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A B S T R A C T

The calcium substitution for magnesium on fluorapatite is attractive because this element is a natural substitute
in biological apatites. There are several published stoichiometries for calcium substituted by magnesium
fluorapatites and most works point out that the formation and fixation of biomimetic Ca-P coatings in Ringer’s
solution were strongly related to Mg2+ content and furthermore the Mg replacement improves the bioactivity of
apatite. In the present study, fluorapatite (FA) and fluorapatite substituted with 6% and 7% of magnesium were
obtained by deposition via sol-gel coating on substrates of AISI 316L stainless steel to investigate the effect of
magnesium substitution on fluorapatite with not yet investigated stoichiometry. Characterization of coating
thickness, chemical composition and crystalline structure was performed using scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). The coating adhesion was evaluated
using the pull-out test and the corrosion resistance was undertaken using potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS). The electrochemical results showed improvement in the corro-
sion resistance of magnesium-fluorapatite compared to fluorapatite coated on AISI 316L stainless steel sub-
strates. The improvement corrosion protection and adhesion performance indicate that such magnesium fluor-
apatites coatings are very interesting candidates as bioactive coatings for implants.

1. Introduction

Metal alloys have been widely used for orthopaedic implants, due
their good combination of mechanical properties [1]. The alloys of ti-
tanium, cobalt and stainless steels (SS) exhibit high strength but show
varying corrosion rates when exposed to physiological mediums for
long periods of time [2]. The corrosion of AISI 316L SS implants causes
the formation of toxic products to osteogenic cells and together with
bacterial adhesion to medical devices pose a serious problem to human
health [3–5]. These toxic products disrupt the behaviour of bone
marrow cells, similar to osteoblasts, which affect the proliferation and
differentiation of these cells. The allergenic effects of elements released
by corrosion of AISI 316L SS, such as nickel, cobalt and mainly chro-
mium, have been reported [6–8]. Consequently, corrosion of these
implants after surgery causes inflammatory responses, needing their

periodic replacement, which in turn makes the implant use more ex-
pensive and compromises patient health. However, the AISI 316L SS is
widely used in human implants and they can be protected by bioactive
ceramic coatings, thus offering good long-term corrosion resistance and
hindering the release of toxic species in the human body [5–7].

In addition to improving the corrosion resistance, bioactive ceramic
coatings increase the bioactivity with faster and more efficient os-
seointegration [9]. Calcium phosphates, dense alumina (Al2O3), tita-
nium dioxide (TiO2), and silica/calcium phosphate, apatites and hy-
droxyapatite ceramics are widely used as bioceramics [10–13].
Hydroxyapatite (HA), Ca10(PO4)6OH2 is a compound which represents
the mineral phase of bones and teeth, responsible for providing struc-
tural stability to the body and functioning as an ion buffer reservoir. HA
is the most used bioceramic implant coating, with similar chemical
composition to the inorganic matrix of the skeleton allows stabilization
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of the implant, reducing the cure time and adhesion to the prosthesis
[14–18]. Several beneficial factors, such as its morphology, bio-
compatibility, adhesion and corrosion resistance has led to the ex-
tensive use of HA as a bioactive ceramic coating for various polymeric
and metallic substrates used in biomedical applications [19]. However,
even with these favourable properties, the use of synthetic HA is still
limited due to its poor mechanical properties.

HA can be synthesized by different methods, such as hydrothermal
method, plasma spraying method, sputtering process, biomimetic
method, electrochemical deposition and the sol-gel method [18–26].
Among the different methods of synthesis and deposition of bioactive
ceramic coatings, the sol-gel deposition has many advantages, including
coating uniformity, conformal coverage of the component and good
control of composition and thickness.

The bioactivity, biocompatibility, solubility and adsorption prop-
erties of HA can be altered and even controlled by ionic substitution.
Research works have shown that the substitution of hydroxyl (OH−)
groups in hydroxyapatite for fluorine (Ca10(PO4)6(OH)xF2-x) forming
fluorapatite (FA), Ca10(PO4)6F2, promotes an improvement in me-
chanical properties, adhesion, and compressive strength [27,28]. An-
other particularly important factor is that fluorinated bioceramics sti-
mulate the proliferation of bone cells and their differentiation. As a
result, FA is used as an alternative to HA for biomedical implant ap-
plications [28–30].

The search for new and better materials has led to consideration of
substituting calcium with magnesium in the FA structure, (Ca10-
xMgx(PO4)6F2) to form Mg fluorapatite (MgFA). Mg is the fourth most
abundant mineral in the body, after calcium, potassium, and sodium,
with approximately 40% being intracellular and the rest being present
in the bone or teeth. Magnesium is one of the essential elements for all
living organisms with more than 100 enzymes using this element for
catalytic purposes [31–34]. In addition, Mg is naturally replaced into
biological apatites in the human body. Mg-substituted HA increased the
cell number, alkaline phosphatase activity and osteocalcin secretions
suggesting that content of Mg-substituted could improve implant os-
seointegration in the early stages of bone healing compared with pure
HA. One might expect that Mg-substituted on FA would also have si-
milar positive effects [4,34].

The present study builds on the investigation of the corrosion re-
sistance of Mg fluorapatite (MgFA) coated AISI 316L substrates in
Ringer’s solution for two intermediate stoichiometry 6% and 7% at%
(MgFA6 and MgFA7 specimens) Mg-substituted on the fluoroapatite, in
terms of the morphology of the coating, the microstructure, the
homogeneity and thickness, the composition before and after corrosion
and the coating adhesion to the substrate.

2. Materials and methods

AISI 316L SS discs (24mm diameter and 2mm thick) were me-
chanically polished successively with SiC papers (grit size: P320, P600,
P1200 and P4000). The substrates were subsequently sonicated in
ethanol, acetone and distilled water (each bath for 15min) before being
dried in an oven for 15min at 60 °C.

The sol-gel solution was prepared using phosphorous pentoxide,
calcium nitrate tetrahydrate, and magnesium nitrate hexahydrate sup-
plied by Sigma-Aldrich. Initially, the phosphorous pentoxide was dis-
solved in absolute ethanol (forming a P solution). Separately, either
calcium nitrate tetrahydrate for FA or calcium nitrate tetrahydrate and
magnesium nitrate for MgFA were dissolved in absolute ethanol hex-
ahydrate, forming a Ca or Ca-Mg solution [4]. The Ca or Ca-Mg solution
was added dropwise to the P solution. A previously determined volume
of hexafluorophosphoric acid was added to the Ca-P or Ca-Mg-P solu-
tion. The amounts of chemical precursors previously listed were used in
order to obtain a coating with 6% and 7% of Mg substituted in the
fluorapatite. The samples were prepared according to the ratio between
elements presented in the literature to FA samples Ca/P=1.67, MgFA6

samples Ca+Mg/P=1.67 and MgFA7 samples Ca+Mg/P=1.67 for
samples substituted by Mg ratio Ca/F=5 [4]. The solution was then
magnetically stirred at room temperature for 24 h in a sealed beaker to
prevent any evaporation and gelation of the solution. The AISI 316L SS
samples were vertically dipped into the sol-gel solution at a rate of
1mm·sec−1. The samples were then left to age for 24 h at room tem-
perature before being dried in an oven at 60 °C for 24 h. Finally, the
samples were calcined at a rate of 1 °C·min−1 up to 600 °C for 15min in
a muffle furnace and then slowly cooled to room temperature in the
furnace, using the same rate as employed for heating [4]. The samples
of AISI 316L SS and FA coated AISI 316L SS were prepared and tested to
compare their results with those of MgFA coated AISI 316L SS samples.

The coating morphology and thickness were examined and mea-
sured using a scanning electron microscope (SEM), employing a
Schottky field emission gun, operated at an incident voltage of 15 keV.

The chemical composition surface was determined by X-ray pho-
toelectron spectroscopy (XPS) carried out employing a monochromated
Al Kα source (operated at 15 kV and 20mA) and a 400 μm spot size. XPS
survey spectra were acquired at an analyser pass energy of 100 eV. The
core level spectra were recorded at a pass energy of 50 eV and 0.2 eV
step size. Charge compensation was achieved using a low-energy elec-
tron flood gun and spectra were charge was corrected to the ad-
ventitious carbon peak at 285.0 eV. The quantification was performed
following the removal of the Shirley background and use of instrument
modified Wagner sensitivity factors. The glancing angle X-Ray diffrac-
tion (GAXRD) was performed on an instrument using a CuKα radiation
source with a 1° incident angle and a diffraction angle (2θ) in the range
of 10–70°. The crystallinity degree was calculated use of two-phase
model, i. e. the samples are composed of crystalline and amorphous
regions, using Eq. (1):

= ∗ +
−I I IXc ( )crystalline crystalline amorphous

1 (1)

The pull-out adhesion tests were performed in a tensile test machine
with a 1 kN load cell and controlled by the manufacturer’s software.
The contact pin had a bottom face contact area of 19.6mm2 and a
cyanoacrylate adhesive was employed to adhere the pin to the coating
surface.

The corrosion properties of coatings were investigated using a three
electrode cell arrangement with an Ag/AgCl, KCl saturated electrode
and a platinum wire as the reference and counter electrodes, respec-
tively. A potentiostat and software was employed to record open circuit
potential (OCP) variation with time of test, the potentiodynamic

Fig. 1. GAXRD diffractograms for the AISI 316L SS substrate, coated with
fluorapatite FA, 6% at. Mg-substituted FA (MgFA6) and 7% at. Mg-substituted
FA (MgFA7).
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polarization curves and electrochemical impedance spectroscopy (EIS)
measurements. A surface area of 1 cm2 was exposed in Ringer’s solution
as the corrosive medium at room temperature (25 °C). The Ringer
strength tablets supplied by Sigma-Aldrich composed of calcium
chloride (0.120 g·L−1), potassium chloride (0.105 g·L−1), sodium bi-
carbonate (0.050 g.L−1) and sodium chloride (2.250 g·L−1) was used to
prepare a Ringer’s test solution at room temperature, it closely re-
plicates the natural body solution.

EIS tests were performed in frequency range from 100 kHz to
10mHz, with a signal amplitude perturbation of 10mV and data ac-
quisition rate of 10 points per decade. The acquisition occurred in
consecutive loops at 5 h intervals for both EIS and potentiodynamic
polarization. The potentiodynamic polarization curves were recorded in
the sweep range± 200mV versus OCP with a scan rate of
1.667mV·s−1. The impedance results were used as reference for the
protection against corrosion by the deposited coatings. Although most
studies on corrosion protection effects of fluoropatites and fluoropatites

substituted with magnesium are carried out in Ringer's solution at body
temperature and for long periods of time, this work was performed with
Ringer's solution at room temperature and for 100 h as the first ap-
proach in the search of information about the potentiality of the two
new stoichiometries between 5% and 10% of Mg substituted on fluor-
oapatite.

The immersion test for weight loss monitoring was performed for
samples AISI 316 L, FA, MgFA6 and MgFA7. The procedure consisted of
cleaning the samples ultrasonically in deionized water and immersing
for a predetermined period of time in 10mL·cm−2 of Ringer's solution.
Sequentially the samples were carefully removed, washed in deionized
water and dried at room temperature. The weight loss calculation in-
volved the mass values obtained by weighing the samples before and
after the immersion process in Ringer’s solution using a analytical
balance with precision of 0.01mg. The data were used to calculate the
corrosion rate according to Eq. (2).

=
− − −C K(WA d t )R

1 1 1 (2)

where the corrosion rate is CR (mm·year−1), K is a constant with value
of 8.76× 104, the weight loss is W (g), the total surface area exposed to
solution is A (cm2), the density of substrate is d (g·cm−3) and exposure
time is t (h).

3. Results and discussion

Three replicate tests for each condition were performed and the
results shown are representative of these specimens (XPS, SEM/FEG,
XRD and EIS) and in some cases are the arithmetic average of the results
obtained (adhesion test and corrosion rate).

Fig. 1 shows the XRD patterns of the AISI 316L SS substrate un-
coated, together with FA, MgFA6 and MgFA7 coated substrates. It is
possible to observe that increasing the content of Mg on MgFA6 and
MgFA7 peaks shifted slightly to higher angles. The shift is due to the
ionic radius of Mg2+ which is smaller than that of Ca2+, 0.78 Å and
0.106 Å, respectively. The shift of the XRD peaks with respect to the FA
(ICDD ref no. 00-003-0732), serves as evidence of Mg substitution in

Fig. 2. XPS Survey spectra to: (a) stainless steel AISI 316 L, (b) fluorapatite (FA), (c) 6% at. Mg-substituted FA (MgFA6) and (d) 7% at. Mg-substituted FA (MgFA7).

Table 1
Atomic concentration obtained by XPS to samples 316 L, FA, MgFA6 and
MgFA7.

Peak AISI 316 L FA MgFA6 MgFA7

at.%
C 1s 10.10 6.00 8.00 3.20
Ca 2p 0.00 7.40 5.80 4.10
Mg 1s 0.00 0.00 2.31 4.40
P 2p 0.00 7.30 6.67 4.10
O 1s 54.00 63.60 60.89 62.50
F 1s 0.00 0.98 0.93 0.81
Fe 2p 8.90 10.40 11.40 16.60
Mn 2p 2.70 2.20 1.50 1.80
Cr 2p 6.80 0.12 0.70 0.50
Mo 3d 1.50 0.40 0.40 0.39
Ni 2p 4.50 1.60 1.40 1.60
S 2p 1.50 – – –
Si 2p 10.00 – – –
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the prepared coatings.
In addition to the substrate peaks, the pure FA and MgFA coatings

show small FA peaks corresponding to (2 1 1), (3 0 0), (0 0 4) and
(2 1 1), (3 0 0), (3 0 1) and (0 0 4) reflections, respectively (ICDD ref no.
00–003-0732). These results indicate that coatings FA, MgFA6 and
MgFA7 are nanocrystalline. The XRD data allowed the calculation of
the values of the degree of crystallinity (Eq. (1)) 78.5%, 65% and 59%
respectively for samples FA, MgFA6 and MgFA7. The decrease in
crystallinity with addition and increase of Mg in fluorapatites can be
attributed to TCP formation, a similar effect has already been reported

for Mg-substituted hydroxyapatites [7,8].
Three kinds of specimens were prepared according to the following

composition: Ca10-xMgx(PO4)6F2, the substitution determined by
the× letter and the values where x= 0, x =0.6 and× =0.7, re-
spectively for samples FA, MgFA6 and MgFA7.

The composition of surface was investigated by X-ray photoelectron
spectroscopy (XPS). The results for AISI 316 L stainless steel, fluor-
apatite (FA), 6% Mg-substituted FA (MgFA6) and 7% Mg- substituted
FA (MgFA7) are shown in Fig. 2.

The AISI 316L stainless steel after polishing and ultrasonic cleaning
in organic solvents and water was oven dried at 80 °C for 10min and
immediately taken to the XPS. Even with such care the results showed
high contamination by hydrocarbons. The presence of AISI 316 L alloy
elements shows that the coating is not uniform, with areas of the sub-
strate exposed to XPS analysis (5 nm). Table 1 shows the elements
presents on the XPS survey spectrum and the atomic concentrations to
the AISI 316 L stainless steel, samples FA, MgFA6 and MgFA7.

The concentration values of the AISI 316L alloying elements were
removed and the elements of interest Ca, Mg, P, O and F were adjusted
by their high resolution XPS spectra. The XPS high resolution spectrum
for carbon of the samples AISI 316 L steel, and stainless steel coatings
FA, MgFA6 and MgFA7 are shown in Fig. 3.

The carbon peak can be adjusted in two peaks, the main one re-
ferring to hydrocarbon contamination and the second carbonate peak.
The cleaning and drying process for the sample of AISI 316L steel is
responsible for the formation of carbonate from carbon dioxide in the
environment dissolved in water. Following the rules given by, it is
possible to confirm that the carbon peaks present in the spectra are a
result of contamination. The C 1s peak, from contamination have
asymmetric shape. Also, the fact that the background slope is slightly

Fig. 3. XPS high resolution spectra to (a) stainless steel AISI 316 L, (b) fluorapatite (FA), (c) 6% at. Mg-substituted FA (MgFA6) and (d) 7% at. Mg-substituted FA
(MgFA7).

Table 2
Atomic concentration obtained by XPS to samples FA, MgFA6 and MgFA7.

Peak FA MgFA6 MgFA7

at.%
Ca 2p 24.38 25.90 27.70
O 1s 56.67 54.00 50.80
P 2p 14.60 14.10 14.80
Mg 1s – 1.40 1.80
F 1s 4.35 4.60 4.90

Table 3
Theoretical and observed experimental values of Ratio Ca/P to FA coating and
MgFA coatings.

Ratio Theoretical FA MgFA6 MgFA7

Ca/P 1.67 1.65 1.83 1.82
Ca+Mg/P 1.67 – 1.67 1.67
Ca/F 5.00 5.60 5.63 5.65
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decreasing confirms that the peak is due to the contamination, the
element carbon is in the outermost layer [35,36]. Considering the
carbon as a contaminant and removing the elements from alloy sub-
strate it is possible to obtain the concentrations of the elements of in-
terest, referring to the coating of fluorapatite and fluorapatite sub-
stituted with magnesium. The atomic concentration values for the
elements of interest are shown in Table 2.

According to the Ref. [4] it is possible to observe the stoichiometry
through the relations between the elements Ca, Mg and P. For FA the
ratio will be Ca/P=1.67 and for MgFA Ca+Mg/P=1.67, these ratios
are shown in the Table 3.

The ratio among the elements shows a good agreement with the
reference values, however it is possible to observe that the reference
stoichiometries and the stoichiometry obtained are different due to the
amount of fluorine. For the FA sample the stoichiometry found was
Ca10P6.1O23.7F1.7, for MgFA6 was Ca9.5Mg0.6P6.0O24.8F1.9 and for
MgFA7 was Ca9.0Mg0.7P5.8O21.7F1.9. The XPS results showed that the
stoichiometry is different for the coatings FA and that the substituted
magnesium shows an increase in the concentration of this element to
the target values. A good procedure for the characterization of apatites
is the peak XPS of calcium in high resolution due to this element pre-
sents defined peaks Ca 2p1/2 and Ca 2p3/2 for fluorapatite reported,
respectively in 351.2 eV and 347.6 eV [37–39]. The XPS high resolution
Ca 2p1/2 and Ca 2p3/2 spectra and oxygen (O 1s) were decomposed and
the adjustments are shown, respectively in Fig. 4 and Fig. 5.

The binding energy (BE) of calcium (Ca 2p), which equals 347.6 eV,
show that calcium is on the second stage of oxidation (Ca2+) and occurs
most likely as Ca3(PO4)2 [37–39]. The high-resolution Ca 2p and P 2p
spectra reveal that the Ca 2p spectrum is a doublet with Ca 2p3/2 and Ca
2p1/2 at 347.4 and 351.0 eV, respectively. The compilation of the XPS
values, atomic concentration and binding energies, Ca 2p peak fitting
for coatings FA, MgFA6 and MgFA7 are showed in Table 4.

The results show that the two main peaks characteristic of fluor-
apatite were present for all samples and that the magnesium addition
(MgFA6 and MgFA7 samples) increase the number of peaks. These
peaks present for samples substituted by magnesium may be related by
the occupation of magnesium in the calcium sites. The high resolution
spectra for O 1s and peak fitting for coatings FA, MgFA6 and MgFA7 are
shown in Fig. 5.

The O 1s spectra of FA, MgFA6 and MgFA7 films contains three
oxygen species: O2

−, OH− and adsorbed H2O at BE values
530 ± 0.2 eV, 532 ± 0.2 eV and 534 ± 0.2 eV, respectively [37–44].
The position of these peaks is very similar in all the samples analysed,
but the quantitative contribution of the oxygen species is different
(Fig. 5). The main component at BE= 532 eV in samples AISI 316 L and
FA can be attributed to OH− groups. For fluorapatite magnesium sub-
stituted MgFA6 and MgFA7 main component is O2

− species at
BE=530 eV, attributable to metal oxide. The O 1s spectrum is dis-
symmetric due to the two types of oxygen in PO4 groups or M-PO4

groups, O 1s peak that contains only PO4 groups is symmetrical. The
addition of magnesium on fluorapatite increases de contribution of
O2

−, and the peak with different amount of magnesium shows similar
shape. The compilation of these results are shown in Table 5.

An indication of fluorapatite formation is the position of P 2p3/2
peak reported by Landis in 133.6 eV [38,39]. The high resolution XPS
normalized peaks for P 2p3/2 for the coatings samples FA, MgFA6 and
MgFA7 are shown in Fig. 6.

As can be observed in the XPS results in the P 2p3/2 spectra, all
peaks are centered in 133.6 eV for the fluorapatite phosphate group. It
is also notable that the peaks for the samples magnesium substituted
fluoroapatite are wider showing that the addition of magnesium leads
to a change in the chemical structure and hence change in the form of
the phosphorus peak. Others factors contributing to peak broadening
include strain and inhomogenities compositions. The presence of

Fig. 4. XPS high resolution Ca2p and Ca1p spectras to (a) fluorapatite (FA), (b) 6% at. Mg-substituted FA (MgFA6) and (c) 7% at. Mg-substituted FA (MgFA7).
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fluoride in the coatings is shown by high resolution XPS normalized F 1s
peaks, see Fig. 7.

From the XPS profile of samples FA, MgFA6 and MgFA7 shown si-
milar shapes of F 1s peaks (see Fig. 7), only the F 1s profile for fluorine
in hydroxy fluoroapatite phase (684.2 eV). In this way, the XPS results
showed that stoichiometries are different for FA coatings and that
magnesium causes an increase in the concentration of this element close
to the target values. Therefore, the stoichiometries were considered
achieved and the denomination of the samples initially obtained
Ca10P6.1O23.7F1.7 (FA), Ca9.5Mg0.6P6.0O24.82F1.98 (MgFA6) and

Mg0.7P5.8O21.7F1.90 (MgFA7) was correctly nominated.
The Fig. 8 shows scanning electron micrographs - SEM using sec-

ondary electrons of the surface of the samples fluorapatite (FA), 6% at.
Mg-substituted FA (MgFA6) and 7% at. Mg-substituted FA (MgFA7).
This images point out the observation of non-cracked and uniform
coatings, with a small number of defects.

According to the images it is possible to observe that the addition of
Mg causes a coating densification, with a lower number of defects
present in the MgFA7 sample surface. Cracks and pores are responsible

Fig. 5. XPS high resolution O 1s spectras for (a) stainless steel AISI 316 L, (b) fluorapatite (FA), (c) 6% at. Mg-substituted FA (MgFA6) and (d) 7% at. Mg-substituted
FA (MgFA7).

Table 4
Atomic concentration and binding energy for samples of fluorapatite (FA), 6%
at. Mg-substituted FA (MgFA6) and 7% at. Mg-substituted FA (MgFA7).

Peak fitting BE (eV) FA MgFA6 MgFA7

at.%
Ca2+ 347.6 ± 0.2 65.33 60.06 52.89
Cay 349.5 ± 0.2 – 30.38 23.89
Ca-P 351.0 ± 0.2 34.67 9.56 8.50
Cax 352.7 ± 0.3 – – 14.72

Table 5
Atomic concentration and binding energy to samples 316L, FA, MgFA6 and
MgFA7.

Peak fitting BE (eV) AISI 316L FA MgFA6 MgFA7

at.%
O2

− 530.0 ± 0.2 17.95 17.04 54.00 56.69
OH− 532.0 ± 0.2 78.91 69.22 40.08 38.13
H2O 534.0 ± 0.2 3.14 13.75 5.92 5.17

Fig. 6. High resolution XPS normalized peaks P 2p3/2 for coatings on samples
fluorapatite (FA), 6% at. Mg-substituted FA (MgFA6) and 7% at. Mg-substituted
FA (MgFA7).
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for significant effects on corrosion susceptibility in a humid and cor-
rosive environment. Studies have shown that the corrosion rate of the
different substrates after HA coating is higher than the substrate due to
the presence of pores [38–42]. Defects promote the penetration of body
fluid at the coating/substrate interface in a biological environment

changing local pH and lead a subsequent dissolution of the HA coating.
The corrosion mechanism of the porous FA coating can be summarized
by the production of H+ ions in the interface area where corrosion
occurs and then is followed by the dissolution of FA coating in the high
H+ concentration area, a mechanism similar to the corrosion crack
mechanism [4].

Fig. 9 shows the weight loss of samples AISI 316 L uncoated, FA,
MgFA6 and MgFA7 coated samples, immersed up to 50 days in Ringer's
solution at 25 ± 0.5 °C where the points refer to the average weight
loss and an error bar is the standard deviation of the three measure-
ments.

It is possible to observe that AISI 316 L uncoated samples show the
highest weight loss through the whole period of immersion test and
samples MgFA7 the lowest weight loss, although the changes of slope
for all samples is quite similar. A tendency in the increase of mass loss is
observed and is due to the fact that the observation period is relatively
short, with a possible increase of mass loss and corrosion rate in periods
of exposure to the Ringer’s solution for more than 50 days. The corro-
sion rates after 50 days are presented in Table 6.

The corrosion rates calculated from the immersion test are lower for
the coated samples, which justifies the surface treatments. Although
this test was performed at room temperature rather than at body tem-
perature the results are indicative that the coatings are actually func-
tional mainly the MgFA7. The weight loss results together with the
calculated corrosion rates were used as a way to select the most pro-
mising treatments with respect to the corrosion protection. Therefore,
the adhesion tests, electrochemical characterization (EIS and po-
tentiodynamic polarization) and chemical characterization before cor-
rosion (XPS) were performed only for samples FA and MgFA7.

The final set of images (Fig. 10a and b) are related to the polished
cross-sections of the two coatings. The first feature that can be observed
from these images is the thicknesses of the coatings. Fig. 10a for the FA

Fig. 7. High resolution XPS normalized peaks for F 1s for coatings on samples
fluorapatite (FA), 6% at. Mg-substituted FA (MgFA6) and 7% at. Mg-substituted
FA (MgFA7).

Fig. 8. Scanning electrom micrographs - SEM using secondary electrons of the
surface of the samples fluorapatite (FA) (a, d), 6% at. Mg-substituted FA
(MgFA6) (b, e) and 7% at. Mg-substituted FA (MgFA7) (c, f).

Fig. 9. Variations of weight loss for AISI 316 L uncoated sample, fluorapatite
(FA), 6% at. Mg-substituted FA (MgFA6) and 7% at. Mg-substituted FA
(MgFA7) as a function of immersion time in Ringer's solution at 25 ± 0.5 °C up
to 50 days.

Table 6
Corrosion rate of samples 316 L uncoated, FA, MgFA6 and MgFA7 after
50 days of immersion in Ringer's solution at 25 ± 0.5 °C calculated by
Eq. (2).

Sample Corrosion rate (mm·year−1)

AISI 316L uncoated 5.1×10−3

FA 4.1×10−3

MgFA6 4.3×10−3

MgFA7 2.9×10−3
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coating was taken and the resulting coating thickness was measured as
3 µm. Fig. 10b for the MgFA7 meanwhile, was captured at higher
magnification with the coating thickness measured to be approximately
1.0 µm. Similar studies based on hydroxyapatite coatings show that a
thinner coating tends not to display delamination during fatigue or final
fracture however both coatings are within that “thin” category, so the
difference in this case may be negligible. Interestingly, both coatings
are much thinner than those achieved in other studies such as by
Sharifnabi et al., in 2014, who achieved thicknesses of 10 µm for a 10%
MgFA coating on the same substrate material [4]. One key benefits of a
thinner coating as found by Aksakal et al., in 2010 [45,46] it is the
improved bonding network in the ceramic material. Another advantage
is that the thinner the coating is, the lower the amount of expected
surface cracks, which means that there is a lower tendency for implant
loosening concurrency. Surface cracks have been proven to be detri-
mental to the corrosion resistance of the coating and is the indirect
reason why thinner coatings typically display better corrosion re-
sistance in practice than thicker coatings, contrary to what might be

expected [45].
Another aspect that follows on from this is the variation in the

coating thickness. As it can be observed from Fig. 10a, the FA coating
thickness remains relatively consistent with a clear outer edge being
displayed. This contrasts with the MgFA7 coating in Fig. 10b in which
the thickness of the coating varies from left to right. It could be argued
that this observation is simply an anomaly of one point in the cross-
section but the same trend was observed across multiple points with the
FA coating thickness repeatedly remaining more stable than its MgFA7
counterpart.

Two main factors should be taken into account when investigating
the protective properties of a layer, the barrier effect related to layer
thickness and capacitance of this layer. Coatings with similar thickness
values, allow eliminating the barrier effect and assigning corrosion
protection to the different surface morphologies and their chemical
properties.

Inspection of the fracture surface showed that failure occurred at
different locations in the pin joint for the FA and MgFA7 coatings, as

Fig. 10. Scanning electron micrographs using secondary electrons of: (a) fluorapatite (FA), (b) 7% at. Mg-substituted FA (MgFA7).

Fig. 11. Typical fracture surfaces for (a) fluorapatite (FA), (b) 7% at. Mg-substituted FA (MgFA7), coated following the pull-out testing.

Table 7
Pull-off adhesion test results for the FA coated 316L SS substrate.

Test number Failure load (N) Failure limit (MPa) Failure mode

1 68.5 ± 0.2 3.5 ± 0.2 Interfacial (coating/substrate)
2 73.2 ± 0.2 3.7 ± 0.2 Interfacial (coating/substrate)
3 83.0 ± 0.2 4.2 ± 0.2 Interfacial (coating/substrate)
4 87.3 ± 0.2 4.5 ± 0.2 Interfacial (coating/substrate)
Mean value: 78.0 ± 0.2 4.0 ± 0.2

Table 8
Pull-off adhesion testing results for MgFA7 coated 316L SS substrate.

Test number Failure load (N) Failure limit (MPa) Failure mode

1 80.8 ± 0.2 4.1 ± 0.2 Interfacial (adhesive/coating)
2 95.8 ± 0.2 4.9 ± 0.2 Interfacial (adhesive/coating)
3 90.0 ± 0.2 4.6 ± 0.2 Interfacial (adhesive/coating)
4 86.4 ± 0.2 4.4 ± 0.2 Interfacial (adhesive/coating)
Mean value: 88.3 ± 0.2 4.5 ± 0.2
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showed in Fig. 11.
For the FA coated substrate (Fig. 10a), a mixed mode fracture was

generally observed, involving both a cohesive failure in the adhesive
and an interfacial fracture between the coating and the substrate. On
the other hand, the MgFA7 coated substrate (Fig. 11b) exhibited a
single interfacial fracture mode between the adhesive and the coating.
In both cases, failure, either partial or full, was not located at the
coating substrate interface, consequently the adhesive strength between
coating and substrate could not be determined. However, it corresponds
to a value greater than the average adhesive strength. Using the pull-off
test method, Sharifnabi et al. [4], stated that the adhesive strength of
their sol-gel deposited 10% MgFA coating to a AISI 316L SS stainless

steel substrate was greater than 3.7MPa. Tables 7 and 8 show the pull-
out adhesion test results for the FA coated AISI 316L SS substrate and
for MgFA7 coated AISI 316L SS substrate, respectively.

From Tables 7 and Table 8, the slightly increased adhesive mean
failure value to MgFA7 (4.5 ± 0.2) MPa compared to the FA coatings
(4.0 ± 0.2) MPa is attributed to the interface synergism of the coating
and substrate. It was also observed a mixed mode failure. The higher
mean values of failure limit obtained in this study may be associated
with the use of a different CN-Y cyanoacrylate adhesive instead of
Loctite 907 [4].

The first observation that can be immediately noticed is that the
mean failure strength of the fluorapatite coating is lower than that of
the magnesium-doped fluorapatite coating. It is however, important to
note that this trend is not statistically significant as the standard de-
viations overlap. Another critical factor that needs to be accounted for
when gauging these results is the failure mode. For the FA coating,
interfacial (coating/substrate) failure was observed whereas for the
MgFA7 coating, only interfacial (adhesive/coating) failure occurred.

The combination of displaying a slightly higher failure strength
whilst also only failing in the interfacial (adhesive/coating) mode,
strongly supports the notion that magnesium-doping in the fluorapatite
lattice leads to improved bonding and coating adhesion. The reasoning
behind this could stem from the thinner nature of the coating compared
to its undoped counterpart (discovered in the SEM cross-section ima-
ging), as previous studies have supported [42,36,37].

Nyquist diagram is presented in Fig. 12 for periods of exposure in
Ringer’s solution corresponding to 5 h, 50 h and 100 h. More capacitive
results were associated with the MgFA7 coated samples than the FA
coating showing that the first one is more protective than the last one.
These results support the polarization curves presented in Fig. 12.

Corrosion characterization in the present study was carried out
uniquely to compare the protective effects of the two types of coatings
tested in Ringer’s solution. The polarization curves for the FA and
MgFA7 coated substrates after 100 h of exposure to Ringer’s solution
are presented in Fig. 13. The results show very similar cathodic beha-
viour for both types of coatings showing that the cathodic reaction was
not significantly affected by the incorporation of Mg into the coating.
On the other hand, the anodic polarization curves show that the MgFA7
coating resulted in lower anodic current densities due to a more pro-
tective film through which current flow was more difficult compara-
tively to the FA coating. Interestingly, nobler corrosion potentials were
associated to the MgFA7 coating despite of Mg being a highly reducing
element. This result suggests that the MgFA7 coating acts as a more
protective barrier layer than the FA one.

The corrosion potential, Ecorr, corrosion current density icorr, and
anodic current densities were estimated at E=+100mV, that is, at an
overpotential of 100mV, for each of the coating tested in Ringer’s

Fig. 12. Nyquist plot comparison of fluorapatite (FA) and 7% at. Mg-substituted
FA (MgFA7). Coatings up to 100 h of immersion time in Ringer’s solution.

Fig. 13. Polarization curves of fluorapatite (FA) and 7% at. Mg-substituted FA
(MgFA7) coatings up to 100 h of immersion time in Ringer’s solution.

Table 9
Corrosion potential (Ecorr) and current densities (icorr) at +100mV of over-
potential and start potentials of instabilities in the FA and MgFA7 coatings.

Sample Ecorr (V) icorr(A·cm−2) icorr (E=+100mV) E (V)

FA −0.30 120 150 0.35
MgFA7 −0.20 50 60 0.25

Table 10
Atomic concentration obtained by XPS to samples FA and MgFA7 after
100 h exposed to Ringer’s solution.

Peak FA MgFA7

at.%
C 1s 14.30 13.8
Ca 2p 1.10 2.10
Mg 1s – 0.80
P 2p 5.00 5.70
O 1s 46.90 50.10
F 1s 0.50 1.00
Fe 2p 17.80 17.10
Mn 2p 1.20 –
Zn 2p 1.40 2.10
Cl 2p 3.80 1.90
Si 2p – –
Na 2p 7.00 4.30
K 2p 1.10 1.00
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solution and results are shown in Table 9.
It is worth noticing that at overpotentials of 0.45mV and 0.65mV

for MgFA7 and FA coated samples, respectively, the current instabilities
started, showing that under these conditions the coating becomes un-
stable.

The stainless-steel samples were exposed to Ringer's solution for
different times, along with samples of FA and MgFA7. The compilation
of values obtained by XPS results of the corroded area for ten days are
shown in Table 10.

The exposure of the more active surface of the AISI 316L stainless
steel provides the deposition of carbon contaminant and carbonate. The
XPS high resolution spectrum for carbon of the samples coatings FA and
MgFA7 after 100 h of exposure to Ringer’s solution are shown in
Fig. 14.

The high values of contaminated carbon are related to activation of
the surface by prolonged exposure to the corrosive solution and con-
sequent adsorption of these hydrocarbons by manipulation and ex-
posure to the environment [35]. The atomic concentration values for
contaminant carbon and carbonate, the binding energies and FWHM for
samples exposed for 100 h the Ringer's solution are shown in the
Table 11.

Prior to corrosion, the highest atomic concentration values for C 1s
observed were 10.1% and 8% respectively for samples AISI 316L and
MgFA6 (Table 1). Compared to these initial values the carbon con-
centration increased significantly showing that the FA and MgFA7
coatings are susceptible to contamination. After corrosion, the carbo-
nate species are incorporated as gaseous impurities by the process of
absorption of atmospheric CO2. According to the initial analysis pro-
cedures, removing the representative elements of contamination and of
the substrate the elements of interest show agreement with the initial
stoichiometries. From XPS results, the atomic concentration values for
the elements of interest to samples FA and MgFA7 are shown in

Fig. 14. XPS C1s high resolution spectra of (a) fluorapatite (FA) and (b) 7% at. Mg-substituted FA (MgFA7) coatings, after 100 h exposure to Ringer’s solution.

Table 11
XPS results to C1s high resolution spectra, binding energy, FHWM and atomic
concentration to samples FA, and MgFA7 after 100 h exposed to Ringer’s so-
lution.

Sample FA MgFA7

Peak Fitting C-C/C-H CO3
2− C-C/C-H CO3

2−

BE (eV) 285.00 288.40 285.00 288.60
FWHM (eV) 1.69 1.74 1.74 1.76
at.% 74.80 25.20 76.30 23.70

Table 12
Atomic concentration obtained by XPS to samples FA and MgFA7.

Peak FA MgFA7

at.%
Ca 2p 13.30 13.50
O 1s 72.00 68.60
P 2p 6.90 7.90
Mg 1s – 0.90
F 1s 7.80 9.10

Fig. 15. XPS Ca 2p high resolution spectra for (a) fluorapatite (FA) and (b) 7% at. Mg-substituted FA (MgFA7) coating, after 100 h exposure to Ringer’s solution.

Table 13
Atomic concentration and binding energy to samples FA and MgFA7.

Peak fitting BE (eV) FA MgFA7

at.%
Ca2+ 347.6 ± 0.2 61.70 67.81
Ca-P 351.0 ± 0.2 38.30 32.19
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Table 12.
It is also possible to observe that 100 h of exposure in corrosive

Ringer's solution is enough to remove part of the layer with the decrease
in the concentration of the elements referring to fluorapatite and
fluorapatite substituted with 7% of magnesium. The calcium and
fluoride contents decrease to the half of uncorroded values to FA and
MgFA7 samples and the increase in oxygen concentration is due to
carbonates absorbed by corrosion followed by exposure to air.

The XPS results showed that the stoichiometries are different for the
coatings FA and that the FA magnesium substituted with magnesium.
High exposure times to the corrosive solution containing calcium lead
to the solubilization of this coating causing change in the stoichiometry
of fluorapatite and fluoroapatite substituted with magnesium. The
possibility of deposition of calcium in different chemical forms as
oxides was discharged by the results of Ca 2p1/2 and Ca 2p3/2 fitting

peaks, shown in Fig. 15.
Exposure to corrosive solution, made the XPS calcium peaks high in

resolution, become sharper when presenting two peaks Ca 2p1/2 and Ca
2p3/2. Although the amount of elements relative to fluorapatite de-
creased after corrosion, it was observed that for Ca 2p3/2 increased
when compared to unexposed surfaces and increased with magnesium
content. The compilation of the XPS results after 100 h on Ringer’s
solution, atomic concentration and binding energies, Ca 2p1/2 (Ca2+)
and Ca 2p3/2 (Ca-P) peak fitting for coatings FA, and MgFA7 are shown
in Table 13.

The XPS high resolution spectrum for O 1s of the coatings FA and
MgFA7 after 100 h of exposure to Ringer’s solution are shown in
Fig. 16.

The XPS O 1s spectrum of FA and MgFA7 coatings contains three
oxygen species: O2−, OH− and adsorbed H2O. However, compared to
the non-corroded samples (Table 5) the binding energy for these peaks

Fig. 16. XPS O 1s high resolution spectra to (a) fluorapatite (FA) and (b) 7% at. Mg-substituted FA (MgFA7) coating after 100 h exposure to Ringer’s solution.

Table 14
Atomic concentration and binding energy for samples fluorapatite (FA) and 7%
at. Mg-substituted FA (MgFA7).

Peak fitting BE (eV) FA MgFA7

at.%
O2

− 530.0 ± 0.2 49.00 57.50
OH− 531.5 ± 0.3 40.60 38.00
OH2 533.0 ± 0.2 10.40 4.50

Fig. 17. High resolution XPS normalized peaks for P 2p3/2 for samples fluor-
apatite (FA) and 7% at. Mg-substituted FA (MgFA7) after 100 h exposure to
Ringer’s solution.

Fig. 18. High resolution XPS normalized peaks for F 1 s for samples fluorapatite
(FA) and 7% at. Mg-substituted FA (MgFA7) after 100 h exposure to Ringer’s
solution.
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underwent changes at BE values 530 ± 0.2 eV, 531.5 ± 0.2 eV and
533 ± 0.2 eV. The shape of peaks for samples FA and MgFA7 is similar,
the main component at BE= 530 eV can be attributed to O2−. For
fluorapatite magnesium substituted MgFA7 the main component is the
species at BE= 532 eV, attributable to hydroxide. The compilation of
XPS results are shown in Table 14.

After 100 h of exposure in Ringer's solution the XPS results for the
oxygen peak, show that samples FA and MgFA7 undergo more intense
surface oxidation and it may have on its surface the formation of fluor
hydroxyapatite (FA). The high resolution XPS normalized peaks for P
2p3/2 for the coatings samples FA and MgFA7 are shown in Fig. 17.

After 100 h of exposure in Ringer’s solution the phosphorus peaks
became sharper and the concentrations changed. The shape of the peaks
P 2p3/2 for the same to fluorapatite and fluorapatite substituted with
magnesium are similar. The penetration of the electrolyte observed in
the electrochemical testing leads to the formation of corrosion products
containing calcium, potassium and elements of the corrosive solution,
making in this time the clearest fluorapatite layer. The High resolution
XPS normalized peaks for F 1s for samples fluorapatite (FA) and 7% at.
Mg-substituted FA (MgFA7) after 100 h exposure to Ringer’s solution
are shown in Fig. 18.

It is possible to observe that when comparing the XPS spectra for F
1s before (Fig. 7) and after corroding (Fig. 18 it is possible to observe
that the corrosion removes elements and makes the remaining surface
very close to the composition of fluorapatite.

The output of these elements also makes the XPS spectra for F 1s
sharper, better resolution and with a narrower shape change. The in-
crease in the atomic concentration of the fluorine element compared to
the results obtained prior to corrosion are also evidences of how the
surface become less complex than the surfaces of Mg substituted FA
resembling the surfaces of FA as obtained.

4. Conclusion

In the present work, fluoroapatite and fluoroapatite coatings sub-
stituted with magnesium were obtained by the sol gel deposition pro-
cess on AISI 316 L stainless steel substrate. The X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) analysis proved that the
desired stoichiometries were obtained. Among these stoichiometries the
coating with substitution of 7% magnesium presents better resistance to
corrosion in simulated body solution and high adhesion on substrate
obtained by pull-out adhesion tests. The SEM morphology analysis
showed that the addition of magnesium causes a coating densification,
with a lower number of defects present in the 7% magnesium sub-
stituted comparatively with 6% magnesium substituted fluoroapatite
coating. This explains the most capacitive electrochemical results ob-
served for the coating of 7% magnesium substituted fluoroapatite,
which acts as a protective barrier. The 100 h of exposure in corrosive
Ringer's solution is enough to remove part of the layer with the decrease
in the concentration of the elements referring to fluorapatite substituted
with 7% of magnesium. The stoichiometries of 5% and 10% of mag-
nesium substituted in fluorapatites reported in the literature showed
efficacy in corrosion protection of AISI 316L stainless steel and the
results obtained in the present work for intermediate stoichiometries
show comparatively potential as corrosion protection coating. Due to
this fact the intermediate stoichiometries in 5% and 10% of magnesium
substituted in fluorapatites should be investigated for long periods of
time and in conditions simulating the human body to be used as coating
on medical implants, including osseo bone integration tests.
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