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Abstract Dissolution resistance and adhesion strength are
two main concerns for long-term stability of surface coated
metal implants. In this study, fluorine ions are incorporated
into magnesium-containing hydroxyapatite coatings
(MgF,HA) via sol-gel method to improve the long-term
stability of the implants. Surface and interface are studied in
terms of phases, depth profiling and chemical bonds by
grazing incidence X-ray diffraction, glow discharge optical
emission spectroscopy and X-ray photoelectron spectros-
copy. The long-term stability is evaluated by dissolution and
pull-off test. The results show that fluorine promotes the
incorporation of magnesium in HA lattice. The elemental
interdiffusion and chemical bonding take place at the coat-
ing/substrate interface. Both the dissolution resistance and
the adhesion strength are enhanced by fluorine incorpora-
tion, thus the long-term stability of the implant is improved.

1 Introduction

Magnesium (Mg) has its own significance in human body
and in bones, thus has been widely incorporated into
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hydroxyapatite (HA) to develop artificial bone substitutes
[1-3]. Yamasaki et al. [4, 5] synthesized functionally
graded COj apatite crystals containing Mg (FGMgCO3Ap)
as bone substitutes. The results suggested the substitution
of Mg ions into apatite crystals might accelerate osteoblast
adhesion to apatite and promote bone formation. Biome-
metic Mg- and Mg, CO;-substituted hydroxyapatite were
also synthesized by Landi et al. [3]. They found that the
doped materials improved the behaviors of MSC and
MG63 cells in terms of cell adhesion, proliferation and
metabolic activation compared with stoichiometric HA.
However, Mg incorporation into HA made the material
more soluble in the physiological environment [3, 6]. The
enhanced solubility of Mg-substituted HA may, however,
affect the long-term stability of bone substitutes. This is
especially so when employed as coatings on metal devices,
because the high solubility leads the detachment of coating
from the substrate before formation of new bone.

The long-term stability study of surface coated medical
implants is to relieve mainly two concerns: dissolution
resistance of coating and adhesion strength between coat-
ing and substrate. In our previous studies [7, 8] as well as in
other reported work [9, 10], as fluorine (F) ions were
incorporated into HA coatings, stronger dissolution resis-
tance and higher adhesion strength were observed. Fluori-
dated HA has a more compact crystal structure, better
crystallinity and thermal resistance, and reduced coefficient
of thermal expansion. Therefore, to counter the dissolution
tendency of Mg incorporation, F ions are incorporated into
HA simultaneously with Mg for long-term stability.

In this work, Mg and F containing HA coatings are
deposited on Ti6Al4V substrate by sol-gel method. The
long-term stability is assessed by investigating dissolution
resistance and adhesion strength. Also, the phases, the
interfacial elements distribution and chemical states, etc.
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are characterized to elucidate the effect of F ions on the
long-term stability of the coatings.

2 Materials and methods
2.1 MgF,HA coating preparation and characterization

Calcium nitrate tetrahydrate (Ca(NO3),-4H,0, Merck, AR)
and magnesium nitrate hexhydrate (Mg(NOs3),-6H,0,
Merck, AR) were dissolved in ethanol to prepare 2M of Ca-
precursor and Mg-precursor. They were mixed together to
form Ca—Mg mixture. 2M of P-precursor was prepared by
dissolving phosphorous pentoxide (P,Os, Merck, GR) in
ethanol followed by a refluxing process for 24 h. Then
F-precursor (diluting HPF¢ in ethanol) was added to P-pre-
cursor to obtain P-F mixture. The Ca—Mg mixture was added
drop-wise into the P-F mixture to form a solution with a (Ca,
Mg)/P ratio of 1.67. This mixed solution was further refluxed
for 24 h to obtain the sol. The designed fluoridation degree
was indicated by y value in the general formula of
CagMg,(PO4)¢F,(OH)(>_,, (MgF,HA in brief), where y =
0/2, 1/2, 2/2, 3/2 and 4/2, and the corresponding coatings
were labeled as MFAO, MFA1, MFA2, MFA3 and MFA4,
respectively. Fine polished Ti6Al4V substrate of
20 x 30 x 2 mm® was dipped vertically into the sol and
withdrawn at a speed of 3 cm/min for the first layer. The as-
dipped coating was then dried at 150°C for 15 min followed
by firing at 600°C for 15 min. This dipping—drawing—dry-
ing—firing process was repeated 4 times at a withdrawal
speed of 4.5 cm/min for a thicker coating each time. The
final coating thickness was 1.5-2.0 um. Pure HA
(Cao(PO4)6(OH),) coating was also deposited as control.

Grazing incidence X-ray diffraction (GIXRD, Rigaku
Ultima 2000) was employed to analyze the phases of the
coatings using CuKo radiation (4 = 0.15406 nm) at 40 kV
and 40 mA with a step size of 0.02. F substitution and
concentration in the coatings were measured by X-ray
photoelectron spectroscopy (XPS, Kratos-Axis Ultra Sys-
tem) using monochromatic AlKa X-ray source
(1486.7 eV). The elements distribution along the depth
direction was measured by glow discharge optical emission
spectroscopy (GDOES, GD Profiler 2, HORIBA JOBIN
YVON). To examine the chemical bonds at the interface of
the coating and substrate, the coatings were abraded with
SiC sandpapers until the substrate could be seen, then
measured by XPS. The measured binding energy was cal-
ibrated using C 1s (BE = 284.8 eV).

2.2 Dissolution test

Tris-buffered saline (TBS, 0.9% NaCl, pH 7.4) solution
was used to investigate the dissolution behavior of

@ Springer

MgF,HA coatings as well as pure HA coating. Samples
were immersed in 25 ml of the TBS solution in sterilized
bottles for various periods till 28 days at 37 + 0.1°C in a
water bath. 2 ml of solution was taken out after each period
for Ca’" concentrations measurement by an atomic
absorption spectroscopy (AAS, SHIMADZU AA-6800).
After immersion, the samples were taken out, gently
washed using deionized water and dried at room
temperature.

2.3 Pull-off test

Adhesion strength of pure HA and MgF,HA coatings on
Ti6Al4V substrate was measured by a universal Instron
mechanical testing system (Instron 5569). A clamping fix-
ture was designed to avoid the misalignment during the
uniaxial tensile test. Al rod (8-mm-diameter) was glued onto
the coating surface with epoxy resin (Epoxy Adhesives
DP460, 3M, Scotch-Weld™, USA) and cured at room
temperature for 24 h. Then, this rod-sample system was put
into the steel holder and the rod was ready for clamping
by the Instron fixture as that in our previous studies [11].
In testing, the rod was pulled at a cross-head speed of
1 mm/min until the coating failure. “Pull-off adhesion
strength” was used without distinguishing adhesive and
cohesive failure, calculated using: X = 4F/(nd?), where X is
the “pull-off adhesion strength”, F is the actual force
applied to the test surface at rupture, and d is the equivalent
diameter of the original surface area stressed [12]. Statistical
analysis was carried out using one-way analysis of variance
(ANOVA) at an average of ten replicates. Differences were
considered statistically significant at p < 0.05.

3 Results
3.1 Phase and interface analysis

GIXRD profiles of the as-deposited MgF,HA coatings
are shown in Fig. 1. Without F incorporation (MgFyHA),
Mg-substituted f-tricalcium phosphate (-TCMP) is detec-
ted as the main phase, and HA phase exists as the secondary
phase. When Fis incorporated, FHA becomes the main phase
in all the MgF,HA coatings (y > 0).

The elemental distribution from coating to substrate was
acquired by GDOES. A typical GDOES depth profile is
plotted in Fig. 2, showing the distribution of Ca, P, O, Mg,
F, Ti and Al along the depth direction. Three regions are
identified at the cross-section along the depth direction: the
coating region (R.), the transitional region (R;), and the
substrate region (R;). Tangent method is used to determine
the boundaries between two adjacent regions. In the coat-
ing region R, most of the elements in the coating are stable.
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Fig. 1 GIXRD profiles of the as-deposited MgF,HA coatings on
Ti6Al4V substrate
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Fig. 2 GDOES depth profile of MFA3 (Mg20: 20 times of Mg
concentration; F100: 100 times of F concentration)

At the boundary of R, and R,, the concentration of Ca, P, Mg
and F begins to decrease, whereas there is an abrupt increase
of O concentration followed by a sharp decrease. In the
region of R,, all the elements of the coating as well as the
substrate are present. At the boundary between R, and R, Ti
and Al stabilize, and Ca, P, O, Mg and F disappear.

XPS narrow scans near the interface of the MgF, sHA
coating and substrate are shown in Fig. 3. The chemical
states of Ti, Ca, O and Mg are analyzed. Fig. 3a shows Ti
2p spectrum. Only Ti*" is detected, Ti 2p3 at 458.5 eV
and Ti 2py, at 464.2 eV, the typical binding energy in
titanium dioxide (TiO,) or titanate group (Ti05>7) [13, 14].
Ca 2p spectrum in Fig. 3b contains 2 different states: Ca
2ps» at 347.4 eV is the typical binding energy of Ca*" in
HA or FHA; Ca 2p;, at 346.7 eV can be attributed to
CaTiO; [13, 15]. O 1s spectrum is shown in Fig. 3c. The
main component at the binding energy of 529.9 eV can be

assigned to O*~ species in TiO,/TiOs>~, and that at
531.3 eV corresponds to O’~ in HA or FHA [13, 15]. P 2p
locating at 133.4 eV (not shown here) is attributable to
PO,*~ in HA or FHA [15]. Fig. 4d presents Mg 2p spec-
trum. Only one peak at 50.6 eV is detected, which is the
typical binding energy of Mg>™.

3.2 Evaluation of long-term stability

The dissolution resistance of pure HA and MgF,HA coat-
ings is shown in Fig. 4. All the coatings release more Ca®"
ions with the increasing of soaking time. However, pure
HA coating releases much more Ca’" ions than all the
MgF HA coatings during the whole period. Among
MgF,HA coatings, MgFoHA coating without F incorpora-
tion dissolves the fastest, exhibiting the highest Ca®"
concentration. When more F ions are incorporated, less
Ca”* ions are measured in MgF, sHA, and the least Ca®"
concentration in MgF; gHA, MgF, sHA and MgF, ¢HA.

As shown in Fig. 5, the pull-off adhesion strength of
pure HA coating is only about 10 MPa. When Mg and F
ions are incorporated into HA coating, the adhesion
strength of MgF,HA coating is significantly enhanced
(p < 0.05), but the enhancement of adhesion strength
varies when F concentration changes. Without F incorpo-
ration (MFAO), the pull-off adhesion strength is about
16 MPa. When F is incorporated at the fluoridation degree
of 0.5-1.0, no significant difference is observed compared
with MFAQ. However, in the range of 1.5-2.0, the pull-off
adhesion strength increases significantly compared with
MFAO (p < 0.05).

4 Discussion
4.1 Effect of F ions on phase formation

As revealed in Fig. 1, f~-TCMP dominates in the MgF HA
coating. It is due to the presence of Mg ions, because the
transformation temperature from apatite to f~-TCMP could
be lowered about 100°C than that to pure fS-TCP
(700-800°C) when Mg ions were added. Moreover, the
replacement of Ca>" by Mg®" in -TCP made the structure
more stable resulting from the difference in size of Ca®"
ions (0.99 A) and Mg ions (0.69 A) [16]. Since the
designed (Ca, Mg)/P ratio in MgFyHA is 1.67, exceeding
the stoichiometric molar ratio of 1.5 for S-TCP, it is
understandable that Mg ions preferentially incorporate into
p-TCP lattice and the excess of Ca ions form HA phase.
When F ions are present, FHA becomes the main phase in
all the MgF,HA coatings (y > 0). FHA phase is confirmed
by existence of F ions in HA lattice: the main diffraction
peaks of HA slightly shift to higher degree [17], and the
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Fig. 3 XPS spectra of Ti 2p a,
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Fig. 4 Dissolution behavior of pure HA and MgF,HA coatings in
TBS solution: Ca*" concentration as a function of soaking time

typical binding energy of F 1Is in FHA locates at
684.3 + 0.1 eV [8, 18]. Furthermore, it is worthy of noting
that when F concentration increases from 0 to 0.5, i.e.
MgF,sHA (MFA1), f-TCMP is only detected with weak
intensity; as F concentration further increases, no more
p-TCMP forms. This is a clear indication of F ions’ sup-
pression ability of f-TCMP formation. In other words,
F promotes the substitution of Ca®" with Mg”>" in HA
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Fig. 5 Pull-off adhesion strength of pure HA and MgF,HA coatings

lattice, in agreement of our previous findings as well as
other researches [6, 19].

4.2 Effect of F ions on long-term stability
of Mg-containing HA coating

The dissolution behavior of pure HA and MgF,HA coat-
ings reveals that the incorporation of Mg and F ions in HA
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Table 1 Designed and measured fluorine concentration in MgF,HA
coatings

CagMg,(PO,)6Fy(OH)(2.)

Designed F concentration (y) 0 05 1.0 1.5 2.0
Measured F concentration (Y) 0 039 0.72 0.97 1.16

coatings greatly improves the dissolution resistance of HA
coating. Among MgF,HA coatings, MgF,HA coating has
the highest dissolution rate, MgF, gHA, MgF, sHA, and
MgF, oHA coating has the lowest but comparable disso-
lution rate. The dissolution rate is dependent of the solu-
bility of the phases in the coating. From Fig. 1, the phases
of MgF,HA coatings are as follows: most f-TCMP and
little HA in MgFoHA, most FHA and little f-TCMP in
MgF, sHA, single FHA in MgF, HA, MgF,;sHA and
MgF, oHA. It is reported that the resorption of calcium
phosphates as implants takes place in this order:
FHA < Mg-TCP (p-TCMP) < HA < -TCP < a-TCP
[20], because the addition of Mg ions stabilizes the struc-
ture of f-TCP [21] and the incorporation of F ions in HA
lattice lowers the solubility of HA [7, 10]. Therefore, it is
reasonable pure HA coating dissolves the fastest and
releases the most Ca®" jons. When Mg and F ions are
incorporated into HA coatings, MgFyHA coating releases
the most Ca*>* ions, less in MgF, sHA coating, and the least
in MgF; oHA, MgF, sHA and MgF, (HA coatings accord-
ing to the solubility of different phases.

Pull-off test suggests that F incorporation into
Mg-containing HA coating enhances the adhesion strength.
In pure HA, there is a certain degree of disorder with
randomly oriented OH groups. When F ions are incorpo-
rated, hydrogen bonds form between OH groups and
nearby F ions. Fluorine is very electronegative and has an
even greater capacity than oxygen in forming hydrogen
bonds. Thus FHA is much more ordered than HA. Theo-
retically, the structure is the most stable at around 50%
substitution due to the alternating arrangement of the F ions
between each pair of OH groups [22]. The fluorine con-
centration measured by XPS is listed in Table 1. There is a
discrepancy between the measured and designed F con-
centration. In MgF, sHA and MgF, jHA, the measured F
concentration is around 1.0 or nearly 50% substitution, thus
they have the most stable crystal structure. Correspond-
ingly, significantly higher pull-off adhesion strength is
observed in MgF; sHA and MgF, gHA. Another effect of F
ions is the reduction of the coefficient of thermal expan-
sion. The coefficient of thermal expansion of pure HA,
pure FA and Ti6Al4V is 15 x 107K, 9.1 x 107°, and
8.9 x 107, respectively. The substitution of F ions in HA
lattice reduces the coefficient of thermal expansion, so does
the thermal mismatch between the coating and substrate
thus the residual stress in the coating is reduced [23].

Furthermore, the chemical bonds such as Ca—O-Ti and
Mg-O-Ti bonds revealed in GDOES and XPS at the
interface also contribute to the enhancement of the adhe-
sion strength between the coating and substrate.

5 Conclusion

Fluorine promotes the substitution of calcium with mag-
nesium in hydroxyapatite lattice. The elements in the
coating and substrate diffuse to each other and form
chemical bonds near the coating/substrate interface. Fluo-
rine incorporation into magnesium-containing hydroxyap-
atite coatings stabilizes the apatite structure and enhances
the dissolution resistance as well as the adhesion strength,
especially at the measured fluoridation degree around 1.0.
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