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Abstract

The work is devoted to investigation of porous glass-ceramic composite materials on the basis of biogenic
hydroxyapatite and sodium borosilicate glass prepared from starting powders with different particle sizes
(<50 um and <160um). Starting hydroxyapatite/glass weight ratio was 1.0/0.46 and sintering temperature
was ~800 °C. Microstructural characterization of the surface and fracture of the samples revealed a decrease
in sizes of grains and pores with decreasing the particle size of the precursor powder. However, porosity of the
composites practically did not depend on the particle size and was equal to 32.5-33.0%. The same tendency
was observed for the compression strength (66—-67 MPa). However, investigation of structural-mechanical
properties using an indentation method, where dominant load is applied to the surface layers of sample,
showed up the effect of the particle size of the starting powder on the mechanical properties of the composites:

the smaller particle size, the higher mechanical properties.
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I. Introduction

Studies in the field of development of medical materi-
als for implants have taken a foreground position among
the other scientific trends. In particular, hydroxyapatite
Ca,((PO,),(OH), is one of the most popular materials
in the literature devoted to production and investigation
of materials for reproduction of bone tissue.

Composites with glass take a particular place among
the materials for osteoplasty. In order to fabricate com-
posite materials on the basis of synthetic or biogenic
hydroxyapatite (BHA), glass produced by both tradi-
tional melting and sol-gel method has been used along-
side with industrial crushed glass [1-6]. Phosphate glass
has been mostly used including the so-called Hench
Bioglass®, aluminosilicate phosphate-free glass, and
borosilicate glass (Borosil®, Pyrex®) [1,2,5,7-11].

Composites on the basis of commercial synthetic hy-
droxyapatite and commercial inert glass composites (5
and 10 wt.%) have been investigated and their mechan-
ical properties were shown to decrease with increas-
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ing the glass content [12]. Hydroxyapatite composites
based on hydroxyapatite produced from bovine bone
with different weight percentage of soda-lime glass (0—
5 wt.%) were obtained and demonstrated also a decrease
in hardness and density with increasing additive glass
content [13]. Belluccia et al. [14] have shown that me-
chanical properties of the composites with 80 wt.% bio-
glass and 20 wt.% HA are better than those of the ref-
erence Bioglass®45S5 samples. The reasons were the
presence of HA, which is mechanically stronger than
the 45S5 glass and the thermal behaviour of the mod-
ified bioglass are able to favour the sintering process
of the composites. In addition, it was established that
mechanical properties of BHA can be improved by the
addition of 5 and 10 wt.% of bioglass and sintering at
1200-1300°C for 4h. In this study, the particle sizes
of HA and bioglass were 106—150 um and 100-130 pum,
respectively. Moreover, the authors established the for-
mation of new phases (tricalcium phosphate and various
calcium silicates) due to the use of high sintering tem-
peratures for composite production [6]. All similar pa-
pers mainly focus on the influence of sintering temper-
ature and time as well as the composition of used glass.
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There are no data on the effect of the starting powder
size on the composite structure and mechanical proper-
ties.

Composite materials on the basis of biogenic hydrox-
yapatite (BHA) and sodium borosilicate (SBS) glass
phase have been developed by our research team for a
long time [15,16]. A number of the above-mentioned
composite materials have been obtained and tested by
colleagues in medicine, who demonstrated their suc-
cessful application for treatment of defective bone tissue
[17-19]. The authors have also produced and studied
the properties of composite materials with hydroxyap-
atite/glass ratio close to 1.0/0.46 obtained by a two-stage
sintering, which includes the use of glass-forming com-
ponents [20]. Before-founded glass (ready glass) has not
been used for production of composites of this compo-
sition, whereas it may markedly affect the structure and
properties of composites.

The aim of this paper was to study the effect of the
particle size of starting materials such as biogenic hy-
droxyapatite and ready sodium-borosilicate glass on the
structure and properties of the composites produced.

II. Experimental

Hydroxyapatite/glass composite materials were pro-
duced using powders of biogenic hydroxyapatite (BHA)
and sodium-borosilicate (SBS) glass. BHA was ob-
tained according to the procedure described in Patent
of Ukraine [21] and prepared with two different par-
ticle sizes, namely <50 um and <160 um. SBS glass
(Si0, 49.10 wt.%; Na, O 28.14 wt.%; B,0, 22.76 wt.%)
was produced by melting a mixture of the glass-forming
components at 1100°C for 1h followed by cooling
at room temperature. The glass was melted again at
1100 °C for 0.25 h and poured into water in order to ob-
tain frit, which then was ground into powders with a
particle size of <50 um and <160 pm.

BHA/glass composites were produced by mixing
SBS and BHA powders with a weight ratio of 0.46/1.0
and two different fractions, namely <50 um (sample
BHA/glass-50) and <160 um (sample BHA/glass-160).
Compact samples of ~3g and ~15mm in diameter
were fabricated by half-dry pressing under pressure of
150 MPa and sintering at ~800 °C in air.

After sintering the samples were examined concern-
ing the linear shrinkage along the diameter (Ad/dy) and
height (Ah/hgy), volume shrinkage (AV/V,), mass loss
(Am/my), apparent density (p) and total and open poros-
ity (P; and P,,). The structure of the composites was
studied by scanning electron microscopy (SEM) us-
ing a microscope REM-1061 (VAT SELMI, Ukraine)
and analysed with the special material science com-
plex program for analysis of structure images STAMS-
600 (SIAMS-Ltd, Russia). The phase composition was
controlled by X-ray diffraction (XRD) analysis using a
diffractometer Ultima IV (Rigaku, Japan). The starting
powders were examined by differential thermal analy-
sis (DTA) using “Derivatograph System” (MOM, Hun-

gary) and heat rate of 10 °C/min. In addition, the mate-
rials were studied by infrared (IR) spectroscopy using
a spectrophotometer FSM 1202 (TOV Infraspectr, Rus-
sia) in the wavenumber range 4000—400cm’!.

To specify mechanical properties such as Young’s
modulus (E), effective contact modulus of elasticity
(E,), hardness (H,r), relative extra-contact elastic de-
formation (&) and tension of extra-contact elastic de-
formation (o), the method for automatic indentation of
material [22,23] was used. The compression strength of
samples (o) was determined by a uniaxial compression
using a universal machine Ceram test system (Ukraine).

Additionally, the properties of the obtained
BHA/glass composites were compared with those
of the composites obtained previously by two-stage
sintering: in the first step the mixture of BHA powder
and glass-forming components was sintered at 1100 °C
and then the product was milled, sieved, uniaxially
pressed to form disc-shaped samples and sintered at
800 °C [20].

IT1. Results and discussion

3.1. Structure

Figure 1 demonstrates XRD patterns of the starting
BHA and SBS glass along with those for the compos-
ite materials made from the powders of different par-
ticle sizes. It can be seen that the obtained glass is
amorphous and the starting BHA is crystalline with the
pure Cas(PO,),(OH) phase (JCPDS No. 9-432). Upon
sintering, the hydroxyapatite phase in the composites
prepared from BHA and SBS glass at 800 °C was not
changed, indicating that at the used sintering tempera-
tures BHA is stable and does not react with the glass
phase. No difference can be seen between the patterns
of the composites obtained from the powders of differ-
ent particle size (<50 um and <160 um). Thus, the par-
ticle size of the staring powders (PSSP) does not affect
the composite phase composition.

These results were confirmed by DTA data (Fig. 2),
which demonstrate the absence of phase transformation
of the mixture composed of BHA and SBS glass up
to 800 °C. It is well known that BHA is thermostable
up to 1350 °C [24,25] and our glass does not tend to-
wards liquation and crystallization after repeated heat
treatment, so after sintering of the BHA/glass mixture
phase transformations are not expected. As can be seen,
the DT curve of the BHA/glass mixture and the basic
line recorded for the standard Al,O; sample of the same
weight differ very slightly, by 0.5 °C, which is within the
instrument inaccuracy. According to the TG curve, the
mass loss of ~0.6% is related to the removal of absorbed
water.

The results of IR spectroscopy for the starting mate-
rials and prepared composites are presented in Fig. 3.
The IR spectrum of the starting BHA has character-
istic bands of crystalline hydroxyapatite related to the
vibrations of the main structural components such as
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Figure 1. XRD patterns of starting materials and BHA/glass
composites

PO,* (1090, 1050, 961, 604, 572, and 473cm™') and
OH™ (3574, 3440, 1630, 632cm™). The spectrum also
reflexes the vibrations of the carbonate group (1550,
1457, 1415, 880, and 800 cm™'). Herein carbonate-ions
in the BHA structure are in both A-site (replacing OH™
groups) and B-site (replacing PO43’ groups) [26,27].
The IR-spectrum of the starting SBS glass has broad
absorption bands characteristic for amorphous materials
(Fig. 1). The spectrum indicates the presence of asym-
metric valence B—O vibrations in the trigonal coordina-
tion of boron (BO;") in the range 1500-1400 cm™' and
deformation vibrations B-O-B at ~701 cm™ [28,29].
There are also absorption bands in the region 1150—
950 cm™ associated with the Si—-O-Si, B-O-B, and B—
0O-Si valence vibrations. The band at ~470cm™ corre-
sponds to the Si—~O-Si deformation vibrations. In addi-
tion, the spectrum contains bands of the OH™ group at
~3442 cm™ and ~1635 cm!, which refer to valence and
deformation vibrations, respectively.

The IR spectra of the composite materials obtained
from the starting powders of different particle size (the
samples BHA/glass-50 and BHA/glass-160) do not have
any difference regarding to positions of the correspond-
ing bands. A distinct feature of the IR spectrum of
the composite BHA/glass-50 is higher intensities of ab-
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Figure 2. DTA results for BHA/glass charge

sorption bands compared to those for the composite
BHA/glass-160. The IR spectra of the composites con-
tain bands which are characteristic for both the SBS
glass and BHA in the form of superposition of their
spectra. However, the absorption bands of the compos-
ites are somewhat wider, which evidences the presence
of a glass phase. In the range 900—-700 cm™' new absorp-
tion bands appear: at ~849 cm™! associated with the B—
O vibrations, and at ~750cm™! and ~710cm! associ-
ated with the P-O-P and B—O-B bonds, respectively.
The following is also observed: i) the disappearance of
the absorption band at 632 cm™, which corresponds to
the liberation vibrations of OH™; ii) changes in the band
fine structure within 1550-1300cm™ and iii) the appear-
ance of broad bands of middle intensity at 1460 and
1396 cm™! shifted relative to the bands of both the start-
ing SBS glass and BHA. The low-intensity bands in the
range of 775-650cm™ may be associated with the vi-
brations characteristic for structures of the X,0, (X =
Si, P) type. However, according to the XRD data, there
were neither pyrosilicates nor pyrophosphates, therefore
the presence of these structural formations may only
be suggested in small amount, not-detectable by XRD.
Such changes in the IR spectrum relative to the spectra
of the starting materials indicate the formation of com-
posites on the basis of BHA and SBS glass.

In the IR spectra of the composites, absorption bands
are observed at ~1460cm™ related to the carbonate
CO32’ group. The formation of carbonates was not de-
tected by XRD analysis, thus, one may suggest that
amount of the formed CO32’ group is small and refers to
the remaining starting components or to the functional
groups absorbed on the surface. Because of overlapping
IR absorption bands of BHA and SBS glass, it is diffi-
cult to precisely interpret the material composition.

After sintering, liner and volume shrinkage along-
side with small mass loss are observed (Table 1). The
mass loss for the composite BHA/glass-50 is some-
what greater than that for the composite BHA/glass-
160, which may be attributed to more intense degassing
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Figure 3. IR spectra of starting materials and BHA/glass
composites

during sintering of the sample with a higher specific sur-
face area, i.e. larger contact area. As for the shrinkage,
its dependence on the PSSP is more evident, which is

connected to sliding and shear of micrograins under lig-
uid phase sintering [30]. The composites BHA/glass-
160 undergo shrinkage along the height, whereas the
samples BHA/glass-50 grows up, which may be pre-
scribed to more intense processes under liquid phase
sintering owing to the grain refinement in the crys-
talline phase. As a result of open and closed porosity
transformations, accompanied by changes in the inter-
pore spaces and resulted in redistribution of the gaseous
phase and partial degassing, when the glass phase vis-
cosity remains high enough to retard these processes,
slight foaming may occur, which leads to increasing
the sample height. In addition, the diameter of sample
changes as well due to the crystalline phase densifica-
tion: shrinkage is greater for the composites BHA/glass-
160 as compared to that for the composite BHA/glass-
50. Herein the overall changes throughout the volume
of sample include shrinkage of both types and come to
1.62% shrinkage for the composites prepared from the
powders with PSSP <160 pm and slight grows (0.27%)
for the composites BHA/glass-50. Moreover, it should
be noticed that the volume shrinkage of the composites
prepared from the powders with PSSP <160 um sintered
with the ready glass is lower than that of the composites
prepared by two-stage sintering (Table 1).
Microstructures of the composites obtained from the
powders with different PSSP (Fig. 4) display substan-
tial difference between the surface and fracture of the
samples: the surface is less porous. This may be related
to its vitrification, as at sintering temperature of 800 °C
the glass mass is in a viscous-flow state and practi-
cally completely wets crystalline BHA particles, which
alongside with surface tension forces promotes the for-
mation of a vitrified surface. During melting, glass mass
is known to absorb a large amount of gases which are
released under repeated heating, and at 800 °C viscos-
ity of glass mass still remains high enough for complete
removal of gaseous products. As a result of the above
described sintering processes, an irregular porous mi-
crostructure is formed not only in the volume but also
on the surface. This can be confirmed by the pore size
distribution of the materials (Fig. 5, Table 2). Also, a
distinct difference in the composite porous structure can
be noticed for different PSSP. Pore size at the surface
and fracture of the samples is smaller for the material
BHA/glass-50. Investigation of pore size distribution
over the surface of the composites made from the pow-
der with PSSP <50 um revealed the dominance of small
0.4-5.0 wm pores (88%). Furthermore, on the compos-

Table 1. Sintering parameters of BHA/glass samples

Shrinkage
Sample Sintering conditions Am/m Ah/h Ad/d AVIV
+0.1% +0.04% +0.04% +0.075%
BHA/glass-50 one-stage (800 °C) 0.5 -0.77 0.3 -0.27
BHA/glass-160 one-stage (800 °C) 0.4 0.41 0.51 1.62
BHA/glass-160  two-stage (1100 °C and 800 °C) 0.2¢ 1.034 0.65¢ 2.32¢

“Results presented in ref [20]
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Figure 4. SEM results for BHA/glass composites

ite surface ~9% of pores are in the range 5-10 um and
the rest of them are over 10 um (maximal size 98 um).
Inside the sample the number of 0.8-5.0 um pores de-
creases down to 73%, whereas the number of 5-10 um
pores increases up to ~18%. The rest of the pores are
larger than 10 um and the biggest have size even above
100 wm (Table 2, Fig. 5).

The surface structure of the composite materials ob-
tained from the powder with PSSP <160 um is charac-
terized by broadening of the region of pores with dom-
inant sizes: about 52% pores have sizes within 1.5—
5.0 um, ~28% pores within 5-10 um, ~6% within 10—
15 um, and ~5% within 15-20um, etc. (Fig. 5). Inside
the sample BHA/glass-160 practically all of the pores
(~95%) have sizes 1-10um, only 3% 10-20um, and
the rest of them are over 20 wum up to the maximal size
of 152 um.

The total porosity of the obtained composites does
not depend on the particle size of the staring powders
(PSSP) and is equal to 32.5-33.0%, whereas the sam-
ples of the same composition obtained by two-stage sin-
tering had a porosity of 25.5% (Table 3). Moreover, the

examination of microstructure revealed that it is difficult
to discern individual particles in composite structure be-
cause of vitrification of samples both on the surface and
in the volume (Fig. 4).

3.2. Mechanical properties

It has been established before [22,23] that load di-
agrams obtained by an automatic indentation method
according to the international standard ISO14577-
1:2002(E) are informative enough concerning all of the
basic mechanical properties of samples. Herein the rela-
tionship between the diagram parameters and the struc-
tural characteristics of material is related to the rela-
tionship between hardness and modulus of elasticity
(Hi7/E,). The use of these procedures of processing
and analysis of automatic indentation results makes it
possible to determine not only mechanical properties of
materials but also their structural state.

Mechanical properties of the composites calculated
using diagrams of automatic indentation are presented
in Table 3. In general, all of the obtained mechani-
cal characteristics such as Young’s modulus, effective

Table 2. Research results of porous structure of BHA/glass samples

Starting particle size <50 um

Starting particle size <160 um

surface fracture surface fracture
Minimal size [um] 0.40 0.80 1.50 1.00
Maximal size [um] 97.90 102.40 113.10 152.20
Average size [pum] 3.00 4.60 9.2 4.70
Standard deviation [wm] 4.45 5.94 11.44 8.36
Variation coeflicient 1.48 1.29 1.24 1.83
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Figure 5. Pore size distribution in structure of BHA/glass composites
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Figure 6. Typical loading diagram for BHA/glass composites

contact modulus of elasticity, hardness, relative extra-
contact elastic deformation, tension of extra-contact
elastic deformation are higher for composites produced
from the powders with PSSP <50 um than the corre-
sponding characteristics of composites obtained from
powders with PSSP <160 wm. These physicomechani-
cal properties make it possible to establish the material
structural state, in particular to conclude that the ob-
tained composites refer to materials with coarse or fine

crystalline structure depending on PSSP. Some parame-
ters, namely the level of strengthening (Hr/E > 0.05)
and elastic deformation &, (1.3-3.0%), for the obtained
composites BHA/glass-50, indicate nanostructural state
of material, in particular for the surface layers of the
samples. Thanks to the small PSSP, upon sintering in the
presence of liquid glass phase, strengthening occurs at
the expense of formation of a condensation-crystallized
structure in the system “crystalline phase — amorphous
state” [31].

Figure 6 shows loading diagrams for the composite
samples. Both types are characterized by brittle fracture,
which is typical for glass ceramics. However, the sam-
ples made from the finer fraction resist fracturing for a
longer time. The compression strength does not depend
on PSSP (Table 3) and is close to that of native bone
tissue [32].

Some differences can be noticed between character-
istics obtained by using an indentation method and uni-
axial compression: the indentation-determined mechan-
ical properties depend on PSSP: the smaller PSSP, the
higher structural-mechanical properties of the compos-
ite material. This may be related to the fact that in the
former case, dominant load is applied to the surface lay-
ers of the material which can be vitrified and thus less
porous, whereas in the latter case, all the volume is af-
fected. Moreover, it is known that mineral fillers (in
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Table 3. Properties of BHA/glass samples

: : E Paparent POTOSity [%] T comp. HIT Er Tel
Sample Sintering conditions e /‘é m’] total open [MP;] [GPa] [GPa] H\r/E, (GPa]
BHA/glass-50 one-stage (800 °C) 1.89 33.0 2.6 66 1.70 27 0.065 0.52
BHA/glass-160 one-stage (800 °C) 1.91 325 45 67 0.63 23 0.027 0.19
BHA/glass-160 two-stage (1100 °C and 800°C)  2.12¢  25.5¢ 754 0.70¢ 35  0.020¢ 0.22¢

“Results presented in ref [20]

this case BHA) increase rigidity of material and a de-
crease in their particle size results in increasing elastic
deformation of composite materials [31]. In our case,
the relationship between the matrix (SBS glass) and the
filler (BHA) in composites provides the dominance of
the matrix on the surface of the samples after sintering,
which results in obtaining an anisotropic material with
non-additive properties.

IV. Conclusions

Hydroxyapatite/glass composite materials were pre-
pared using powders of biogenic hydroxyapatite (BHA)
and sodium-borosilicate (SBS) glass with different par-
ticle sizes (<50 um and <160 um). The effect of the par-
ticle size of the staring powders (PSSP) on the structure
and mechanical properties of the composite materials
was investigated. It was shown that the structure of both
surface and fracture is characterized by decreasing pore
size with decreasing PSSP. Practically, the total poros-
ity of composite does not depend on PSSP and is 32.5—
33.0%. The same tendency was observed for the com-
pression strength, which equals 66—67 MPa. Addition-
ally, investigation of mechanical properties using the
indention method revealed their dependence on PSSP.
In particular, the composites obtained from the powder
with PSSP <50 um exhibit better mechanical properties
compared to those obtained from the powder with PSSP
of <160 um.

Acknowledgements: The authors would like to express
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