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Effect of fluorine addition on the structure
and properties of high-porous glass ceramics
applicable for reconstructive surgery
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Effect of fluorine introduction into composition of high-porous glass ceramics based on
biogenic hydroxyapatite and glass of the SiO,~CaO-Na,O system on structure and proper-
ties of the material obtained via doubling the polymer matrix structure has been studied.
It is established that during sintering of samples from high-porous glass ceramics at 900°C
a partial decomposition and/or interaction of hydroxyapatite with the glass phase occur,
that results in forming the multiphase ceramics containing renanite, calcium silicophos-
phate, calcium pyrophosphate, pectolite and hydroxyapatite. In addition, in the case of
fluorine introduction, fluorapatite is formed and sample strength increases by 30 % along
with slight decrease in solubility in vitro.
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Uccnenosano BiausgHue Ao0aBKU ()TOpa, BBEAEHHOM B COCTAB BHICOKOIMOPUCTOMN CTEKJIOKE-
PaMUKHN Ha OCHOBe OMOTeHHOTO I'HAPOKCHAmaThTa U cTekna cucremel Si0,—Ca0O-Na,O, ma
CTPYKTYPY W CBOMCTBA MaTepUaJia, MOJYYEHHOTO METOAOM AyOJIUPOBAHUS CTPYKTYPHI MOJIU-
MEPHOI MaTpUIlLI. ¥ CTAHOBIEHO, UTO MPH CIeKAHNM 00paslloB BLICOKOIIOPUCTON CTEKJIOKepa-
mury npu 900°C HporcXoguT YaCcTHYHOE PASJIOKeHHe M'MAPOKCUAIATHUTA M/WJIH €ro B3auMO-
melictBue co crekaodasoii, B pesyabrare uero obpasyercs MHorodasHas CTEKJOKepPaMUKA,
cojJep:Kalas B CBOEM COCTAaBe PeHaHHUT, cuiInkodochaT Kaablus, nupodocdar Kaabiid, HEKTO-
JIUT U THAPOKCUAIATHUT, 4 [P BBEIEHUU B COCTaB 00pasiioB ()ropa obpasyercsa Taxmxe droparma-
tuT. ITokasano TakKe, uro BBegeHHE ropa mossoiser 6osee yem Ha 30 % IIOBBICUTH IIPOYHOCTH
06pasIoB, 4 TAKIKE HESHAUNTEIbHO YMEHBIIUTh PACTBOPUMOCTD ifl Vitro.

Bnane mo6aBKku (hTOpy Ha CTPYKTYPY Ta BJIACTHBOCTI BHCOKOMOPHUCTOI CKJIOKEpPaMiKH
AJAA PeKOHCTPYKTHBHOI Xxipyprii. O.€.Cuu, A.Il.Auyenrxo, T.B.Tomuna, I'.B.ToscmoHoz,
A.1.€suu.

HocmimxeHo BIIUB A00aBKU (PTOPY, BBEAEHOI MO CKJIAMY BUCOKOIIOPUCTOI CKJIOKEpPaMiKM
Ha OCHOBi Gioremnoro rizporcmamaTury Ta ckaa cucremu Si0,—CaO-Na,O, ma crpykTypy Ta
BJIACTUBOCTI MaTepiajgy, OTPUMaHOTO MeTOAOM AyOJI0OBaHHA CTPYKTYPU MOJiMepHOI MaTpuIli.
Beranosaeno, mo mnpu crnikaHHi 3paskiB BucokomopucrTol ckiokepamiku mpu 900°C BigGy-
BAaETbCA YACTKOBE POBKJIANAHHA rigpoKcHuanaTuTy Ta/abo poro Bsaemonia 3i ckjodasoio, B
pesyJabTaTi 4oro yTBOPIOETLCH OaraTodasHa CKJIOKepaMika, fAKa MICTUTh y CBOEMY CKJAIL
peHaHir, cuaikodochar Kaabiiio, mipodocdar Kaabiio, IEKTOJIT Ta rizpoKcuamnaTur, a Ipu
IONAaBaHHI A0 CKJaJy 3paskiB (GTopy yTBOPIOETHCA TAKOMK Topamarur. [[oKasaHo TakoK, L0
BBefeHHSA (ropy mossBoase Oiapmr uHik Ha 30 % nmigummrm minuicTs 3paskiB, a Tarkox
TPOXH 3MEHIIUTH POSUYUHHICTB in vitro.
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1. Introduction

Fluorine is known to take an active part
in formation of bones, dentine and tooth
enamel and to affect the state and growth
of hair and nails. Furthermore, it improves
blood and immune systems, participates in
the skeleton evolution and stimulates re-
parative processes after bones fracture. At
early age man needs fluorine for good and
well-timed mineralization of bones and teeth
whereas in old age — for preservation of
bone mineralization and prevention of
osteoporosis which frequently leads to frac-
ture of femur neck and damage of verte-
bras. Fluorapatite crystals are isomorphic to
hydroxyapatite ones, therefore replacement
of the latter with the former induces no
changes in the geometry and morphology of
the bones and teeth. Moreover, fluorapatite
is more thermally and chemically stable as
compared to the hydroxyapatite. However,
mechanisms of the fluorine influence on the
mineralization processes have not elucidated
yet. In addition, thanks to fluorine, our or-
ganism better assimilates iron and easier re-
leases heavy metal salts and radioactive nu-
clides. The fluorine standard amount per
day for adults is about 0.5-4.0 mg [1-4].

Today hydroxyapatite materials take top
positions among materials used in reproduc-
ing the bone tissue thanks to their chemical
proximity to the inorganic component of the
bone tissue [5, 6]. Despite contradictory
opinions on the good and harm of fluorine
for man [7, 8], fluorine-containing implant
materials remain promising concerning pa-
tients suffering from osteoporosis.

Our previous works [9—-11] were devoted
to the effect of the initial composition and
sintering temperature on the structure and
properties of highly-porous glass ceramics
(HPGC) obtained via method of doubling the
structure of polymer matrix based on bio-
genic hydroxyapatite (BHA) and glass of
Si0,—Ca0-Na,O system. It was established
that optimal sintering temperature for pro-
duction of the HPGC with required struc-
ture and mechanical characteristics is about
900°C; herein initial composition of the ma-
terial must contain 50-60 mass% of the
BHA. An increase in the initial BHA con-
tent from 50 to 60 mass% was shown to
raise the efficiency of cloning osteogenic
cells (precursors of marrow) by 30 % in the
presence of biomaterials [12].

As known from glass melting practice,
fluorine introduction into glass composition
promotes the appearance of a liquid phase
at reduced temperatures and accelerates the
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glass-forming processes, which makes it possi-
ble to decrease the glass melting temperature
by 100-200°C. It also allows one to produce
the fluorapatite bioceramics with improved
mechanical and biochemical properties [3, 13].

Thus the aim of the present work is to
study the fluorine effect on structure and
properties of HPGC on the basis of BHA
(60 mass% in initial composition) and glass
of Si0,-Ca0-Na,O system.

2. Materials and methods

To produce the permeable bioceramics,
BHA, glass of SiO,—CaO-Na,O system and
foamed polyurethane matrix were used as in-
itial materials. The BHA /glass mass ratio was
60/40. The BHA was obtained via annealing
bones of beeves at 900°C. The glass was
melted at 1100°C. For comparison, 0.3 mass.
% fluorine (relative to glass ceramic composi-
tion) was introduced in the form of sodium
fluoride (chemically pure NaF "Khimloborre-
active”) in order to accelerate the glass melt-
ing process [14] as well as to study the effect
of fluorine on the properties of the materials
obtained. HPGC samples were fabricated by
techniques for doubling the structure of poly-
mer matrix described in the paper [15] using
foamed polyurethane ST 3542 ("Interfom”,
Ukraine) with permeable pore structure (po-
rosity 95 %), which was saturated with
slurry on the basis of water with a solid
phase content of 60 mass.% . The slurry-satu-
rated matrix was dried and then subjected to
heat treatment in a muffle furnace up to
maximal temperature of 900°C.

Phase composition of the fabricated sam-
ples was controlled by XRD method using
difractometer Ultima IV (Rigaku, Japan). The
materials were also studied by IR spectros-
copy on a Fourrier-spectrometer FSM 1202
(Ltd. "Infraspectr”, Russia) in the frequency
range of 4000—-400 ecm™l. The pore structure
of the glass ceramics was examined by scan-
ning electron microscopy (microscope REM-
1061, Selmi, Ukraine) added with data proc-
essing using the specialized material science
complex for analysis of structure images
SIAMS-600 ("SIAMS-Ltd”, Russia). In addi-
tion, there was determined their volume
shrinkage upon sintering as well as porosity
and uniaxial compression strength on a uni-
versal machine Ceram Test System ("SD&TB
IPS NAS of Ukraine”, Ukraine). To estimate
bioresorption of the materials, some experi-
ments in vitro were conducted, in particular
estimation of solubility in isotonic saline
(0.9 % NaCl water solution) at 36.5+0.5°C
for 2 days.
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Fig. 1. XRD analysis results for HPGC sam-
ples obtained on the basis of (a) fluorine-free
and (b) fluorine-containing glass.

3. Results and discussion

Fig. 1 demonstrates XRD data for the
biomaterials. As seen, during sintering of
the HPGC samples a partial decomposition
of the BHA and/or its interaction with the
glass phase occur, which results in forming
the glass ceramics containing renanite Na-
CaPO, (JCPDS, Card No. 76-1456), calcium
silicophosphate = Cag(PQ,),Si0, (JCPDS,
Card No. 21-0157), calcium pyrophosphate
Ca,P,0,; (JCPDS, Card No. 33-0297), pec-
tolite NaCa,SisOg(OH) (JCPDS, Card No.
02-0759) and hydroxyapatite
Cayg(PO,4)6(OH), (JCPDS, Card No. 09-432).
Besides, in the samples prepared using the
fluorine-containing glass, formation of
fluorapatite Ca o(PO,4)(F), (JCPDS, Card
No. 02-0845) was observed alongside with
changes in the intensity of the main peaks
of the above phases. Because of overlapping
the XRD peaks of the main phases it is
difficult to unambiguously interpret the
composition of glass ceramics obtained.

The XRD results are also confirmed by
IR spectroscopy data presented in Fig. 2.
The latter demonstrates the presence of vi-
brations of PO43‘ and SiO44‘ groups in the
frequeney region v ~ 1250—-450 cm™! for the
HPGC based on fluorine-free glass [9, 10].
The IR adsorption bands indicate the pres-
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Fig. 2. IR spectra of HPGC materials based

on (a) fluorine-free and (b) fluorine-contain-

ing glass.

ence of such phases as pyrophosphate, cal-
cium silicophosphate, renanite and hy-
droxyapatite. In the range of 810-780 cm™1
a doublet is revealed which is typical for
silicon-oxygen tetrahedrons and evidences
to the presence of rings from six SiO, tetra-
hedrons [SigO4g] in the glass phase struc-
ture that confirmed by the literature data
[18]. The absorption bands within v ~ 1040-
900 cm~ 1 characterize the presence of wol-
lastonite structures like pectolite
NaCa,Si;Og(OH). Frequencies in the ranges
of v ~ 1200-900 and 700-450 cm~! are con-
nected to the calcium silicophosphate and
pyrophosphate phases. Our previous work
[10] contains more detailed description of
the structure and related frequencies.
Introduction of fluorine into the HPGC
provokes changes in the phase composition.
The absorption bands within v~ 1400-
700 cm~! broaden. Peculiarity of phase for-
mation in such a system is the formation of
fluorapatite Ca q(POy4)g(F),, which is demon-
strated by the change in the absorption
band v ~ 1200-650 ¢cm~!. Appearance of the
additional absorption bands within v ~
1100-1000 cm~! and at 682 em™! may be
prescribed to fluorapatite formation [16—-18].
Herein the separate band (v ~ 793 cm™1) in
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X 100

Fig. 3. Structure of HPGC obtained on the basis of (a) fluorine-free and (b) fluorine-containing glass.

the range of v ~810-780 ecm™! in contrast
to the HPGC based on fluorine-free glass is
connected to the SiO44‘ groups. These data
indicate the fact that the presence of fluo-
rine blocks the formation of ring structures
which possess bioactive properties. Forma-
tion of the structures composed of tetrahe-
drons and chains (phases of calcium pyro-
phosphate, calcium silicophosphate, renan-
ite and fluorapatite) allows one to control
bioresorption properties of the composites.
In addition, in the IR spectra of the ma-
terials of both types one can see bands of
OH~ vibrations: valence vibrations within v
~ 8600—3400 cm~1 and deformation vibra-
tions with v ~ 1630 cm™1. At the same time,
the IR spectra of HPGC on the basis of
fluorine-free glass contain absorption bands
intrinsic to the carbonate-ions CO32~ in B-
positions when they replace PO43‘ groups.
The absence of absorption bands intrinsic to
the carbonate-ions CO32‘ for fluorine-con-
taining HPGC could be attributed to more
complete decomposition of carbonates dur-
ing the glass melting, which is a result of the
intensification of the processes of glass- and
silicate formation in the fluorine-containing

Table. Properties of HPGC samples

glass, as well as a better glass degassing
and removing dissolved gases [19, 20].

Table lists the data on volume shrinkage
of the samples obtained. As seen, the pres-
ence of fluorine does not significantly af-
fect the material sinterability and porous
structure. The slight increase in the volume
shrinkage of the fluorine-containing HPGC
may be related to some factors. On one
hand, that is connected to the phase trans-
formations occurring in the material during
sintering. On the other hand, the fluorine-
containing glass is characterized by lower
viscosity [14, 21, 22], which, in its turn,
promotes better wettability and densifica-
tion of material through the liquid phase
sintering. This is in a good agreement with
the results for the total and open porosity
of the samples (Table). The fluorine-contain-
ing sample preserves an open pore struc-
ture, which is one of the key requirements
for the HPGC implant materials.

The structure of the HPGC samples is
shown in Fig. 3. As seen, a channel struc-
ture with open interacted pore system char-
acterized by the presence of arc-like separa-
tion walls, which prevent from formation of

Sample type Volume Porosity, % Strength, MPa Dissolution
shrinkage, % o Total rate,
pen ota mass. % /day
F-free 9 76 81 0.9 0.50
F-containing 11 70 77 1.2 0.47
Functional materials, 24, 1, 2017 49
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Fig. 4. Pore size distribution in the structure of HPGC obtained on the basis of (a) fluorine-free and

(b) fluorine-containing glass.

completely closed cells and disconnected vol-
umes in the material, remains in the sam-
ples. As a result of the sintering, both large
macropores and small micropores are
formed. The structure of the samples pre-
pared from fluorine-containing glass is
characterized by vitrification of the pore
walls (seen at a magnification of X 500),
which is associated with the glass viscosity
decrease after the fluorine introduction.

It was established on the basis of analy-
sis of the pore structure (pore size distribu-
tion) of the samples of different composi-
tions (Fig. 4) that for fluorine-free glass ce-
ramics the most probable pore size (namely
21 % of the total pore number) is 275 um;
herein the range in which predominant
quantity of the pores falls (-~ 75.5 %) is
150-400 um, whereas for the fluorine-con-
taining samples these values are 225 um
(21 %) and 100-350 pum (86 %), respec-
tively. Besides, the latter contain smaller
pores (<50 um) as compared to the fluorine-
free ceramics whose minimal pore size is ~
50 um. Such changes in the pore structure
of the glass ceramies from fluorine-contain-
ing glass are associated with decrease in the
glass mass viscosity and phase transforma-
tions during interaction of the glass fluo-
rine with hydroxyapatite, which, in its
turn, decreases the sintering temperature
thanks to liquid phase and reaction types of
the sample sintering.

Furthermore, it was established that in-
troduction of fluorine leads to increase in
the samples strength by over 30 %. In our
opinion, this may be due to the liquid phase
sintering and phase transformations in-
duced by the glass-hydroxyapatite interac-
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tion in the material, as well as the forma-
tion of fluorapatite, that strengthens the
glass ceramics in agreement with the litera-
ture data [3, 23].

The investigation results of for the rate
of HPGC dissolution in saline are presented
in Table. The slight decrease in the solution
rate for the samples obtained on the basis of
fluorine-containing glass is related to the
presence of fluorapatite formed due to sin-
tering and phase transformations, which is
less soluble than hydroxyapatite.

4. Conclusions

The effect of fluorine on the structure
and properties of the highly-porous glass
ceramics obtained via doubling the polymer
matrix structure on the basis of biogenic
hydroxyapatite and glass of SiO,—CaO-
Na,O system was investigated. It was estab-
lished that during sintering a partial de-
composition and/or interaction of hydroxya-
patite with the glass phase take place,
which results in forming the multiphase ce-
ramics composed of renanite, calcium silico-
phosphate, calcium pyrophosphate, pectolite
and hydroxyapatite. Also, in the case of
fluorine introduction into the highly-porous
glass ceramics samples, fluorapatite is pre-
sent. Besides, introduction of fluorine was
shown to increase the strength of the per-
meable open-pore-structured samples by
30 %. Furthermore, it slightly decreases
the solubility in vitro, which makes it possi-
ble to control resorption properties of the
implant materials and in such a way to
make them promising for treatment of the
bone tissue diseases in orthopedy and trau-
matology.

Functional materials, 24, 1, 2017
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