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Abstract
Presented paper contains description and interpretation of the results of selected physicochemical and
structural properties of two types of composite sinters. They were constituted of a mixture of sintered
microcrystalline corundum and bioglass CaO-P2O5-SiO2-Na2O system intended for scaffolds to cell
culture of human chondrocytes. The composites contained a mixture of both above-mentioned
components in the volumetric proportion of 50:50 (W5) and 30:70 (W7). They were obtained using
powder metallurgy by free sintering in air atmosphere. Phase analysis of composites and veri�cation of
theoretical identi�cation using X-ray diffraction were performed. The same phases were found in both
cases (Al2O3 SiO2 CaAl2Si2O8, Ca3 (PO4)2, Ca2Al4O7 and NaAlSiO4. Microscopic tests of composite
surfaces were performed and some differences were found. W5 sample was not completely covered with
bioglass, whilst W7 sample was completely covered with bioglass with few �ne pores. Tests of surface
topography con�rmed the presence of large and small pores. Composite surfaces immersed for 30 days
in arti�cial blood plasma were tested and then electron microscopy analysis was performed. It was found
that no signi�cant changes occurred on the surface of the W5 composite, probably partial corrosion of
the glass happened. Spherical forms characteristic of HA-hydroxyapatites were observed on the surface
of sample W7. Human chondrocyte cells were seeded on both types of sinters and proliferation assay
was performed on them with positive results.

Highligts
scaffolds composites, structure identi�cation by VCS algorythm and XRD diffraction, surface topography
of scaffolds, SBF test, proliferation test of chondrocite

Introduction
The dynamic development of biomaterial engineering, the search for new biocompatible substances and
materials that can replace damaged tissues and organs have caused a change in the proportion of
biomaterials (metals and metal alloys, polymers and inorganic composites) towards composite materials
over the past two decades. The demand for biomaterials results mostly from the growing number of
communication injuries, injuries resulting from practicing sports, including extreme sports, and
development of civilization diseases. It is also associated with progress in the development of various
�elds of reconstructive surgery, interventional surgery and prosthetics[1,2,3,4]. One of the most interesting
biocomposites used in bone regenerative medicine comes in the form of corundum ceramic composites
modi�ed with various additives (bioglass polymers) obtained by different techniques. Most researchers
studying corundum implants and their use in modern bone surgery claim that corundum material does
not produce strong chemical connection with bone tissue. The addition of corundum bioglass from the
CaO-P2O5-SiO2-Na2O system into the corundum matrix affects mostly the possibility of creating chemical
bonding with bone tissue. Modifying the composite with bioglass results in obtaining new strength
characteristics, which also affects surface properties that appear to cause increased cell proliferation.
Corundum ceramic composites modi�ed with bio-glasses are characterized by [5,6,7,8]:
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porosity that enables tissue ingrowth, securing permanent connection between tissue and implant,

high biocompatibility and bioactivity in the tissue environment,

high compressive strength and abrasion resistance,

possibility of sterilization without changing the properties of materials,

easy shaping of the material by conventional means,

Currently ceramic composites containing bioglass and glass-ceramics are already used not only as
experimental material but also in clinical practice [5,9,10] as:

middle ear implants (solid MEP® and Douek-MED™ �ttings – Bioglass® 45S5 Cervital®),

restoration after tooth extraction (solid REMI® – Bioglass 45S5 shapes),

�lling of bone defects (powder or granules: PerioGlas® Biogran® – Bioglass® 45S5; powder and
granules: BinAlive-glass S53P4; granules: Cerabone®),

implants and �llings in craniofacial surgery (NoveBone® lite powder, Ilmaplant® shapes),

porous scaffolds for tissue engineering,

drug delivery system.

Subject Matter And Methodology
After preliminary analysis of ten biocomposites, two were �nally selected for further research. The two
kinds of biocomposites (W5, W7) containing submicrocrystalline sintered corundum and bioglass from
Ca0-Si02-P205-Na20 system with various proportion of the components (W5-50%vol of glass, W7-70%vol
of glass ) respectively.

Physical and mechanical properties (microscopic observation, porosity, absorbability, HRB hardness)
were tested on 16x5 mm and 10x2 mm tablets obtained by cold pressing under 75 MPa pressure and
freely sintered in an electric furnace. The heat treatment process was carried out according to
predetermined characteristics with stabilisation for two hours at maximum temperature (770oC).

Chemical stability calculations at the maximum temperature (750oC, 770oC) were carried out using the
VCS algorithm. Veri�cation of the obtained results was performed using Emprean Diffractometer with Cu
radiation fully con�rming the presence of the calculated compounds. Microscopic observations on the
Joel JSM6460 LV scanning electron microscope were made in high vacuum (105 Torr) at an accelerating
voltage of 20kV, magni�cation 40x and 100x using the BEC image. The geometric structure of the surface
was determined using the TOPO01vP pro�lometer through the measurements of surface topography
parameters (Ra, Rz, Rt) and 2D and 3D spatial images.

The hardness of bio composites was determined by reading the values of 1/6 inch steel ball res-cess on
the HRB scale on the Rockvell hardness tester. Biocompatibility of the composites was determined by
SBF test (immersion of composite samples in arti�cial blood plasma for 30 days). The surface of
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composites after a long-term bath on a scanning microscope BEC image was observed and the phase
composition of the surface of composites was also analysed. Human chondrocyte cells were seeded on
the obtained tablets (as growth media) using standard procedure (CGH Lanza medium, 37oC in 5% CO2

atmosphere, initial cell density 1x10 4 cells/cm2) and WST-1 proliferation assay was performed (reading
after 72h, 96h, 144h with positive results).

2.1 Some physical and mechanical properties of raw and
sintered materials
The raw materials used in sintering process were: submicrocrystalline sintered corundum of F 320 (49 − 
16,5 um) and glass from CaO-P2O5 SiO2-Na2O system marked as FB1 with grain size of about 40 µm.
Submicrocrystalline sintered corundum grain is new generation of alfa type aluminium oxide with
ultradispersive structure. It might be obtained by transformation of sol-gel process of aluminium oxide by
using MgO, L2O3 Nd2O3 Y2O3 as modi�ers. Abrasive grains consist of Al2O3 plates about 0,5 − 1 µm joint
by needle bridge of MgLaAl11O19 spinel type. In comparison to conventional corundum materials
submicrocrystalline sintered corundum grains have higher strength (90 MPa, conventional 80 MPa),
hardness (20-22GPa, conventional18,5-20GPa) with simultaneously increase of fracture toughness.
Commercial names of these materials are cubitron, Seeded Gel and Blue Sapphire [13].

FB1 glass obtained from CaO-SiO2-P2O5-Na2O was melted at 1350oC in electric furnace in air atmosphere
and then fritted (poured into cold water). Obtained material belongs to the group of light weight materials,
as its density is of Material has 2.622 g/cm3. Materials belongs to medium hard glasses about4.9MPa. )
which have good wettability to cubitron substrate (contact angle θ < 30o at 850oC).

The sinters (W5 and W7 selected from ten among previously tested), were obtained by powder metallurgy
technique through free sinters in electric furnace in air atmosphere. Their physical and mechanical
properties differ signi�cantly – Table 1.

Table 1
Chosen properties of tested materials W5 and W7 samples

Compositions
variants

Composite
density [g/cm3]

Theoretical
porosity

[%]

Open porosity
tested [%]

Absorbability
tested

[%]

Hardness

[HRB]

W5 3.328 21,5 ± 0.1 20.35 ± 0. 3 8.4 ± 0,1 60

W7 2.850 2.1 ± 0.02 1.25 ± 0.01 0.5 ± 0.04 78

Increasing the glass content caused a decrease in the density of the composite and a signi�cant
decrease in open porosity

2.2 Calculation of chemical equilibrium of biocomposites
using VCS algorithm
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The chemical stability of the sample of the submicrocrystalline sintered corundum – glass of CaO-P2O5-
SiO2-Na2O system was determined by calculating the thermodynamic potential ΔG of the reactions likely
to occur between them. The calculations were performed using the VCS algorithm (Villers, Cruise and
Smith), taking into account the chemical stability of all probable reaction products.

Equilibrium calculations were done with the method of minimizing the thermodynamic potential of the
entire mixture. The mass balance of elements and non-negativity of the mole numbers of individual
components was maintained. In this method, the equilibrium composition means a non-negative set of
moles of individual components for which the thermodynamic potential ΔG of the entire mixture reaches
a minimum while meeting the mass balance equations of all elements of the mixture. The formula used
was:

Where:

ΔG - thermodynamic potential

ni – number of moles of components i

µi – chemical potential of components i

N – number of ingredients

Equilibrium calculations with the minimizing thermodynamic potential method did not require any
specifying number and form of reactions through which the system reached equilibrium. Speci�cation of
the substances that may or may not be in balance was necessary. The premise of the method is that all
connections possible from the elements included in the mixture in the equilibrium state could have
occurred. The calculations showed that 7 compounds from 100 available mixtures make it possible to
create solid state connections. The calculations took into account the number of gram-atoms of glass
components and sintered microcrystalline corundum in speci�c volumes.

For W7, the number of gram-atoms of bioglass components in the volume of 700 cm3 and the number of
gram-atoms of submicrocrystalline corundum sintered in 300 cm3 of composite were calculated.

For W5, the number of gram-atoms of bioglass components in the volume of 500 cm3 and the number of
gram-atoms of submicrocrystalline corundum sintered in 500 cm3 of composite were calculated.

The assumption was made that the components of biocomposites in these temperature ranges (750°C
and 770°C) could have occurred: in the multi-component gas phase, pure condensed phases (liquid and
solid), and the liquid phase in which the components were mixed unrestrictedly.
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Assumption I: the resulting equilibrium mixture consisted of a multi-component gas phase and pure
condensed phases (solid and liquid) that do not mix.

Assumption II: the resulting equilibrium mixture consists of a multi-component gas phase, a multi-
component liquid phase, and pure solid phases.

The equilibrium composition in the number of moles is the same for both these assumptions.

Table 3
VCS algorithm calculation

conditions.
T [K] 1023.15 1043.15

t [°C] 750 770

P [atm] 1.00 1.00

Tables 4 and 5 show the compositions of equilibrium systems of w5 and w7 biocomposites at 750°C,
770°C for condensed phases

Table 4
Stable solid compounds according to Assumptions I and II for

W5 sample
Variant W5 Assumption I Assumption II

Phase composition 750°C 770°C 750°C 770°C

Al2O3 14.200 14.200 14.200 14.200

SiO2 3.100 3.100 3.100 3.100

CaAl2Si2O8 1.345 1.345 1.345 1.345

Ca3(PO4)2 0.250 0.250 0.170 0.170

Ca2Al4O7 1.119 1.119 1.119 1.119

NaAlSiO4 0.521 0.521 0.521 0.521
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Table 5
Stable solid compounds according to Assumptions I and II for

W7 sample
Variant W7 Assumption I Assumption II

Phase composition 750°C 770°C 750°C 770°C

Al2O3 11.900 11.900 11.900 11.900

SiO2 4.020 4.020 4.020 4.020

CaAl2Si2O8 1.520 1.520 1.520 1.520

Ca3(PO4)2 0.400 0.400 0.320 0.320

Ca2Al4O7 1.321 1.321 1.321 1.321

NaAlSiO4 0.645 0.645 0.645 0.645

Veri�cation of the obtained results was performed by use of XRD – phase analyses.

2.3 XRD analyses of W5, W7 bio composites
The X-ray experiment was performed with the PANalytical Empyrean Diffractometer with Cu radiation.
Phase analysis basing on ICDD PDF 4 + 2017 data base con�rmed the presence of Al2O3, SiO2,
CaAl2Si2O8, Ca3(PO4)2, Ca2Al4O7, NaAlSiO4 phases. The X-ray diffraction patterns are presented on the
Figs. 2 and 3. The detailed structural characteristic of tested W5 and W7 samples are presented in
Tables 5 and 6.

The determination of unit cell parameters, crystallite sizes and lattice strain values as well as qualitative
phase analysis were re�ned by using the PANalytical software High Score Plus basing on the Rietveld
method [15,16]. The scheme of analyses and conditions were presented, among others in [17,18].
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Table 6
Structural analysis of W5 sample.

Phase Space
Group

Amount
[%]

a [Å] b [Å] c [Å] D [Å] ε [%]

Al2O3 R-3c 42 4.7587(7)   12.9926(5) > 
1000

0.075

SiO2 P3221 10 4.9212(2)   5.4104(1) 456 0.072

CaAl2Si2O8 P-1 9 8.1591(7) 12.6111(6) 12.9240(8) 364 0.421

CaAl4O7 C2/c 25 13.0595(1) 9.1355(1) 5.4668(6) 73 0.447

NaAlSiO4 P63 10 9.9806(8)   8.2909(7) 232 0.140

Ca3(PO4)2 P21/c 4 5.0088(5) 18.2004(9)   275 0.119

Table 6
Structural analysis of W7 sample.

Phase Space
Group

Amount
[%]

a [Å] b [Å] c [Å] D
[Å]

ε [%]

Al2O3 R-3c 35 4.7574(4)   12.9936(2) 730 0.045

SiO2 P3221 6 4.9527(7)   5.2503(2) 129 0.253

CaAl2Si2O8 P-1 14 8.1355(2) 12.8189(9) 12.6271(1) 323 0.101

CaAl4O7 C2/c 31 12.8378(2) 9.1979(5) 5.3604(8) 123 0.266

NaAlSiO4 P63 10 9.9386(2)   8.3157(8) 286 0.114

Ca3(PO4)2 P21/c 4 4.7632(9) 18.8053(1)   491 0.067

In comparison to the theoretical unit cell values (ICDD PDF + 4 2017 data base) of identi�ed phases, the
unit cell parameters were slightly changed. The tested material showed the presence of nanocrystalline
phases, with crystallite sizes from 100 to 450 Å. Only the size of corundum crystallites is in the order of
750–1000 Å.

2.4 Microscopic observations
Microscopic observations of the W5 and W7 bio composites on a scanning electron microscope (SEM,
BEC image) showed, in the case of the W5 sample, uneven coating of glass sintered over
submicrocrystalline corundum grains, particularly visible at the grain boundaries. Few deep pores
appeared on the surface. The surface of the W7 bio composite sample was evenly covered with glass
(Fig. 4) with only a few small pores, which was con�rmed by studies of the surfaces

2.5 Topography of composite surfaces
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The measurement of the geometric surface of the W5 and W7 samples showed clear differences in the
surface topography by Rp parameters (height of the highest pro�le rise inside the elementary segment W5
11.764 µm, W7 11.390 µm), Rz (sum of height of the highest rise and largest indentation in the
elementary section W5 34.04 µm, W7 44.04 µm, and Rt (sum of height of the highest rise and largest
indentation of the measured section W5 46.283 µm, W7 66.434 µm). This con�rmed the impact of the
glass content on the origination of �ne deep pores on composite surface. Togethre with theincreasing
content of bioglass in the composite, the increase in the number of small-width pores was observed.
Symmetrical system was found in the analysis of the material share graph of the W5 sample, without
characteristic, random extreme surface elements (rises and indentations). In case of the W7 sample, the
material share graph showed an upward shift, which proved occurrence of individual narrow, deep
cavities. 

2.6 SBF test
Samples of W5 and W7 composite scaffolds were prepared for the SBF test by heating in an electric oven
at 300°C for 1 hour, washing with 96% ethanol, and steam sterilising in an autoclave at 120°C. The
samples were immersed in an arti�cial blood plasma (SBF) solution that was previously �ltered with a
0.22 µm syringe �lter. pH of the SBF solution after removing the samples after 30 days was 7.61. The
SEM/EDX analysis after the �nal incubation period showed no signi�cant surface changes for W5
sample, with only larger pores occurring. It was most likely that the Na+ ions from glass were exchanged
for H + ions from SBF solution resalted in a layer rich in Si (a layer of silica gel) However, no
crystallization of calcium phosphates was observed, which might probable be associeted with a positive
surface charge due to a high content of Al2O3

The entire surface of the W7 sample presented �ne spherical forms with morphology characteristic of HA-
hydroxyapatite. EDX analysis showed that only P and Ca were present on the surface. The Ca/P ratio was
1.55, which proved the formation of HA with Ca de�cit. The presence of Na+ and Mg2+ ions in the surface
layer composition most likely means the share of these elements in the structure of forming HA as a
substitution in the cationic subnet.

2.7 Pre-culture of human chondrocyte cells on
biocomposite scaffolds.
Preparation of biocomposite scaffolds for seeding of human chondrocyte cells consisted of sterilisation
by 24 h incubation with 70% Et0H and UV lamp irradiation for 40 min on each side. The proliferation
assay was performed using the Cell proliferation reagent WST-1 kit (Roche Diagnostics) based on the
measurement of cell reduction potential. As the number of cultured cells increases, the amount of
reducing enzymes increases, which is measured at appropriate time points (72, 96, 144h) by determining
the absorbance of the samples. These are the �ltrate from incubation of cells with culture medium with
reagent added. NHAC-kn cells were seeded for the test (Lonza cell source) at an initial density of 1x10
4cell/cm2. The reference medium was polystyrene medium. A plot of the time dependence of the
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absorbance values for the composites tested (W5, W7) is shown below. It was found that the
chondrocytes adhered to the media and the tested media allowed cell proliferation. However, the
proliferation rate was lower than under control conditions and no signi�cant differences were observed in
proliferation to W5 and W7 scaffolds.

Experiments were performed twice in triplicate for each experimental condition. Data represent mean
values ± SD. Statistical analysis was performed using GraphPad Prism8.0.

Conclusion
The following concludes the studies of W5 and W7 composite scaffolds with submicrocrystalline
sintered corundum and FB1 bioglass:

Increasing the FB1 glass content (from 50–70% by volume) signi�cantly affected open porosity of
sinters and their absorptivity (W5: porosity 20%, absorptivity 8.4%; W7: porosity 1.25%, absorptivity
0.5%);

VCS calculations veri�ed by X-ray tests showed the presence of Al2O3, SiO2, CaAl2Si2O8, CaAl4O7,
NaAlSiO4 and Ca3(PO4)2 in both composites;

Microscopic image (SEM, BEC) of W5 scaffold composites showed incomplete FB1 glass coverage
of sintered microcrystalline corundum grains and visible large pores between corundum grains
(Fig. 1). The W7 composite surface, however, was evenly covered with glass with narrow, �ne pores;

Measurements of the geometric surface of scaffolds W5 and W7 showed clear differences in the
parameters: Rp (W5–11.764 µm, W7–11.390 µm), Rz (W5–34.04 µm, W7–44.04 µm), and Rt (W5–
46.283 µm, W7–66.434 µm). The graph of W7 sinter material showed upward shift, which indicated
the presence of narrow, deep cavities;

SEM/EDX analysis of scaffolds after 30 days of SBF (arti�cial blood plasma) bathing showed no
signi�cant surface changes in W5 sample. Partial glass corrosion probably occurred. The W7 sinter
surface, however, was covered with spherical forms characteristic of HA-hydroxyapatite. EDX
analysis con�rmed the presence of only Ca and P in a ratio of Ca/P 1.55, which indicated the
formation of HA with Ca de�ciency.

Both substrates (W5 and W7) were biocompatible despite differences in SBF assay behaviour, as
con�rmed by the WST-1 assay. The substrates tested allowed for the proliferation of human
chondrocyte cells (increase in absorbance in the WST-1 assay with increasing incubation time),
however, the proliferation rate was lower than in the reference medium. No signi�cant differences in
cell proliferation were observed between the media
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Figure 1

Figure 2

X-ray diffraction pattern of W5 sample.
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Figure 3

X-ray diffraction pattern of W7 sample.

Figure 4

SEM micrograph of the surface of W5 (a) and W7 (b) samples at 200x magni�cation.
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Figure 5

Topography of the W5 sample surface: roughness pro�le (a), linear load share (b), horizontal parameter
values (c), surface map (d).
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Figure 6

Topography of the W7 sample surface: roughness pro�le (a), linear load share (b), horizontal pa-rameter
values (c), surface map (d).

Figure 7

a Microphotographs of SEM and EDS diagram of W5 sample b Microphotographs of SEM and EDS
diagram of W7sample
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Figure 8

WST-1 cell proliferation test.


