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ABSTRACT

Fluor-hydroxyapatite (FHA) powder was synthesized by double decomposition in a view to produce bioactive
and thermally stable coatings by plasma spray process. This work aims at studying the influence of chemical
composition, microstructure and surface energy on the flowability of the FHA particles which is known as a
determinant property during plasma spraying for the quality of the product in terms of yield and homogeneity
of composition. The as-synthesized FHA powder was sieved in order to obtain two ranges of particles size: 50-
80um and 80-100pm. The phase composition and structure and physical characteristics of FHA particles have
been determined by complementary analytical techniques (X-ray diffraction, Fourier transform infrared
spectroscopy, scanning electron spectroscopy and laser granulometry). Then, the FHA flowability was
determined as recommended by the European Pharmacopeia.

The results showed that the 80-100um FHA powder has a longer flow time compared to a reference
hydroxyapatite powder whereas the 50-80um FHA particles did not flow. We propose a simple treatment of
the FHA particles using ethanol as solvent which showed to significantly improve the flowability of FHA powders.

1. Introduction

Plasma spraying is the most reliable industrial process for surface
treatments that can produce adherent apatite coatings on biomedical
implants [1-3]. This process consists in melting and transporting apatite
particles to the metal substrate with a carrier gas (hydrogen and/or
argon). It is also a source of enthalpy for heating particles to their
melting point and transforming them into droplets. The coating is
then formed by a stack of successive droplets of the molten material
onto the metal substrate, which leads, after cooling, to a lamellar
structure with a thickness between 15 and 200pm depending on the
number of layers deposited by the plasma torch [4-6]. This complex
process involves a large number of parameters which determine the
final quality of the coating. The adhesion onto the substrate is provided
essentially by increasing the roughness of the substrate surface before
apatite deposit. Furthermore, the particles must have a sufficient
speed at impact to spread over the substrate irregularities or the
previously deposited particles [4-6]. In this case the molten state of
particles plays an essential role.

Bioactive coatings based on hydroxyapatite (HA) are routinely
deposited by thermal spray techniques on the shaft of metal hip
prostheses as well as dental screws to improve bone growth and
attachment. Despite their excellent clinical performances, prosthesis
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bio-integration is still limited due to the decomposition of the HA
feedstock powder into several foreign phases during plasma spraying
leading to a poor adherent HA-coating on the titanium surface [2,7,8].
Indeed due to the high plasma flame temperature (13000K),
hydroxyapatite (HA), which is commonly used for plasma spraying,
decomposes before its melting point [5,6,9]. This leads to the formation
of secondary crystallized phases and an amorphous phase [5,6]. Since
the solubility products of these phases are higher, they may dissolve
more quickly and lead to coating degradation and prosthesis loosening
[4]. Basically, coatings are prepared with HA particles having a size
greater than 80um [10], following conventional plasma spray
parameters, the particles do not melt completely and recrystallize into
hydroxyapatite [4]. However, this range of grain size causes a thick
coating often responsible for peeling and poor adhesion of the coating
on the metallic substrate. To limit this effect, new powders which are
more thermally stable have been developed, such as chlorapatite (CIA)
[9], strontium chlorapatite (Sr-ClA) and fluor-hydroxyapatite (FHA)
[10]. These apatites exhibit better thermal stability than HA and
consequently lead to a thinner coating with better adherence, which
could be a decisive advantage to improve their durability [10,18].
Fluorinated compounds have been used in the biomedical field to
treat diseases affecting bone density such as osteoporosis or to increase
the resistance of tooth enamel to acid attack [11-13]. Farley et al. [14]
have reported that fluoride ions promote mineralization and bone
formation by stimulating bone cell proliferation and differentiation.
Furthermore, the most promising properties are the thermal stability
of fluorinated apatite at high temperatures as well as its bioactivity.
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Fig. 1. Dimensions of the funnel used for measuring the flowability.

However, despite the existence of numerous studies demonstrat-
ing their bioactivity and thermal stability, very few fluor-based-
biomaterials have reached the industrial development, i.e. dental glass
ionomers. This problem may be due to the difficulty to produce
fluorapatite at an industrial scale as well as the lack of confidence of
clinicians in fluorinated materials. Substitution of a part or full of
hydroxide ions by fluoride ions in the hydroxyapatite lattice could
improve the resistance of these apatites to acidic conditions [15,16]. In
addition, the use of fluorinated apatites as orthopedic coatings could
promote cell proliferation and bone growth.

The effectiveness of plasma spray process, and characteristics of
coatings obtained are strongly influenced by the physical and physico-
chemical properties of the injected powders. The powder flow during
the plasma processing dictates the coating quality in terms of yield
and homogeneity of composition. A high flowability, which is intimately
associated to the particle size distribution, shape, chemical composition,
moisture and temperature, is a key requirement for the success of this
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type of process [6,8,10,17]. In addition, the density of powders is
also an important parameter that should be considered, because it
affects particle acceleration and their heating in the plasma flow.
A full understanding of powder-flow behavior is essential when
addressing segregation problems. Thus, optimized criteria such as apatite
composition, particle size and density are selected in accordance with
implant applications [8,17].

In this work, we focus on the manufacture of fluor-hydroxyapatite
powders for the development of coatings onto orthopedic implants by
plasma spraying. For the intended applications, two particle sizes are
considered: 50-80um and 80-100um, the latter particle size range
being the most widely used industrially. However, since the coating
thickness could lead to the prosthesis loosening, we also considered
the range 50-80pum with the ultimate goal of providing thin and
adherent coatings. The objective of this study is to improve and control
the flowability of both FHA powders using a treatment with ethanol and
by varying the ratio ethanol/powder as well as the processing time.
Surface free energies of hydroxyapatite and fluor-hydroxyapatite
powders have been investigated. The nature of the surface of the
particles can directly influence their flow properties. Also, surface free
energies of biomaterials give information about their behavior after
implantation, especially interactions with cells [1].

2. Materials and methods
2.1. Synthesis of FHA powders

The FHA powder synthesis was carried out by double decomposition
method in aqueous solution at 80°C following a protocol previously
proposed by Ranz et al. [18]. The synthesis was obtained by drop wise
addition of phosphate and fluoride salts solution through a peristaltic
pump into a reactor containing calcium salt solution while maintaining
the pH at 7 with a pH-stat system. The calcium solution was prepared by
dissolving 940g of calcium nitrate tetrahydrate (Ca(NOs),,4H,0) in
3500mL of deionized water. Then, di-ammonium hydrogen phosphate
((NH4),HPO4) and ammonium fluoride (NH4F) salts were dissolved in
two separate flasks (315.65g of di-ammonium hydrogen phosphate in
3000mL of water and 15.56g of ammonium fluoride in 500mL of water).

The pH-stat system controlled the addition of ammonia solution to
maintain the pH of the suspension at 7. All reagents were analytical
grade and purchased from Sigma-Aldrich chemicals. Once precipitation
was completed, the precipitate was slowly cooled to 40°C, filtered on a
Biichner funnel and washed with distilled water (about 2 to 3 times the
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Fig. 2. X-ray diffraction diagram of the synthesized FHA powder.
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Fig. 3. FTIR spectra of the as-synthesized fluor-hydroxyapatite powder and hydroxyapatite reference powder.

volume of the solution). It was then dried in an oven at 90°C for at least
24h. The powder was then calcined at 900°C for 15h as recommended
by the standard ISO 13779-3: 2008. We obtained about 400g of FHA
powders.

Several syntheses were performed and the powder samples were
then mixed in order to have sufficient amount of powder with
homogeneous properties for all the experiments and property
characterization presented in this study.

After calcination, the FHA was ground in an air jet mill and particles
were sieved in two size ranges: 50-80um and 80-100um.

2.2. Physico-chemical characterization of the FHA powders

Structure and composition of the as-synthesized FHA powders were
characterized by X-ray diffraction, infrared (FTIR) spectroscopy and
chemical analyses. The composition of the FHA powder was determined
after dissolution in nitric acid (6M). Calcium content was measured
by complexometry with EDTA and mineral phosphate content by
visible spectrophotometry at 460nm using colored phosphor-vanado-
molybdenum complex.

The weight percentage of fluorine was evaluated by titration of
fluoride ions using a selective fluoride electrode. The crystal structure of
the different samples was characterized by X-ray diffraction (XRD) with
CuKa radiation (Seifert-3000 diffractometer) on the angular range 20°-
65° with a step of 0.02° and an exposure time of 24s in accordance with
the standard ISO 13779-3: 2008. Samples were characterized by
transmission Fourier transformed infrared (FTIR) spectroscopy with KBr
pellets (Nicolet 5700 spectrometer, ThermoElectron).

2.3. Physical characterization of the FHA powders
Morphological and microstructural characterization of powders was

performed by scanning electron microscopy, using a LEO-435VP
microscope. The particles size distribution was determined in dry

Table 1

Surface tensions of the liquids deposited on FHA pellets.
Liquid surface tension (mJ.m~2) it Y— P ¥4 W
Water 25.5 255 51.0 218 72.8
a-Bromonaphthalene 0.0 0.0 0.0 444 444
Formamide 23 39.6 19.0 39.0 58.0

conditions using a laser granulometer Malvern MASTERSIZER 2000
with the Sirocco as dispersion device.

2.4. Measurement and modification of FHA powders flowability

FHA flowability measurements were carried out using a special
funnel as recommended by the European Pharmacopeia (Fig. 1). 20g
of the as-synthesized FHA powder was introduced in the upper part of
the funnel and the flow time of the powder was measured. Flowability
of a commercial hydroxyapatite powder (Teknimed S.A., France) with
a particle size between 50 and 80um used as plasma spray feedstock
powder was determined and considered as the reference in this study.
All flowability measurements were performed in triplicate.

To modify the flowability of FHA powders, these ones were treated
by ethanol, with a liquid amount varying between 1.20 and 6.50g per
20g of FHA. In this way, a powder batch of 20g and ethanol were
introduced in an empty cylindrical ceramic chamber of a capacity of
1L. After being closed, the chamber was placed horizontally on the
rollers of a laboratory tumbling ball mill, and a rotation speed of
100rpm was applied. The rotation time of the chamber was fixed at 3
and 8h following previous experiments.

2.5. Surface tension and contact angle determination

Surface tension of the powders was measured by the sessile drop
method using a Digidrop contact angle meter from GBX Scientific
Instruments. Cylindrical pellets with a diameter of 8mm were prepared
by compacting FHA powder in an iron press. Then liquid drops of an
accurate volume (5pL) were deposited on the pellet surface and the
static contact angle (6) was measured using a video camera mounted
on a microscope to record the drop image. The contact angle was
obtained by calculating the slope of the tangent to the drop at the
liquid-solid interface. The accurate value of the angle (£1°) was
given by the GBX software. Few seconds were sufficient to obtain the

Table 2

Mean values of weight % of the various elements (phosphorus, calcium and fluorine) and
atomic ratio Ca/P for the as-synthesized FHA powder and theoretically for a stoichiometric
fluor-hydroxyapatite Ca;o(PO4)sF(OH).

Ca (%) P (%) F (%) Ca/P
Theoretical 39.8 185 19 1.67
Experimental 41.640.5% 19.44:0.5% 1.940.5% 1.664:0.02
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Fig. 4. Particle size distributions of the powders: FHA 80-100um, FHA 50-80um and HA
reference powder.

stabilization of the interfacial forces and thus, the static contact angle
was measured just after deposition of the liquid drop. To assess
homogeneity of the surface properties, three measurements were
performed on different locations on the pellet and the average contact
angle was calculated. Three liquids with known physico-chemical
properties were used to determine the values of the energy components
of the solids to be analyzed: a-bromonaphthalene which is non-polar
solvent, deionized water and formamide which are polar solvents
(Table 1).

3. Results
3.1. Physico-chemical characterization of the FHA powders

The physico-chemical properties of powders obtained after grinding
in the air jet mill were analyzed.

Fig. 2 presents the X-ray diffractogram of the FHA powder. The
analysis of the position and intensity of diffraction lines indicates that
the phase corresponds to a fluorinated hydroxyapatite (JCPDS 09-
432). The diffractogram did not point out the presence of any other
foreign crystalline phase. In addition, a special colorimetric test using
phenolphthalein, sensitive to the presence of CaO, was negative
(below 1wt.%) [19].

The FTIR spectra of the synthesized FHA powder and reference
hydroxyapatite are presented in Fig. 3. It showed the characteristic
bands of hydroxyl and phosphate groups similar to those of
hydroxyapatite (HA). Nevertheless, three additional bands are detected
in this spectrum at 670, 715 and 740cm ™!, corresponding to libration
modes of OH™ ions which are attributed to the formation of hydrogen

bonds in the fluor-hydroxyapatite crystal lattice [20,21]. Moreover, a
decrease of the OH band intensity was observed at 3570 and 630cm ™"
compared with their intensity in the FTIR spectrum of HA powder.

The weight percentages of calcium and phosphorus in the as-
synthesized FHA powder and the Ca/P atomic ratio determined by
chemical titration are reported in Table 2 and compared to the
theoretical values calculated for a stoichiometric fluor-hydroxyapatite
Ca;o(PO4)6F(OH). In accordance with the XRD data, we assumed that
all the fluorine measured was present in the FHA apatite lattice and
that the monovalent anionic sites were occupied only by fluoride
and hydroxyl ions. From the general formula of fluor-hydroxyapatite
(Ca1o(PO4)6Fx(OH),_y), the fluoridation ratio can be determined as
the ratio (x+100)/2.

The mean values of the atomic ratio Ca/P and the percentage of
fluoride ions are similar to those of a stoichiometric FHA. We calculated
the fluoridation rate of the as-synthesized FHA from the weight
percentage of fluorine and we obtained 50.6% suggesting that the
chemical formula of the as-synthesized FHA was close to stoichiometric
FHA: Ca10(PO4)6F(OH)

3.2. Physical characterization of the FHA powders

Physical characterizations are intended to evaluate the ability of the
synthesized FHA to be implemented for plasma spraying specially
powder flowability. In addition, we rely on the size and the observation
of the morphology of the particles. As for the physico-chemical
properties, these characterizations were carried out on the powder
obtained after synthesis and grinding in the air jet mill.

Fig. 4 shows the particle size distributions of the FHA powder after
synthesis, grinding in the air jet mill and sieving at 50-80 and 80-
100um as well as that of the reference HA (50-80um). We can notice
that the FHA particle size distributions are multimodal with a main
peak centered at 60pm for the range 50-80um and at 95um for the
range 80-100um. The presence of fine particles with two small peaks
centered at about 2um and 10um is also observed. The reference HA
powder does not contain particles smaller than 4um.

As may be seen from SEM micrographs presented in Fig. 5, the FHA
powder 50-80um is highly agglomerated compared with those of the
reference HA 50-80um. The particles are composed of individual fine
grains of about 1pum or of agglomerated grains. Hydroxyapatite particles
with a size in the range 50-80um, used as reference, have an irregular
shape and one does not observe any trace of fine particles.

3.3. Flowability of FHA particles

The flow times of the powders through the funnel are reported in
Table 3. FHA with a particle size between 80 and 100um flows through
the funnel orifice, but the flow time is higher than that of the reference
HA powder (50-80um). According to FHA powder particle size
distribution measurement (Fig. 4) and SEM observations (Fig. 5), it

Fig. 5. SEM micrographs of the FHA sieved between 50 and 80um and the reference HA powder (50-80um).



Table 3
Measurement of the flow time of FHA powders after synthesis
and grinding in the air jet mill compared to flow time of HA

powder.
Flow time
HA, 50-80um 46840730
FHA, 80-100um 5"86+1"32
FHA, 50-80um Not flowable

appears that the finer particles agglomerate around the larger which
could prevent the powder to flow easily through the funnel. This is
partly attributed to the use of the air jet mill, which generates a large
amount of fine particles in a quick time. A study by Frances et al. [22]
confirms this hypothesis. In addition, van der Waals FH- 0 bonds in
FHA are more polar than H®0 - H bonds in HA [18,20]. For FHA particles
with a size range of 50-80pm, it was not possible to measure any flow
time; the powder could not emerge from the orifice of the funnel. This
can be attributed to the fact that the particles are smaller than the
FHA 80-100pm.

3.3.1. Modification of the powders flowability

Given the low flowability of FHA particles 80-100um and the non-
flowability of FHA particles 50-80um, we treated both FHA powder
batches with ethanol. Such treatment has been proposed by Jaworski
et al. [23] for grinding hydroxyapatite particles to reduce their surface
polarity using a low surface tension solvent. Ethanol can modify the
Van der Waals interactions F—H- 0O at the FHA surface.

We first evaluated the influence of the contact duration between the
amount of ethanol added (1.2g) and the FHA powder. Therefore, we set
the duration of powder treatment in the presence of ethanol at 3 and 8h.
Experiments were conducted first with FHA powder 80-100um. Flow
time measurements were performed after drying the powder for
about 24h at 60°C and the results showed that the flowability values
are equal to 5"3740"60 and 3”3440"17 after 3 and 8h of treatment
respectively. After 3h of treatment, no significant changes were
observed. However, after 8h of treatment, the flowability was improved.
Moreover, it was better than for the reference HA powder. Based on
these results, we then selected eight hours for subsequent experiments
consisting in treating FHA powder 50-80um during 8h and varying the
ratio ethanol/FHA between 1.2g and 6.50g of ethanol for 20g of FHA
powder. The results of these experiments are reported in Table 4.
Their analysis shows that the amount of ethanol used affects the results
and thus the flowability of the powder. Indeed, when the ratio ethanol/
powder is not sufficient, the flowability is not improved. However,
when adding 6.50g of ethanol, it is possible to improve the powder
flowability, even if the flow time is higher compared to the reference.
Note that the size distribution of the FHA samples after ethanol
treatment was measured and remained unchanged. The presence of
fine particles may limit the flowability improvement, but also the fact
that the particles with a size of 50-80pum are smaller than those of 80—
100um. Indeed, for the same weight, the first sample (50-80um) has a
greater surface area and therefore the treatment requires more ethanol.

3.4. FHA surface tension

To better understand the phenomena affecting the flowability and
its modification, contact angle measurements and powder surface
tension determination have been investigated.

The surface tension of a liquid in equilibrium with its vapor, .y, and
the contact angle of a liquid drop resting on a solid surface, 6, followed a
relation defined by Young [24]:

Yiv €080 = Yoy —Ys1 (1)

Table 4
Measurement of FHA powder time-flow after treatment with ethanol during 8h
depending on the ethanol/FHA powder weight ratio.

Flow time using Flow time using Flow time using Flow time using
1.20g ethanol 2.50 ethanol 3.10g ethanol 6.50g ethanol

14"624+0"50

FHA, Doesn't flow
50-80um

Doesn't flow Doesn't flow

where <ysy is the solid-vapor surface tension and s, is the solid-liquid
interfacial tension. Only 6 and <.y can be experimentally measured.
Indeed, to determine solid surface tensions, sy and <ys;, an additional
equation is required. Many controversial approaches are reported in
the literature to evaluate solid surface tensions.

Fowkes [25] postulated that the total surface tension can be
expressed as a sum of two components, ¥¢ and y?, which arise owing
to a specific type of intermolecular force, disperse and polar
components, respectively. This concept was extended by Owens and
Wendt [26] and then Kaelble [27] to cases where both dispersion and
hydrogen bonding forces may operate. The solid-liquid interfacial
tension can be calculated from:

YsL = Vsv + 'YLV_Z\/'YSV * 'YEV_Z\/'YEV *Yiv- 2)

From Egs. (1) and (2), surface tension can be determined using
experimental values of contact angles measured with a pair of testing
liquids of known dispersive and polar surface tension components.

Nevertheless, the Lifshitz-Van der Waals/acid-base (Van Oss)
approach [27] affirmed to be a more precise approach because of
considering perceived acid-base interface.

This model suggests that the surface tension is composed of three
components: the so-called Lifshitz-van der Waals (LW), acid (+) and
base (—) components, such that the total Van Oss' surface tension is
given by:

Vst :'YL+'Ys_z\/'Y%W'Y%W_z\/')’;')’f_z\/'ys_yf- &)

For solid-liquid systems, combining Eq. (3) with Young's equation
yields to:

1+ cosf _ _
= R Y (4)

We have calculated the total surface tension of HA 50-80um as
reference powder, FHA 80-100um (after 8h ethanol treatment), FHA
50-80um which doesn't flow (1.20g ethanol), FHA 50-80um which
flows (6.50g ethanol) using both Owens-Wendt (Eq. (1)) and Van
Oss' methods (Eq. (4)). Results are shown in Table 5.

Table 5
Total surface tension of FHA and HA powders calculated according the different theories.

Van Oss method
(mJ/m?)+0.5%

Owens-Wendt
method (mJ/m?)+0.5%

Reference powders

HA 50-80pum 69.7 55.5
reference

FHA 50-80um treated/not flowable: 68.1 56.0
1.20g ethanol

FHA 50-80pm treated/flowable: 71.0 56.0
6.50g ethanol

FHA 80-100um treated/flowable: 67.7 50.3
373440"17




Table 6
Values of y5" and ys following Van Oss method.

Reference powders & /Van Oss method 75 /Van Oss method
(mJ/m?)+£0.5% (mJ/m?)£0.5%
HA 50-80um reference 0.5 53.2
FHA 50-80um treated/not flowable: 0.8 46.4
1.20g ethanol
FHA 50-80um treated/flowable: 0.7 53.9
6.50g ethanol
FHA 80-100pum treated/flowable: 0.2 55.1
3"344+0"17

As shown in this table, both surface tension values given by
Owens-Wendt and Van Oss' methods are different but they do not
evolve significantly whatever the powder type. In particular, values
of the Van Oss surface tension for flowable and not flowable FHA
50-80um are equal. However, when focusing on the acid-base
component of Van Oss' method we noted that all y& values are very
low while s~ values are high (Table 6), indicating a preponderant
basic behavior. Moreover, one observes differences in values of the
basic surface component depending on the nature and particles
size distribution as well as if there has been a treatment with
ethanol.

The basic surface component of the reference HA powder, which
offers a satisfactory flowability for plasma spraying, is 53.2mJ/m?.
One can notice that the value determined for the treated FHA 80-
100pm is slightly higher and corresponds to a lower flow time than
that of reference HA, that is to say a better flowability. As for FHA
50-80um, it is not flowable when the ethanol/powder ratio is too
low, leading to a low basic component (equal to 46m]J/m?), while it
becomes flowable after an adapted ethanol treatment, i.e. when its
basic component reaches a value in the range of those of the two
other flowable powders (between 53 and 55mj/m?). This means
that the FHA powder becomes more polar under the ethanol
treatment. This increase of polarity could be related to the decrease
of F>H- 0O hydrogen interactions responsible of particle agglomeration
and non flowability.

4. Conclusion

The synthesis of the FHA by double decomposition in aqueous
solution is a simple method to produce enough quantities of powders
for industrial applications. The physico-chemical characterizations
demonstrate the purity of the FHA powder and its stoichiometry.
Nevertheless, the physical properties including its low flowability
present a major obstacle to industrial development especially for
powder plasma spraying. We propose and demonstrate the efficiency
of a simple treatment of the particles using ethanol as solvent to
significantly improve the flowability of FHA powders. The surface
tension measurements following the Van Oss method indicate that
FHA powders having a low value of s have a tendency not to flow
and an ethanol treatment allows increasing this value.
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