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Medical-grade hydroxyapatite has been used in different forms and has been applied in different ways. To improve the thermal
properties of hydroxyapatites, samples with precise fluoride content were prepared (fluorhydroxyapatites) to avoid the toxic effect of the
higher amount of fluoride in the organism. Plasma spraying is the most common of all the application techniques used in the coating
processes of hydroxyapatite, even though the partial decomposition of hydroxyapatite was reported. To avoid this inconvenience,
another method was used for coating: flame spraying. This technology is a novelty regarding the fluorhydroxyapatite coatings on
metallic surfaces. Its positive results present a new, cheap, and efficient possibility for fluorhydroxiapatite coatings on metallic implants.
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The stabilizing effect of fluoride was confirmed by the results obtained for the coating characterization, which shows the presence of a

single phase: fluorhydroxyapatite.

Introduction

Hydroxyapatite Ca;o(PO4)s(OH), (symbolized here
as HAP) is a major component of the bone and teeth
material, thus having the necessary and desired properties
for being biocompatible. Because of this fact, many re-
searchers have focused their studies for using them as bone
and/or tooth implants or substitutions.'™ The advantages
of using hydroxyapatites as biomaterials are incontestable:
biocompatibility, osteoconductivity, and bioactivity. De-
spite these advantages, there are some deficiencies: low
mechanical resistance, poor thermal, and chemical stabil-
ity during long-term contact with biological fluids/tissues.
Although HAP layers deposited on implants showed good
fixing performance after implantation, long-term expo-
sure to biological fluids led to degradation, because of the
dissolution of hydroxyapatite.® By partial substitution of
OH"™ groups by F~ ions results the formation of fluori-
dated hydroxyapatites,”® which have lower solubility than
HAP, promote bioactivity, and exhibit better thermal sta-
bility. Because fluorine in high quantities and during
long-term action has a noxious effect, the fluorine con-
tent of fluorhydroxyapatites (Ca;(PO4)s(OH),_,F,) has
been limited to 0.67 <x<1.48.° The fluoride content
and quantity present in the lattice are the factors that im-
prove the thermal and chemical stability of these apatites.®
Fluorine improves the bioactive properties too; it increases
osteoconductivity and the regeneration rate of the near-by
cells.” Although FHAP is not considered a biomaterial,
in the range mentioned above, it could be qualified as a
biomaterial with substantial applications in medicine.

Flame spraying is part of a wider group of coating
processes known as thermal spraying. A wide variety
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Fig. 1. Flame spraying process.
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of materials can be deposited as coatings using this pro-
cess and the vast majority of components are sprayed
manually.

The most widely used alloys for implants are those
based on titanium, which present good results but are
very expensive. An alternative is the deposition on mag-
nesium alloys; they appear to be potentially biodegrad-
able and biocompatible materials. In recent years, there
has been an increasing interest in magnesium and mag-
nesium alloys as degradable metal implants used in or-
thopedic surgery. Magnesium and magnesium alloys
have many outstanding advantages, which have similar
mechanical properties to natural bone and can degrade
in the physiological environment through electrochem-
ical corrosion.'™'?

The reason why flame spraying could be a good
alternative among other surface engineering techniques
is that it offers the easiest and most tolerable working
conditions, low costs, and the required coating perfor-
mance. Flame spraying has distinct advantages, includ-
ing lower flame temperature (approximately maximum
3000°C) compared with other spraying processes (e.g.,
by plasma spraying, the high temperature (10,000°C)
leads to thermal clecomposition).M’15 These benefits
contribute to the expansive usage of the process.

In this process, the sprayed materials could be pow-
ders, wires, or ceramic rods. A better coating quality was
obtained using wires or rods and not powders.'® The
coatings were made with a gun similar to a wire gun
(Fig. 1). The principle of the operation in either gun is
similar—the nozzle’s flame is concentric to the wire or
rod in order to maximize uniform heating. In the pro-
cess, the ceramic rod material is completely melted us-
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ing the heat from the combustion of a fuel gas (usually
acetylene or propane) with oxygen. Rod flame-spraying
process produces coatings of high levels of density and
adhesion.*

The objectives of this work were to improve the
thermal stability of hydroxyapatite by partial substitu-
tion of OH™ groups with fluoride ions and to find a
new alternative and efficient technology for the deposi-
tion of fluorhydroxyapatite coatings.

Experimental Procedure

Preparation

Fluorhydroxyapatite (Ca;o(PO4)s(OH),_, F,, x=1)
was prepared using a procedure similar to that reported for
the preparation of hydroxyapatite: Ca;o(PO,)s(OH),."°
The reaction vessel (with hydraulic closing and an ascend-
ing refrigerator) was a 2000-cm’ glass flask. Analytical-
grade Ca(NOj),-4H,0, (NH4),HPO4 and NH4F
reagents were used to prepare stock solutions. 870 cm’
of Ca(NO3), stock solution (0.5M) was transferred into
the flask. The temperature was raised to 50°C and finally
950 cm” (NH,),HPOj solution (0.3M) (containing 3.14—
1.05g NHF) was added in drops to the Ca(NO3), so-
lution. The pH was adjusted to 9-9.5 pH using concen-
trated NH4OH solution. The flask was placed in a
thermo-stated shaker, which allowed intensive mixing of
the solution and the precipitate. After the desired strring
time, the precipitate was filtered, thoroughly washed, and
dried at 105°C for 10h. The resulting compact material

was ground in an agate mill, and then fired at 1000°C for
1h"

Rod Production and Spray Parameters

To feed the flame-spraying gun with rods, the raw
materials were mixed in advance with a thermoplastic
injection moulding binder (Siliplast HO, Zschimmer &
Schwarz, Koblenz, Germany) and extruded in a heatable
twin-screw extruder from BrabenderR OHG (Duisburg,
Germany).

The extruded rods (Fig. 2) were thermally treated
with adjacent sintering at 1100°C for 2 h. The diameter
of the rods after sintering had to be between 6.0 and
6.2mm to fit the flame-spray gun.

Table I presents the parameters of the flame-spray-
ing process. A MasterJet flame-spray gun (RokideR
Spray Unit, Saint-Gobain, Avignon, France) was used.
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Fig. 2. Ceramic rods used for flame spraying.

Characterization Methods

The prepared material was characterized by differ-

ent physical-chemical methods:

o Infrared (IR) spectroscopy: The material was char-
acterized by IR spectroscopy (in KBr pellets)
using a Jasco FT/IR-615 spectrophotometer
(Easton, MD).

o Scanning electron microscopy (SEM): The general
structure of the material was determined using a
scanning electron microscope, Philips XL30
ESEM-FEG (Eindhoven, The Netherlands), by
coating them with a thin layer of gold.

o X-ray diffraction (XRD) measurements: The sam-
ples morphology and crystallinity were studied
by X-ray measurements using a Shimadzu XRD-
6000 apparatus. Scans were conducted from 10°
to 80° modifying the angle by 2° each step.

o Particle size analysis in suspension was made us-
ing a Coulter Counter micro- and nanoparticle
analyzer, Shimadzu SALD-7101 (Tokyo, Japan).

o The calcium and phosphor content of samples were
determined using an inductively coupled plasma

Table I. Parameters of the Spray Process (nm’/h,
norm cubic meters per hour)

Flow of oxygen gas 3.5 (nm’/h)
Flow of acetylene gas 0.8 (nm’/h)
Flow of air 28 (nm°/h)

Gun-to-substrate distance 100 (mm)

Rod feed rate 10 (mm/min)




4 International Journal of Applied Ceramic Technology—Barabds, et al.

emission spectrometer; the measurements were
carried out using an ICP-OES BAIRD 2070
type apparatus.

o The fluoride content of the samples was deter-
mined using a fluoride-selective electrode. The
pF values were obtained with a F500 fluoride-
selective electrode connected to a pH/ion
Analyzer Orion Model 901 against a saturated
Ag/AgCl electrode (Wissenschaftlich-Technische-
Werkstitten, Weilheim, Germany).

Results and Discussion

Powder Characterization

SEM: The SEM micrograph (Fig. 3a) of the calcina-
ted fluorhydroxyapatite powder shows that the individ-
ual particles have an average size of 0.25pum (in
accordance with the results given by Coulter Counter).
Because of the sintering at 1000°C, the single particles
stick together. The micrograph at a lower resolution
(Fig. 3b) presents the high agglomeration tendency of

the sintered powder.

Particle Size Analysis:  Particle size distribution (Fig. 4)
shows that 23% of the particle amount was in the range
of 0.1-0.5um (single particles) and 77% was in the
range of 0.5-10 pm (agglomerated particles).

Based on preliminary experiments, it is known that in
order to obtain a uniform coating the mean diameter of
the particles must be in the range of 1-5 um.

IR Spectroscopy:  According to the facts presented by
R. I. Martin and P. W. Brown, if the precipitation of

fluorhydroxyapatites is accomplished at higher concen-
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Fig. 4. Particle size distribution of fluorhydroxyapatite made
with a Coulter Coulter.

trations than 0.75-107M fluorine, the coexistent
phases at equilibrium contain fluorhydroxyapatite and
CaF 2.18

As described previously in the Preparation section, the
precipitation was accomplished at higher fluorine concen-
trations (x=1). The IR spectra (Fig. 5.) show that the
FHAP spectrum is similar to fluorapatite (FAP). In a re-
cent study, it was reported that between HAP and FAP
spectra exists a marked difference: the absence of the peak
at 633 cm™ ' (corresponding to the OH ™ groups) and that
the spectra of different FHAP (x = 1, 1.48) depend on the
fluoride content; at a small amount of fluorine (x = 0.67),
the peak at 633cm ™" is still visible. By increasing the
fluorine content, this peak disappears.

Chemical Analysis (Calcium, Phosphor, and Fluorine Con-
tent):  In Table IT are presented the values of the Ca and

Fig. 3. Scanning electron microscopy photomicrographs of calcinated FHAP powder at (a) X 20.000, magnification and (b) x 300,

magnification.
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Fig. 5. Infrared spectra of calcined hydroxyapatite (---), calcined
Sfluorapatite (—), and calcinated fluorhydroxyapatite (—).

P content as well as their ratio Ca/P, carried out by ICP.
The values obtained show that the resulting apatites
were stoichiometric, the Ca/P ratio was very close to the
theoretical ratio Ca/P =1.67. The lack of secondary
phases in the diffractograms confirms the stoichiometric
character of the samples. Table II also presents data re-
ferring to the fluorine content of the prepared FHAP.
The ratio between the initial fluorine quantity intro-
duced in the reaction and the fluorine content of the
products indicates the degree of transformation of flu-
orine during this process.

Ceramic Rod Characterization

XRD: The XRD spectra (Fig. 6) show no major
differences among powder, rod, and coating. All of
them present good crystallinity due to the very sharp
peaks observed. The preparation procedure of the rod
did not change the FHAP structure. Peaks from the
coating and the Mg alloy substrate (noted by stars in the
figure) were observed. Based on the XRD results, it was
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Fig. 6. X-ray diffraction patterns of fluorhydroxyapatite powder
(a), rod (b), and coating deposited on an Mg alloy substrate ().

difficult to judge if the other peaks of fluorohydrox-
yapatite appeared because they might be covered with
the peaks of the substrate. Apart from the substrate
peaks, it could be stated that all XRD peaks of the coat-
ings can be ascribed to apatite. No other impurity
phases such as CaO, B-TCP, or CaF, were detected
(FHAP patterns indicated that a single-phase FHAP was
formed).

Coating Characterization

In this work, FHAP deposition was made on a
magnesium alloy with the following chemical composi-
tion: 96.32% Mg, 2.51% Al, 0.36% Mn, 0.77% Zn,
and 0.05% of other elements such as Zr, Cu, Si, Fe, Ni,
Ca, Sn, Be, and Pb.

SEM

The agreed optimum coating thickness is
50-100 um'?% this thickness influences coating adhe-
sion and fixation. The measured thickness of the layer

Table II. Theoretical and Measured Ca, P, and F Content of HAP and FHAP
Catheoretic' Cameasured Ptheoretic Pmeasured Ca/ Ftheoretic Fmeasured
Sample  (wt%) (Wt%) (Wt%) (Wt%) P (Wt%) (wt%) 2 x 100%
HAP 39.84 39.74 18.52 18.5 1.66 — — —
FHAP 39.76 39.47 18.48 18.46 1.65 1.88 1.52 81.11
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Fig. 7. Scanning electron microscopic photomicrograph (x 300,
magnification) of fluorhydroxyapatite coating on magnesium alloy.

obtained by flame spraying was 50 + 10 pm. A common
effect during flame-spraying processes is the tensions
that appear in the cooling process, which could be ob-
served in Fig. 7. Another effect is the inequable melting
of the particles; the bubbles that are observed in Fig. 7
are particles that did not melt. This issue could be
avoided using fluorhydroxyapatite with uniform particle
size distribution, preferably nanoparticles. In the future,
the coating process needs to be optimized in order to
obtain a uniform thickness of the layer on the implant
surface.

Conclusions

Although plasma spraying is well known and widely
used, it still presents certain disadvantages like the ther-
mal decomposition of the material during the deposi-
tion and the high costs of the process. In this paper, the
authors suggest a new method with lower costs and a
lower work temperature: flame spraying. Thermal prop-
erties were also improved by adding fluoride in the ma-
terial preparation. Flame-spraying technique proves to be
an adequate and promising method to obtain biomate-
rial coatings on implants. The deposition technology
consists of two stages: 1—rod fabrication and 2—ma-
terial deposition on the metallic support. Definitely,
there are certain difficulties: each material has its own
technology for rods fabrication. In this work, the au-
thors succeed in establishing the optimum technology

Vol. 1, No. I, 2010

for the fabrication of FHAP rods. Further experiments
are needed in order to optimize the flame-spraying pro-
cess to obtain coatings with the required quality for
biomedical applications.
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