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Bioactive glass–ceramic composites based on biogenic hydroxyapatite or synthetic calcium 
phosphates mixture with addition of sodium borosilicate glass (31.5 wt.%) are prepared using one-
stage sintering at a temperature of 800°C. The comparative analysis of the structure and physical 
and mechanical properties of the composites produced is carried out. It is established that 
hydroxyapatite keeps the phase composition (Ca5(PO4)3(OH)) during sintering of the biogenic 

hydroxyapatite-based composites. During sintering of the composites based on a mixture of synthetic 
phosphates, a phase transformation and interaction of phosphates with a glass phase occur. This 
results in the formation of glass ceramics, which contain: calcium silicates (wollastonite CaSiO3) 

and sodium silicates (Na6Si2O7), sodium-calcium silicates (sodium metasilicate Na2Ca2(SiO3)3 and 

melilite Na2Ca6(Si2O7)(SiO4)2), sodium borate (Na3BO3), and hydroxyapatite (Ca5(PO4)3(OH). The 

analysis of porous structure of glass–ceramic composites showed a significant difference in the pore 
size distribution, depending on the material composition. The difference in the surface and fracture 
structure for both types of composites is established. It is shown that the mechanical properties of 
the composites based on biogenic hydroxyapatite are higher compared to those based on synthetic 
calcium phosphates at the similar total porosity value (32.5–34.5%). This may be due to the phase 
transformations and interaction of phosphates with glass during sintering and the formation of a 
complex silica structure. It is established that the strength of the composites produced is comparable 
to that of the native bone. 

Keywords: hydroxyapatite, calcium phosphates, bioactive glass, composites, sintering, structure, 
porosity, strength. 

INTRODUCTION 

In osteoplasty, the modern orthopedics and traumatology widely use the bioresorbable materials, which, 
after a certain period of time after implantation, are completely replaced with a new bone tissue of the patient. Such 
bioresorbable implants can be obtained based on: both synthetic and biogenic hydroxyapatite (HA), tribasic calcium 
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phosphate, calcium pyrophosphate, bioglass, glass-ceramics, and polymers and various polymer-based 
composites [1–4]. 

In collaboration with colleagues-doctors [5–10], we have proven the advanced application of the developed 
and researched materials made of biogenic hydroxyapatite (BHA) in a pure form and in combination with sodium 
borosili borosilicate glass (SBSG) for the osteoplasty after traumatic bone defects and benign and malignant tumor-
like diseases of the bones. 

At the same time, we have shown [11] that obtaining BHA-based and ~50 wt.% SBSG-based composites 
using one-stage sintering at >650°C is very complicated. At this temperature, the materials are frothing, which, in 
turn, leads to the appearance of cracks and deformation of the samples (noticeable even to the naked eye), and to the 
transformation of the open porosity into the closed one (undesirable for implants). A two-stage sintering can prevent 
the above processes during obtaining the composites with a 50 wt.% glass phase. Using a mixture of synthetic 
calcium phosphates (SCP) in the form of phosphate component for producing SBSG composites [12, 13], we can 
obtain the implant samples of specified size and shape with no additional machining (volume shrinkage during 
sintering is <3%), which are effective in terms of the combination of high mechanical strength (108–150 MPa) and 
dissolution rate (0.25–0.58 wt.%/cm2 · 24 h). 

Since establishing of the structure–properties interrelationship allows adjusting and controlling the 
properties of implants, the study of structural and mechanical characteristics is one of the most important tasks of 
the modern materials science, including biomedical sector. 

The purpose of this study is (i) to obtain glass–ceramic bioactive composites based on BHA or SCP 
mixture reinforced with 31.5 wt.% SBSG and (ii) to investigate their structure and physical and mechanical 
properties. 

MATERIALS AND EXPERIMENTAL PROCEDURE 

BHA, SCPs mixture, and SBSG were used as starting materials to produce glass–ceramic bioactive 
composites. BHA was obtained from the cattle bones by the technology described in [14]. The SCP mixture was 
obtained by chemical vapor deposition from solutions of calcium nitrate Ca(NO3)2 · 4N2O (grade KhCh, 

Khimlaborreaktiv, Ukraine) and ammonium dihydrogen phosphate (NH4)H2PO4 (grade KhCh, Khimlaborreaktiv, 

Ukraine). The resulting SCP powder consisted of: HA (Ca10(PO4)6(OH)2), -tribasic calcium phosphate (-TCP,  

-Ca3(PO4)2), tetrabasic calcium phosphate (TTCP, Ca4(PO4)2O), and calcium pyrophosphate (CPP, Ca2P2O7).         

The SBSG (composition, wt.%: 49.10 SiO2; 28.14 Na2O; 22.76 B2O3) was obtained by cooking the charge 

with glass-forming components (using dry mixing on the mill table) at the maximum temperature of 1100ºC, with 
holding for 1 h, and subsequent cooling in the open air. Then, the cooked glass was re-melted at 1100C (holding for 
0.25 h) and poured into the water to obtain the frit, which was ground into the powder with a particle size of <160 µm. 

The SBSG powder was employed in dry mixing with BHA or SCP (particle size <160 m) to create 
composite systems. The charge contained 31.5 wt.% glass. The resulting was used to prepare cylindrical samples 
(dia. 15 mm) by dry compaction (under 150 MPa), which were sintered in the open air at 800ºC. 

The following was determined for the samples produced: linear shrinkage in diameter d/d0 and in height 

h/h0; volume shrinkage V/V0 during sintering; loss of mass m/m0 during sintering; apparent density ; and 

porosity . The structure was examined by scanning electron microscopy (SEM) using a REM-106I (JSC SELMI, 
Ukraine). The images of the structures were processed using a SIAMS-600 image analysis system (SIAMS Ltd., 
Russia). The phase composition was examined by X-ray diffraction analysis using an Ultima IV diffractometer 
(Rigaku, Japan). In addition, the materials were studied by infrared (IR) spectroscopy using a FSM 1202 Fourier 
spectrometer (Infraspektr Ltd., Russia) in the frequency range of 4000–400 cm–1. 

To evaluate the mechanical properties, such as reduced modulus of indentation test (Er), hardness (HIT), 

pure elastic strain (es), pure elastic stress (es), the automatic indentation of materials was applied [15]. The 

compressive strength (failure stress f) was determined by uniaxial compression using a Ceram Test System tester 

(Special Design Bureau at Pisarenko Institute for Problems of Strength, NAS of Ukraine). 
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RESULTS AND DISCUSSION 

Figure 1 shows the XRD results of the starting powders (SBSG, BHA, and SCP) and BHA- and SCP-based 
glass–ceramic composites. Obviously, the SBSG is amorphous. BHA is represented only by HA (Ca5(PO4)3(OH) 

phase (JCPDS Card No. 9-432). SCP mixtures consist of: HA (Ca10(PO4)6(OH)2, JCPDS Card No. 9-432),                   

-tribasic calcium phosphate (-Ca3(PO4)2, JCPDS Card No. 32-0176), tetrabasic calcium phosphate (Ca4(PO4)2O, 

JCPDS Card No. 25-1137), and calcium pyrophosphate (Ca2P2O7, JCPDS Card No. 15-0197). When a glass is 

added into BHA to produce glass–ceramic composites and the samples are sintered at 800ºC, the X-ray diffraction 
pattern demonstrates nothing, but the HA (Ca5(PO4)3(OH) phase (JCPDS No. 9-432), indicating the BHA thermal 

stability under these conditions. However, in the case of sintering the composites, whose starting mixture contains 
SCP and SBSG, phase transformations occur and calcium phosphates interact with the glass. As a result, a 
multiphase material is formed. This material contains: sodium-calcium silicates, i.e., melilite 
(Na2Ca6(Si2O7)(SiO4)2, JCPDS Card No. 80-1296) and sodium metasilicate (Na2Ca2(SiO3)3, JCPDS Card No. 02-

0961); calcium silicates, i.e., wollastonite (CaSiO3, JCPDS Card No. 27-1064); sodium silicate (Na6Si2O7, JCPDS 

Card No. 27-0784); sodium borate (Na3BO3, JCPDS Card No. 32-1047); and HA (Ca5(PO4)3(OH), JCPDS Card 

No. 9-432). Such behavior (during the interaction of the glass with SCP) can be attributed to the fact that the 
starting synthetic phosphates, namely synthetic HA, -TCP, TTCP, and CPP are prone to phase transformations. 
This contributes to the formation of more reactive material with chemically active centers that lead to the interaction 
of phosphate component with the glass and the formation of chain and band silicates in the material. 

The XRD results are also confirmed by IR-spectrometry (Fig. 2, Table 1). The IR absorption spectrum of 
the BHA composite is a superposition of the BHA and SBSG spectra. It possesses a set of absorption bands typical 
for HA (vibrations of major structure components, such as: PO4

3– (1092, 1041, 960, 603, 567, and 472 cm–1) and 

OH– (3568, 3440, and 1631 cm–1)) and SBSG (frequency of B—O asymmetric valence vibrations in the boron 
trigonal coordination (BO3

–) is   1500–1390 cm–1, B—O—B strain vibrations is   701 cm–1, and vibrations of 

tetrahedrons BO4
– is   966 cm–1 [16]). 

An expansion of all absorption bands with regard to the BHA starting sample is observed in the IR 
absorption spectrum of the BHA composite. In the frequency range   900–700 cm–1, new absorption bands appear 
starting from   849 cm–1 (this band referred to as B—O vibrations) and   750 and 710 cm–1 that characterize 
the P—O—P and B—O—B vibrations, respectively. In addition, a change in the fine structure of the bands in the 
range of   1550–1300 cm–1 and the broad bands of average intensity with frequencies   1460 cm–1 and   
 1396 cm–1, which are biased against the absorption bands of the starting glass and BHA, are observed in the IR 
absorption spectrum of the composite. Also, low-intensity bands in the range of   770–650 cm–1 characterize the 
vibrations of X2O7 type structures (where X = Si, P) [17]. Neither pyrophosphates nor pyrosilicates were XRD-

identified and, therefore, we can assume an insignificant presence of such textural features. The disappearance of 
the absorption band of liberations OH– at   632 cm–1 (Table 1) in relation to the spectrum of the starting 
specimens indicates the formation of the BHA composite and SBSG. 

The analysis of the IR spectrum of the SBSG and SCP composite indicates the formation of multiphase 
composite (Fig. 2; Table 1), which is also XRD-confirmed. The overlapping of characteristic absorption band areas 
is inherent to the IR spectrum of the composite. Therefore, to identify the phase composition, we have identified 
only the bands that do not overlap, hereinafter referred to as “the reference bands” for each type of structural 
groups. The formation of sodium–calcium silicate Na2Ca6(Si2O7)  (SiO4)2 characterizes the absorption reference 

bands with frequencies   1005, 825, 525 cm–1 and   915, 756 cm–1, indicating the presence of vibrations of the 
groups SiO4 and Si2O7, respectively [17]. The absorption bands at   1035 and 945 cm–1 characterize the presence 

of metasilicate chains (SiO3)n, belonging to wollastonite structures. The absorption bands at   1400–1200 cm–1 

can be ascribed to the B—O valence symmetric and asymmetric vibrations, while the absorption bands at   
 706 cm–1 can be ascribed to the B—O—B strain vibrations in the boron trigonal coordination (BO3

–) indicating 

the formation of sodium borate NaBO3. The weak absorption band   773 cm–1 characterizes the vibrations of the  



175 

 

Fig. 1. XRD results for SBSG (a), BHA (b), and SCP (c), as well as for BHA (d) and SCP (d) based 
glass–ceramic composites  
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TABLE 1. Frequencies of the IR Absorption Bands of the SBSG, BHA, and SCP Specimens,  
and also of the BHA- and SCP-Based Glass–Ceramic Composites 

Material 1 2 3 4 5 6 7 8 9 

SBSG 470m.w. – – – – 701m.w. – – 850w. 
BHA 472w. – 570s.n. 604s.n. 632m.n. – – 800w. 871w.n. 
SCP 470w. – 566s.n. 602s.n. 631m.n. 702s.wk. 726s.wk. 848m.n. 873m.n. 
BHA composite 472w. – 567s.n. 603m.n. – 710w. 750w. 775s.wk. 849med. 
SCP composite 461med. 525w.n. 573m.n. 604med. – 706med. 756w. 773w. 825m.n. 

Material 10 11 12 13 14 15 16 17 18 

SBSG 966s.wd. – 1060s.wd. – – – – – – 
BHA 961m.n. – 1051s.n. 1090s.n. – – 1262w. – 1385s.wk.
SCP 963med. – 1052s. 1091s. – – – 1270m.n. 1384s. 
BHA composite 960med. – 1041s. 1092s. – – – – – 
SCP composite 945m.n. 

915sh. 
1005s. 1035s. 1080s. 1130med. 1220s.wk. 1253w. 1281med. 1350med.

Material 19 20 21 22 23 24 25 26 27 

SBSG 1408m.w. – 1471m.w. 1635med. 2854s.wk. 2925s.wk. – 3442s.wd. – 
BHA 1416 w.n. 1458m.n. 1549w.n. 1632m.w. – – – 3440m.w. 3568w.n. 
SCP 1406 s. 1433s. 1557med. 1635med. 

1660med.
2783w. 
2851med.

2922med. 3364 m.w. – 3571w.n. 
3643m.n. 

BHA composite 1396m.w. 1460m.w. – 1631w.w. – – – 3440m.w. 3568s.wk.
SCP composite 1386s.wk. 1427med. 1475med. 1638med. 

1657med.
– 3030w.w. 3360s.wd. 3440s.wd. – 

Remarks: s. means strong; s.n. means strong narrow; s.wd. means strong wide; med. means medium; m.n. means medium 
narrow; m.w. means medium wide; w. means weak; s.wk. means strong weak; w.n. means weak narrow; w.w. means 
weak wide; sh. means shoulder. 
 
P2O7 anion in pyrophosphate structures and indicates the presence of -Ca2P2O7 [18], while the absorption 

frequency   1130 cm–1 is a reference band to identify the phase of tribasic calcium phosphate -Ca3(PO4)2. The 

presence of the last two phases in the composite structure can be associated with remains of the starting phosphates, 
which have not reacted during the formation of the composite structure. 

The IR spectra of the starting phosphates and both types of the composites possess the absorption bands 
typical for the vibrations of the carbonate group CO3

2– in the frequency range   1475–1400 cm–1 and   850 cm–1. 

It should be noted that the carbonate ions in the BHA and SCP structure (Fig. 2) are in both A-position (replacement 
groups OH–) and B-position (replacement groups PO4

3–). In the case of composites, it remains only a small amount 

of carbonates adsorbed from the air. The XRD has found no carbonates. Therefore, we can assume that the number 
of such structures is negligible and they belong to the remains of the starting components. 

During sintering, glass–ceramic specimens undergo not only phase transformations, but also linear changes, 
volume changes, and loss of weight. Table 2 shows that the volume shrinkage of the SCP glass–ceramic composites 
exceeds that of the BHA glass–ceramic composites, by a factor of 3. It has to do with phase transformations and 
recrystallization in the material, though the loss of weight for both composites is very close. Table 2 displays the 
density and porosity of the materials. The density of the BHA composites is higher than that of the SCP composites, 
which can also be explained by phase interactions and transformations during the sintering of the SCP composites. 
In comparison with the BHA composites, the total porosity of the SCP composites is slightly higher. This is caused 
by phase transformations during the sintering and redistribution of the pore space (or vacancy phase). At the same 
time, the open porosity of the composites is significantly different. The open porosity prevails in the SCP-based  
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Fig. 2. IR-spectra of SBSG (a), BHA (b), and SCP (c), as well as of BHA (d) and SCP (e) based 
glass–ceramic composites (val., str., and lib. stand for valence, strain, and liberations, respectively) 

 
specimens, while it reaches only 4.4% in the BHA-based specimens. This may be due to the glass properties and the 
peculiarities of the sintering of composites, resulting in the formation of a glassed surface and a structure with 
isolated pores. 
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TABLE 2. Parameters of the BHA and SCP Based Glass–Ceramic Composites after Sintering 

Type of 
phosphate 

h/h0, % d/d0, % V/V0, % m/m0, % , g/cm3 
, % 

Total Open 

BHA 0.41 0.51 1.62 0.35 1.91 32.5 4.4 
SCP 2.13 0.98 4.25 0.55 1.76 34.5 24.1 

 
Figure 3 shows that the structure of the surface and fracture of the BHA- and SCP-based glass–ceramic 

composites is significantly different. Both types of composites possess a porous surface structure, but only the 
surface of the BHA-based samples is glassed, due to the properties of the SBSG. At the sintering temperature, when 
the glass mass is in the viscous-fluid state, it occurs almost complete wetting of BHA with the glass mass that, 
together with the forces of surface tension, forms a glassed surface of the samples. In addition, small and rather 
large pores are seen both on the surface and at the fracture of the specimens of BHA-based glass–ceramic 
composites. Such a heterogeneous structure can also result from the “impact” of the glass mass on the sintering. It is 
known that the glass mass absorbs a large amount of gases from air during cooking; these gases may be removed 
during the second heating. At the sintering temperature, the viscosity of the glass mass (Fig. 4) is still too high to 
completely remove all gaseous products from the material, because the total outgassing may occur when the 
logarithmic viscosity number equals to 2 [19]. Note that the heterogeneous porous structure is formed not only on 
the surface, but also across the sample. In the case of SCP-based glass–ceramic composites, such a glassed surface 
is not observed. This may be associated with phase transformations, the interaction of the glass mass with 
phosphates during sintering, and recrystallization of the material. 

In addition, it is established that the type of the starting phosphate component greatly affects the shape of 
grains in the material. Phase transformations result in the formation of typical-for-wollastonite “grains–needles” in 
the structure of SCP composites after the thermal treatment of the material. Figure 5 shows the grain-size distribution  

 

 
Fig. 4. Temperature–viscosity diagram for SBSG 

 

 
Fig. 5. SCP-based glass–ceramic composites: grain-size distribution in the structure of the surface and 

fracture  
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TABLE 3. Test Results of the Grain and Pore Structure of BHA- and SCP-Based Glass–Ceramic Composites  

Material 
Size, µm Mean square 

deviation, µm 
Coefficient 
of variation Minimum Maximum Median 

Grain structure 

SCP:       
surface 1.01 19.55 3.66 2.09 0.57 
fracture 1.26 17.13 4.08 2.29 0.56 

Pore structure 
BHA:      

surface 1.47 113.14 9.23 11.44 1.24 
fracture 0.96 152.21 4.67 8.36 1.79 

SCP:      
surface 0.60 26.70 3.95 4.35 1.10 
fracture 2.07 67.32 8.83 7.98 0.90 

 
and Table 3 shows the results of the grain structure analysis of the surface and fracture of the specimens containing 
SCP in their starting composition. In general, the grains are 1.0–19.5 µm in size. If the mean square deviation and 
the parameter of the grain structure homogeneity (coefficient of variation) have close values, the minimum and 
median size of grains are smaller on the surface, while the maximum size of grains is smaller in the fracture of the 
composite specimens. Most of the grains of the composite surface are 1–5 µm in size, whereas 80% of grains in the 
fracture are 2–5 µm in size. In addition, the structure contains heterogeneous agglomerates of various sizes, covered 
with a glass phase. It is difficult to distinguish individual grains in the BHA-based samples for the material being 
glassed. 

Figure 6 and Table 3 show the results of the analysis of the porous structure, conducted using a SIAMS-600 
image analysis system. The comparison of the porous structure of the BHA- and SCP-based glass–ceramic 
composites has revealed a significant difference not only in the pore-size distribution depending on the composition 
of the material, but also in the structures of the surface and fracture. In comparison with the BHA-based specimens, 
the size of the pores (minimum, maximum, and median) on the surface of the SCP-based specimens is smaller, by a 
factor of 2–2.3. In addition, the pore structure is more homogeneous, which is evidenced by the coefficient of  

  

 
a b 

Fig. 6. BHA (a) and SCP (b) based glass–ceramic composites: grain-size distribution in the structure 
of the surface and fracture 



181 

variation (1.10 < 1.24). Most of the pores in BHA-based composites (80%) and SCP-based composites (58%) are 
1.5–10.0 m and 1–2 m in size, respectively. Therefore, the pore distribution range is narrower on the surface of 
the SCP-based specimens. 

Provided close values of mean square deviation, the minimum and median size of pores in the SCP-based 
composite fracture doubles that in the BHA-based composite fracture, while the maximum size of pores is smaller, 
by a factor of 2.3. The pore structure of the SCP-based specimens is more homogeneous, which is evidenced by the 
coefficient of variation (0.9 < 1.79). The pores (95%) in the BHA-based composites and the pores (68%) in the 
SCP-based composites are 1–10 m and 2–10 m in size, respectively. Therefore, the pore distribution range is 
narrower in the fracture of the BHA-based specimens. 

The comparison of the structure of the surface and fracture of the SCP-based specimens reveals that the 
pore size on the surface (minimum, maximum, and median) is smaller than that in the fracture, by a factor of 2–3. 
However, a narrower pore-size distribution range on the surface of the material is seen: most of the surface pores 
(58%) and fracture pores (68%) are 1–2 m and 2–10 m in size, respectively. 

Due to the glassed surface of the BHA-based composites, the minimum and median size of the fracture 
pores are smaller than those of the surface pores and, on the contrary, the maximum size is smaller with the surface 
pores. This may be caused by degassing processes during liquid phase sintering. Most of the surface pores (80%) 
and fracture pores (95%) of the samples are 1.5–10.0 m and 1–10 m in size, respectively, i.e., the fracture 
possesses a narrower pore-size distribution range. 

In general, the surface and fracture pores in the SCP-based composites are 0.6–26.7 m and 2.1–67.3 m in 
size, respectively, and those in the BHA-based composites are 1.5–113.1 m and 1.0–152.2 m in size, 
respectively. 

An approach for processing and analyzing the results of the instrumented indentation of materials according 
to ISO 14577-1:2002 (E) is discussed in [20, 21]. The approach is based on an analytically obtained equation for 
indentation that sets a functional relationship between the strength and strain properties and the indexes of 
automatically recorded diagram. Given that the flow stress of material depends on the structural condition (the 
Hall–Petch equation), the relationship between the HIT/Er pattern and the structural condition of materials has been 

established. 

 
TABLE 4. Structural and Mechanical Characteristics of BHA- and SCP-Based Glass–Ceramic Composites  

Type of phosphate f, MPa HIT, GPa Er, GPa es, % es, MPa HIT/Er 

BHA 67 0.63 23 0.84 193 0.027 
SCP 54 0.43 17 – 130 0.025 

 
Table 4 lists the mechanical chracteristics obtained from the calculations based on the automatic 

indentation diagrams of the composite specimens. All the mechanical characteristics of the BGA-based composites 
are higher, than those of the SCP-based composites. Herewith, both materials possess a fine-crystalline structure, 
which was determined using the ratio HIT/Er. The difference in parameters f and es can be explained by the fact 

that the degree of es was determined at the strain of 9.8% (data received at the angle of sharpening of the 

Berkovich pyramid). 
According to the XRD and IR spectroscopy, the presence of chemically active glass phase during synthesis 

of composites leads to its interaction with the crystalline phases of calcium phosphates. During the sintering of 
composites, an active formation of silicates occurs accompanied with a release of new crystalline phases, which is 
particularly noticeable in the SCP-based composite. During its synthesis, the formation and crystallization of the 
chain and band silicates with complex structure in some way affects the structural and mechanical properties, unlike 
the BGA-based composites where HA is a more stable crystalline phase. The formation of the nucleus and 
heterogeneous structure of several crystalline phases in the presence of significant size cations Ca2+ and Na+ (based 
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Fig. 7. Loading diagram during compression of BHA (1) and SCP (2) based glass–ceramic composites  

on wollastonite chains of tetrahedrons [SiO4] and band silicates of [Si2O7] groups) causes the degradation in the 

structural and mechanical properties. This is typical for the SCP-based composites, unlike the BHA-based 
composites, at close values of total porosity (Table 4). 

Figure 7 shows the results of specimens testing during uniaxial compression that confirm the data obtained 
by indentation method. The loading diagrams demonstrate that the failure of both type of the specimens is brittle, 
however, the BHA-based specimens do not only have a greater strength of f (Table 2), but longer resist the failure. 

Herewith, the total porosity of the materials is close on values, but unlike the SCP-based composites, the porosity of 
the BHA-based composites is mostly closed. Therefore, the BHA-based composites have a higher performance of 
compressive strength, because, given the same total porosity, the structure with isolated pores is more durable due 
to the higher degree of the matrix structure. In general, the strength of the glass–ceramic composites produced is 
close to that of the natural (native) bones [22].  

CONCLUSIONS 

Glass–ceramic composite materials based on the calcium-phosphate component (biogenic hydroxyapatite 
or mixture of synthetic calcium phosphates), strengthened with the sodium borosilicate glass (31.5 wt.%) have been 
produced by one-stage sintering at a temperature of ≤800°C. Depending on the type of the calcium-phosphate 
component, certain differences have been established based on the research of the structure and physical and 
mechanical properties of the composites. 

It has been established that the crystalline phase of hydroxyapatite (Ca5(PO4)3(OH)) is preserved during 

sintering the BHA-based composites. During sintering, the composite materials with a SCP mixture in the starting 
composition undergo phase transformations and phosphates interact with the glass phase. These processes result in 
the formation of glass–ceramic composites, which contains sodium-calcium silicates, i.e., melilite 
(Na2Ca6(Si2O7)(SiO4)2) and sodium metasilicate (Na2Ca2(SiO3)3); calcium silicates (wollastonite CaSiO3); sodium 

silicate (Na6Si2O7); sodium borate (Na3BO); and hydroxyapatite (Ca5(PO4)3(OH)). The data have been confirmed 

by IR-spectrometry. 
Based on the analysis of the microstructure of the composites, it has been established that the type of the 

starting phosphate component greatly affects the sintering and the grain shape of the material. The phase 
transformations result in the formation of grains–needles (1.0–19.5 m) in the SCP-based composites. Such grains 
are typical for wollastonite, and individual grains can be hardly distinguished in the BHA-based composites for the 
material being glassed. 

In addition, the study of the porous structure of glass–ceramic composites has revealed a significant 
difference in the pore-size distribution, depending on the composition of the samples. Also, the difference in the 
structure of the surface and fracture for both types of the composites has been determined. The porosity of the 
fracture of both composites is higher than that of the surface by one order of magnitude, because it is glassed, as a 
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result of the sintering. The pore structure of the surface and fracture of the SCP samples is more homogeneous in 
comparison with those based on biogenic hydroxyapatite. In general, the surface and fracture pores in the SCP-
based composites are 0.6–26.7 m and 2.1–67.3 m in size, respectively, and those in the BHA-based composites 
are 1.5–113.1 m and 1.0–152.2 m in size, respectively. The total porosity of the BHA-based and SCP-based 
samples is 32.5% and 34.5%, respectively. 

It has been established that, at close values of the total porosity, the mechanical properties of the BHA-
based composites are higher, than those of the SCP-based composites. It can be explained by phase transformations, 
the interaction of phosphates with the glass during the sintering of the SCP-based composites, and the formation of 
the complex silicate structure. Note that the compression strength (54–65 MPa) of the glass–ceramic composites 
produced is close to the strength of the natural (native) bone. 
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