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The relevance of the development of biomedical materials science in the direction of creating
biomimetic functional materials is analyzed. Promising directions for the use of glass-ceramic
materials for biomedical purposes have been identified, allowing the formation of a dissipative
structure that self-organizes into heteronanodomains during a solid-phase reaction. The influ-
ence of micro- and macroelements on the formation of bone tissue has been established and their
choice in the development of bioactive glass-ceramic materials as cofactors for the self-organiza-
tion of biological structures based on biomineralization has been substantiated.

The compositions of glass-ceramic materials based on the Na,0-K,0-Li,0-CaO-ZrO,— TiO,—
MgO-ZnO-Al,05-B,0;—P,05-Nb,05-SiO, system in the area of metastable liquation have been
developed. They are characterized by the ratio of CaO/P,05 = 1.67—1.7 and SiO,/Li,O = 4 and the
total content of modifying components of 1.7-3.5 wt. %.

The mechanism of phase formation of the developed glasses during low-temperature rapid
heat treatment has been established; it consists in the self-organization of clusters based on
sybotaxic groups formed in the glass melt during melting, their ordering into nanostructures
and the formation of a sitallized structure. The developed high-strength bioactive glass-ceramic
materials contain the main crystalline phases (calcium phosphate, lithium aluminosilicates,
lithium disilicate, lithium phosphate, diopside) in the amount of 90-95 vol.%, that simultane-
ously ensures high bioactivity, strength and the ability to form a crack-resistant structure due to
nanostructuring, dendritic reinforcement and the exclusion of thermal effects during synthesis.

Keywords: bioactive glass-ceramic materials, phase formation, crystallization, self-organi-
zation of structure, hydroxyapatite, lithium aluminosilicates, lithium disilicate, diopside

Camooprasnisamisa CTPYKTYypU OIiOAKTUBHHUX CKJIOKPHUCTAIIYHUX MaTrepiajis
moaudikosanux iomamm meranis. O. Cassosa, O. Babiu, O. €gpimos, M. Tumowyxr, C.
Dipcos, 10. Cmuprosa

IIpoanasizoBarno arTyasbHICTH PO3BUTKY O1OMEIMYHOIO MaTepiao3HABCTBA y HANpPAMKY
CTOBPEHHS 010MIMETHYHUX d)yHIcmOHaJILHHx MaTeplaJIlB Buauaueno HepCHeETI/IBHl HAIPAMKH
3aCTOCYBAHHS CKJIORpPICTaJIl‘{HI/IX MarepiayiB g 010MEIUIHOTO MaTeplaJIOSHaBCTBa ARl
BIPI3HAIOTHECA MOMKIUBICTIO (OPMYyBAHHSA IUCAIATHBHOI CTPYKTPH, IO CAMOOPTAHI3yeThCS
B IeTePOHAHOJOMEHH myg 4ac TBepnod)aaHol' peakmii.  BcranoBieHo BILIMB MIKpoO- Ta
MAaKpoeJIeMeHTIB Ha (bopMyBaHHﬂ KICTKOBOI TKAHWHHU Ta OOTPYHTOBAHO IX BUOIp IIpu PO3pOoOITi
0l0aKTUBHHUX CKJIORpI/ICTaJII‘IHI/IX MaTepiaJiiB K KOPAKTOPIB s 3abe3nedenHss OloMiHepaTisarii
HA MPUHITUITAX CAMOOTaH3AaIli1l 610JI0TTYHIX CTPYKTYD.

Poapobieno ckiagu ckIoprcTaaivHuIX MaTepiasis Ha ocHOBI cucremu Na,O-K,0— LIZO —CaO-
ZrOy— TiO,~MgO-Zn0O-Al,05-B,05-P,05-Nb,05-SiO, B o6macTi MeTacTablIpHOI JIiKBAII], AK
Xapakrepuayiorbes crissigHomenasm CaO/P,0g =1,67—1.7 ta Si0,/Li,0=4 1 3araapHIM BMicTOM
MoauQIKyUInX KOMIoHeHTiB 1,7 -3,5 mac %.
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Beranosieno mexamiam da30yTBOpEHHS PO3POOIEHUX CTEKOJI B IIPOIEC] HU3BKOTEMIIePATYPHOL

IIBUIKICHOI TEepMIYHOI 00pOOKW, SAKWM II0JIsirae y caMoopraHi3auii RJIaCTepiB

Ha OCHOBI

CcUOOTAKCUYHUX IPYTI, C(bopMOB AHUX y PO3ILJIABI CKJIA ITPU BAPIIi, IX BnopsmyBaHHl Y HAHOCTPYKTY K
Ta dpopMyBaHHl CHTAJII30BAHOL CTPYKTYDH. Po3pobiieni BucokoMiHi 6i0aKTUBHL cxnorcpnc"ramqm
MaTepasiv, AKI XapaKTepuaylThCA BMICTOM OCHOBHHX Kpucraiaiuaux ¢as (docdar xasbiiio,
AJIIOMOCHJIIKATH JIITIIO, JUCHJIIKAT JIiTiIo, (ocdar JiTiio Ta miomncua) y kiabkocti 90-95 06. %, mo
JI03BOJIUTE OJJHOYACHO 3a0e3meunTy BUCOKY 0l0aKTHBHICTD, MIIHICTh Ta 3IaTHICTH hOPMYyBaTHA
TPIIIMHOCTIAKY CTPYKTYpy 32 PaxyHOK HaHOCTPYKTYDPYBaHH:, NEHJPHHOTO apMyBaHHS Ta

BHUKJIIOYEHHA Tele‘{HI/IX BILJIUBIB IIpu CUHTE31.

1. Introduction

Modern biomedical materials science in the
field of prosthetics is aimed at creating func-
tional materials that, in accordance with the
principles of biomimetics, are capable of effec-
tively performing the functions of tissues and
organs in a holistic interaction with the host or-
ganism, without causing negative consequenc-
es. Such materials are usually characterized
by a self-organized structure and, depending
on the conditions of application, can perform
complex tasks related to the formation of tissue
structure in accordance with the processes oc-
curring in the organism.

The peculiarity of using glass-ceramic mate-
rials in supercritical conditions (pressure, tem-
perature, significant physicochemical and bio-
logical loads) and special purposes (optics, pho-
tonics, electronics) is the possibility of forming
a dissipative structure, which is stable under
conditions of energy loss by the system. With
the appearance of a complex ordered struc-
ture in the system, entropy increases, which
is compensated by a negative flow of entropy
outward. By controlling the nucleation energy,
crystallites within glass-ceramics can self-or-
ganize into heteronanodomains during a solid-
phase reaction [1]. For example, ultrafast laser
processing in multicomponent glass contain-
ing Ta,Oy creates self-organized lattice nano-
structures based on crystallites [2]. The self-
organization of cluster structures in the glass
melt with the subsequent formation of solid
solutions has been studied in detail for magne-
sium aluminosilicate glasses [3]. The authors
substantiate the necessity of forming a self-
organized macro- and nanostructure to obtain
glass-ceramic materials with high values of
physico-chemical properties under conditions
of low-temperature heat treatment. The rela-
tionship between crystallization catalysts and
the structure formation and viscosity of mag-
nesium-aluminosilicate glasses during heat
treatment was investigated in [4]. The self-or-
ganization process is of great importance in the
formation of photosensitive lithium alumino-

Functional materials, 32, 3, 2025

silicate glass-ceramics for precision purposes,
the structure of which is determined by the
SiO,/Li,O content, which has a decisive influ-
ence on the properties [5].

The principles of formation of glass-ceramic
materials were formulated by Stookey in 1958
and consist in the fine-dispersed volumetric
crystallization of glass containing crystalliza-
tion nuclel under heat treatment conditions.
However, research by scientists and manu-
facturers of advanced glass-ceramics from
SCHOTT [6] indicates that these principles
require expansion by using new methods of
heat treatment — selective laser melting (SLM/
DMLS) [7] and a detailed determination of the
influence of homogeneous and heterogeneous
nucleation on the structure of glass-ceramics.

The formation of a dissipative structure
in the development of bioactive glass-ceramic
materials is extremely important for ensuring
biomineralization, which is based on the princi-
ples of self-organization of biological structures
[8]. Studies of the biomineralization of bioac-
tive glass-ceramic materials in vitro and in vivo
indicate the decisive influence of the content of
the main macroelements calcium and phos-
phorus and their ratio on the formation of an
apatite-like layer [9, 10]. It is known that dur-
ing biomineralization, Ca, as the main element
of bone-forming minerals, can be replaced by
other metal elements, such as Mg, Zn, Mn, Sr,
Cu, Cr, Ba, Ni, Co and Fe. The authors [11] con-
cluded that metal elements can play a very im-
portant role in the formation and regeneration
of bone (Fig. 1). This is based on the relation-
ship between the metallic elements contained
in the blood serum and in the earth’s crust, as
well as on the fact that both the earth’s crust
and bone are products of mineralization. The
normal course of ossification processes and the
maintenance of normal bone structure depend
on the exchange of calcium and phosphate be-
tween the blood and bone tissue.

The influence of macroelements on the
formation of bone tissue has been compre-
hensively considered and analyzed [12-16],
including in the creation of bioactive glass-ce-
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Table 1 — Effect of elements on bone tissue formation

Elements | Effect on bone tissue formation
Macroelements
. the main component of the inorganic constituent of bone tissue, regulates
calcium : [19]
phosphate metabolism
a structural element of bone tissue, participates in the transfer of energy in
phosphorus the form of macroergic bonds (ATP, ADP, creatine phosphate, guanine phos- | [19]
phates, etc.)
. regulates calcium absorption in the intestine, promotes phosphorus retention
magnesium . - - o [20]
in the body and improves its assimilation
fluorine increases bone strength, increases osteoblast activity [21]

regulate the excretion of calcium, phosphorus, oxyproline, affect bone demin-

sodium, potassium oralization [22]
chlorine affects calcium absorption, participates in the specific activity of osteoclast 23]
bone resorption
iron regulates phosphorus-calcium metabolism [24]
Microelements
lithium regeneration of bone, cartilage, dentin; anti-inflammatory properties; antican- [25]
cer effect; antibacterial properties
allium antibacterial activity against S. aureus and E. coli without cytotoxicity 26]
g against MG-63 osteoblast-like cells
boron bone tissue regeneration, regulates the metabolism of calcium, magnesium [27]
and phosphorus
vanadium prevents the development of caries, promotes tooth mineralization
niobium stimulates osteogenic differentiation of bone marrow mesenchymal stem cells | [28]
strontium bone tissue regeneration through osteoblast replication [29]
copper promotes the synthesis of collagen and elastin, regulates the functions of os- [30]

teoblasts, osteoclasts, and bone remodeling activity

activates a number of hormones (sex, gonadotropic, thyrotropin, vasopressin),
zinc prolongs the hypoglycemic effect of insulin and, thus, indirectly affects the [31]
state of bone metabolism

bone tissue functioning, one of the mechanisms of action of which is the effect

cobalt on protein metabolism (enhances the metabolism of nucleic acids). [32]
. affects the state of bone tissue indirectly - through the function of the pan-
nickel o . . . [33]
creas: it increases insulin production
aluminum regeneration of bone tissue, formation of connective tissue and epithelium [34]
bone metabolism by participating in enzymatic processes. enhances the effect
manganese of pituitary hormones, sex hormones, insulin and thus indirectly affects bone | [35]
metabolism
molybdenum affects the functioning of bone tissue [36]
silicon regulates the structure of cartilage and bone tissue, affects their functions [37]
anti-inflammatory and antiseptic effects: close affinity to phospholipids and
lanthanum stabilizes the activity of cell membranes, blocking ion channels of cell bio- [38]
structures; anticoagulant properties and high thromboregulation
cerium promotes bone formation, has an antibacterial effect [39]
tantalum promotes adhesion and proliferation of preosteoblasts [40]

ramic materials [17, 18] and is given in detail
in Table 1 [19-32]. However, the presence of
heavy metal cations, boron and silicon ions in
the human body, although it has a positive ef-
fect on the osteointegration of bone tissue, can
cause negative consequences for human health.
Excess aluminum has a toxic effect on osteo-
blasts, destroys the structure and function of
bone, and strengthens bone formation. Gallium
has a similar negative effect on bone tissue. Its
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effect is accompanied by hypercalcemia, a de-
crease in bone density. A negative relationship
between the levels of Co, Cd, Cr and Hg and the
diameter of muscle fibers was also observed in
muscle tissues. Metal can affect bone and mus-
cle quality and can contribute to the onset and
progression of musculoskeletal diseases such
as osteoporosis. It is therefore important to as-
sess the impact of metals on bone and muscle
quality and disease development in order to
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control and prevent the negative consequences
of metal accumulation.

New functional biomaterials simultane-
ously act as an inorganic matrix for bone tissue
mineralization and are a depot of macro- and
microelements necessary to ensure biochemical
processes during bone formation. Therefore,
their development is an important direction
of the clinical strategy for the prevention and
treatment of various orthopedic diseases.

Reduction in the time of implant fusion
with bone is due to the activation of processes
involving microelements in a living organism,
which directly or indirectly affect the formation
of bone tissue. Synthesis of new types of bio-
active glass-ceramic materials has important
practical significance for the creation of load-
bearing substitutes for both trabecular and cor-
tical bone tissue.

The primary task in creating bioactive glass-
ceramic materials modified with metal ions is
to establish the basic principles of self-organi-
zation of their structure, which determines the
complex of basic operational, physical, chemi-
cal and technological properties..

An important scientific and applied problem
that requires detailed study is the development
of high-strength bioactive glass-ceramic mate-
rials modified with heavy metal cations to re-
place defects in long tubular bones.

2. Experimental

2.1. Methodological approach to the
creation of bioactive glass-ceramic mate-
rials

In accordance with the principles of biomi-
metics, cofactor components have been intro-
duced into the composition of calcium silico-
phosphate glasses, which actively influence the
processes of crystallization of bioactive crystal-
line phases, the resorption of materials and the
formation of an apatite-like layer with the par-
ticipation of biochemical processes in a living
organism.

For bioengineering, for bone restoration or
regeneration, there are biocompatible biore-
sorbable compositions that include a three-
dimensional porous or non-porous material
containing calcium phosphate-based ceramics
and alloying additives: Zn2*, Mg2?*, Si4*, Na™,
K*, Sr2*, Cu?* Fe3'/Fe?*, Ag*, Ti**, CO5%, F,
which are introduced by MgO, ZnO, NaF, KF,
FeO/Fe,0,, SrO, CuO, SiO,, TiO,, Ag,0, and
CaCO4 [41]. However, a significant resorption
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rate in the simulated body fluid (SBF) leads to
a decrease in mechanical properties during pro-
longed exposure.

The obtained bioactive glass-ceramic com-
positions containing basic oxides, mol. %: CaO
20-60, MgO 0-30, P,O5 0-10, SiO, 29-60, CaF
0-5, and modifying additives XNa,O, K,O,
Ru,0, Cs,O, Fr,0, SrO, Bi,O;, ZnO, Ag,0,
B,03, Cu,0, MnO,, Fe,04, TiO, from 0 to 10,
are characterized by a significant rate of depo-
sition of hydroxyapatite (HAP) in SBF (no more
than one hour) [42]. Glass-ceramic composi-
tions are characterized by rather high melting
point (1590 °C) and heat treatment tempera-
ture (800-850 °C), which complicates the pro-
cess of obtaining materials.

The authors of [43] developed and patented
a reinforced bioactive calcium phosphate-sili-
cate glass-ceramic material consisting of a frit
and containing the oxides Na,O, K,O, Li,0O,
CaO, MgO, P,0;, B,03, SiO,, ZnO, TiO,, MnO,,
Cu,0, SrO, CaF,. According to the invention, it
additionally contains oxides of aluminum, zir-
conium, cerium, cobalt, vanadium, lanthanum
and molybdenum, which have low crack resis-
tance K; = 2.8 MPa m'2, strength Shending =
160 MPa and Scompression = 400 MPa, that does
not allow obtaining bioactive bone substitutes
on its basis, used under significant loads (long
tubular bones).

Previously, for the regeneration of long tu-
bular bones, the authors developed bioactive
glass-ceramic materials based on Na,O-K,0-
Li,0-Ca0-ZrO,-Ti0,—MgO-ZnO-Al,05-B,04
—P,05—Nb,05-SiO, in the region of metastable
liquation with ratios of CaO/P,O5 = 1.67 and
SiO, /Li,O=4. Simultaneous crystallization of
hydroxyapatite from 45 to 60 vol. % and lithi-
um disilicate from 5 to 15 vol. % ensured both
biocompatibility and high mechanical strength.
The modifying additives used were CaF, 0.5—
2.5; CeO, 0.01-0.05; SrO 0.01-0.05; Nb,O4
0.01-0.10; (Ga,05+SrO) 0.01-0.10 [9, 10].
However, the developed materials are charac-
terized by low thermal stability, which is due to
the high coefficient of linear thermal expansion
(CLTE) of hydroxyapatite (HAP) and lithium
disilicate crystals, which are 138-10-7 °C-! and
105- 107 °C1, respectively. During the heat
treatment of these glasses, stresses arise at
the glass-crystal interface, which create unfa-
vorable conditions for the use of these materi-
als under load. Scientists are trying to develop
bioactive glass-ceramic materials that would
simultaneously exhibit high osteoconductive
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Table 2 — Differences in the chemical composition of experimental glasses, wt. %

Components OSM glass marking
1 2 3 4 5 6 7 8 9 10 11
X (SiO, + Li,O) 65.75 | 57.0 | 57.0 | 62.0 | 58.0 | 60.75 | 63.0 | 59.5 | 57.0 | 62.0 | 65.0
Z (Al,0,+B,0,) 5 4 3 3 3 4 3.5 3 5 5.2 4.2
% (Nb,0,+Ga,05) 2 1 1 2 1 2 15 | 15 | 15 | 02 | 02
ECfFi%TZi%i; 21.95 | 245 | 33.9 | 28.0 | 29.5 | 23.25 | 245 | 29.0 | 26.2 | 27.1 | 25.1
L (K,0+Na,0) 0.8 2 0.6 | 05 1 1.5 1 0.5 1.8 2 2
X (ZnO + SrO+ MgO) 2 6 2 2 3 4 3 3 4 2.2 2.2
X (TiOy + ZrO, +
2 5 2.0 | 20 4.0 4.0 3.0 3.0 4.0 0.8 0.8
SnO, + Ce0.)
% (V50,, CoO, MoO,,
M(\r{(z),?FeO, La,OQS 0.5 0.5 05 | 05 0.5 0.5 0.5 0.5 0.5 0.5 0.5
fo 0.29 026 | 0.26 | 028 | 0.27 | 0.28 | 0.28 | 0.27 | 027 | 0.27 | 0.28
Yap 7.94 9.21 |14.11|1295| 13.67 | 8.63 | 10.12 | 13.05 | 8.46 9.21 8.63
K. 2.69 29 | 287|280 | 288 | 281 | 279 | 285 | 276 | 2581 2.7
K. 13.8 9.21 17461927 | 12.62 | 11.38 | 14.22 | 13.86 | 11.91 | 14.99 | 15.54

properties, be non-toxic, quickly mineralize,
and at the same time retain high mechanical
properties that ensure the full functioning of
the material in a living organism.

To solve the research problem, the following
tasks were set:

- modification of lithium calcium phosphate
silicate glasses with metal ions that attach to
the functional site of the protein and partici-
pate in biochemical transformations, in partic-
ular in the formation of bone tissue;

- studying the processes of self-organization
of the glass structure during heat treatment;

- establishing the mechanism of crystalliza-
tion of modified glasses under low-temperature
heat treatment;

- selection of the optimal mode of glass heat
treatment.

2.2 Research methods

The presence of the crystalline phase was
determined using X-ray diffraction (DRON-3
diffractometer), petrographic (NU-2E polar-
izing microscope), and differential thermal
(Q-1500D derivatograph of the Paulik-Paulik-
Erday system) methods of analysis and scan-
ning electron microscopy. The viscosity of glass
was determined by stretching a thread on a
viscometer. The rate of viscous flow of the ma-
terial is determined by the amount of elonga-
tion of the sample over a certain time during
stretching during heating.

The experimental glasses of the OSM se-
ries were melted under the same conditions
at temperatures of 1450—-1550 °C in corundum
crucibles.

352

2.3 Modification of glass compositions
for obtaining high-strength bioactive
glass-ceramic materials with accelerated
splicing time

To accelerate the formation of bone tissue
by increasing the reactivity, the compositions
of the OSM were modified (the content of SiO,
and Al,O5 was reduced by 2 wt.% by increasing
the content of £ Nb,O5 + Ga,05 to 0.2-2 wt.%)
and active components were introduced that
perform an active biological role: V,05, CoO,
MoO,, MnO,, FeO, La,04 (Table 2).

The introduction of tantalum oxide, which
is incorporated into the phosphate network
through P-O-Ta bonds, is particularly valu-
able for the formation of a self-organized glass
structure. These bonds improve the connection
between the chains due to the TaOg groups that
cross-link the linear phosphate chains. In addi-
tion, the presence of Ta,Og in the glass matrix
leads to the formation of tantalum oxide-rich
regions in the form of Ta—O-Ta bridge bonds,
which appear to act as crystallization nuclei
[44]. Also, the simultaneous introduction of lan-
thanum, niobium, and gallium improves chem-
ical and mechanical properties and increases
radiation resistance by incorporating them into
the phosphate glass framework [45, 46].

To evaluate the strength of the glass frame
fg;» the structural positions of aluminum and
boron in the glass, as well as the crystallization
ability, we performed the corresponding calcu-
lations (Table 2): fg; =y SiO, / (y Me,O +y MeO
+ 3y Me,O4 + 2y MeO, + 5y Me, O + 2y SiO,;
Wy, =(yMe,0 +yMeO)/yAl,Oq; Ws = (y Me,O

Functional materials, 32, 3, 2025
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-YALO3) /yB,0q; K., =20/XZC, K =>(ra)
(r b). Here y is the content of oxides in the glass
composition, mol. %, XO is the amount of oxy-
gen; XC is the amount of glass-forming oxides,
r is the value of the field strength of cations in
the oxygen bond (according to Dietzel); a is the
number of moles of the component that promotes
crystallization; b is the number of moles of the
component that promotes glass formation. The
values of fg;, 0.26-0.29 indicate the possibility
of resorption of these glasses, W and Wy, > 1
will create conditions for the formation of [BO,4]
and [AlOQ,] tetrahedra in the structure of glass-
es, which will strengthen them and slow down
the leaching processes to ensure the non-toxic-
ity of glass materials for medical products. The
calculated values of the crystallinity coefficient
K. > 3.5 indicate that the total content of mod-
ifying oxides in the melt is sufficient to form
structurally formed sybotaxic groups, which
are the nuclei of the crystalline phase, and the
transparency coefficient K,. > 2.1 indicates fa-
vorable conditions for nucleation during cooling
and crystal growth during heat treatment.

3. Results and discussion

The thermal prehistory plays a decisive role
in the crystallization of these glasses during
heat treatment: upon cooling, the experimental
glasses form a crystallized structure with an
increased content of crystalline phases of cal-
cium phosphates.

After melting, the experimental glasses
OSM-1, OSM-2, OSM-6, and OSM-7 contained
20-30 vol. % hydroxyapatite depending on the
content of X CaO, P,0;5, CaF,, and Ta,Og in the
range of 21.95-24.5 wt. %. An increase in the
content of ¥ CaO, P,0z, CaF,, Ta,0O5 to 26.2—
33.9 wt. % in OSM-3, OSM-4, OSM-5, OSM-8,
OSM-9 glasses leads to an increase in the con-
tent of hydroxyapatite to 35—40 vol. % (Fig. 1).
Glasses OSM-10 and OSM-11 were opalescent
after melting. For further research, glass mate-
rials OSM-2, OSM-5, OSM-7, and OSM-10 were
selected, which are characterized by different
contents of SiO,, phase-forming and modify-
ing components, and also differ in the content
of the crystalline phase of hydroxyapatite after
melting.

During the heat treatment of the experimen-
tal glasses, the content of hydroxyatatite sig-
nificantly affects the formation of the structure
as a whole, since it has a great influence on the
viscosity of the glass during crystallization.
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Figure 1 — Content of hydroxyapatite crystalline
phase

The main aspects of the influence of viscos-
ity on the crystallization of glasses are as fol-
lows:

1. As the glass viscosity increases in the
temperature region of crystallization, the ten-
dency to crystallize decreases. However, high
glass viscosity makes a significant contribution
to the kinetics of the process, since in the fore-
seeable future, the glass cannot separate into
two layers, the released glass phase forms fine-
ly dispersed droplets, which leads to the forma-
tion of a developed droplet two-frame structure
in a short time.

2. For low-viscosity melts, due to significant
diffusion in glasses at elevated temperatures,
the probability of forming sybotaxic groups in
the melt increases, which allows the formation
of a significant number of nuclei and ensures
a high rate of crystal growth under heat treat-
ment conditions.

To study the mechanism of self-organiza-
tion, the experimental glasses OSM-2, OSM-5,
OSM-7, and OSM-10 were chosen, which dif-
fer in the content of the crystalline phase after
melting. A study of the viscosity of experimen-
tal glasses OSM-2, OSM-5, OSM-7, and OSM-
10 with different contents of phase-forming and
modifying components (Fig. 2), made it possible
to establish that these experimental glasses
have an increased viscosity > 108 Pa s, which
will allow the formation of a volumetric crys-
tallized structure in a short time. A significant
anomalous increase in viscosity in the 7, — T}
glass transition interval is associated witgh the
formation of fluctuations with a significant in-
crease in the temperature range of 550—-600 °C
for OSM-5 and OSM-7 glasses, which contrib-
utes to the formation of a significant number of
crystallization nuclei.

The smooth nature of the viscosity growth
in the range of 600-750 °C for OSM-2 glass may
indicate a probable significant crystal growth,
which can lead to the formation of a coarse
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Figure 2 — Changes in viscosity of experimental
glasses depending on temperature

structure. The shift of the thermal effect of the
high-temperature viscosity of =~ 108 Pa s to the
region of lower temperatures is associated with
an increase in the content of alkaline compo-
nents XK,0+Na,O to 2 wt. % and will also lead
to intensive crystal growth with increasing tem-
perature. This is evidenced by the smooth peak
on the viscosity change curve of OSM-10 glass.
This glass is distinguished by the completion of
the thread elongation process at a low tempera-
ture of 750 °C, which, along with the formation
of a coarse structure, excludes the possibility
of creating high-strength samples with precise
geometry based on this glass.

For a low-viscosity melt of OSM-10 glass
with n = 1078 Pa 's below the softening point T,
a significant shift in the temperatures of crys-
tallization of nuclei based on sybotaxic groups
to the region of 500-550 °C is observed; and
crystallization in the region of 550-850 °C is
characterized by moderate growth of the crys-
talline phase under conditions of high-speed
heat treatment © = 20 min. Thus, the shift in
the viscosity increase temperature to the low
temperature region of 500-600 °C indicates
the possibility of the formation of a significant
number of nuclei in them. However, the change
in the nature of the viscosity curve from rapid
for OSM-7 to smooth for OSM-10 indicates a
different mechanism of formation of the subse-
quent glass structure at higher temperatures.

The peculiarity of the developed glasses
based on the LiO,—-SiO, (LS) (I), LiOy—~Al,O5—
Si0, (II) (LAS), and Na,0-CaO-P,05-SiO,
(NCPS) systems modified with Nb,O5, Ga,0,,
V5,05, CoO, MoO5, MnO,, FeO, La,05, Ta,Og is
their multicomponent nature, which compli-
cates the prediction of crystallization mecha-
nisms and temperature regimes during glass
sitallization. To solve this problem, the authors
analyzed the mechanisms of glass structure
formation in these systems with different crys-
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tallization catalysts (Table 3). The structures
of lithium aluminosilicate glasses and calcium
phosphate-silicate glasses differ significantly
in the mechanisms of nucleation and crystal-
lization, as well as temperature conditions.

Crystallization of LS and LAS is character-
ized by a shift of phase separation and nucle-
ation temperatures to the region of lower tem-
peratures. At the same time, a significant con-
tent of aluminum and silicon oxides leads to the
occurrence of the above processes at increased
viscosity, which limits the growth of spherulites
and results in the formation of nanostructured
glass based on solid solutions at 850 °C. Under
conditions of low-viscosity melts, at the initial
stages of the formation of NCPS glasses, fluc-
tuations of significant sizes are formed, which,
with an increase in temperature, self-organize
into ribbons and agglomerates of the final crys-
talline phase. For the NCPS system, the sig-
nificant content and size of crystals are deter-
mined by the favorable thermodynamic condi-
tions and stability of hydroxyapatite crystals.

The principles of formation of glass materi-
als based on the LS, LAS, NCPS systems sug-
gest the possibility of simultaneously obtaining
high-strength heat-resistant lithium alumino-
silicates and bioactive phases of calcium phos-
phates. To limit crystal growth under high vis-
cosity conditions, the developed glass-ceramic
materials based on the LCAPS system had a
reduced content of alkaline earth metals.

The results of the study of the developed
glasses by the DTA method show that all glass-
es have low nucleation temperatures located in
the glass transition range (Table 4). The main
difference of the OSM 7 glass is the insignifi-
cant exothermic effect in the temperature range
of 600-650 °C, which may indicate increased
phase separation. There is also a characteris-
tic difference in the temperatures and nature
of crystallization of the developed glasses. The
OSM-2 and OSM-7 glasses have regions of low-
temperature and high-temperature crystalliza-
tion, which are characterized by high speed and
the ability to crystallize the glass structure in a
short time. For OSM-5 glass, the crystallization
character is typical for calcium silicophosphate
glasses, when the region of intensive crystal-
lization is shifted to the region of high tem-
peratures, which can affect the increase in the
size of crystals and a decrease in the strength
of the glass. The opposite situation is observed
for OSM-10 glass, for which a significant num-
ber of crystals are formed, close in composi-

Functional materials, 32, 3, 2025
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Table 3 — Comparative characteristics of nucleation and crystallization processes in systems of lithium
aluminosilicate and sodium calcium phosphosilicate with complex crystallization catalysts

Nucleation and crystallization processes in phase-forming systems

Temperature
interval

System / crystallization catalysts

LiO,—SiO, (I), LiO,—Al,05-SiO, (II) /
ZrO,, TiO,, ZnO, CeO,, MnO,, Sb,05
[47-50]

Temperature
interval

System / crystallization catalysts

Na,0-Ca0—P,05-Si0,/ ZrO,,
TiO,, ZnO [51]

1 stage — formation of fluctuations via phase separation by

the spinodal mechanism

continuous growth of inhomogeneities
and formation of heterophase na-
noscale fluctuations that in the melt

600-640° C

increase in the concentration of
inhomogeneities and the formation
of a two-frame structure, which is
manifested in the merger of spheri-
cal nanohomogeneities into inter-
penetrating phases with the subse-

quent ordering of their structure

2 stage — nucleation

640-700° C

nucleation in low-viscosity melts n =
108 Pa - s, near the phase separation
temperature, where transient fluc-
tuations are of significant size; sec-
ondary liquidation within drop-like
formations with structure ordering
is the initial stage of nucleation

_ o

550 - 600 °C. combine and form based on cybotaxic
groups corresponding to the composi-

tion of lithium metasilicate crystals

nucleation under conditions of high

600-650 °C | temperature viscosity n = 1092 Pa s
and limiting the growth of spherulites

3 sta,

ge — low-temperature crystallization of phases for which the nucleation rate is maximum

630—-650 °C

I. Crystallization of lithium metasili-
cate in the form of spheres that form
into needle-like L,S crystals;

II. formation of wedge-shaped crys-
tals of B-eucryptite with a hexagonal
lattice, which appeared at the border

of the spheres

650-720 °C

I. connection of needle-like crystals in
a cross-shaped manner

II. growth of wedge-shaped crystals of
B-eucryptite

700-740 °C

Formation of calcium phosphate

crystals in the form of spherulites

and their combining into ribbons
and agglomerates

4 stage — high-temperature crystallization of phases for which the crystal growth rate is maximum

a significant number of B-spodumene

II. crystals of columnar prismatic
habit with longitudinal hatching and
split ends, which is due to the twin-
ning of B-spodumene, are observed

720-800 °C crystals with a clear pseudocubic 740-880 °C appearance of needle-shaped hy-
. droxyapatite particles
habitus are observed
5 stage — formation of a self-organized sitall structure
I. crystals of pseudocubic habit, which
at a temperature of 850 °C form
a unidirectional layered structure
based on lamellar crystals LS ; i i N
350 °C 2 880920 ° C formation of prismatic hydroxyapa

tite crystals

tion to the original glass, firmly bound to the
glass phase and wetted by it. This eliminates
changes in the linear thermal expansion coef-
ficient and the resulting stresses at the glass-
crystal contact. However, the weak exoeffect on
the DTA curve for OSM-10 glass may indicate
a fairly long crystallization time and probable
crystal growth.

Functional materials, 32, 3, 2025

To optimize the heat treatment parameters,
the change in the structure of OSM-7 glass
was investigated, which is characterized by the
formation of a self-organized structure by the
phase separation mechanism, which is favor-
able for the creation of high-strength glass-ce-
ramic materials under low-temperature heat
treatment conditions.

355



O. Savvova et al. / Self-organization of the structure of ...

Table 4 — Characteristic temperatures of exo-effects and nature of thermograms according to DTA data
of experimental glasses

Crystallization temperatures and nature of thermograms
Experimental Nucleation Low-tenlllp erature ngh-terﬁpergture
glass crystallization crystallization
Temperature, Nature of Temperature, Nature of Temperature, Nature of
°C DTA curve °C DTA curve °C DTA curve
OSM-2 500-550 rapid 650-800 rapid 800-900 rapid
OSM-5 600—800 gentle 800900 gentle
550600, rapid ) )
OSM-7 ) 650-800 rapid 800900 rapid
600—650 rapid
OSM-10 500-550 rapid 550-850 gentle

The structure of OSM-7 glass was studied
after its treatment at characteristic crystalliza-
tion temperatures, which are given in Table 4.
To confirm the phase separation in the glass,
regions free from crystallization were selected
and processed near the softening temperature
of 650 °C. The phase separation processes were
manifested in the form of evenly distributed
spherical inhomogeneities with a size of about
0.5 pm and a concave shape. At the boundaries
of the inhomogeneities, prismatic and spherical
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d
Figure 3 — Structure of OSM -7 glass at different temperatures: a) 650 °C, b) 800 °C, c) 900 °C, d) 900° C.

particles with a size of about 0.1-0.5 pm are
distributed (Fig. 3 a). This fact may indicate
the predominant heterogeneous nucleation of
lithium metasilicate and HAP crystals in this
glass material. A significant concentration of
inhomogeneities is characteristic of phase sep-
aration by the spinodal mechanism, when nu-
clei are formed in an unstable region where the
energy of their formation tends to zero; in this
case, the occurrence of even minor fluctuations
in the composition leads to phase separation

Functional materials, 32, 3, 2025
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Figure 4 — X-ray diffraction patterns of the experimental glass-ceramic materials OSM-7 (a) and OSM-10

(b) after three-stage heat treatment

with a decrease in the free energy of the sys-
tem. This mechanism is energetically favorable
for the self-organization of the finely dispersed
structure of glass. Also, under conditions of
high viscosity, phase separation of glass con-
tributes to effective limitation of crystal size by
suppressing crystal growth.

As the glass temperature increases from 650
to 800 °C, the heterogeneity increases, which
confirms the fundamental difference between
crystallization by the fluctuation mechanism
and the phase separation mechanism. Due to
this, in the temperature range of 650-700 °C,
the formation of lithium metasilicate and B-eu-
cryptite crystals occurs, which is confirmed by
X-ray diffraction data (Fig. 4). When the tem-
perature reaches 800 °C, densely packed pris-
matic crystals of hydroxyapatite and columnar
crystals of B-spodumene = 1 um are observed
(Fig. 3 b), which, when the temperature in
creases to 900 °C (Fig. 3 c, d), grow together
and create an interpenetrating structure with
B-spodumene stiffening ribs with split ends due
to the twinning of B-spodumene.

According to the results of the research, a
three-stage heat treatment mode was used
(stage I — 650 °C, stage II — 800 °C, stage III
— 900 °C) and a short-term (30 minutes) heat
treatment regime.

Analysis of the content of the crystalline
phase in the experimental glass-crystalline
materials of the OSM series allowed us to es-
tablish that they are distinguished by a high
crystallization capacity of *90-95 vol.% (Fig. 5)
compared to the glass-crystalline materials of
the OS series. This is due to the increased con-
tent of crystallization catalysts that promote
phase separation of glass ((P,O5, Ta,O5 and
V,05) and shift the crystallization region to
lower temperatures (CeO, and ZnO) and crys-
tal growth (Nb,O5 and Ga,0,).

Functional materials, 32, 3, 2025

The distinctive feature of the structure of
the experimental glass-ceramic materials con-
taining modifying components - lanthanide, is
their multiphase and the content of the crystal-
line phase of 90-95 vol. %. The main crystalline
phase of the experimental glass-ceramic ma-
terials is hydroxyapatite in an amount of =58
vol.% for OSM-2, OSM-5 and OSM-7, which
contain RO2 crystallization catalysts of 0.8-5.0
wt.% (Fig. 4a), and for OSM-10 glass up to 36
vol.% hydroxyapatite, which determines its bi-
ological activity. Also, a significant proportion
of the crystalline phase is made up of lithium
aluminosilicates B-spodumene and B-eucryptite
from 24.5 vol. % to 38.7 vol.%, which notably
increase the heat resistance of glass-ceramic
materials and allow obtaining defect-free ma-
terials after heat treatment. These materials
are able to withstand the temperature during
sterilization and increase their crack resis-
tance, eliminating the occurrence of cracks at
the glass-crystalline phase-glass interface. The
content of lithium aluminosilicates increases
with the increase in the content of lithium ox-
ide in the glass composition and has the highest
content for OSM-10 glass (Fig. 4 b). The pres-
ence of diopside CaMg(Si,Og) in the amount of
4.3 vol.% and lithium disilicate in the amount
of 5.1 vol.% for glass OSM-10 will allow rein-
forcing the glass frame and obtaining high-
strength glass-crystalline materials capable of
withstanding significant mechanical and ther-
mal loads.

Thus, bioactive glass-ceramic materials
modified with heavy metal cations, promoting
finely dispersed volumetric crystallization of
glass with a crystalline phase content of 90-95
vol.%, have a set of operational properties that
can be provided by the formation of a glass-
ceramic nano- and submicron structure of the

357



O. Savvova et al. / Self-organization of the structure of ...

OSM-2
¥ Spodumene-II
5,00_, 5,000
4.10 ® Hydroxyapatite
5,40 & m lithium phosphate
m Diopside
m Glass phase
¥ B-eucryptite
OSM-7
5.00 ® Spodumene-II
7,30 B Hvd tit
510 ydroxyapatite
5,30 \ ® lithium phosphate
® Diopside
m Glass phase

¥ B-eucryptite

OSM-10

OSM-5 ® Spodumene-II
5.00 400 B Hydroxyapatite
6.40
® lithium phosphate
6,10

® Diopside

m Glass phase

¥ B-eucryptite

B Spodumene-II
5,10 ® Hydroxyapatite
® lithium phosphate
® Diopside
® Glass phase

® B-eucryptite

® Lithium disilicate

Figure 5 — Type and content of crystalline phases (vol.%) in the OSM experimental glass-ceramic materi-

als after three-stage heat treatment

glass matrix under conditions of high-speed
(0.5 h) three-stage heat treatment due to:

- design of compositions based on lithium
silicate glasses in the area of metastable liqua-
tion and crystallization of calcium phosphates
and lithium aluminosilicates;

- creation of conditions for the formation of
[PO 4]3' in the melt (temperature 1450 °C, dura-
tion 0.5 h) while ensuring the ratio CaO : P,0Og
= 1.67-1.7 in the composition of glasses and
stabilized clusters [SiO4]4' at the mass ratio
SiO, / Li,O = 4.0 to obtain a glass melt with a
viscosity of >108 Pa s (500—-800 °C) for OSM-2,
OSM-5 Ta OSM-7 and with a viscosity of > 107
(5600-700 °C)) for OSM;

- self-organization of clusters and formation
of a dissipative structure by phase separation
near the softening temperature (temperature
550—-650°C, duration 15 minutes);

- nanostructuring of glasses and formation
of solid solutions under conditions of low-tem-
perature crystallization in a high-speed mode
(temperature 650-850°C, duration 10 min-
utes);

- formation of a submicron structure with
the content of the main crystalline phases of
hydroxyapatite and spodumene (temperature
900 °C, duration 5 minutes).
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Conclusions

A methodical approach to the creation of
high-strength bioactive glass-ceramic materi-
als with accelerated sintering times has been
developed. It consists of reproducing the com-
position of natural bone in accordance with
the principles of biomimetics, ensuring the
content of the inorganic component - calcium
phosphates - =60 vol.%, the presence of micro-
elements included in the composition of bone
tissue: Al, Fe, Cu, Sr, Ti, Mn, Zn, and cofactors
- metal 1ons: Nb, Ga, V, Co, Mo, Mn, La, Ta, pro-
viding biochemical processes during the forma-
tion of bone tissue.

The choice of compositions of bioactive
glasses based on the Na,0-K,0-Li,0-CaO-
Zr0,~TiO0y—MgO-ZnO-Al,05— B,053— P,05—
Nb,05-SiO, system in the region of metastable
liquation with the ratios CaO/P,05 1.67-1.7
and SiO,/Li,0=4 and the content of modify-
ing components XNb,O5; + Ga,05, V,05, CoO,
MoO,, MnO, FeO, La,05 Ta,05 =1.7-3.5 wt %,
is substantiated. The region of glass formation
of experimental glasses is investigated and the
influence of the previous thermal history on
their crystallization is established.

The self-organization mechanism of the
structure of developed glasses during low-tem-

Functional materials, 32, 3, 2025
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perature rapid heat treatment has been estab-
lished. It consists in the intensive formation of
sybotaxic groups [PO,]%® [SiO,]* and [AIO,]*
[BO4]4' and their organization into stabilized
clusters with subsequent formation of LS nu-
cleators in the form of spherulites, and HAP in
the form of prisms, the growth of which is lim-
ited due to phase separation of the glass by the
spinodal mechanism at n >108 Pa s (tempera-
tures 550—650 °C, duration 15 minutes); nano-
structuring of glasses and the formation of solid
solutions based on calcium and lithium phos-
phates, lithium metasilicate and B-eucryptite
and their recrystallization into B-spodumene
crystals (temperatures 650—-850 °C, duration
10 minutes); formation of a dissipative sital-
lized structure with a crystalline phase content
of 90-95 vol. %. (temperatures 850-900 °C, du-
ration 5 minutes). Reducing the viscosity of the
experimental glasses to 11 ~107-8 Pas during
the nucleation process allows notably reducing
their crystallization temperature and forming
low-temperature crystalline phases of lithium
aluminosilicates, lithium disilicates, and di-
opside, which will allow reinforcing the glass
framework and obtaining high-strength glass-
ceramic materials that are able to withstand
significant mechanical and thermal loads.

Glass-ceramic materials have been devel-
oped using a short-term (30 minutes) three-
stage heat treatment mode (stage I — 650 °C,
stage II — 800 °C, stage III — 900 °C). They are
characterized by the content of bioactive phas-
es of HAP and lithium phosphate = 42—64 vol.
%, lithium aluminosilicates from 25 vol. % to
39 vol. %, CaMg(Si,Og) from 2 to 6 vol. % and
lithium disilicate 5 vol. %, which will allow ob-
taining on their basis high-strength bioactive
glass-ceramic materials capable of withstand-
ing significant mechanical and thermal loads
and promising for obtaining substitutes for
bone tissue of elements of long tubular bones
on their basis.
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