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Effect of the nucleation mechanism on structure of polyfunctional calcium silicophos-
phate glass materials has been studied. It has been established that the structure differen-
tiation via liquation mechanism with formation of the nanoscale spherical nonuniformities
within microbeads and consequent structure arrangement prove the ides studied materials
with glass-crystalline structure during thermal treatment. Provision of fine volume crys-
tallization of carbon-hydroxyapatite in the structure of materials with the crystal size of
about 1 um allows obtaining bioactive glass materials and coatings for bone implants with
mechanical properties that allow their application on loaded areas of a bone.

HccnenoBano BiIMAHME MexXaHHUSMa HYKJEAUUU HA CTPYKTYPY HOJUGDYHKIMOHAJIbHBIX
KaJbIUHRCUINKODOCHhATHEIX CTEKJIOMATEPHUAIOB. ¥ CTAHOBJIEHO, UTO guddepeHIInaIinsd CTPYK-
TYypbl II0 JUKBAIIMOHHOMY MEXaHMU3MY ¢ oOpasoBaHMEM HAHOPa3MEPHBLIX chepuduecKux He-
OJHOPOJHOCTE BHYTPU MHUKPOKAIEJb C IIOCAEIYIOLIUM YIIOPAJOUEHEeM HX CTPYKTYDPHI o0ec-
euyrBaeT CUTANJINUSUPOBAHHYIO CTPYKTYPY B Ipolecce TepMOOOpabOTKU HCCIEIYEeMbIX CTEK-
asomarepuanos. OGecreuenrue OOBEMHON TOHKOAMCICPCHOM KPHUCTANIM3ANNN KapOoHAT-
TUAPOKCHUAIIATUATA B CTPYKTYPE MATEPUAIOB ¢ PA3MEPOM KPHUCTAJJIOB OKOJO 1 MKM IIO3BOJIA-
eT IIOJYYUTh OMOAKTUBHBLIE CTEKJOMATEPHUAJbl U HOKPBITUA IJA KOCTHOT'O SHIOIPOTE3UPOBA-
HUSA ¢ IPOYHOCTHBIMU CBOMCTBaMU, 00€CIIEUHMBAIOIIMME X HCIIOJb30BAHUE HA HAIPYIKAEMBIX
y4aCTKaX KOCTH.

Bnane mexaHismy Hykaeamii Ha CTpYKTypy noaiyHKIiOHAJbHUX KaJdbIilicHIiKO-
docharaux ckaomarepianxis. O.B.Cassosa, O.B.Babiu, I''M .Illadpiua.

Hocaig:keHo BHJIUB MexaHisMy HyKJealii Ha CTPYKTYpPYy HOJI(DYHKIIOHAIBHUX KaJbIii-
cuirikodocharHux crKaomarepianis. BeranoBiaeno, 1o gudepeHiiiamia cTpyRTypu 3a
JiKBAI[iiHUM MeXaHiZMOM 3 YTBOPEHHSAM HAHOPO3MIDHHX chepUUYHMX HEOIHOpPigHOCTEel B
cepeanHi MiKpoKallegb 3 HACTYIIHUM YHOPAIKYBAHHAM iX CTPYKTypHu 3a0e3IleuuTh CHUTAIIZ0-
BaHy CTPYKTYpPy Vy Ipoiteci TepmooOpobkm mociaimHux crJaomarepiaaiB. 3abesmeueHHS
00‘cMHOI TOHKOIMCIIEPCHOI KpucTanisamil KapGoHATTIAPOKCHAIIATUTY ¥ CTPYKTYPL Marepianis
3 poaMipoM Kpucraixis =1 MKM HZ0O3BOJISE€ OTpUMAaTH 0i0OAKTHBHI CKJoOMAaTepiaiu Ta HOKPUTTA
I8 KiCTKOBOTO €HIOIIPOTE3YBAHHA 3 MIIHOCHMMM BJIACTHBOCTAMHM, AKi sabesmeuyioTh IX
BUKOPHCTAHHA HA HABAHTAMKEHUX TIJIAHKAX KiCTKHU.
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1. Introduction

There is a steady trend in global practice
toward creation of the new functional im-
plant materials with preset properties,
which conform by chemical composition and
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differentiated structure of their surface lay-
ers to the nature and sequence of biochemi-
cal reactions on the contact with living bone
tissue [1]. Stimulation of the bone tissue
regeneration processes is possible via active
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exposure on the bone cells of living organ-
ism and implant material, especially in the
presence of nanostructures of chemical com-
pounds in it. Effective control of properties
of these materials may be achieved in ther-
modynamically non-equilibrium conditions
only in obtaining the highly ordered self-or-
ganizing dissipative structures that have
certain shape and characteristic time-space
parameters [2].

In creation of the new generation of
functional bioactive nanomaterial, which
widely used as bone implants in orthopedics
and dentistry [3], biological filters [4] and
biocide coatings on metals [5], a special
place is taken by glass-ceramic materials
due to their highly ordered structure self-
organization, both on stage of nucleation
and during their following evolution [6].

Obtaining of those materials with the
high level of technological and performance
properties is closely related with provision
of their structure nonuniformity by di-
rected crystallization. During formation of
the glass-ceramic materials and their micro-
heterogeneity, an important role belongs to
affinity of original glasses to liquation. Ac-
cording to B.G.Varshal [7], metastable
liquation promotes the fast erystals forma-
tion by facilitation of diffusion processes
and, as a consequence, by approaching of
the glass compositions to the composition of
the future crystals. The liquation leads to
development of inner phase boundaries,
where, in transition layer with intermediate
structure, potential barrier of the nuclei
formation is decreased [8].

Features of the structure formation in
phosphate glasses have been considered in
detail by A.N.Lazarev [9] and repre-
sentative of Riga material science school
[10]. P.D.Sarkisov with coworkers [3] in
their research of the structure of bioactive
calcium phosphate glasses devote special at-
tention to determining the effect of phase
separation processes in the glasses on their
crystallization ability and resorption abil-
ity. The main factor in synthesis of apatite-
containig glass-ceramic materials is provi-
sion of volume uniform fine crystallization
of calcium phosphates, particularly via nu-
cleation by the liquation mechanism. How-
ever, there exists a complexity of structure
identification on initial stages of the nu-
cleation. This is explained by similarity of
the fluctuation and liquation structures, be-
cause the latter is developed from the fluec-
tuation structure and due to fluctuation.
That is why for development of the fine
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volume crystallized glass-ceramic materials
and coatings for bone implants, especially
with reduced resorption times, it is crucial
to research the nucleation mechanism in cal-
cium phosphate glasses under thermal treat-
ment conditions.

2. Experimental

In our previous work we selected the fol-
lowing systems as bases for glass-ceramic
materials and bioactive glass-ceramic coat-
ings on titanium: (I) Na,O-K,0-CaO-MgO-
SrO—TiO2— Zr02—A|20—8203—P205— S|02 and
(IT) Na,0O-CaO-ZnO-TiO,~ZrO,~Al,O —B,O3—
P50g—SiO,. In the selected systems the
areas of glass formation were established
and glasses were synthesized, which were
used as bases for obtaining the glass-ce-
ramic material by ceramic technology. Their
physico-chemical and technological proper-
ties were investigated [11, 12].

It was established that feature of the
model glasses obtained on the base of sys-
tem I is formation of crystalline hydroxya-
patite (HAP), while for the glasses of sys-
tem II — formation of crystalline HAP and
carbonate hydroxyapatite (CHAP) phase
during cooling. It was found that invert cal-
cium silicophosphate glass, T3 (system I) in
presence of crystallization initiator TiO,,
content of R,O=9 mol.% and for
CaO/P,05 ratio of 2 is characterized by
presence of HAP in amount of 16 vol. %
after melting. For high silica glass ZF-1
(system II) increase of CaO/P,05 ratio to 4,
content of RO to 15 mol. %, as well as
presence of the crystallization initiator ZnO
leads to increase of quantity of the crystal-
line phases of HAP and CHAP in it to
10 vol. % after melting. Above-mentioned
glasses may be used as a base for the func-
tional bioactive glass-crystalline materials
and coatings on titanium.

The aim of this work is investigation of
effect of the nucleation mechanism in devel-
oped glasses on their structure.

Methods of investigation. Presence and
identification of the crystalline phase were
carried out by using X-ray diffraction
analysis on DRON-3M diffractometer, and
petrographic analysis on optical microscope
MI-2e. Temperature of thermal treatment
was established by differential thermal
analysis on Paulic-Paulic-Erdey deriva-
tograph and with gradient-thermal analysis.
Microstructure of the glasses was investi-
gated with EMV-100AK electron micro-
scope. Viscosity of the glasses was deter-
mined by string elongation method on the
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viscosimeter developed in JSC Glass Insti-
tute (Russian Federation).

With the purpose of investigating the
nucleation mechanism in calcium silicophos-
phate glasses, characteristic temperatures
below, near and above softening tempera-
ture were chosen, at which thermal treat-
ment of the glasses was carried out. The
choice of these temperatures was made tak-
ing in  account known ideas by
V.N.Filipovich concerning sequence of the
glass structure formation stages during di-
rected crystallization [13].

On the first stage, being the nucleation
process, conditions for fast formation of the
crystals at temperatures of ¢; are created by
development of metastable liquation proc-
ess. This process leads to uniform and fast
formation of dropwise areas with different
composition in original glasses, sizes of
which increase with time.

On the second stage during the glass
thermal treatment at ¢, temperature, first
appear such crystalline phases, which have
the highest nucleation speed and are easily
wetted by the glass, therefore they remain
strongly bonded with it. This stage is basi-
cally formation of amorphous clusters
around the nanocrystalline nuclei, which
are then consolidated into residual meso-
phase with formation of macroscopic dissi-
pative structure.

On the third stage, at t3 temperature,
the first main glass-ceramic phase begins to
quickly form and slowly grow due to slow
diffusion rate and structural transforma-
tions, as crystallization processes take place
at relatively low temperatures and because
of this are quite slow.

On the fourth stage at increased tem-
perature, the rate of crystal growth in-
creases and "final” crystallization takes
place, which corresponds to the main
exothermal peak on DTA curve [12].

In order to identify the structures of ex-
perimental glasses on initial stages of the
nucleation, the glass areas without crystal-
lization were selected [7].

3. Results and discussion

Electron-microscopic investigations al-
lowed to conclude that initial T3 glass is a
polyphase system consisting of mother glass
matrix and insular dropwise formations
having sizes of =0.01 ym. Apart from
sharpness of the shown microstructure, the
fact of regular position of spherical nonuni-
formities along the straight lines with for-
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mation of chains in some regions (Fig. 1a) is
intriguing.

This microliquation structure . with
nonuniformities of about 100 + 500 A is a
pre-transitional fluctuation structure inher-
ent for the glass as a single, yet micro-
nonuniform phase. This conforms to the re-
quirements of minimal change of thermopo-
tential of fluctuation areas with the form
that is close to spherical. In this respect,
formation of oblong areas usually explained
by their fusion. Single spherical nonunifor-
mities, both convex and concave, with size
of 0.5-1.0 um are also observed on the
glass surface. At the thermal treatment of
T3 glass (temperature ¢{; = 660°C) the struc-
ture formed during its cooling changes its
pattern (Fig. 1b).

In conditions of rather high concentra-
tion of the nonuniformities for this glass
the phase distribution with formation of
double network structure is observed when
relative volume of each phase is close to
50 vol. % . Such structure differentiation is
inherent to liquation by spinodal mechanism
and is manifested by fusion of spherical
nonuniformities of about 100 nm into sepa-
rate interpenetrated phases of 0.5-1.0 um
[13]. Continuous growth of the phase at ¢,
is a characteristic feature of the metastable
liquation as a phase transition process. Sig-
nificant specific volume of the nano-nonuni-
formities (= 50 vol. %) is an evidence of
proximity of the treatment temperature #;
to the temperature of the highest rate of
opalescence growth.

Further thermal treatment of T8 glass
(temperature ¢, = 730°C) leads to disappear-
ance of the liquation picture and to forma-
tion of the fluctuation non-uniform struc-
ture of the glass with enlargement of sepa-
rate nonuniformities due to gradual changes
of composition of the new formations from
droplet periphery to their center with sharp
phase boundaries (Fig. 1c).

Evidence of their sharpness on the sur-
face of spherical nonuniformitites are the
shadows beyond the contours of droplets.
Further structure ordering of spherical
droplets due to high crystallization ability
of experimental calcium silicophosphate
glasses is observed on the boundaries of the
droplets with size of 0.5-1.0 um, evenly
distributed in the glass matrix. Conse-
quently, these droplets may act as crystal-
lization centers.

At the thermal treatment of T3 glass (tem-
perature t3 = 840°C) the fluctuation nonuni-
form structure becomes smaller (Fig. 1d).
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Fig. 1. Structure of T3 glass material.

This is an evidence of fundamental differ-
ence between the fluctuation and liquation
structures. It consists in the fact that the
fluctuation nonuniformities at ¢ > ¢ (¢, —
liguation temperature) cannot grow infi-
nitely. One of the reasons of insignificant
quantity of the phase nonuniformities after
increasing temperature to ty apparently is
the fact that at higher temperatures only
relatively large crystals are formed. There-
fore, liquid fluctuation areas may act as
stable nuclei of the new phase. Another rea-
son for decrease of quantity of the large
nonuniformities with temperature increase
is reduction of the amount of the phase that
forms nuclei.

Therefore, partly ordered at temperature
ty fluctuations of T8 glass, which have
equilibrium compositions at temperature tg
are the stable crystalline nuclei, and their
stabilization takes place due to ordering of
the structure. This manifests in changing of
the droplets shape during the thermal treat-
ment from convex to flat, which according
to O.V.Mazurin [7] is an evidence of equilib-
rium in the system.
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Structure of original ZF-1 glass has
nonuniform distribution pattern of the dis-
tinct dropwise particles with size of 0.5—
1 pym and significantly differs from the
structure of T3 glass (Fig. la, Fig. 2a).

Reduced viscosity of ZF-1 glass due to
increased alkali content explains the size in-
crease of its fluctuations in comparison
with T3 glass. Compositional fluctuation
run more easily in the low viscous ZF-1
glass with mggo = 1.6-108 Pa's, than in the
viscous T3 glass with mggg =
5.1.10% Pa-s, in which each area of fluctua-
tion doesn’t have time to develop noticeably
during favorable conditions for their occur-
rence and growth.

It is known [13] that the fluctuation
structure has kinetic nature and hence it is
able to develop significantly in the systems
with low energetic barriers to structural
and chemical transitions with low relaxa-
tion time, particularly in the systems with
low viscosity.

Thus, in condition of the less viscous
melt of ZF-1 glass near t; pre-transitional
fluctuations have significantly larger size

more
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Fig. 2. Structure of the ZF-1 Glass material.

than corresponding fluctuations in the more
viscous T3 glass.

During thermal treatment of the original
ZF-1 glass at temperature ¢; = 600°C we ob-
served accumulation of the spherical forma-
tions with size of 0.01-0.10 um (Fig. 2b)
that appeared inside the similar formations
with size of 0.5-1.0 um and were observed
for this glass after cooling (Fig. 2a).

Occurrence of secondary segregation of
the spherical formations in the experimen-
tal glass as a stage of heterogeneous forma-
tion of the crystalline centers is related to
formation of the stabilized clusters — het-
erophase fluctuations that create self-organ-
izing nanostructure. Increase in the rate of
the phase separation process, manifested in
formation of the nano- and micrononunifor-
mities in the structure of ZF-1 glass with
consequent occurrence of nucleators and
crystalline phase is explained by the pres-
ence of ZnO in it.

The structure of ZF-1 glass after the
thermal treatment at {5, = 640°C has banded
orientation (Fig. 2c).

It is represented by long blocks having
1 um in length, oriented towards the direc-
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tion of crystallization front having drop-
wise formation with the size of =0.01 um on
them (Fig. 2b). Unsharpness of the block
boundaries is explained by presence of the
thin glass phase layer on them. The spheri-
cal nonuniformitites with size of 2 um with
the presence of accumulated 0.1 pm drop-
lets on their boundary was observed near
blocks, which may be the evidence of HAP
crystals nucleation by liquation mechanism.
During the treatment of this glass at
temperature t3 = 740°C quantity of the new
formations increases and size of the spheri-
cal nonuniformities reduces. This fact along
with formation of more uniform structure
indicates the intensified volume crystal-
lization process in this glass (Fig. 2d). Nee-
dle-like habitus of the crystals in Fig. 2d is
the evidence of presence of not only HAP,
but also A-type CAP, which will provide
increased bioactivity of the glass material.
It was established that thermal treatment
of T3 and ZF-1 glasses at temperatures of
ty = 930°C and 880°C respectively leads to
the volume fine crystallization in them with
formation of HAP and CHAP crystals in the
different quantities and with the different
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sizes. Presence of the liquation structure at
temperature £; and fluctuation at tempera-
ture ¢, on the initial stages of the nuclea-
tion for T8 glass led to formation of HAP
crystals with the size of 1-3 um in it in the
quantities of 33 % in it at the final crystal-
lization temperature t,. Process of inner-
droplet liquation with the following order-
ing of the structure during thermal treat-
ment of ZF-1lglass and at the temperature
ty = 880°C in conditions of low-viscosity
melt resulted in the increase of quantity of
CHAP crystals to 55 % and decrease of
their size to 1 um.

Provision of the glass-ceramic structure
during the thermal treatment of ZF-1 and
T3 glasses as well as presence of small crys-
tals with the size of about 1 pum in their
structure will promote the increase of their
hardness, which allows their use as poly-
functional bioactive materials on loaded
bone areas.

Composition T3 with treatment tempera-
ture below 930°C is prospective as initial
glass for obtaining the bioactive glass-ce-
ramic coatings on titanium, considering
TCLE values of titanium and its alloys (o =
(100-120)-107 1/°C) as well as temperature
range of formation of the brittle gas-satu-
rated layer on them.

4. Conclusions

Mechanism of nucleation in experimental
calcium phosphate glasses (glass materials)
has been found. It consists in differentia-
tion of the structure by the liquation
mechanism with formation of the spherical
nonuniformities inside microdroplets with
the ollowing ordering of their structure.

Considering features of this mechanism
it has been established that formation of the
dropwise nano- and micro-nonuniformities
in calcium silicophosphate glasses signifi-
cantly influences separation of glass in pre-
crystallization period and promotes inten-
sive nucleation with following fine crystal-
lization of carbonate hydroxyapatite after
the thermal treatment, which is necessary
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for obtaining bioactive glass-ceramic mate-
rials and coatings with the high strength
properties.

Principles of the structure formation of
glass-ceramic materials and coatings as well
as phase formation in them, which provide
high functional and performance charac-
teristics under heavy load conditions have
been established.
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