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Abstract

In this study, sol-gel bioactive glasses and $-TCP
composites were investigated regarding their thermal
behaviour, microstructure, and phase composition.
Sol-gel bioactive glasses based on the CaO-SiO,
-P,O; system of either a high SiO, content (S2) or
a high CaO content (A2) were mixed with the B-TCP
at 25:75, 50:50 and 75:25 weight ratios. Basing on
the HSM results, i.e. shrinkage curves, densification
intervals and characteristic temperatures, the sintering
temperatures of composites were indicated. Scanning
electron microscopy and X-ray diffraction were used to
determine the microstructure and phase composition
of composites after sintering at selected temperatures,
i.e. 1100°C and 1200°C. The SEM/EDX investigations
proved the well-sintered and densified microstructure
of the sintered composites. The chemistry of sol-gel
bioactive glasses influenced both the thermal beha-
viour and the phase composition of the composites.
The dominant phases for A2-B-TCP materials were
a-TCP, pseudowollastonite and B-TCP, while for
S2-B-TCP— cristobalite, 3-TCP, and a-TCP. However,
the content of each phase varied, depending on the A2
or S2 content in the composite composition. Hot-stage
microscopy provides useful information for selecting
optimal sintering temperature in order to obtain well-
-sintered and strengthened material. Moreover, by
a carefully selected combination of sol-gel bioactive
glasses and B-TCP it is possible to obtain the mate-
rials with favorable phase composition with regard to
biological activity.
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Introduction

Bioceramic materials, such as bioactive glasses, hydroxy-
apatite or tricalcium phosphates, are widely investigated as
synthetic bone grafts, due to their high biocompatibility and
bone integration. Among them, bioactive sol-gel glasses
prove enhancement of bioactive and biological properties,
due to the presence of specific surface areas and higher
solubility than the molten ones [1-3]. However, these materi-
als have some limitations in terms of their physico-chemical
properties, due to their deficient thermal behaviour impairing
their sintering ability and mechanical performance [4,5].
To overcome these disadvantages bioactive glasses are
often combined with other biomaterials like hydroxyapatite
[5-7], titanium dioxide [8], polycaprolactone or other poly-
mers [9-11]. The osteoconductive properties of calcium
phosphates (i.e. hydroxyapatite, 3- and a-tricalcium phos-
phates) have led to their use as a promising material for
bone tissue repair. It is worth noticing that most of nowadays
synthetic bone substitutes are composites of CaP’s and/or
another phase (PLA, bioglass, etc.). Several reports show
that bioactive glass and HA composites exhibit stronger
biological activities and enhanced mechanical performance
in comparison to pure HA [12-14]. During the temperature
treatment (upon 1000°C) hydroxyapatite may decompose
into B-TCP and a-TCP. Both of them are recognized as bio-
compatible and more soluble than HA. In fact the solubility
can be described as: HA<B-TCP<a-TCP [15,16].

The majority of ceramic biomaterials is fabricated by
the thermal processing, mainly in order to obtain a desir-
able material shape and also to improve their mechanical
properties thanks to the increase in crystallinity [17,18].
Studies reveal that high crystallinity of 45S5 Bioglass®
may delay the surface activity, both in vitro and in vivo
[19,20]. On the other hand, resistance to degradation and
mechanical strength of bioactive glasses can be improved
by the controlled crystallization of the material [21]. Physical
and chemical phenomena occurring in ceramics materials
during temperature treatment can be observed in situ, via
the hot-stage microscopy (HSM). In general, this research
method is based on investigating the sample placed inside
the furnace, maintaining the necessary temperature and
the thermal environment, while it is in situ observed with
an optical instrument. A great variety of heating micro-
scopes have been designed and used in materials science
nowadays. The wide range of instrument specifications
and the possibility of additional parameters measurements
(i.e. simultaneous X-ray diffraction, differential calorimetric
analyses, mapping of surface temperature distribution) give
the great possibility and flexibility for the different specimen
investigations [22,23].

There are three main components of the hot-stage micro-
scope: 1) the electric furnace with the specimen carriage;
2) the observation unit with the microscope and the recording
device (video camera); 3) the light source. The scheme of
the HSM used in this work is presented in FIG. 1.

FIG. 1. Scheme of the hot-stage mic-
roscope:
1 - electric furnace,
2 - observation unit with the image/
video recording,
D 3 - light source,
4 - specimen and thermocouple,
5 - temperature controller,
6 - heating device.
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The results of HSM investigations define the thermal
behaviour of samples thanks to the specification of char-
acteristic temperature values [23-25]:

» T, - initial shrinkage temperature — when the melting be-
gins on the contact points of the particular grains, while
simultaneously the specimen size diminishes, but without
changes of the initial shape,

» T, - softening temperature — when the first symptom of
the specimen softening occurs with the visible shape
changes, i.e. rounding off the cylinder corners of the
specimen,

* T, -melting temperature — when the specimen is melting,
assuming the hemispherical form (generally established
when hemisphere height equals approximately 2/3 of the
initial specimen height),

» T, - flowing temperature — when the specimen is flowing
and forming a layer whose thickness is approximately
equal to 1/3 of the specimen initial height.

The HSM results provide valuable data concerning not
only the characteristic temperature values of the material
(i.e. sintering softening, melting and flowing) but also its vis-
cosity, wettability and surface tension [26-28]. This method
is appropriate for examinations of glass, slags, ceramics,
glazes and various raw materials by real-time observation
and recording (photo capture or video record) how the sam-
ple contours change during the temperature increase [24].
Moreover, the most recent reports have proved that HSM
is an effective method to investigate the thermal behaviour
of biomaterials [29,30]. Hot stage microscopy was used
to investigate new kinds of bioactive glass [29,31,32],
bioglasses-based scaffolds [33,34] and ceramic-based
biomaterials [35,36] in order to estimate their sintering abil-
ity. The usefulness of this method was proved in defining
sintering routines and it stays in agreement with our previ-
ous investigations [5,37,38]. It is evident that a satisfactory
balance of the biomaterial porosity/density and its mechani-
cal strength is a key factor for biomaterials fabricated via
thermal methods, as it affects their final physico-chemical
properties and biological activity.

In this paper, we propose the application of the hot-
stage microscopy to investigate biocomposites combined
with the sol-gel bioactive glass (SBG) and B-TCP. These
composites are intended as biomedical devices. We show
here the practical use of HSM by examining composition of
different composites (i.e. chemical composition of bioglass
A2 - high lime glass, S2 - high silica glass and 25-75wt%
of glass content in the composite) in order to evaluate their
sintering temperatures necessary for materials processing.
The major advantage of hot-stage microscopy is the pos-
sibility to determine the characteristic temperatures and
thermal properties at the very early stage of the biomateri-
als designing, thus evaluating their usefulness. Further,
in our work we present the results of composites sintered
at selected temperatures along with the evaluation of their
microstructure (SEM/EDX) and phase composition (XRD).

Materials and Methods

Two types of sol-gel bioactive glass (SBG) derived
from the SiO,-Ca0-P,0; system were synthesized as
described previously [39,40]. They differed in chemical
compositions and were designed as A2: 40Si0O,-54Ca0-
6P,0; [%mol.] and S2: 80SiO,-16Ca0-4P,0; [Yomol.].
Summing up the process briefly, tetraethoxysilane (TEOS:
Si(OC,H;),), triethylphosphate (TEP: OP(OC,H;);) and
calcium nitrate tetra-hydrate (Ca(NO;),4H,0) were
used as starting components in the sol-gel process.

HCI solution was used as a catalyst for the hydrolysis and
condensation reactions. The formed gel was dried in the
oven at 800°C for 20 h and then milled and sieved to obtain
a bioactive glass powder with particle sizes <45 ym.

Calcium phosphate — BTCP, purity = 96.0% (CAS 7758-
87-4) was purchased from Sigma-Aldrich, Germany.

Two types of sol-gel bioactive glass - S2 or A2 - were
used to fabricate composites with B-TCP in the weight
ratio of 25:75, 50:50 and 75:25. Pure A2, S2, and B-TCP
materials were used as reference samples. Mixed and
homogenized powders were used to prepare pellets
(of 10 mm diameter) by uniaxial pressure at 100 MPa.
Based on the HSM results - depending on the compos-
ites composition - the sintering temperature was 1100°C
(S2-BTCP and the reference materials: S2, BTCP) or 1200°C
(A2-BTCP and the reference sample A2). The heating rate was
5°C/min and the samples were held at the sintering tem-
perature for 2 h and then cooled inside the furnace.

Hot-stage microscopy

The temperature behaviour and sintering ability of the
SBG-B-TCP samples and reference ones were investigated
by the hot-stage microscope (Leitz Wetzlar, Germany).
The tests were performed in air using a heating rate sched-
ule of 10°C/min between the 20°C and 1400°C. The mixed
and homogenized powders were manually pressed into
a cylindrical shape (3 x 3 mm). The compacted sample
placed on the ceramic holder was inserted into the furnace
at the room temperature and then the heating process
started. The test proceeded until the temperature reached
1400°C or the flowing temperature of the sample was
reached. While being heated the samples were observed
with the video camera (magnification 20x) and thus the
images of the changing sample profiles were acquired
(FIG. 2). The potential systematic error occurrence was
minimized by analyzing 3 samples of each material. There-
fore, presented herein results of HM were described as
mean = standard deviation. The sample shrinkage at differ-
ent temperatures (TABLE 1, FIG. 2) was calculated from the
variation of the sample area, applying the following formula:

Shrinkage (%) = (A/A,) x 100

where:
A; — area of the sample at the temperature T [mm?],
A, — initial area of the sample at room temperature [mm?].

Scanning electron microscopy

The scanning electron microscopy (SEM) and energy
dispersive X-ray analysis (EDX) (NOVA 200, NanoSEM,
FEI, USA) were used to characterize the microstructure of
the samples sintered at selected temperatures, i.e. 1100°C
and 1200°C. The samples were sputtered with a thin layer of
carbon and images were taken (mag. 1000x) at an operation
voltage of 18 kV. The presented results are representative
for each sample, yet several SEM/EDX analyses of different
areas of each material were performed (FIG. 4).

X-ray diffraction

The phase composition of the heat-treated samples was
studied by X-ray diffraction analysis (Philips X'Pert Pro MD)
and the XRD patterns of the SBG-B-TCP composites and
the reference materials are presented in FIG. 5. The phase
identification was carried out by means of the PANalytical
XPert HighScore Plus software.
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Results and Discussions

Hot-stage microscopy was used to evaluate the ther-
mal behaviour of SBG-B-TCP composites and reference
samples (S2, A2, and B-TCP). The variations of samples
shrinkage depending on the temperature are showed in
FIG. 2. The thermal behaviour of composites followed the
multi-stage shrinkage (densification) process characteristic
for composite materials. However, the temperatures of each
stage of densification varied depending on the composites
composition and mostly were characterized by the tem-
perature interval T,-T, and T,-T, (FIG. 2). Generally, the
A2 glass samples were more thermally stable and the first
stage of densification for the A2-3-TCP composites ranging
from 1100-1270°C, while for the S2-3-TCP materials the first
shrinkage temperature varied from 980-1150°C. The sec-
ond stage of densification for the S2 glass composites was
observed between 1110-1200°C. However, with the increas-
ing temperature, the dimensions of the S2-B-TCP samples
remained unchanged until the end of the test and the pla-
teau of shrinkage curves for these samples was observed.

This observation corresponds to the thermal curve for pure
S2-sample. However, in this case, the only shrinking oc-
curred at the lower temperature (780-800°C) and, despite
heating, the material maintained its unchanged dimensions
(plateau). This phenomenon can be correlated with the
crystallization process when the viscosity increases and
the viscous flow sintering is inhibited. For the A2 compos-
ites the temperature values of the second shrinkage stage
were higher when compared to the S2-3-TCP samples,
from 1280-1350°C. Moreover, with the increase in tem-
perature, the samples dimensions decreased continuously.
This may be attributed to the rapid reduction of the samples
shape caused by increased softness and rapid decrease
in viscosity, probably resulting from sintering with the liquid
phase. The gratest shrinkage was observed for the A2-3-
TCP composites (62-75%), while the S2-3-TCP composite
revealed the shrinkage range from 82 to 94% (TABLE 1).
These differences correlate with the type of glass (A2 or S2)
in the composite composition, with the shrinkage of 64%
and 86%, respectively.
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FIG. 2. Shrinkage curves derived from the HSM as a function of temperature for SBG-B-TCP composites
and reference materials. Where: a. - S2, b. - B-TCP, c. - A2, d. - 25S2-B-TCP, e. - 50S2-3-TCP, f. - 75S2-3-TCP,

g. - 25A2- B-TCP, h. - 50A2- B-TCP, i. - 75A2-B-TCP.

T,, T, - temperature at the beginning and the end of the first densification stage,
T,, T, - temperatures at the beginning and the end of the second densification stage.
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TABLE 1. Characteristics of SBG-3-TCP composites and reference materials (A2, S2, 3-TCP).

: Densification intervals* [°C] Sintering Apparent
Shrl[r‘l)/l(]age* temperature density**
. T,T, T,-T, [°C] [g/cm?’]
25A2-B-TCP 65.1+0.2 12(7A°T'1=3g8; © 13(5A°T'1=358; C 1200 2.01+0.12
50A2-B-TCP 75.0£1.2 12(2%1238; c 13(2A°T'1=3$8; c 1200 1,69 £ 0.05
75A2-B-TCP 62.2£0.3 12(1A°T'1=228; e 13(1A°T'1=358; € 1200 1,61 +0.07
2552-8-TCP 90.1+0.2 11(2A°T‘1=128;C 12(%0{1:238; e 1100 2.46 £ 0.04
50S2-B-TCP 945+ 1.1 10(2‘){1128;0 11(%‘){12;8; © 1100 2.03 + 0.06
7552-B-TCP 82.1+04 9?2#2%%? ”(2A°T'1=128;C 1100 1.74 +0.02
980-1050°C 1260-1310°C
A2 64.3+0.5 (AT = 25) (AT < 50) 1200 1.71 £ 0.04
s2 86.0 £ 0.2 7(‘2‘){8:5%? - 1100 1,55 + 0.03
970-1050°C 1180-1220°C
B-TCP 86.3+0.2 (AT 230) (AT = 40) 1100 2.23+0.10
* based on the hot-stage microscopy results
** apparent density of samples after sintering at the selected temperature
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FIG. 3. The characteristic temperatures with correlated HTM images for A2-B-TCP, S2-B-TCP composites
and reference sample (B-TCP, A2, S2). Where: T, - initial shrinkage temperature, T - softening temperature,
T,, - melting temperature, T; - flowing temperature.
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Selecting the sintering temperatures of composites

@ e o0 0000 s akey step during the fabrication process. The hot-

stage microscopy provides useful information how to

accomplish this task. Basing on the shrinkage curves,

the densification intervals and the in situ observation dur-
ing HSM measurements the characteristic temperatures

(i.e. T, - initial shrinkage temperature, T;- softening tempera-

ture, T, - melting temperature, T, - flowing temperature) of the

materials were selected. The results are presented in FIG. 3.

A significant correspondence between the values of char-

acteristic temperatures and the composition of composites

can be observed:

* The addition of B-TCP to the composite composition in-
fluenced the increase in the characteristic temperatures
in comparison with the addition of glass A2 or S2.

» The type of bioactive glass, i.e. A2 or S2, determines the
values of characteristic temperatures, thus A2-3-TCP
composites presented generally higher T, and T than
the S2-B-TCP materials.

» Both types of composites, i.e. A2-3-TCP and S2-3-TCP,
showed the decrease in characteristic temperatures
values with the increasing bioactive glass content.

* Only for the composites with 50 and 75wt% of A2 glass
addition, the melting temperatures were visible, and the
latter also revealed the flowing temperature, while negli-
gible changes of the sample dimensions were observed
for other materials beyond the sintering temperature.
As mentioned before, the results of hot-stage microscopy

tests and in-situ observations of the sample profile during

the measurements provide useful information for select-
ing the optimal sintering temperature to fabricate ceramic
composites. This is a key parameter for obtaining the well
densified and thus strengthened material with high biologi-
cal activity provided by means of the phase composition.

Therefore, the sintering temperatures for such glass-ceramic

composites are usually considered between the T, (initial

shrinkage temperature) and T (softening temperature).

Based on the results of hot stage microscopy, the sintering

temperatures of the SBG- 3-TCP and the reference materials

were selected as follows: 1100°C (B-TCP, S2, S2-3-TCP)

and 1200°C (A2, A2-3-TCP) (TABLE 1).

The microstructure of the sintered SBG-3-TCP compos-

ites investigated by the SEM/EDX is presented in FIG. 4.

FIG. 4. SEM pictures and EDX spectra of SBG-BTCP composites.
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FIG. 5. XRD patterns of A2- 3-TCP, S2- B-TCP composites and reference materials.

The composites with 25wt% of either S2 or A2 were homog-
enously sintered materials, which was also confirmed by the
EDX analysis. In the case of the 50A2-B-TCP samples and
the 50S2-3-TCP ones the weaker integration of glass par-
ticles in the B-TCP matrix was observed. These composites
also showed the less uniform microstructure in comparison
with other materials. With the increasing content of glass
in the composite composition (75A2-3-TCP and 75S2-83-
TCP) the more homogenous microstructure with uniformly
distributed and well-integrated B-TCP particles in the glass
matrix was presented. However, in the case of the 75A2-
B-TCP materials the domains enriched with Si or Ca and
P were reported by the EDX analysis. Nevertheless, the
sintering process led to the smoothness of glass particles
which were no longer distinguishable.

The XRD plots of the SBG-B-TCP composites and the
reference materials sintered at 1100°C or 1200°C and then
ground into powder for diffraction analysis are reported in
FIG. 5. The reference samples were represented by the
following phases: S2 — cristobalite (70.8%) and a-TCP
(29.2%), A2 — pseudowollastonite PsW (66.9%), a-TCP
(20.3%) and cristobalite (12.8%). The phase composition
of B-TCP after sintering at 1100°C remained unchanged.
The XRD analyses indicated that a-TCP, pseudowollas-
tonite and B-TCP were the main phases of the A2-3-TCP
composites. However, the content of each phase varied,
depending on the content of A2 in the composite. Thus, the
dominant phases for 25A2-3-TCP were 3-TCP (62.3%) and
a-TCP (27.2%), while for the 75A2-3-TCP — PsW (42.3%)
and o-TCP (40.9%). The main phases for the S2-3-TCP
composites were cristobalite, 3-TCP and a-TCP. Similarly,
as in the case of A2-B-TCP, the amount of S2 glass in the
composite influenced its phase composition. The dominant
phase for the 25S2-3-TCP materials were 3-TCP (47.2%)
and a-TCP (28.7%), while for the 75S2-3-TCP only two
phases existed after sintering — cristobalite (54.5%) and
a-TCP (45.5%). The results of XRD analyses indicated
the strong correlation between the chemical composition
of sol-gel glasses (A2 and S2) and the phase composition
of the samples. It can be concluded that introduction of ei-
ther A2 or S2 affected the B-TCP—a-TCP transformation,
especially in the case of the 75S2-B-TCP materials.

The alteration of the transition temperature of 3-TCP to
a-TCP by the Si presence has also been reported by other
authors [41,42]. Finally, the increased content of a-TCP in
the phase composition of composites can be considered
as beneficial when considering the bioactive behaviour of
materials.

Conclusions

In this work, we investigated the temperature behaviour,
phase composition and microstructure of sol-gel bioactive
glasses and B-TCP composites. The type of glass used as
a composite addition strongly affected the shrinkage profile
and the values of characteristic temperatures established
upon hot-stage microscopy analyses. Based on these stud-
ies the sintering temperatures for the composites and the
reference materials were established between the T, and
T, - between the first and second stage of densification.
Thus, the composites and the reference materials were
sintered as follows: 1100°C (S2, B-TCP, S2-3-TCP) and
1200°C (A2, A2-3-TCP). The SEM/EDX analyses showed
the well-sintered and densified microstructure of compos-
ites. However, the 25(A2/S2)-3-TCP and the 75(A2-S2)-
B-TCP materials proved acceptable homogeneity with the
uniformly distributed and well-integrated both constituents.
The chemical composition of sol-gel glass clearly influenced
the phase composition of composites, but both A2-3-TCP
and S2-B-TCP showed the presence of TCP (i.e. a-TCP
and B-TCP) - the resorbable phase of high bioactivity and
biocompatibility as the dominating one. In conclusion, our
results indicate that both SBG-B-TCP composites may be
an interesting candidates for biomaterials, however further
investigations on mechanical strength, bioactivity or biologi-
cal activity are needed.
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