criterion.

There is always concern about the corrosion resistance of the 316
L stainless steel in physiological fluids. For this reason, the develop-
ment of the biomedical implants requires the improvement of their
corrosion resistance. In this paper, the influence of the bilayer hy-
droxyapatite–titania film on the corrosion resistance of the 316 L
stainless steel in simulated human body fluids has been examined.
The experiments were conducted using open circuit potential and
potentiodynamic cyclic voltammetry tests.

2. Materials and experiments

Specific amounts of phosphorus pentoxide (P2O5, Prolabo 100%) and
calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, Fluka 98%) were dissolved
in absolute ethanol to form different solutions with concentrations of
0.5 mol/l and 1.67 mol/l, respectively. These two solutions were mixed
to obtain the HAP sol having Ca/P molar ratio of 1.67 [22]. The mixture
was continuously stirred at room temperature for 24 h. This produces a
translucent sol. Titanium isopropoxide (TIP, Fluka 100%)was used as a ti-
tania precursor in the sol–gel process. The reactivity toward water is
modified by acetic acid (HOAc) (molar ratio of TIP/HOAc = 1/10),

which is also used as catalyst. 2-methoxy ethanol was added to adjust
the degree of viscosity of the solution. This solution with titanium
molar concentration of approximately 0.47 M was vigorously stirred at
room temperature [23].

Finally, the resultantHAP sol was closely capped and aged for 24 h at
room temperature. In the same way, TiO2 sol was kept closely capped
and aged for 24 h at the temperature of 100 °C. The effect of tempera-
ture of TiO2 aging sol on the film morphology has been discussed and
detailed in [12].

316 L stainless steel is used as the substrate. The dimensions of the
samples are 20 × 10 × 5 mm. Before deposition, the samples were me-
chanically polished using different silicon carbide grit papers from 120
to 1200 grades. Mirror polishing was done using diamond paste of
2 μm and of 0.7 μm in the final step. The substrate samples were ultra-
sonically degreased with acetone and washed with running double dis-
tilled water. Finally, they were dried at 150 °C during 10 min. The TiO2

coatings were obtained by dipping the polished, washed and dried sub-
strates in the suspension at the dipping rate of 20 mm/min and
annealed at 450 °C during 60 min. Dipping of the hydroxyapatite sus-
pension was maintained in the range of 10–80 mm/min and annealed
at different temperatures, i.e. 500 °C, 600 °C, 700 °C and 750 °C during
60 min in air. The HAP particles were deposited onto the surface of
the TiO2 film with the optimized parameters.

The different phases present in the coatings were identified by X-
Ray diffraction (XRD) analysis, (panalytical type MPD/system verti-
cal θ/θ), using radiation source (CuKα = .5406 Å) operating at
40 kV and 30 mA. The XRD diffraction patterns were collected over
a 2θ range located between 20° and 80° using an incremental step
size of 0.02° with 6 s of acquisition time per step. The identification
of the phases was performed by comparing the experimental XRD
patterns to standards compiled by the International Center for Dif-
fraction Data (ICDD).

The microstructure analysis for identifying the different species
and the functional groups present in the HAP coatings was carried
out using a Fourier Transform Infrared (FT-IR) spectrophotometer
instrument (IRAffinity-1, SHIMADZU). FT-IR spectra were recorded
in the range of 400–4000 cm−1 with a resolution of 4 cm−1. The de-
posited films were scraped off as powders from the substrate and
mixed with KBr powder (80% in weight) to form an infrared trans-
parent pellet.

Themicrostructural changes and the elements present at the surface
of the coated specimen were studied by means of a scanning electron
microscope equipped with energy dispersive X-ray spectroscope
(SEM/EDS FTI QUANTA 200, detector SUTW-Sapphire, resolution:
135.25) using the standard EDAX ZAF quantification method on the
SEC factor. The SEM was used to examine the morphological features
of the coatings. Samples were mounted on individual substrate holders
using a carbon adhesive tape.

Both coating thickness and coating roughness were measured using
a profilometry analysis “DEKTAK 150 SURFACE PROFILERT”. The surface
of the coating is scanned at an interval of 1000–8000 μm. Three different
areas were scanned and measured to determine a mean value for the
thickness and the roughness parameter.

Nanoindentation experiments were performed with a Nano Indent-
er XP ™ (MTS Nano Instruments) employing a Berkovich diamond in-
denter. The samples were fixed on a metallic support using the heat
softening glue crystalbond 509. 25 indentation tests were conducted
randomly on the surface of thematerial with the same indentation test-
ing conditions. Themaximum indentation depth reached by the indent-
er was fixed at 2000 nm and the strain rate was equal to 0.05 s−1. The
instrument was operated in the continuous stiffness measurement
(CSM) mode allowing the computation of the elastic modulus and the
hardness continuously during the indentation loading. The harmonic
displacement was 2 nm and the frequency was 45 Hz. The elastic mod-
ulus of the coating, EC, is deduced from the reducedmodulus, ERC, given
by the instrument, which takes into account the elastic properties, Ei
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and νi, related to the indenter material and the Poisson's ratio of the
coating, νC:

EC ¼ 1−ν2
C

� � 1
ERC

þ 1−ν2
i

� �
Ei

" #−1

ð1Þ

For a diamond indenter, the elasticmodulus, Ei, and the Poisson's co-
efficient, νi, are equal to 1140GPa and 0.07, respectively [24]. νC is taken
equal to the mean value of 0.3 because the analysis deals with a multi-
layered coating.

Unfortunately for thin films, the substrate can interfere with the me-
chanical property measurement. Consequently, a model must be applied
for separating the influence of the substrate on the measurement. In the
case of porous coating, Hemmouche et al. [25] have tested numerous
models related to the elastic modulus determination of thin films. They
conclude that the model of Gao et al. [26] leads to the best prediction
and that it has the advantage of being independent of any fitting param-
eter.When the indentation depth increases, themeasured reducedmod-
ulus, ERC, changes gradually between two limits: ERF (obtained for the
lowest loads and representing the reduced modulus of the film) to ERS
(obtained for the highest loads and representing the reduced modulus
of the substrate). This relative variation of the elastic modulus is
expressed as a weight functionΦ:

ERC−ERSj j
ERF−ERSj j ¼ Φ: ð2Þ

The weight function, based on the analytical solution of the contact
of a rigid cylindrical indenter with an elastic layered body, takes the fol-
lowing form:
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Here a=h. tanΨ, is the contact radius of an equivalent conical in-
denter at the maximum load and Ψ=70.3°, corresponding to the half-
angle of the tip conical indenter, h is the indentation depth, ν is the
Poisson's coefficient of the specimens and equal to 0.3·t is the film
thickness.

The adhesion of the coating was evaluated using a scratch tester
(Millennium in accord with Standard ISO/EN 1071-3) with a spherical
Rockwell C diamond indenter of 200 μm in radius. The scratch tests
were performed on the coating by applying the load, which increases
monotonously at the loading rate of 10,000 mN/min, whereas the spec-
imen was shifted at the constant speed of 1500 μm/min. The applied
force immediately starts to increase linearlywith time. These conditions
lead to a total scratch length of 1500 μm. The load at which the coating
was removed from the substrate is referred to as the critical load (Lc).
The scratch track was observed using an optical microscope. Five tests
for each sample were recorded.

The corrosion behavior of the samples was evaluated by potentiody-
namic cyclic voltammetry tests employing a Voltalab equipment (Serial:
913 V708/INT), interfaced with a computer and loadedwith VoltaMaster
4 software in simulated human body fluid (SBF) at 37± 1 °C. The SBF so-
lution is prepared using Kokubo and Takadama's formulation [27]. Before
conducting the corrosion studies, the specimens were immersed in the
SBF solution for 1 h in order to stabilize the system.Moreover, a renewed
solution was used for each experiment. The exposed area of the samples
in the SBF solutionwas 1 cm2. A platinum electrodewas used as the aux-
iliary electrode and the saturated calomel electrode (SCE)was used as the
reference electrode. Corrosion potential (ECorr), and corrosion current
density (ICorr) were determined using the Tafel diagram with sweeping
potential from −1000 to +1000 mV at the rate of 1 mVs−1, all the

tests were carried out on several samples and, at least, three similar re-
sults were required to ensure reproducibility.

3. Results and discussion

3.1. Influence of annealing temperature and deposition parameters on the
HAP coatings

Fig. 1 shows the surface of the HAP coatings prepared with different
dipping rates at the same annealing temperature. As a result, the sample
treated at 600 °C reveals the morphology of the coating, which differs ac-
cording to the dipping rate, as shown in the different micrographs. The
coating prepared at 10 mm/min (Fig. 1a) was distinctly composed of
partially melted droplets. The coating shown in Fig. 1b was obtained by
dipping with a withdrawal rate of 30 mm/min. It shows the
heterogeneous aspect of the surface. The coating shown in Fig. 1c, pre-
pared at 50 mm/min, is less rough and less complex as compared to the
previous ones. For the lowest dipping rate (10 mm/min), extensive
cracking was observed, whereas for the highest one (50 mm/min),
the surface exhibited uniform morphology. The coating prepared at 50
mm/min, annealed at 700 °C— 60min (Fig. 1d) and the coating prepared
at 50mm/min, annealed at 750 °C— 60min (Fig. 1e), allow for the obser-
vation of the annealing treatment influence. At 700 °C, the surface of the
coating appears dense and homogeneous. At the highest temperature of
750 °C, cracks and defects are visible thus indicating that severe solvent
evaporation has occurred. The annealing treatment leads to a contraction
of the coating volume, which damages the structural integrity by forma-
tion of micro-cracks on the surface. By applying a low annealing temper-
ature of 500 °C and a dipping rate of 80 mm/min, as shown in Fig. 1f,
uniformmorphology was obtained, which is characterized by a homoge-
neous and smooth appearance. This indicates that solvent evaporation
was reduced.

In Fig. 2, the XRD patterns for coating (a), prepared at 50 mm/min,
700 °C— 60 min (see Fig. 2a) and coating (b), prepared at 50 mm/min,
600 °C — 60 min (see Fig. 2b), show peaks for which the positions and
widths correspond to a crystallized HAP structure (PDF no. 00-009-
0432). The HAP characteristic triplet peaks at (211), (112) and (300)
planes are observed for 2θ values between 31° and 33°. Since the coatings
are relatively thinner, around 2 μm, the X-ray diffraction patterns in Fig. 2
present large peaks related to the diffraction of the crystallographic struc-
ture of the 316 L stainless steel substrate (PDF no. 00-006-0694). Howev-
er, additional peaks can be detected. For the samples annealed at 600 °C
and 700 °C, the peak observed at 2θ=33.1° corresponds to the presence
of the Fe2O3 phase (PDF no. 00-024-0072), whereas the peak observed at
2θ=36.82° corresponds to the presence of the Fe3O4 phase (PDF no. 00-
026-1136). The peak located at 2θ = 35.6° associated to the FeCr2O4

phase (PDF no. 01-071-4917) is only detected in the coating treated at
700 °C. The XRD patterns indicate the formation of a composite layer of
iron with HAP, which results from the oxidation of the base metal and
its diffusion toward the outer surface. The formation of metal oxides at
the surface is due to the oxidation of the substrate reactingwith the atmo-
sphere. The major HAP peaks were detected and indexed along with the
iron peaks. Other calcium phosphate phases on the coatings were absent.
Aging of the precursor solution has been found to be critical in developing
an apatitic phase and specific aging time period either at room or higher
temperature is necessary to form a phase-pure apatite [28]. Gross et al.
[29] have demonstrated that a time of 24 h is necessary for a complete
combination of the calcium and phosphorus precursors to produce a hy-
droxyapatite coating.

The XRD patterns of the coating shown in Fig. 1c, prepared at 80
mm/min and annealed at 500 °C for 60 min (see Fig. 2c), show several
peaks related to the HAP phase. The structure can be considered quasi
pure and partially crystalline. This crystallization temperature of
500 °C is characteristic of amorphous calcium phosphates. Previous
work [29] performed onHAP coatings deposited by a spin coatingmeth-
od showed that crystallization of the hydroxyapatite occurs between
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500 and 600 °C, so authors preferred annealing the coating at 500 °C for
5 min in order to remove most of the organics and then complete the
treatment by a final firing at 800 °C for 10 min. This allows the removal
of the remaining organic constituents required for the formation of a
homogeneous thin hydroxyapatite coating. However, it was shown
here, from SEM and XRD analysis, that a dipping rate of 80 mm/min
and a temperature of 500 °C for 60 min were the optimum conditions
for the production of crack free pure hydroxyapatite coatings. In the fol-
lowing, only the HAP coatings obtained under these conditions will be
studied.

The FT-IR spectrum of theHAP coatings prepared at a dipping rate of
80mm/min and annealed at 500 °C for 60min is indicated in Fig. 3. This
figure shows well-defined bands associated with the presence of PO4

groups at 473, 563 and 600 cm−1 [30]. The trace at 473 cm−1 is attrib-
uted to the ν2 bending vibration. The triply degenerated ν4 bending vi-
brations are reflected as traces at 563 and 600 cm−1. The band at
964 cm−1 corresponds to ν1 and the bands at 1049 and 1089 cm−1 cor-
respond to the ν3 vibrations of PO4

3− ions. The broad and high-intensity
band extending from 2500 to 3600 cm−1 derives from the ν3 and ν1

stretching mode of the hydrogen-bonded H2O molecules and the band
at 1632 cm−1 derives from the ν2 bending mode of the H2O molecules.
The bands at 3572 and 630 cm−1 arise from the stretching and
vibrational modes, respectively, of the OH− ions in the hydroxyapatite
structure [31].

The locations of the carbonate peaks in the FT-IR pattern are indicat-
ed at the bands of 1419, 1460, 1501, 1540 cm−1 and a singlet at
873 cm−1. The presence of the carbonate group in the apatite structure

Fig. 1. SEM observations of the HAP coatings surfaces prepared with dipping rate and annealing treatment, respectively of: a) 10 mm/min, 600 °C — 60 min, b) 30 mm/min, 600 °C —
60 min, c) 50 mm/min, 600 °C— 60 min, d) 50 mm/min, 700 °C— 60 min, e) 50 mm/min, 750 °C— 60 min, and f) 80 mm/min, 500 °C — 60 min.

Fig. 2. XRD patterns of the different HAP coatings formed on the 316 L SS: (a) 50mm/min,
700 °C— 60min, (b) 50mm/min, 600 °C— 60min, (c) 80 mm/min, 500 °C— 60min. (▀)
Fe2O3, (+) Fe3O4, (°) FeCr2O4, (*) Hydroxyapatite, and (S) Substrate.

Fig. 3. FT-IR analysis of the optimizedHAP coating deposited at the rate of 80mm/min and
annealed at 500 °C for 60 min.
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corresponds to the partial substitution of OH− and PO4
3− groups,

forming carbonated apatite [30,32–34]. The reaction was performed in
open air that caused incorporation of a small amount of CO3

2− ions in
the formed HAP particles. The source of the carbonate was due to the
absorption of atmospheric CO2 into the ethanol solution. Carbonate
ion is produced by the reaction of CO2 with water and OH− as follows
[35]:

CO2 þ 2H2O↔H2CO3 þH2O
H2CO3 þOH− ↔HCO−

3 þH2O
HCO−

3 þOH− ↔ CO2−
3 þH2O:

The coatings can then be considered as a carbonated apatite. The FT-
IR spectrum from the present study is similar to that reported by Yala
et al. [36] who synthesized the hydroxyapatite using a similar sol–gel
processing route.

3.2. Effect of TiO2 sub-layer on the microstructural characteristics of the
HAP coatings

3.2.1. SEM images
The surfacemorphology of the HAP–TiO2 bilayer coating is shown in

Fig. 4(a) and (b). SEM surface examination reveals no detectable cracks
and an absence of pores for this coating. When TiO2 was deposited onto
the 316 L stainless steel substrate (Fig. 4b), initial machining grooves on
the substrate could be observed, thus suggesting the formation of a very
smooth TiO2 layer. The HAP outer layer reproduces the surface features
of the TiO2 underlying film. According to profilometry measurements,
each layer had uniform thickness. Fig. 4c is the magnification surface
of the HAP coating presented in Fig. 1e. The single HAP layer has a dis-
continuous structure as compared to the bilayer HAP–TiO2 coating
(Fig. 4b). The morphology of the surface indicates that the HAP coating
is composed of pores having a spherical shape and presents irregular ag-
glomerates. According to Rajabi-Zamani et al. [32] and Feng et al. [37],
the agglomerated structure is due to the aging period. After deposition
of the HAP coating over the TiO2 layer, the surface changed and exhibit-
ed a relatively rough structure (Fig. 4b and c). Both surface roughness
and thickness were estimated according to the profilometry analysis
and the parameters are summarized in Table 1. The thickness of the
HAP layer and HAP–TiO2 bilayer were approximately of 1600 and
1019 nm, respectively. The surface roughness of the HAP layer coated-
316 L substrate decreased from about 1310 to 95 nm after the introduc-
tion of the TiO2 sub-layer at the surface of the 316 L stainless steel sub-
strate. The values of the thickness and roughness of the TiO2 coating
were 300 nm and 43 nm, respectively, thus confirming the smoothness
of this coating.

3.2.2. X-ray diffraction patterns
XRD patterns of the TiO2, HAP and HAP–TiO2 coatings are shown in

Fig. 5. The XRD pattern of the TiO2 layer deposited on the 316 L SS sub-
strate is given in Fig. 5a. The XRD analysis reveals a crystalline structure
of anatase (PDF no. 00-004-0477). All the peaks correspond to the TiO2

phase besides the reflections from steel substrate. The diffraction pat-
tern observed for the HAP–TiO2 coating is given in Fig. 5b. It consists
of sharp peaks attributed to the substrate 316 L stainless steel. Several
major peaks correspond to the HAP and anatase structures, suggesting
that there is no phase transformation, which can be caused by the si-
multaneous calcinations of the HAP and TiO2 layers. Compared to the
HAP coating directly deposited on the 316 L substrate without the
TiO2 layer (Fig. 2c), the hydroxyapatite peak intensities increased, indi-
cating that there was an improvement in crystallization.

3.2.3. Elemental analysis by EDS
As shown in Table 2 (“EDAX ZAF Quantification Standardless SEC

Table”), together with the element composition analysis of the coatings
and 316 L stainless steel substrate, it can be noticed that no elements

Fig. 4. SEM images of: (a) HAP–TiO2 bilayer coating, and (b) the interface of the HAP coat-
ed on the TiO2 interlayer, (c) HAP single coating.

Table 1
Structural and corrosion parameters of the uncoated and ceramics coated 316 L stainless
steel.

Thickness (nm) Roughness (nm) ECorr (mV) lCorr (μA cm−2)

HAP–TiO2 1019 95 −234 0.089
TiO2 300 43 −373 0.630
HAP 1600 1310 −460 0.860

Substrate – – −665 1.000
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other than those expected for the TiO2, HAP and 316 L stainless steel
substratewere detected. The lower quantity of Ti in theHAP–TiO2 bilay-
er coating indicates the existence of Ti at the interface of the HAP–TiO2

system and therefore, the presence of the TiO2 oxide as a sub-layer of
the hydroxyapatite coating. Moreover, EDS analysis indicates the
presence of carbon in the HAP coating. According to FT-IR analysis, the
HAP coating contains a small amount of carbon resulting from the car-
bonate substitution of phosphate. From Table 2, the Ca/P molar ratio
was equal to 1.77. A higher Ca/P ratio in hydroxyapatite film was
believed to be related to the carbonate substitution of phosphate, as re-
vealed by the FT-IR analysis. It is usually expected that the absorption of
the CO3

2− peaks is more pronouncedwhen the Ca/P ratio is greater than
the stoichiometric value [38]. The nonstoichiometric Ca/P ratio resulted
from carbonate substitution for phosphate, as well as a poorly devel-
oped crystal structure.

The HAP coating resulting from the 500 °C annealing treatment gave
rise to a nonstoichiometric carbonated (CHAP) apatite. A high degree of
crystallinity and chemical stability has been included among the re-
quired properties of an ideal hydroxyapatite [39]. However, a low de-
gree of crystallinity associated to a high resorbability is also effective
for promoting early bone growth [40].

3.3. Hardness and elasticmodulus of the uncoated andHAP, TiO2, HAP–TiO2

coated 316 L stainless steel systems

25 nanoindentation tests have been performed randomly on the sur-
face of the substrate and of the different coated materials in order to

obtain representative variations of the hardness as a function of the in-
denter displacement. Fig. 6 represents the hardness variation for the dif-
ferent situations. As it is clearly shown on this figure, the uncoated
substrate presents the highest hardness valuewith a hardness variation,
which decreases from 7 GPa, close to the external surface, to 3 GPa to-
ward the core of the material for the highest indenter displacements.
The increase in hardness toward the surface can be explained by the
presence of oxides such as hematite-Fe2O3 and magnetite-Fe3O4 on
the substrate, which is very reactive with the atmosphere mainly
when it is exposed to temperatures higher than 600 °C (see Fig. 2). On
the other hand, Chicot et al. [41] have studied various iron oxides by
means of molecular dynamic analysis (MDA) and instrumented inden-
tation. They concluded that the two techniques lead to the same predic-
tion of the mechanical properties of these oxides, i.e. 6.3 GPa for the
hardness of magnetite and 8.2 GPa for the hardness of hematite, the
elastic modulus being more or less constant close to 190 GPa. These
values obtained for the oxides can explain the hardness gap since the
hardness values of these oxides are in good agreement with the exper-
imental value of 6.7 GPa determined on the surface of the substrate.

For the TiO2 coating, we note that the hardness is very similar to that
of the substrate except for indenter displacements very close to the
outer surface, typically over the first 150 nm in depth. In this region,
we applied the model of Jönsson and Hogmark [42] for determining
the hardness of the film only. In this model, the measured hardness,
called “composite hardness”HC, depends on the hardness of the coating
HF, and the hardness of the substrate HS as follows:

HC ¼ HS þ 2C
t
d
� C

t
d

� �2
 !

HF �HSð Þ: ð4Þ

Here t is the film thickness, d is the indent diagonal and C a constant
which takes a value between 0.5 and 1, depending on the mechanical
behavior of the tested material. C equals 0.5 for brittle materials and 1
for ductile materials. Moreover,

d ¼ 2tg74 h: ð5Þ

Here h is the indentation depth.
Applied to the hardness variation of the TiO2 films and using the

hardness values of the substrate, we obtained a value of 3.5 GPa for
the hardness of the titania oxide. For information, Fu et al. [43] indicate
that the hardness of titania films can vary to a great extent, between 2

Fig. 5. XRD patterns of (a) TiO2, and (b) HAP–TiO2 coatings. (*) Hydroxyapatite,
(A) anatase, and (S) Substrate.

Table 2
Energy dispersive X-ray quantification of the HAP, TiO2, and HAP–TiO2 coatings.

Element C O Ni P Ca Cr Fe Ti

Hydroxyapatite coating
Weight fraction (wt.%) 06.06 33.03 01.65 13.57 31.06 02.06 12.57 –
Atomic fraction (at %) 12.33 50.44 00.69 10.70 18.93 01.42 05.50 –

Titania film
Weight fraction (wt.%) – 17.23 09.21 – – 05.97 22.59 45
Atomic fraction (at %) 40 05.83 – – 04.27 15 34.90

Hydroxyapatite–titania bilayer coating
Weight fraction (wt.%) 04.98 35.90 02.48 08.64 16.86 06.22 22.44 2.48
Atomic fraction (at.%) 12.01 54.09 01.02 06.72 12.33 02.89 09.69 1.25

Fig. 6. Hardness versus the indenter displacement obtained by using the CSM mode of
nanoindentation performed on the uncoated substrate, the HAP, TiO2, and HAP–TiO2

coatings.
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and 18 GPameasured by nanoindentation, depending on crystalline na-
ture and microstructure of the films [44,45].

For the HAP coating, the hardness is found to be much lower at the
extreme surface. We can note that the hardness value is constant for
the lowest indenter displacements over 200 nm in depth. In this region,
the hardness is close to 1 GPa. After 200 nm in depth, the hardness value
increases toward a value of 3 GPawhich corresponds to the hardness of
the steel substrate. In this zone, the substrate interferes with the hard-
ness measurement. For this coating, no application of model is required
since the film hardness has been determined for the lowest displace-
ments of the indenter. Indeed, the hardness has a constant value of
1 GPa for indenter displacements between 100 and 200 nm.

For the HAP–TiO2 coating, it is interesting to note that the hardness
value varies between two limits corresponding to the HAP hardness
and the substrate hardness, respectively for the lowest and highest in-
denter displacements. Between these two limits, the benefit of the
sub-layer of TiO2 in terms of mechanical properties is clearly visible
since the hardness variation is observed between 2.5 GPa at the extreme
surface, as compared to only 1 GPa for the HAP coating, until 6 GPa cor-
responding to the TiO2 coating or steel substrate hardness at only
300 nm. As a conclusion, we showed that the TiO2 sub-layer significant-
ly improves the hardness of the HAP coating. In [12] it is shown that the
microhardness of the HAP coating, which is about of 459 HV (4.50 GPa)
increases with the addition of the TiO2 and SiO2 inner layers, to reach
approximately 530 HV (5.19 GPa) for the global HAP bilayer coatings.
In addition, the hardness values obtained from both classic tests in
microindentation and the continuous stiffness measurement mode in
nanoindentation are slightly different. This is due to the fact that nano-
indentation ismore sensitive to the surface roughness and the influence
of defects, which could be present in the material. Moreover, nanoin-
dentation is the most useful method to separate the contribution of
each layer in the bilayer coatings.

As already mentioned by [17–20], the substrate can interfere with
the elastic modulus measurement for the lowest indenter displace-
ments at the beginning of the indentation, as can be observed in Fig. 7.
Subsequently, we have applied the model of Gao et al. [26] on the com-
plete range of indentation data (Fig. 7). The elastic modulus is then rep-
resented as a phi-function for the TiO2, HAP and HAP–TiO2 coatings. All
the values for the composite elasticmodulus seem to be adequately rep-
resented by a unique straight line for the homogeneous TiO2 and HAP
coatings. In Fig. 7a and b, the two straight lines tend toward the value
of 190 GPa related to the elastic modulus of the substrate when Φ is
null, whereas that of the film is obtained when this latter parameter
equals 1. As a result, the elastic moduli of the films are equal to 60 GPa
for the TiO2 coating and 6 GPa for the HAP coating. For the HAP–TiO2

coating for which the elastic modulus of the film tends toward 30 GPa,
we distinguish two zones depending on the value of the weight func-
tion. When Φ is lower than 0.5, the HAP film has no real influence on
the elastic modulus variation since the indentation data can be ade-
quately represented by the straight line related to the TiO2 coating
(Fig. 7a), which tends toward 60 GPa when Φ equals 1. When Φ is
higher than 0.5, the presence of the HAP coating leads to a change of
the elastic modulus variation and the measured elastic modulus de-
creases compared to the straight line and its value tends toward that
of the HAP coating, that is to say a value slightly higher than 30 GPa.

As a conclusion on the mechanical properties of the different coat-
ings studied in this work, the elastic modulus and the hardness of the
single hydroxyapatite coatingwere found to be equal to 6 and 1 GPa, re-
spectively. The above confirms the fact that the as-deposited HAP coat-
ings have relatively poor mechanical properties. For the TiO2 coating,
the values of the elastic modulus and the hardness reach 60 and
3.5 GPa, respectively. For the bilayer coatings, these values are interme-
diate since we obtained 30 and 2.5 GPa, respectively. This result con-
firms the interest from a mechanical point of view of the introduction
of an intermediate layer having better mechanical properties than the
HAP coating alone.

Someworks have shown that themechanical properties of hydroxy-
apatite depend on the structural characteristics such as porosity, crys-
tallinity, particle size, and being different for the same material arising
from different processing histories. Since apatite is more commonly
found as nanocrystals, nanoindentation studies on single crystals of hy-
droxyapatite can provide important information on the hardness and
the elastic modulus for HAP materials used in biomedical applications.
Themechanical properties of these materials depend on the orientation
of the crystals [46,47]. The values for the hardness and elastic modulus
obtained by Saber-Samandari et al. [47] on a natural single crystal of

Fig. 7.Model of Gao et al. [26] applied on the indentation data obtained from nanoinden-
tation tests performed on the (a) TiO2, (b) HAP, and (c) HAP–TiO2 coatings.
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hydroxyapatite revealed higher values for the base, 7.1 and 150.4 GPa,
as compared to the side, 6.4 and 143.6 GPa, respectively. Longer crack
lengths were observed on the base compared to the side under the
same applied load. These results suggest that the HAP crystal has a
higher resistance to micro-cracking on the side, which is useful for the
bone, while exposing the base is preferable to minimize mass loss
from abrasion with the teeth. These mechanical properties of single
crystalline hydroxyapatite are higher as compared to those reported
here. Indeed, both the hardness and elastic modulus values measured
on sol–gel hydroxyapatite coatings are very low. We can assume that
the crystal shape, size and arrangement of the hydroxyapatite particles
are responsible for the higher mechanical properties. Thereby, the
additive effect of the anatase TiO2 crystalline film shows that the
measured values of the hardness and the elastic modulus of the
hydroxyapatite–titania double layer coating vary to a large extent.

On the other hand, nanoindentation experiments performed on the
surface of thermal sprayed hydroxyapatite coatings consisting of well
melted solidified splats, produced from small (20–40 μm), medium
(40–60 μm) and large (60–80 μm) particle sizes powders [48] lead to
some interesting concluding remarks. Indeed, the hardness and elastic
modulus can be directly linked to the particle size. For example, the
mechanical properties decrease when the particle size increases, i.e.
5.8 ± 0.6 and 121 ± 7 GPa for small particles size, 5.4 ± 0.5 and
118 ± 7 GPa for medium particles size and 5.0 ± 0.6 and 114 ± 7 GPa
for the large particles size, respectively for the hardness and the elastic
modulus. This decrease can be attributed to the de-hydroxylation of hy-
droxyapatite. However, these values are higher than those reported
here. This shows the effect of the particle size and eventually the effect
of the de-hydroxylation of hydroxyapatite on the mechanical properties
of the coating. Moreover, the decrease in mechanical properties could
be related to the pore content as has been shown by Gross et al. [49] by
using micro- and nanoindentation experiments for the determination of
the elastic modulus of the hydroxyapatite pellets sintered at 1200 °C for
2 h. These authors reported a decrease in elastic modulus from the
value of 110 ± 10 GPa to 100 ± 10 GPa when the porosity fraction in-
creases by 3%. This result agrees well with the conclusion presented
here. It is assumed that themorphological andmicrostructural properties
of the bilayer coating, which exhibits a crystallinity increase, a porosity
fraction and a roughness decrease have played a major role in producing
higher hardness and elastic modulus values.

The elastic modulus and hardness of the hydroxyapatite coatings are
subsequently compared to the values given in the literature according
to the synthesis conditions. For example, for a claimed HAP coating, Ou
et al. [50] give values of elastic modulus ranging from 3.6 and 7 GPa.
This hydroxyapatite coating was prepared through two processes: self-
assembly in simulated body fluid and a hydrothermal method. The sam-
pleswere then incubated in a dilute collagen solution for 24 h to produce
the composite coatings. In this case, the elastic modulus of the hydroxy-
apatite coating was 3.6 GPa, which reaches 7.5 GPa after the collagen in-
cubation treatment. Tsui et al. [39] used the vacuum plasma spraying
technique and obtained a value of 5.5 GPa for the elastic modulus. How-
ever, a higher value of 60 GPa for the elastic modulus and 4 GPa for the
hardness were given by Gross et al. [51] on a plasma sprayed coating.
Vijayalaqshmi et al. [52] have annealed the as-prepared sol–gelHAP coat-
ings at different temperatures and obtained the corresponding hardness
of 1.2 GPa. Additionally, the titania elastic modulus calculated in this
work for the annealing temperature of 450 °C is in good agreement
with the elastic modulus values reported by Olofinjana et al. [53] who
also used the sol–gel process. Their reported values were in the range
of 55–65GPa for the as-deposited film,whereas those reported for an an-
nealing temperature of 550 °C are of approximately 85 GPa. In this study,
the hardness is comparable with those reported previously for pure HAP
ceramics (1.0–5.5 GPa), which are close to those properties of natural
teeth [54]. The elastic modulus can be approximately compared with
the average elastic modulus value provided by nanoindentation on
human tibia cortical bone (E = 25.8 GPa) [55].

3.4. Scratch tests

Fig. 8(a1–a3) and (b1–b3) illustrate the scratch length images during
the scratch force test of the HAP coating and the HAP–TiO2 bilayer coat-
ing, respectively. The scratchdirectionwas from left to right for all of the
scratch images. The optical micrographs are representative of the phe-
nomenon occurring at the surface of the coated systems under different
loading amplitudes and indicate that several types of failure modes
were present during the scratching of the hydroxyapatite layer on the
titania-coated and uncoated substrates. It is possible to position them
on loading graphs (Fig. 8(a) and (b)), which represent the load-dis-
placement graphs and the corresponding photos (a1–a3 and b1–b3) to
examine the different forms of damage induced by the indenter tip
and to correlate them with the load applied.

As shown in Fig. 8(a1) and (b1), no visible wear debris were ob-
served to come out from the films in the initial stage of small applied
load (1915 mN) for the HAP coating and (1525 mN) for the HAP–TiO2

coating. As the loadwas gradually increased to 2400mN, the first cracks
are observed on the scratch track of the HAP coating and delamination
occurred on the trackside (Fig. 8(a2)). As the load continued to increase
(2925 mN), the trackside cracking and delamination became more se-
vere and the coating was delaminated from the substrate along the
scratch path. The corresponding load was recorded as the critical load
Lc1. For the bilayer HAP–TiO2 coating, as shown in Fig. 8(b2), no signifi-
cant damage is observed on the scratching surface. The coating failures
began to appear only after increasing the load to 5100mN. Here the crit-
ical load (Lc2) has to be determined from Fig. 8(b3). The total detach-
ment of the HAP coating from the substrate is clearly observed in Fig.
8(a3). Finally, it can be seen from these graphs that the bilayer HAP–
TiO2 coating presents approximately a scratch length/displacement of
1050 μm and a critical load (Lc2) of 6430 mN, whereas the single HAP
coating exhibits approximately a scratch length/displacement of
510 μm and a critical load (Lc1) of 2925 mN.

The improvement in bonding strength with the introduction of the
TiO2 bond was attributed to the enhanced of the chemical affinity of
TiO2 toward the HAP layer, as well as toward the 316 L stainless steel
substrate. Based on these results, it could be confirmed that the bonding
strength of the HAP bioceramic coating layer was highly dependent on
the substrate surface. A better adhesion between the HAP layer with
the TiO2 layer is found as compared to its adhesion with the substrate
[3,56]. The critical load for the failure of the coating from the substrate
increased from2925mN to 6430mNwith the introduction of the titania
sub-layer.

3.5. Corrosion test

Fig. 9 shows the potentiodynamic cyclic voltammetry curves of the
HAP–TiO2, TiO2, HAP coated and uncoated 316 L SS systems, immersed
in SBF solution. The corrosion parameters determined from these curves
by the Tafel extrapolation method are summarized in Table 1. The cor-
rosion parameters are corrosion potential (ECorr), and corrosion current
density (ICorr). The potentiodynamic curve, for the HAP–TiO2 coating
shifted to the right when compared to HAP, TiO2 coated and uncoated
substrate curves. Results of electrochemical tests reveal the influence
of the different coatings on the corrosion resistance of the 316 L stain-
less steel. The lower ICorr value for theHAP–TiO2 coated system indicates
that it ismore corrosion resistant than theHAP and TiO2 coated systems,
which are, nevertheless, more resistant than the uncoated substrate.

The potentiodynamic curve of HAP–TiO2 coated 316 L stainless steel
substrate was noticeably different from that of the HAP coated 316 L
stainless steel substrate, indicating that the titania film produces a real
effect on the corrosion behavior. The TiO2 coating reduces both the cor-
rosion potential and current density. The application of the TiO2 sub-
layer on the 316 L stainless steel causes an improvement in the corro-
sion resistance, which can be due to the good adhesion of the HAP–
TiO2–316 L stainless steel substrate system. The TiO2 film acts as a
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barrier and it blocks the porosity of the outer HAP coating as revealed by
the microstructural investigation. The titania film and the hydroxyapa-
tite layer provide double protection for the steel substrate.

This study clearly shows the contribution of TiO2 inner layer on 316 L
stainless steel on the morphological, structural and mechanical proper-
ties, but also, on the adhesion strength and the corrosion behavior of the
hydroxyapatite. This will assist further improvements of HAP materials
used in biomedical applications. Introduction of different oxides such as
silica, alumina, etc. as inner layers between the substrate and the HAP
coating will be of interest to the properties of the layered coating and
will contribute to the function of the biomaterial.

4. Conclusions

Prior to HAP coating, a titania thin film was pre-coated onto the 316
L stainless steel substrate at 450 °C for 60 min. According to the micro-
structural analysis, the HAP coated on the TiO2-substrate system at the
temperature of 500 °C is dense and crystalline compared to theHAP sin-
gle coating.

The effect of the structure andmorphology on themechanical prop-
erties of HAP after the introduction of a TiO2 sub-layer has been investi-
gated. The comparison between the elasticmodulus and hardness of the

Fig. 8. Load-displacement graphs of the scratch test realized on (a) HAP, (b) HAP–TiO2 coatings and optical micrographs (a1–a3, b1–b3) representative of the HAP, HAP–TiO2 surface damage,
respectively, arising from scratch tests (load progressively increasing from left to right indicated by the white arrow). The white bars inserted are referred to as the critical load (Lc1 and Lc2).

Fig. 9. The potentiodynamic curves of the uncoated 316 L stainless steel substrate, and the
HAP, TiO2, HAP–TiO2 coated systems in SBF solution.
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HAP and the bilayer HAP-TiO2 systems reveals the existence of a signif-
icant gap, which indicates the benefit of the TiO2 intermediate layer
prior to HAP deposition. In addition, the introduction of the titania
film significantly improved the bonding strength of the HAP layer to
the 316 L stainless steel substrate. The double HAP–TiO2 coatings have
higher corrosion resistance than the single HAP coating and the uncoat-
ed 316 L stainless steel substrate.

As a concluding remark, themorphological and structural character-
istics of the hydroxyapatite bilayer coating depend on the surface fea-
tures of the underlying substrate before and after the deposition of the
TiO2 oxide layer. The deposition of the TiO2 sub-layer gives rise to the
formation of a different type of hydroxyapatite coating. This represents
an advantage for various applications of the hydroxyapatite bioceramic
in the medical field.
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