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Abstract

lonic substitutions play important role in the modifications of biological apatites. Recently, the attention has
been focused on the co-doping effects on functional properties of apatite based biomaterials. In this research
work, the dense samples of fluorapatites, Ca,,(PO,)sF, and CagMgSr(PO,)sF,, were produced after sintering
at 1250 °C for 6 h in air. Structural characterization, carried out with XRD, IR, Raman and SEM, confirmed the
formation of dense and homogeneous structure with main fluorapatite and small amount of Ca;(PO ), phase.
The presented results also demonstrate the stability of structural and mechanical properties of fluorapatites
after immersion tests in saline and buffer solutions. The durability of mechanical properties and biocompat-
ibility of the Ca,,(PO,)sF, and CagMgSr(PO,).F, fluorapatites make these materials highly attractive for

biomedical application.
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I. Introduction

Minerals and synthetic compounds with a structural
type of apatite are widely used in many fields, includ-
ing construction and electronic industries. Such materials
also serve as catalysts and ion exchangers in the chemi-
cal industry. Apatites activated by rare earth elements are
used as luminescent and laser materials. Moreover, ap-
atite materials are considered as promising materials for
immobilization of high-level waste (HLW) due to high
chemical and radiation resistance and a wide range of
structural iso- and heterovalent substitutions [1,2]. Some
types of apatite materials have found wide application in
orthopaedics and dentistry due to the composition close to
inorganic components of human bones and teeth [3-5].

Biological apatites, including hydroxyapatite
(Ca,;(PO,),(OH),, HAp), have been widely used
in the biomedical field due to their bioactivity, bio-
compatibility and osteoconductive properties [6].
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Recently, a large number of attempts have been made
to modify properties of biological apatites properties,
such as biocompatibility, mechanical properties and
solubility. Natural apatites contain various amounts
of substitutions (F~, CO32*, Sr?*, Mg?*, Zn>*) [7-9].
Fluorine-substituted ~ HAp  (Ca,,(PO,)c(OH),F, ,
FHAp) and fluorapatite (Ca,,(PO,)¢F,, FAp) have low
solubility and good biocompatibility [10,11]. The incor-
poration of fluorine into apatite lattice makes it apatite
structure more stable and a quite well-ordered apatite
structure can be formed [12]. Fluorine replacement
can favour the crystallization of calcium phosphate,
improve the chemical stability and decrease the mineral
dissolution [13,14]. In addition, substitution of OH™
groups by F~ results in a better protein adsorption
and cell attachment [15]. Fluoride in saliva and blood
plasma is necessary for dental and skeletal development
and plays a very important role in stimulating the
processes of proliferation and differentiation of bone
cells. The osteoblast responses were improved through
fluoride incorporation [16].
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Despite the fact that apatites are widely proposed
as biocompatible and osteoconductive materials, they
demonstrate some principal limitations for long-term
clinical applications. A large number of studies have
been made to enhance their mechanical properties, such
as brittleness and mechanical strength. Thus, it is shown
that the ionic substitutions in biological apatites play a
key role in enhancing such functional properties as bio-
compatibility and mechanical strength [17-19].

Strontium, a trace element chemically close to cal-
cium, is mainly incorporated into bone by two mech-
anisms: surface exchange or ionic substitution. Bone
mineral consists of a poorly crystalline fraction made
of apatite and calcium phosphate complexes. The stron-
tium levels in bone change in accordance with the bone
structure. Furthermore, at the crystal level, higher Sr
concentrations are observed in newly formed bone than
in old bone [20].

There is experimental evidence that strontium in-
duces pharmacological actions in bone metabolism
[21,22]. The strontium ability to substitute calcium in
the hydroxyapatite crystal lattice has been previously
demonstrated [23]. Sr has also been incorporated in
the structure of new bioactive materials, and is used
as a drug in the form of strontium ranelate to increase
the densification of bone in osteoporotic patients. In
vivo studies of Sr bioactive glasses [24] have shown
that strontium has a dual function within bone remod-
elling. It is able to uncouple the process of bone re-
sorption and bone formation by inhibiting osteoclasts
and stimulating osteoblasts, respectively. Sr substituted
calcium phosphate cements/ceramics were used in or-
thopaedic, in filling bone defects [25]. The compos-
ite materials with 1wt.% SrO added to biogenic hy-
droxyapatite (HAp) or hydroxyapatite of biogenic ori-
gin (BHAp) have been proposed by Kuda ef al. [26]. It
was found that BHAp/glass/SrO composite possessed a
higher porosity and rate of dissolution in a physiologic
solution. A beneficial effect of low doses of stable stron-
tium in the treatment of osteoporosis age-related bone
diseases was reported. The strontium-induced increase
of bone formation results in a better mechanical resis-
tance of bones. The Sr-doped ceramic materials were
considered for the development of coatings or compos-
ite biomaterials to expand the range of biomedical ap-
plications [26].

In turn, magnesium is one of the most impor-
tant cationic substitutes for calcium in biological ap-
atites. Dentin, enamel and bone contain 1.23, 0.44 and
0.72 wt.% of Mg, respectively. Over 100 enzymes re-
quire the presence of Mg>* ions for their catalytic ac-
tions. These facts make Mg one of the essential el-
ements for all living organisms [27]. Magnesium is
closely related with the mineralization of calcified tis-
sue and indirectly influences mineral metabolism [28].
Magnesium deficiency affects all skeletal metabolism
stages such as bone growth and bone fragility [29].
Fluorine-substituted HAp, FAp, and Mg-substituted ap-
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atites have received increasing attentions in the field
of biomedicine. Mg?* substituted FAp provides greater
biocompatibility and better biological properties than
the pure FAp or HAp. The formation and attachment
of biomimetic Ca-P coatings in the simulated body fluid
(SBF) solution were strongly related to Mg?* content,
where Mg-substitution improves the bioactivity of ap-
atite in SBF [13]. In addition, Mg ion promotes bone-
like apatite nucleation and growth on titanium surface
in SBF solution and improves MC3T3-E1 (E1 type of
MC3T3 is an osteoblast precursor cell line derived from
Mus musculus of mouse calvaria) cell proliferation [30].

On the other hand, recently the attention has been fo-
cused on the co-doping effects of additives on the chem-
ical dissolution behaviour of biomaterials. Melt-derived
Sr-containing polyphosphate glasses, doped with Mg
and Ti were investigated by Weiss et al. [31]. The in-
clusion of Mg and Ti was found to increase the bonding
strength between phosphate chains resulting in a higher
stiffness, better mechanical properties, and lower degra-
dation rates in buffer solution. The properties of differ-
ent melt-derived alkali-free phosphosilicate glass com-
positions co-doped with Zn** and Sr** ions were also
investigated [32]. The compounds showed lower solu-
bility as a result of the ionic field strength associated
with its constituent ions. There was a significant differ-
ence in the leaching of Zn>* and Sr** ions in SBF and
buffer solution, with a higher rate of release for Sr. Ad-
ditionally, the substitution of SrO with CaO led to the
partial replacement of Ca>* by Sr** in the fluorapatite
and diopside crystal structures [33].

The effect of Sr and Mg substitutions in melt-derived
glasses system of CaO-P,04-Na,O was investigated by
Stefanic et al. [34]. The chemical durability of glasses
in water was found to decrease with decreasing Sr con-
tent, and it was characterized by linear degradation and
highly controllable profiles. The incorporation of Sr and
Mg ions improve the solubility, bioactivity and mechan-
ical properties of the glass-ceramics composite system.
It was demonstrated that most Mg ions remained in the
glass matrix and had a negative effect on the crystalliza-
tion of apatite with a high Ca/P ratio. On the other hand,
the presence of Sr element was detected in all the de-
posited apatites, indicating that the introduced strontium
was capable to substitute into the formed apatite nuclei
and favour the formation of apatite crystallization.

The effects of both doping amount and sintering con-
ditions on the bioceramics properties were investigated
in some studies [35-37]. Magnesium and strontium
were tested with the aim to compare co-doping effects
and benefits of both cations on the process of phase
stabilization of tricalcium phosphate (8-TCP) structure
[38,39]. The additions of SrO and MgO in TCP resulted
in smaller grain size, increased density and pore size re-
duction that was beneficial for the mechanical properties
of TCP biomaterials [40]. The improvement of mechan-
ical and biological properties of Mg-Sr co-doped TCP
materials was previously analysed by in vivo study [41].
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In addition to biocompatible properties of calcium
phosphate ceramics, the antibacterial effect of Sr and
Mg substitution has not been well-understood and is
an open issue of research. In vitro antibacterial activ-
ity and cytocompatibility were investigated [42,43]. The
optimal balance between antibacterial activity and cy-
tocompatibility was detected by the presence of MgO
in HAp/MgO structure. The MgO additives resulted in
the significant reduction of bacterial proliferation. The
angiogenic and inflammation potentials were also con-
firmed by in vivo tests. The granules containing MgO
stimulated angiogenesis without increasing inflamma-
tion. The dual effect of MgO additives was shown. The
inclusion of MgO reduced bacterial growth and biofilm
formation in a HAp-based bone substitution.

On the other hand, an inhibitory effect of Sr additives
on various strains such as Escherichia Coli (E. coli) and
Porphyromonasgingivalis (P. gingivalis) was also inves-
tigated [44]. Brauer et al. [45] showed that the bacteri-
cidal action of bone cements was increased via St sub-
stitution. The samples containing small amounts of Sr
(2.5 mol%) reduced the number of bacteria (Streptococ-
cus faecalis) up to one order of magnitude as compared
to Sr-free samples. In addition, fluorine ions are known
to affect the mineralization and bone formation in vivo,
resulting in their antibacterial effect. It can be concluded
that Sr** and Mg?* ions have a synergistic effect with
F~ ions in promoting the antibacterial activity.

Mg and Sr substituted phosphate ceramics and
glasses are very attractive materials for the production
of modern implants, prosthesis for orthopaedic, dental
surgery and scaffolds for tissue engineering applications
[46]. However, the effects of thermal treatment and sin-
tering condition on the mechanical properties and disso-
lution behaviour of such co-doped compositions are not
so well studied. It is well-known that the dissolution of
ceramics in biological environment is complex and de-
pends on numerous factors, such as phase composition,
density, and surface parameters. Thus, a further focus
on the effect of Sr and Mg co-doping on structure, me-
chanical properties and solubility of calcium phosphate
ceramics is of great interest and is subject of this work.

II. Experimental

2.1. Sample preparation

The pure and Sr-Mg-doped fluorapatite powders
(Ca,((PO,),F, and CagMgSr(PO,)F,) were prepared
by chemical co-precipitation method, previously de-
scribed in the literature [2]. The following components
were used: calcium nitrate (Ca(NO,), -4 H,O, Alchim,
Ukraine), diammonium phosphate ((NH,),HPO,,
Alchim, Ukraine), ammonium fluoride (NH,F, Alchim,
Ukraine), strontium nitrate  (Sr(NO;),, Alchim,
Ukraine) and magnesium nitrate (Mg(NO;),, Alchim,
Ukraine), which were taken in stoichiometric pro-
portions. The used chemical co-precipitation method
included the following stages: i) preparation of aqueous
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solutions of the initial components with the required
concentrations, ii) mixing of initial solutions, iii)
adjusting pH to 9-9.5 by the addition of NH,OH and
precipitation of Ca,,(PO,),F, and CagMgSr(PO,)F,
powders and iv) decantation, washing, drying in air and
grinding.

Samples for sintering were prepared in the form of
pellets with a diameter of 14 mm and a height of 5—
7mm made by cold uniaxial pressing of synthesized
fluorapatite powders on a hydraulic press within pres-
sure range of 124-247 MPa. Sintering of the fluorap-
atite samples was carried out in a Nabertherm GmbH
L.5/13/B180 furnace. In order to produce fluorapatite
structures with higher density, the samples were sintered
in the temperature range 1000—1250°C for 6 h in air.

2.2. Characterization

In order to assess the thermal behaviour of the pro-
duced powders, differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) experiments were
carried out using a SDT Q600 V20.9 Build 20 Thermal
analyser.

Phase compositions of the synthesized powders and
sintered ceramics were studied by X-ray diffraction
(XRD) analysis on a DRON-4-07 using copper an-
ode. Transmission electron microscopy (TEM) images
of the fluorapatite powders were made by TEM 123K
microscope (Hitachi, Japan). The microstructure and
chemical composition of the obtained ceramic materials
were analysed by scanning electron microscopy (SEM)
and energy dispersive X-ray (EDX) spectroscopy (Zeiss
Evo-40). The apparent density (p,,) of the sintered sam-
ples was determined by hydrostatic weighing method.
FTIR spectrometer IRS-29 (LOMO) was used to record
absorption spectra in the IR range. The spectra were
detected in the spectral range 4000—400cm~' (mid-
infrared region). Raman spectra were analysed by a
Raman spectroscopy method on confocal microscope
(Renishaw inVia).

Mechanical properties tests of the fluorapatite sam-
ples for evaluation of Vickers hardness and elastic mod-
ulus were performed by nanoindentation method on a
NanolIndenter G200. The average values were evaluated
as result of 10 indents at a depth of 1 wm on the sample
surface. Fracture toughness K;c was determined by us-
ing Vickers indentation and the following formula [63]:

)

where c is the radial crack dimension measured from the
centre of the indent impression, a is the half diagonal of
the indentation and H is the hardness.

The dissolution tests of the fluorapatite samples
were carried out by immersion them in saline and
sodium phosphate buffer solution (NaCl - 8, KCI -
0.2, Na,HPO, - 1.44, KH,PO, - 0.24 g/l, pH = 7.4) at
37°C. After 1, 3, 7 and 14 days of testing, the samples
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were weighed and the weight losses divided by the to-
tal surface of the sample (Aw/S, mg/dm?) were deter-
mined. The fractured surfaces were observed by SEM
and laser confocal microscope methods (Olympus Lext
OLS4100) after immersion tests.

II1I. Results and discussion

3.1. Characterization of synthesized powders

XRD results of the pure and Sr-Mg-doped fluorap-
atite powders (Ca,,(PO,),F, and CagMgSr(PO,).F,),
obtained by co-precipitation method, are shown in Fig.
1. It can be seen that single-phase fluorapatites with
Ca,,(PO,)(F, (Fig. 1a) and CagMgSr(PO,)F, struc-
tures (Fig. 1b) without any secondary phase were pro-
duced. Tonic radius of Sr** (1.13A) is slightly big-
ger, whereas ionic radius of Mg?* (0.65A) is signif-
icantly smaller than Ca** (0.99 A) [48]. These all in-
dicate that Sr** and Mg>" are incorporated in fluorap-
atite lattice. The substitutions of Ca>* by Sr** and Mg?*
ions in the synthesized Ca,,(PO,)F, powders leaded
to the increase of fluorapatite lattice parameters from
a=9350A and ¢ = 6.870 A to a =9.393A and ¢ =
6.894 A.
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It can also be seen from Fig. 1 that the correspond-
ing XRD peaks are relative broad for both Ca, ,(PO,)(F,
and CagMgSr(PO,).F, powders indicating on small
sizes of coherent scattering regions (crystallites), being
in the range of 30-33nm. These results are in good
agreement with the literature data [47]. Transmission
electron microscopy (TEM) images (Fig. 2) reveal that
the fluorapatite powders synthesized by chemical co-
precipitation method are agglomerated and mainly con-
sist of the nanocrystalline particles with the average
particle size of 20-30nm for the sample Ca,,(PO,)¢F,
(Fig. 2a) and somewhat larger particles in the case of the
CagMgSr(PO,)(F, powders (Fig. 2b).

Differential thermal and thermogravimetric anal-
yses (DTA/TGA) curves of the Ca,,(PO,);F, and
CagMgSr(PO,)(F, powders produced by chemical co-
precipitation method have a similar character (Fig. 3).
The obtained data indicate the presence of two thermal
effects. The first one relates to the removal of adsorbed
water at temperature of ~60—-110°C. The second may
be associated with the thermal decomposition of fluora-
patites according to the following reaction [49]:

Ca,,(PO,)F, — 3Cay(PO,), + CaF,  (2)

e - Ca,MgSr(PO,)F,

25 30 35 40 45 50

Figure 1. XRD patterns of synthesized powders: a) Ca,,(PO,)F, and b) Ca;MgSr(PO,)F,

e

TEM

100KV x25000 100nm

20000

TEM 100KV 100nm

Figure 2. Transmission electron microscopy (TEM) of Ca,,(PO,)F, (a) and CagMgSr(PO,),F, (b) powders obtained by
chemical co-precipitation
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Figure 3. DTA/TGA curves of: a) Ca,,(PO,)¢F, and b) Ca;MgSr(PO,)F, samples

For the pure fluorapatite (sample Ca,,(PO,)(F,), the
partial decomposition temperature is near 900 °C (Fig
3a), whereas it decreases to 650°C when Ca®* is re-
placed by Sr** and Mg>* (Fig. 3b).

3.2. Characterization of sintered ceramics

Phase compositions of the sintered (1250°C, 6h)
fluorapatite and Sr-Mg-doped fluorapatite samples are
represented by the main fluorapatite phases (i.e.
Ca,(PO,)¢F, and CagMgSr(PO,),F,) as it can be
seen from Fig. 4. The presence of tricalcium phos-
phate (Ca,(PO,),) concomitant phase was also ob-
served for both fluorapatite and Sr-Mg-doped fluo-
rapatite samples. However, it should be noted that
content of Ca,;(PO,), phase is much higher in the
CagMgSr(PO,)F, (18.4 wt.%.) in comparison with that
for the undoped Ca,,(PO,)F, sample. The presence of
the higher amount of tricalcium phosphate phase in the
sintered Sr-Mg-doped fluorapatite sample is caused by
substitution of Ca?* with Mg?* and Sr** ions and its for-
mation can be accompanied also with the appearance of
CaF, phase [49] (not detected in XRD pattern shown in
Fig. 4).

According to density measurements (p,),), it is found
that the maximum relative densities of the fluorap-
atites Ca,,(PO,)(F, and CagMgSr(PO,)F, after sinter-
ing at 1250 °C are 92% and 94% (2.95 and 3.14 g/cm?),
respectively. A slight increase in the density of the
CagMgSr(PO,)¢F, compared to the Ca,,(PO,),F, sam-

. Ca1o(PO4)6F2
= Ca3(PO4)2

1000

e
800

600

Intensity, a.u

400

200 4

26, deg

Intensity, a.u.

ple is possibly due to the presence of a some amount
of CaF, [49] and Ca;(PO,),. As it is known from
the phase diagram of calcium fluoride and tricalcium
phosphate, an eutectic between CaF, and Ca,,(PO,):F,
phases is formed near 1200 °C. This effect results in
liquid phase formation and might intensify sintering of
the CagMgSr(PO,)(F, fluorapatite. Thus, the observed
increase of density of the Sr-Mg-doped fluorapatite in
comparison to the fluorapatite sample may be related to
the liquid phase sintering of the CagMgSr(PO,)(F, flu-
orapatite.

SEM images of the cleaved fluorapatite samples con-
firm their homogeneous structure (Fig. 5). As it can
be seen, a large number of small pores are present
on the cleaved surface of the Ca,,(PO,),F, ceram-
ics while a smaller number of large pores are ob-
served at the CagMgSr(PO,)(F, fractured surface. This
difference is attributed to the liquid-phase sintering
mechanism activated during the heat treatment of the
CagMgSr(PO,)F, sample at temperature of 1250 °C.

EDX analysis data of the selected sites of cleaved sur-
face of the Ca,,(PO,)¢F, and CagMgSr(PO,),F, sam-
ples are presented in Fig. 5. The peaks of Ca, P, O, F,
Sr and Mg correspond to the peaks of the main fluorap-
atites elements.

Figure 6 shows IR spectra of the sintered fluorap-
atite Ca,,(PO,)¢F, and CagSrMg(PO,)F, samples. The
spectra contain a series of intense bands typical for
a fluorapatite-type material. Assignment of these IR

1000

« - Ca,MgSr(PO,).F

2

750

500

250

26, deg

Figure 4. XRD patterns of Ca,,(PO,)(F, (a) and CagMgSr(PO,).F, (b) samples after sintering (1250 °C, 6 h)
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Figure 5. SEM images and elemental compositions (EDS) of fluorapatite samples: a) Ca,,(PO,)(F, and (b) CagMgSr(PO,)F,
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Figure 6. IR absorption spectra of fluorapatites:
1 - Ca,,(PO,)(F,, 2 - CagSrMg(PO,)(F,

bands is given in Table 1. A few differences were ob-
served in the spectrum of the pure and Sr-Mg-doped
fluorapatite ceramics. Thus, a characteristic peak of
725cm™! appears in the doped sample, corresponding
to the symmetric vibrations of the bridging bonds of the
P—O-P diortho groups, associated to phosphate tetrahe-

dron. In addition, the band in the region of 960 cm™! dis-
appears. This is caused by the degeneracy of the stretch-
ing vibrations of PO 43* ion due to a change in its coor-
dination environment and symmetry due to the breaking
of bonds between the phosphate tetrahedron and cal-
cium ions. It was also observed that Sr and Mg dop-
ing of fluorapatite results in reduction in the intensity of
all bands corresponding to adsorbed water and PO43*
vibration modes. These facts also suggested that Ca is
substituted by Sr and Mg in the fluorapatite lattice.

According to Raman analyses of bone structure [51]
it was demonstrated that strontium can be heteroge-
neously distributed in bone mineral, with a higher
amount in newly formed bone tissue than in old bone
tissue. Additionally, it was shown that the strontium in-
corporation does not make any significant change in the
crystal lattice parameters.

In our study, in accordance with the infrared spec-
troscopy analyses, and also Raman spectra (Fig. 7) of
the pure and Sr-Mg-doped fluorapatites, internal vibra-
tional modes of PO43_ group were detected. Thus, the
most intense line of the symmetric stretching vibration
v1 (PO) at 961 cm™!, which is a characteristic value for

Table 1. Assignment of the bands in the IR spectra of fluorapatite samples

IR bands .
Description [50]
Ca,,(PO,)¢F, CagSrMg(PO,)(F,
475cm™! 460 and 480cm™~'  Vibrations of OH™ groups replacing F~ in apatite structure
575cm™! 575cm™! Bending vibrations of PO43‘ tetrahedra
610cm™! 605 cm™! Bending vibrations of PO 43_ tetrahedra
725cm™! Symmetric vibrations of bridging P-O bonds

965cm™! Stretching vibrations of PO,’~ tetrahedra
1040cm™! 1040cm™! Stretching vibrations of PO,’~ tetrahedra
1090cm™! 1100cm™! Stretching vibrations of PO 43 ~ tetrahedra

3450cm™! (~10%) 3430cm™! (~5%)

Adsorbed H,O (stretching vibrations of H-O-H)
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Figure 7. Raman spectra of sintered fluorapatites: a) Ca,,(PO,)(F, and b) CagMgSr(PO,)(F,

apatites [52,53], is clearly visible. According to the lit-
erature data [54], in the case of substitution of phosphate
by carbonate ions, the phosphate line v; appears in the
range of 955-959 cm™!. The line of symmetric stretch-
ing vibration v; (PO) was detected at 961 cm™!. This fact
indicates the high crystallinity of fluorapatite, which is
confirmed by the XRD data (Fig. 4). In addition, the po-
sition of the v3 line (1038 cm™), corresponding to the
asymmetric P-O stretching vibration, did not change.
For the fluorapatite CagStMg(PO,)(F,, a decrease in the
intensity of the v3 line and its fusion with the extended
v line are observed (Fig. 7b). In contrast to the v| and v3
lines, the remaining lines of the P-O deformation vibra-
tions v, (423 — 413cm™") and v4 (596 — 606cm™")
are shifted towards lower frequencies when calcium is
replaced by Sr and Mg. In addition, on the Raman spec-
tra of the fluorapatite and Sr-Mg-containing fluorap-
atites, a 1077cm™! line was observed. This line cor-
responds to CO32‘ vibrations and indicated partial re-
placement of phosphate ions by carbonate ions (CO32*
— PO43‘). Inclusion of a small amount of CO32‘ ions
in the fluorapatite structure is probably caused by the
synthesis conditions and the presence of atmospheric
carbon dioxide. It is known that PO43_ tetrahedron in

3
8

the fluorapatite lattice is surrounded by 9 Ca** cations,
which isolate it from other PO43‘ tetrahedra. Leroy et
al. [55] reported that the substitution of PO43* by CO32*
ions does not cause any significant structural changes in
the FAp structure that could be observed on the Raman
spectra. These results are also in a good agreement with
the IR analysis data.

3.3. Immersion tests

Long-term immersion tests demonstrate the real be-
haviour of the biomaterials in biological environment.
In this regard, the solubility of the synthesized fluorap-
atites in physiological media and the effect of the struc-
tural replacement of calcium by strontium and magne-
sium are of great interest.

The results of the solubility tests of the Ca,,(PO,)(F,
and CagMgSr(PO,).F, fluorapatites in saline solution
are shown in Fig. 8a. The decrease in degree of fluora-
patite solubility with time was observed. These results
also indicate a higher degree of solubility of the Sr-Mg
substituted fluorapatite in comparison to the undoped
fluorapatite. Figure 8b shows the dissolution rate of the
synthesized fluorapatites in buffer solution. It should be
mentioned that in the previous study [47] an increase
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Figure 8. Dissolution rate of Ca,,(PO,)(F, and CagSrMg(PO,)F, fluorapatites in saline (a) and buffer solution (b)
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Table 2. Young’s modulus, hardness and fracture toughness of fluorapatite samples before and after dissolution tests

Young modulus [GPa]

Hardness [GPa] K;c [MPa-m'/?]

Sample
before after before after before after
Ca,,(PO,)(F, 1063+45 97.7+6.1 59+11 52+06 20+09 1.7+0.5
CagMgSr(PO,).F, 102.7+53 934+47 5507 41+19 18+04 13x08

of the weight losses and dissolution rates of strontium
substituted fluorapatite CaySr(PO,)¢F, in comparison to
non-substituted fluorapatite Ca,,(PO,),F, samples was
detected. According to Shkuropatenko et al. [2], this
fact is associated with the presence of Ca,(PO,), phase
in the Ca,Sr(PO,),F, samples. It is known that trical-
cium phosphate demonstrates greater solubility in com-
parison with fluorapatite. In contrast, it was reported
[56] that the strontium and calcium substitutions cause
no principal change in the dissolution rate of phosphate
glasses. Additionally, the effect of strontium bonding to
a similar number of phosphate chains as calcium was
found. The addition of Sr into the phosphate glass com-
position resulted in a decrease of the dissolution rate
of the glass, thus suggesting an increase of the cross-
linking between phosphate chains. In the present study,
the results demonstrate that in both saline and buffer so-
lutions the solubility of the Sr-Mg substituted fluorap-
atite is higher than that of the fluorapatite. It should be
noted that in buffer solution, the solubility of fluorap-
atites was not much higher than the solubility in saline
solution.

There is a strong correlation between the structure,
mechanical properties and solubility of a material. The
ceramics with higher density and crystallinity demon-
strate better mechanical characteristics and biocompat-
ibility [57]. The hardness to Young’s modulus ratio
(H/E) is the main parameter, which characterizes the
material deformation in relation to yielding [58]. H/E
ratio plays an important role in identifying the mechani-
cal behaviours and further brittle failure of ceramic ma-
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terials and coatings [59]. Furthermore, fracture tough-
ness (K;¢) demonstrates the ability of a material to resist
against brittle failure and crack propagation. Nanoin-
dentation method allows to make direct measuring of
cracks created with a sharp diamond indenter [60,61].

Mechanical properties of the CagSrMg(PO,)F, and
Ca,,(PO,)¢F, fluorapatites before and after immersion
tests are presented in Table 2. As it was previously re-
ported, the presence of MgO particles exhibited lower
elastic modulus [62]. The fracture toughness of a ma-
terial depends on the various parameters, such as: size
and properties of phases, grain boundaries, pores. The
reduction in the grain size increased the grain-boundary
area and the fracture toughness [63]. The strong ef-
fect of co-doping with different elements on ion re-
lease in apatite structures was previously analysed [64].
Our results show that the measured average value of
Young’s modulus on the surface of the fluorapatite sam-
ple slightly exceeds the value for the Sr-Mg-doped flu-
orapatite. In addition, after a solubility test in saline so-
lution, the values of Young’s modulus measured on the
surface of both samples slightly decrease. On the con-
trary, the decrease of microhardness and Kj¢ is more
pronounced for the CagSrMg(PO, )F, samples after im-
mersion tests possibly due to the higher soluble trical-
cium phosphate Ca,(PO,), phase content. Nevertheless,
the dissolution of the fabricated fluorapatites within 14
days occurs to a small extent and does not significantly
affect their mechanical properties.

The surface of fluorapatite samples after 14 days of
immersion tests in saline solution was studied by Ra-
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Figure 9. Raman spectra of fluorapatites: a) Ca,,(PO,)(F, and b) CagMgSr(PO,)(F, after solubility tests

225



M.H. Ghaemi et al. / Processing and Application of Ceramics 16 [3] (2022) 218-229

Figure 10. The surface structure and topography of the samples Ca,,(PO,)F, (a, ¢c) and CagMgSr(PO,).F, (b, d) after
immersion tests

man spectroscopy, SEM and laser confocal microscopy.
Analysis of the Raman spectra of the surface of the
fluorapatite samples after solubility tests also showed
the presence of the main fluorapatite lines v;(P-O) at
965cm™! (Fig. 9). These results indicate a strong sta-
bility of the fluorapatite and Sr-Mg-doped fluorapatite
in saline solution at 37 °C. The presence of v; peak in
the Raman spectrum confirms the stability of the flu-
orapatite crystal structure at the surface of the studied
samples. After solubility tests of the Ca,,(PO,)¢F, fluo-
rapatite, a shift of the v3 line (1038 — 1052cm™!) to the
high frequency region and the v, line (423 — 430cm™!)
to lower frequencies were observed (Fig. 9a). On the
contrary, the line v4 was shifted to the lower frequen-
cies region (596 — 588cm™'). At the same time, the
position of the line corresponding to the vibrations of

60

Iog b g 4 _ ¢ 4 4

Counts (cps/eV)

2
Energy (keV)

CO32* (1077 — 1079cm™!) was almost unchanged.
For the CagMgSr(PO,)(F, fluorapatite after immersion
tests, shift of the lines of P-O deformation vibration v,
(413 — 425cm™) and v4 (606 — 628 cm™') towards
higher frequencies was detected (Fig. 9b). The position
of the line corresponding to the vibrations of CO32* was
also significantly changed (1077 — 1088cm™). It is
known that the solubility of apatite increases as a result
of the replacement of PO43‘ with the COSZ‘ ions. The
higher solubility of carbonate-containing apatite com-
pared to carbonate-free apatite is partially due to the fact
that Ca®*—CO,?~ bonds are weaker than Ca?*~PO,*~
bonds [65].

The presence of the second, more soluble, Ca,;(PO,),
phase and partial replacement of phosphorus ions by
carbon ions led to the increased solubility level and, ac-

Counts (cps/eV)

Energy (keV)

Figure 11. Elemental composition of fluorapatite samples of (a) Ca,,(PO,).F, and (b) CagMgSr(PO,)F, after dissolution tests
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cordingly, to the changes at the surface of fluorapatite
samples after dissolution, which are reflected in the Ra-
man spectra.

The surfaces of the Ca,,(PO,)F, and
CagMgSr(PO,).F, samples after immersion tests
are significantly different (Figs. 10a,b). It is noticeable
that the surface of the CagMgSr(PO,)F, sample
underwent stronger dissolution as compared to the
Ca,,(PO,)¢F, sample (Figs. 10c,d).

It was reported that magnesium influences mineral-
ization both in vitro and in vivo. The role of magnesium
in the formation of Ca-P coatings in the SBF solution
was observed. Increase in Mg?* content resulted in the
delay of Ca-P precipitation and the structure changed to
amorphous or poorly crystallized apatite [66].

According to EDX analysis of the surface after soak-
ing tests, the main peaks of Ca, P, O, F, Sr and Mg
corresponding to the elemental composition of fluorap-
atites are identified in Fig. 11. The EDX spectra demon-
strate some changes in the peak intensity after immer-
sion tests. A noticeable decrease of the fluorine content
in the composition of the fluorapatites samples was de-
tected. Chairat et al. [67] argued that the dissolution of
apatite is primarily due to the relatively rapid removal of
F and Ca from the contact surface. Thus, the destruction
of fluorapatite occurs due to the breaking of Ca—O bonds
on the surface depleted of calcium and fluorine. On the
other hand, the release of low dose of trace elements,
such as Sr and Mg demonstrates a beneficial effect and
increases bone mass strengthening the bone resorption
during bone formation process [68]. A local release of
these elements from coatings on metallic implants might
improve bone regeneration and have a strong positive
impact on clinical applications.

The stability of the structure, phase composition
and mechanical properties during long term period
of staying in biological environment is very impor-
tant for biocompatibility of ceramics, if they are used
as a biomaterial. Thus, both the Ca,,(PO,),F, and
CagMgSr(PO,)F, fluorapatites can be further proposed
as promising candidates for biomedical use in the re-
placement of defective areas of bone.

IV. Conclusions

In the present study the powders of monophasic
fluorapatite (Ca,,(PO,)¢F,) and Sr-Mg doped fluora-
patite (CagMgSr(PO,)F,) were obtained by chemical
co-precipitation method. The dense fluorapatite sam-
ples were produced after sintering at 1250°C for 6 h
in air. Structural characterization, carried out by XRD,
IR, Raman and SEM, confirmed the formation of dense
and homogeneous structure with main fluorapatite and
small amount of Ca,(PO,), phases. The immersion tests
in saline and buffer solutions indicated a greater de-
gree of solubility of the Sr-Mg substituted fluorapatite
in comparison to the non-substituted sample. Accord-
ing to scanning electron and laser confocal microscopy

analysis, a pronounced surface dissolution of the Sr-Mg
doped fluorapatite sample was observed. The mechani-
cal properties of the fluorapatites, such as Young’s mod-
ulus, hardness and fracture toughness, measured on the
surface of the samples slightly decrease for both fluo-
rapatite and Sr-Mg doped fluorapatite after immersion
tests.

The results demonstrate stability of structural proper-
ties of fluorapatites after soaking in saline and buffer so-
lutions. The durability of mechanical properties and bio-
compatibility of Ca,,(PO,),F, and CagMgSr(PO,).F,
fluorapatites make these materials highly attractive for
biomedical applications.
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