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The system of CaO-P,0y has been studied, the polymorphism of Cas(PO,), has been
verified, the position of binary eutectics and the melting points in them on the Cas(PO,),—
Ca,P,04 segment have been determined. A diagram of the state of the CaO-P,04 system
is constructed. The experimental verification of the calculated data by the high-tempera-
ture microscopy method in sity is performed. The regions of primary crystallization of
phases in the system Cas(PO,),~CaCO,;—Ca(OH),~H,0 are refined. The subsolidus structure
of the systems CaO-CaF,-P,05;—H,0 and CaO-MgO-CaF,—P,05 has been studied. The
areas promising for the synthesis of materials based on CaO-P,0;-CaF,~H,0 system and
additives for the reconstruction of structural defects of the skeleton are established.

Keywords: phase diagram, the CaO-P,05 system, polymorphism, high-temperature
microscopy, elementary tetrahedras, correction of skeletal disorders.

Uccnegosana cucrema CaO-P,05, 9KcmepuMeHTanIbHO IpPoBepeH IOAUMOPQPHUIM
Caz(PO,),, monomxenne GWHADHBIX BBTEKTHK M TeMIIepaTyp IJIABIeHHA B HUX HA OTPesKe
Cay(PO,),—Ca,P,04. IlocTpoena aumarpamma cocroanua cucrembl CaO-P,05. Brmonnena
SKCIEePUMEHTANbLHAA IPOBEPKA PACUETHBLIX JAHHBLIX METOJOM BLICOKOTEMIIEPATYPHOM MUKPO-
cKonuu in sity. YTouHeHBI o6acTH MepBUYHON Kpucramausanuu as B cucreme Caz(PO,),—
CaCO4-Ca(OH),~-H,0, mayueno cy6ecommnycuoe crpoerue cucrem CaO-CaF,—P,0,—H,0 n
Ca0-MgO-CaF ,—P,05. YcranoBaeHbl 061acTy, NePCIeKTUBHEIE JJIf CHHTe3a MAaTEePUAJIOB HA
ocHOBe ueThIpexKoMmoHeHTHOH cucremsl CaO-P,0;—CaF,—H,0 u gobasor gma Boccranomie-
HUS CTPYKTYPHHUX He(EeKTOB CKeJeTa.

DyHKIiOHAABHI MaTepiadm MeIHKO0-0i0JIOTIiTHOTO TPHU3HAYEHHSA HA OCHOBiI cucremu
CaO-CaF,—P,0,-H,0 i gomimox. C.II.Kpusiavosa, B.®d.Moicces.

Hocnimxeno cucremy CaO-P,05, excmepumeHTansHO mepesBipeHo momimopdism
Cay(PO,),, momoxenna OiHAPHMX eBTEKTiK i TeMIlepaTyp IIaBJeHHA y HHUX Ha Bigpisky
Cay(PO,),~Ca,P,0,4. Ilobymosamo giarpamy cucremu CaO-P,0;. Buxomano excrepumeH-
TAJbHY TEPEeBIPKY POSPAXYHKOBUX JAHUX METOJOM BHCOKOTEMIlepaTypHol MiKpockomii in
sity. Yroumeno ob6aacti nepsmHHOI Kpmcramisamii ¢as y cucremi Caz(PO,),—CaCO5-
Ca(OH),—H,0, Bupueno cybcoximzycny 6GymoBy cucrem CaO-CaF,-P,05-H,0 i CaO-MgO-
CaF,~P,05. Beranosieno o6acTi, mepcneKTWBHI IS CUHTe3y MaTepianiB Ha OCHOBI cucre-
mu CaO-P,05—CaF,—H,0 i gomimoxr axsa xopermnii cTpyKTYpHEX gedeKTiB ckemery.

1. Introduction of its development, mankind expects an al-
most epidemiological increase in the number
of elderly people who in the coming decades

medical and biological purposes is an urgent  wijll massively need help in reconstructive
problem, because for the first time in the history surgery of the osteoarticular system.
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Modern biomaterials science offers a
wide range of materials — from metals, cer-
mets, oxide glass and bioceramics, to com-
posite materials, gels, designed to repair de-
fects of various genesis, endoprosthetics
and targeted delivery of medicaments to
problem areas [1-6]. Most of them, are able
for a certain time without negative conse-
quences to be in the environment of a living
organism and to some extent restore the
defects of the skeleton.

But despite numerous and large-scale stud-
ies, innovative materials that were no worse
than their natural counterparts have not yet
been created, as evidenced by the numerous
"desperation operations”: such as, for exam-
ple, cardinal joint replacement and the like.

2. Analysis of the literature data
and the formulation of the
problem

It is known that the composition of bones
and teeth on average includes (mass. %):
54,7 Ca0, 41.7 P,Og, 1.1 MgO, 1.0 NaO,
0.03 K,O0, 1.0 CO,, and impurities. There-
fore, a study of the structure of the CaO-
CaF,—P,05—H,0 system and additives will
allow to establish areas promising for the
synthesis of materials that, by their proper-
ties, can be used to correct defects in the
tissues of the skeleton. This will also allow
to evaluate the influence of impurities on
the operational properties of materials and,
thereby, to reduce the number of experi-
mental developments.

One of the most important binary sys-
tems for the issues under consideration is
the CaO-P,0g5 system. A large number of
studies have been devoted to its study [7,
8]. The presence of a large number of inter-
mediate phases and a number of their phase
transitions classify this system as very dif-
ficult to construct. This affects the synthe-
sis of calcium phosphates and their combi-
nations. For our purposes, the most inter-
esting area is Caz(P0O,4),—CayP,04
(C3P-C,4P), since Cas(PQOy,), is in all respects
the most stable phase of this system. On the
diagram of the state of the CaO-P,05 sys-
tem, there is a compound "oxyapatite”
Ca g(PO,4)60,, the existence of which is not
confirmed in practice. For this reason, it is
not taken into account by many researchers.
Therefore, an attempt was made to synthe-
size "oxyapatite” (C4oP3) in the solid phase
from the corresponding oxides, because of
the available data on its existence in the
temperature range of 853—-1050°C and the
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re-examination of the system. In addition,
data on the structure of individual regions
and the subsolidus structure of many sys-
tems to which it belongs are still practically
absent, or there are significant contradic-
tions in domestic and foreign literature. It
is also necessary to clarify the areas of pri-
mary crystallization of phases in the four-
component system of Caz(PO,),—CaCO3—
Ca(OH),-H50, to subdivide into elementary
tetrahedra and to study the subsolidus
structure of CaO-CaF,—P,0s-H,0 and
CaO-MgO-CaF,—P,05 for the development
of simplified technological schemes for the
synthesis of bioceramic materials.

3. Purpose and objectives of the
study

The purpose of this work is to study the
structure of the binary system CaO-P,Os
and the subsolidus structure of multicompo-
nent oxide systems that are similar in com-
position to the bone tissue to determine
areas that are promising for the synthesis
of new functional materials for medical and
biological purposes.

To achieve this goal, it was necessary to
solve the following tasks:

Conduct an in-depth study of the struc-
ture of the binary system CaO-P,0j5 in
Ca3(PO4)2—Ca4P209 (C3P—C4P) segment. To
attempt an “oxyapatite” synthesis of
Ca10(PO4)602 (C10P3). Carry out an experi-
mental verification of the polymorphism of
Caz(PO,4); by the method of high-tempera-
ture microscopy in sity.

Based on the data obtained, we construct
a refined phase diagram of the CaO-P,0g
system.

On the basis of the data obtained, the
regions of primary phase crystallization in
the four-component system Caz(PO,)—
CaC03;—-Ca(0OH),-H,0 should be clarified.

To study the subsolidus structure, to
subdivide into elementary tetrahedrons of
four-component systems CaO-CaF,—P,05—
H,O and CaO-MgO-CaF,—P,04 for the devel-
opment of simplified technological schemes
for the synthesis of bioceramic materials.

4. Experimental

In the presented study CaO, Ca(OH),,
CaCO3, CaF, and H3PO, of high purity
were used, the nanopowders Caz(POy,),,
Cao(PQO,4)6(OH), Ca;g(PO4)gF, synthesized
with their own hand. Mg(C;;H35COQ), was
used as an additive. Cayg(PQ,4)s(OH), was
obtained from solutions of Ca(OH), and
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Fig. 1. The phase diagram of the CaO-P,05 system.

H;PO, in distilled water by stirring them
for 8 h and holding for 170 h at room tem-
perature for aging, ensuring that
n(Ca?*)/m(PO,3") = 1.67.

Caz(PO,), was synthesized from H;PO,
and Ca(OH), in the solid phase by triple
calcination of the pelletized mixtures at a
temperature of 1150-1250°C for 2 hours
and intermediate grinding with a multistage
temperature rise of 120-150°C in h. Fluora-
patite Caqy(PO,4)gF, was synthesized from
CaF, of pre-synthesized Caz(PO,), in the
solid phase by roasting in the temperature
range 1200-1250°C for 3 h, followed by
grinding.

A high-temperature chamber furnace
with Si—C heaters, with an air atmosphere,
as well as an electric furnace with a cryptol
resistance and a quartz capsule with peri-
clase padding were used for sintering the
samples. Platinum-rhodium thermocouples
were used to control the temperatures.

The phase composition of the materials
was monitored by X-ray diffraction analysis
using a "Drone-3" installation. Petrographic
studies were carried out on a polarization
microscope MIH-8.

Ca/P ratio in the samples in the synthe-
sis of Cayg(PO4)s(OH), was monitored by
chemical analysis.

The mineralogical composition of the ma-
terials was determined using a Scanning
Electron Microscope Carl Zeiss, Germany,
using a two-stage cellulose-carbon replica
and replicas with extraction.
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Investigation of binary eutectics and
melting points in them was carried out on
the preparations of computational composi-
tions by high-temperature microscopy in
sity on flat-polished plates 0.3 mm thick,
and also on crushed products under direct
observation in a microscope with a special
attachment — a silicate chamber of the
Mikhailov-Shatskii system. Calculations (the
position of the binary eutectic, melting tem-
peratures in them) were carried out using
known methods and algorithms [9-14].

5. Results and discussion

Experimental verification of the poly-
morphism of Casz(PQ,), confirmed the exist-
ence of three of its polymorphic varieties:
B, o and o. It was established that the for-
mation of the 0—Caz(PO,), structure was
completed to 1400°C. The limiting factor
for this is the size of the B—Caz(PO,),
grains. It has been established that the con-
version of Oﬂ_Ca3(PO4)2 —>0(,’—Ca3(PO4)2 ocC-
curs rapidly and occurs at a temperature of
~ 1430°C.

It is shown that the optimum component
ratio for the synthesis in the solid phase of
Ca3(PO4)2 and Ca10(PO4)6F2 should be de-
termined taking into account the volatility
of the phosphorus compounds used as pre-
cursors. The results of XRF confirmed that
they are nanocrystalline materials of high
purity.

The attempt to synthesize Ca;q(PO,4)60,
oxyapatite in the solid phase from the cor-
responding oxides (by triple calcination of
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Ca10(POa4)s(OH)2

Ca10(PO4)e(CO3)2
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Fig. 2. The regions of primary crystallization
of phases in a four-component system
Ca;(P0O,),—~CaCO,;—Ca(0OH),—H,0.

the mixtures pelleted at 50 MPa at 750—
1450°C with intermediate grinding) showed no
traces in the samples that can be attributed
to oxyapatite Cay(PO,4)g0,.

Melting temperatures and compositions
of binary eutectics were determined using
refined thermodynamic constants of sub-
stances as initial data [14]. Experimental
verification of the calculated data was car-
ried out on the preparations of the calcu-
lated compositions. We used the method of
high-temperature microscopy (accuracy
+10°C) and the known optical constants of
minerals [15]. The carried out check showed
good agreement of the experimental and cal-
culated data.

On the basis of the data obtained, a
phase diagram of the CaO-P,0g system is
constructed, which is shown in the Fig. 1,
in which Cayy(PO,4)¢O, that existed before.

On the basis of the investigations carried
out, the regions of primary crystallization
of phases in the system Cas(PQO,),—CaCO5;—
Ca(OH),-H,0, which are shown in the Fig.
2. Refined areas of primary crystallization
of phases differ significantly from those
previously adopted; this opens up additional
opportunities for the production of new syn-
thetic nanocrystalline materials of polyvari-
ant composition, purposefully designed to
correct structural disturbances of various
parts of the skeleton.

The studied subsolidus structure of CaO-
CaF,—P,0g~H,0 and CaO-MgO-CaF,-P,0g4
systems makes it possible to predict the
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Fig. 8. Splitting the system CaO-CaF,—P,05—
H,O5 into elementary tetrahedra.
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Fig. 4. Splitting the system CaO-MgO-CaF,—
Ca,(PO,),~Mg;(PO,), into elementary tetrahedra.

| 4Ca0.5MgO. 3P,0;

phase composition of new materials with a set
of specified properties due to the presence of
compounds located at the vertices of ele-
mentary tetrahedra and taking into account
the technological features of their produc-
tion. The splitting of CaO-CaF,—P,05—P,0g
and Ca0-MgO-CaF ,—Caz(PO4),—Mg3(PQ4)-
systems into elementary tetrahedra is shown
in the Fig. 8 and 4, respectively.

Based on the data obtained, promising
compositions for the synthesis of nanocrys-
talline materials of a polyvariant composition
based on the system CaO-P,0Oz—CaF,-H,0O
and additives to correct structural defects of
the skeleton have been identified and materi-
als have been developed [16, 17], which, by
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Fig. 5. SEM micrographs of:

a — nanocrystalline composite on Ca,y(PO,)s(OH),/ Ca,y(PO,)gF5,

x32000; b — calcium phosphate matrix, self-armored single crystals of periclase, x 32000; ¢ —

nanocrystalline powder based on Cas(PO,),, x 50000; d — formation of bone regenerate using a
plastic material based on hydroxylapatite. Regenerate with numerous full-blooded vessels and
impregnations of ceramics. 21 day, X 80; e — formation of bone regenerate using a plastic material
based on tricalcium phosphate. Filling a cavity defect, filling the medullar space with cellular
elements. 21 day, x 80; f — formation of cartilaginous regenerate using a hybrid organo-inorganic
composite based on a nanocrystalline powder in a composition with a polymeric binder. Fields of

newly formed articular cartilage; cartilaginous cells of different degree of maturity. 14 day. x 80.

their technical and biological properties,
can be used to repair defects in the tissues of
the skeleton. In the Fig. 5. microstructures are
presented: a nanocrystalline composite of the
composition Cayy(PO,4)s(OH),/Cayg(POy)sF2 (2),
calcium phosphate matrix, self-reinforced
single crystal periclase (b), nanocrystalline
powder based on Cas(PQ,), (c).

The developed materials underwent a full
complex of toxicological and hygienic tests
on warm-blooded animals. It was found that
they all have a high biocompatibility with
living tissues, are low-toxic, low-risk sub-
stances with poorly expressed cumulative
properties; they are not inherent in gonado-
toxic, embryotoxic, cytotoxic, mutagenic
and teratogenic effects, skin-irritating and
skin-resorptive properties. Using them to
repair defects provides phenomenal results
for restoring not only bone tissue, but also
blood vessels and bone marrow. When they
are used, a complex biomaterials problem of
differentiating cartilage tissue cells and re-
storing the articular cartilage is solved.
Features of the formation of bone regener-
ate using a plastic material based on hy-
droxylapatite and based on tricalcium phos-
phate are shown in the Fig. 5 (d) and (e)
respectively. In the Fig. 5 (f) shows the for-
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mation of a cartilaginous regenerate using a
nanocrystalline powder in a composition
with a polymeric binder.

6. Conclusions

Experimental verification of the poly-
morphism of Cas(PQ,), showed the presence
of two structural transitions of this com-
pound, which confirms the existence of
three polymorphic varieties of Caz(PO,),: B,
o and o'. It has been established that the
conversion of (—Caz(PO,), into a high-
temperature o-form and the formation of
0—Caz(PO,), structure is completed only to
1,400°C. The limiting factor for this is the
size of the B-Caz(PO,4), grains. It has
been established that the conversion of
O(,_Ca3(PO4)2 — (X’_Ca3(PO4)2 occurs I‘apldly
and occurs at a temperature of ~ 1430°C.

The attempted synthesis of oxyapatite
Cag(PQO4)60, in the 750-1450°C range indi-
cated the absence of any traces in the samples.

The experimental verification of the
melting temperatures and compositions of
binary eutectics by high-temperature mi-
croscopy showed a good agreement between
the experimental and calculated data.

Functional materials, 25, 2, 2018
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On the basis of the obtained data, a dia-
gram of the state of the C CaO-P,05 system
is constructed, the structure of which is re-
fined in the region of Caz(PQ,4),—Ca,P,0,.

On the basis of the investigations carried
out, the regions of primary ecrystallization
of phases in the system Cas(PQO,),—CaCO5;—
Ca(OH),—H,0 were refined.

The subsolidus structure of CaO-CaF,—
P205—H20 and CaO—MgO—CaFZ—ons SySs-
tems, their subdivision into elementary
tetrahedra, has been studied.

The carried out researches are a base for
reception of new functional materials of
medico-biological appointment. They allow
us to predict the phase composition of new
composite materials with a set of specified
properties due to the presence of compounds
located at the apex of elementary tetrahedra
and taking into account the technological
features of their production.

All received data are significantly differ-
ent from those taken earlier.

As a result of the investigations, the
composition regions have been optimized
and nanocrystalline materials based on the
system CaO-P,05—-CaF,~H,0 and additives
have been developed, which, depending on
their phase composition, are intended to re-
place various parts of the skeleton. This
opens up additional opportunities for ob-
taining new functional materials of poly-
variant composition, purposefully designed
to correct structural disturbances of the
skeleton.
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