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Composition, manufacturing method, and some properties of composite ceramics for
medical purposes on the basis of bone apatite has been described. The studies include
determination of pycnometric density, porosity, and bioactivity degree of composites with
various mass ratios of crystalline and amorphous phases depending on sintering condi-
tions. Some results of tests in vivo are presented, the influence of the glassy phase
presence in the implants on the bone regeneration rate and size of the implanted biomate-
rial granules is noted.

Omnucan cocras, CIIOCO0 IIOJYYEHHUA W P CBOMCTB KOMIIOBHMTHON KepaMUKN MEIUIIMHCKO-
ro Ha3HAYEHMS HAa OCHOBE KOCTHOrO amaTuTta. McciemoBaHus BKJIIOUAIOT OIpeAeJeHne MNKHO-
METPUYECKOM ILIOTHOCTH, IIOPHUCTOCTH M CTEIeH! OMOAKTHBHOCTH KOMIIOBHUTOB C PA3HBIM
MAacCOBBIM COOTHOIIEHHEM KPHCTAJLINYECKON m amMopdHON (a3 B 3aBUCHUMOCTH OT YCJIOBUM
cuexkaHus. IIpeacraBiaeHbl HEKOTOPbIE PE3YJbTATHI MCIBITAHUI in Viv0, OTMEUYEHO BJIHSAHUE
IPUCYTCTBUS CTEKJO(PA3hl B MMILJIAHTATAX HA CKOPOCTL PEreHepanuu KOCTH U PasMepbl
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HMILJIAaHTUPOBAHHBLIX I'PaHyJ OuomMarepuaJa.

Biomaterials based on calcium hydroxya-
patite (HAp) attract a serious attention of
researchers all over the world due to high
affinity to bone tissue and ability to be sub-
stituted by a new bone. These materials are
used widely in general surgery, orthopae-
dics, traumatology and dentistry to cure
bone defects. The materials differ in prepa-
ration technology, structure, and features
of biological interaction and can be called
"calcium phosphate ceramics” [1]. The bio-
genic hydroxyapatite (BHAp) is a bone min-
eral that we refer to as "osteoapatite”. It
can be used to produce the "hydroxyapatite-
glass™ composites in the form of particles
differing in size and having intrinsic poros-
ity and can be used as a native bone [1, 2].
We used its interaction with low-melting
glass based on silicon, sodium, and boron
oxides under liquid sintering to increase the
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hardness of implants [2]. The purpose of
this work was to determine experimentally
the pore size distribution in BHAp-glass
specimens obtained under various sintering
conditions and to establish a relationship be-
tween the bioactivity and the pore structure.

The composite preparation process con-
sists of two stages: (i) the primary sintering
at temperature T; being varied within 750—
1300°C range; and (ii) the secondary sinter-
ing at a constant temperature T3 not ex-
ceeding 800°C. The primary sintering dura-
tion is also varied from 0.25 to 2 h [1-4].

For the primary sintering, free-flowing
powders were used. Then the sintered mate-
rial was crushed down to granule size L,,
compacted and sintered again. The biomate-
rial initial composition (mole per cent) can
be presented as:
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Table 1. Apparent density of composite samples

Osteoapatite Density p, +0.054 (g-cm™3) Apparent density Pap £0.05 (g-cm™3)
content
(% mol.) Calculated Picnometric T, =1100°C T, = 1300°C
3 2.724 2.750 2.257 2.301
2.750 2.757 2.193 2.292
5 2.772 2.770 2.163 -
6 2.790 2.790 2.026 2.238
8 2.819 2.809 1.968 2.185
12 2.858 2.871 - 1.848

458i0, - 25Na,0 - (18-27.5)B,0, - (12-2.5)Ca,, ,(PO,)((OH),

where Cayg_x(PO4)6(0OH),=Osteoapatite, (Ca/P =
1.63 — 1.65).

The experimental calcium and silicon
content values coincide with the calculated
ones within the determination accuracy. The
total mass percentage of impurity elements
in biomaterials reaches 2.0 %, which meets
the requirements of ASTM F1185-88
"Standard Specification for Composition of
Ceramic Hydroxyapatite for Surgical Im-
plants”. The elemental compositions of vari-
ous structural parts of the samples were
determined using the electronic microstruc-
ture analysis of the outer surface and the
fracture surface. The sample phase composi-
tion was determined using X-ray and IR
optical absorption spectra obtained in KBr.
The picnometric density, porosity, pore size
distribution, ultra-violet optical reflection
spectra, and mechanical strength were chosen
as main composite characteristics. The basic
X-bands for the samples coincide with those
for hydroxyapatite. The absence of X-bands
for sodium, calcium,and other silicates tes-
tifies to amorphous structure of the glassy
phase. The same conclusion can be drawn
from the IR optical absorption spectra of
the samples.

At T{=1100°C, the experimentally ob-
tained dependence of the composite pic-
nometric density on the osteoapatite content
proved to be very close to the calculated one
while at higher temperatures T, the pic-

nometric density values are lower than cal-
culated ones (Table 1). For the composites
sintered at T; = 1300°C, the apparent den-
sity exceeds that of composites of the same
composition sintered at T; lower than
1100°C. The composite powders primarily
sintered at T; are compacted better than
initial powders, provided the compacting
pressure does not exceed of 2 tons per-cm 2.
The porosity of all the composite component
mixture increases after sintering depending
on the particle sizes of the powders primary
sintered and crushed before the secondary
sintering. Some pore sizes are shown in
Table 2. Pores of 1 to 4 pum size are fixed in
all the samples and thus are not indicated.
The pore volume does not exceed 8.7 % of
the total porosity of composite specimens.
The microstructure of OK 8 sample (typi-
cal of other samples) is shown in Fig. 1. The
main elements of this structure are crystal-
line osteoapatite grains (white particles), in-
cluded in the glass matrix (dark back-
ground). Both the crystalline grains and
glassy matrix contain pores of various sizes.
The elemental analysis specified the pres-
ence of calcium, phosphorus, and silicon
ions in both crystalline grains and glassy
interspace. The contents of calcium and
phosphorus ions in crystalline grains exceed
those in the glassy phase. To determine the
smallest pores fraction, the computer proc-
essing of specimens microphotos obtained
under three magnifications was performed.

Table 2. Pore sizes in composite samples with 5—6 mol. % osteoapatite

Particle size before secondary
sintering L, (um)

Conglomerate size (um)

Pore size (um)

<160
50-160
160-250
250-500

60-500
10-160

(130-330)+45
(195-510)+53

15-160
7-50
(65-145)+13
(120-240)+33
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Fig. 1. Typical structure. Magnification: 62, 250, 1000.

The results are presented in Fig. 2. As seen,
it is possible to distinguish three basic pore
groups of maximum sizes close to 2, 10,
and 40 pm. The dependences of the compos-
ite porosity on the temperature T7'; and the
osteoapatite content are shown in Fig. 3.

The results of the optical visible and
ultra-violet reflection spectra analysis give
confirmation to surface interaction of
osteoapatite particles with the glassy phase
during sintering (Table 3). All the spectra
contain a distinct reflection minimum
within the spectral interval 87000-
42000 cm~! and almost linear change in R(V)
in the region of decreasing wave numbers
(Fig. 4). The spectral position of the in-
crease R(v) onset usually defines the optical
band gap width in semiconductor sub-
stances: E, = hv, (Table 3) [5].

The results of X-ray and gystomor-
phologic studies of animal bone parts with
implants from osteoapatite-glass composite
confirm their high osteoconductivity. The
studied dynamics of osteogen growing into
implant granules and bloks with gradual
formation of a dense network of osteal
beams testifies to the adequate interaction
of the biomaterials with adjacent tissues.
The absence of any inflammatory responses
of animal organisms and high adhesion of
the newly created osteal tissue to the im-
plant surface without development of a fi-
brous sheath also testifies to their osteocon-
ductivity. The process of osteon growing

Table 3. Interband optical electron transi-
tions in composites OK 6

Cont.ent of T, (°C) Eg = hvg,
osteoapatite (mol. %) +0.04 (eV)
6, native bone in composite | 780 4.59
6 900 4.46
6 1100 4.53
6 1300 4.96
6, with ready glass 1300 4.46
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Fig. 2. Pore size distribution in OK 6 com-
posite specimen.
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Fig. 3. Dependence of the composite porosity
on the osteoapatite content: T; (°C): 1300 (1);
1100 (2); 1100 (using native bones) (3).
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Fig. 4. Optical diffusive reflection from sur-
faces of OK 6 biomaterial samples: T; (°C):
1300 (1); 1100 (2); 780 (3).
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Table 4. Pore size distribution in OK 6 composites

T, (O Heating rate AT,/At,, Size pore range (pm) Porosity (%) |Mean pore size D
deg-min—1 (nm)
1100 100 20-135 10.6 41.0
4-20 13.6 10.0
1-4 7.3 2.6
780 6-7 18-100 24.4 46.0
3-18 7.6 10.2
1-3 8.7 2.3
780 6—7, with using ready glass 20-260 21.1 35.2

into porous implant granules is accompa-
nied by their fragmentation and gradual
dissolution of the outer and inner surfaces
of separate granules with subsequent re-
placement with a new bone [6]. Using X-ray
study of the implants 3 weeks after the
implantation, we observed inhomogeneous
thickening of osteal tissue with indistinct
contours. The blood vessels had grown into
the biomaterials with formation of bone is-
lands close to granule surfaces. The depth
of bone growth into the implant volume was
1.5-2.0 mm after 26 weeks. The density
and sizes of separate granules decreased sig-
nificantly.

The presence of small sodium and silicon
amounts in crystalline grains and of cal-
cium and phosphorus in the glass phase tes-
tifies to the interdiffusion of these elements
during sintering. The outer sample surface
is enriched in the glass phase as compared
to the bulk. The presence of pores in com-
posites is due to the following causes: the
intrinsic porous structure of the osteoapa-
tite particles sizing from 50 to 160 pm be-
fore sintering and the formation of pores in
the glassy matrix during sintering due to
intense release of gases such as water va-
pors, carbon oxides and in part boron oxide,
from the glass phase. It should be noted
that in the compacted composite samples be-
fore the sintering, the pores are predomi-
nantly open, but after compacting and sin-
tering, a partial transformation of the open
pores into closed ones occurs. The ratio be-
tween quantities of open and closed pores
depends on the amount of glassy phase in
the sample composition and on the sintering
conditions. The mechanism of the porosity
transformation is now under study. The na-
ture of pores of under 40 pm size is mainly
connected with the polyporous osteoapatite
structure. The osteoapatite pore sizes are
within the range of 1 to 650 pm and can be
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subdivided into small, medium, and large
groups corresponding to 1-3, 4-19, and
>20 pm, respectively. The pore size distri-
bution is more distinct for OK 6 sample
obtained at Ty = 1100°C than that in the
samples obtained at T; = 780°C (Table 4).

The composite samples obtained at T,
over 1100°C exhibit the lowest porosity
(<17 %) and the highest mechanical hardness
(270 MPa). It is evident that the penetration
of the liquid phase between the solid phase
particles under high-temperature primary sin-
tering is more intensive than at T, < 1100°C,
which results in a greater sample strength-
ening at the final sintering stage. An in-
crease in the composite porosity with in-
creasing crystalline phase amount is caused
by the intrinsic porosity of osteoapatite par-
ticles. A significant decrease in the compos-
ite porosity with increasing T; may be due
to two causes: 1) with increasing sintering
temperature, the glassy phase viscosity de-
creases, which results in easier removal of
releasing gases and thus in better densifica-
tion of the glassy phase; 2) an intensified
interaction between amorphous and crystal
phases at T; > 1000°C results in increased
penetration of the glassy phase into osteoca-
patite particle volume and so in decreased
initial porosity.

The E, values range from 4.3 to 5.0 eV
for all the composites investigated. These
exceed the osteoapatite band gap width
(from 3.9 to 4.2 eV) [5]. That may be con-
nected with the presence of a thin glass
layer on the surfaces of separate crystalline
grains (or agglomerates thereof). The band
gap width of the thin layer glass is an addi-
tion of the E, eigenvalues of both phases
and is situated therefore within the interval
4.2-5.5 eV. The E_ value increases with in-
creasing T, (Table 3) because of the best
phase interaction at maximum sintering
temperatures. If a ready glass is introduced
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in the composite initial phase, the interac-
tion on ostecapatite grain surfaces is less
intense than in case of using glass compo-
nents, and the energy E_, decreases. The
high bioactivity of the composites developed
is connected advantageously with their po-
rous structure corresponding to the intrin-
sic porous structure of osteoapatite, also
with its high bioactivity and with additional
activating effect of the glassy phase on the
osteogenesis [6—9].

The thickness of the osteal tissue layer
on granule surfaces depends on the granule
size. In the case of implantation of both
osteocapatite and composite with granules
sizing in the range of 160 to 500 um, the
layer of newly created osteal tissue was
thicker than that at using 1000-3000 pm
granules. An additional activating influence
of the glassy phase promotes the growth of
a new tissue. This is especially evident in
early terms after implantation [6]. The
amount of newly created tissue around cy-
lindrical implants was established to depend
on their composition and porosity [8].
25 weeks after implantation, the greatest
changes were observed in biomaterials like
OK 12, containing the maximal osteoapatite
amount and having a porosity of 48 %.
Such materials have successfully passed the
clinical approbation at the Department of
osteo-purulent surgery, Institute of Trau-
matology and Orthopaedics of the Academy
of Medical Sciences, which confirmed the
successful use thereof as plastic materials
for curing from osteal defects of various
origins. So experiments in vivo testify to
high biocompatibility and osteoconductivity
of our biomaterials.

Thus, the formation of required porosity
of osteocapatite-glass composites has been at-
tained due to using the liquid phase sinter-
ing and osteoapatite particles with intrinsic
polysize porous structure. The total poros-
ity of composites is maximal if native bones
are used as component of their raw mate-
rial. The high bioactivity of the composites
is connected advantageously with their po-
rous structure also its high bioactivity and
additional activating effect of the glass
phase on osteogenesis.
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IlopucricTh i 0i0AKTHBHICTF KOMIIO3UTIB
TiIPOKCHMATIATHUT-CKJIO

B.B.Cxopoxod, JI.A.Ieanuwenko, H./[ Ilinuyx, O.I.'emman,
C.M.Cononun, B.B.Ilaniuxina, I1.A.Paduenkxo

Omnucano ckaaj, crocib omep:KaHHs 1 pAJ BJIACTUBOCTEH KOMIIOBMTHOI KepaMiKu Mexmu-
HOrO IPUBHAYEHHS HA OCHOBI KicTkoBoro amaruty. HocaigkeHHs MicTATL BU3HAUYEHHS
HNiKHOMETPUYHOI I'yCTUHU, IIOPHCTOCTI 1 cTymeHio 0i0aKTHBHOCTI KOMIIOSHUTIB 3 PiBHMM MAaco-
BUM CIIBBigHOIIeHHAM Kpucraiaiunoi i amopduol ¢as B 3asekHOCTL Big yMOB cIiKaHHsd.
IIpexcraBieno gesiki pesyabTaTu BUIIPOOYBaHb in VIVO, Bifj3HAUEHO BILINUB IIPUCYTHOCTL CKJIO-
¢dasu B iMILIaHTATaX HA IMIBUAKIiCTH peredeparii KicTKu Ta posMipu iMIJIAHTOBAHHX I'PAHYJI

b6iomarepiamy.
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