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INTRODUCTION

Bioactive glass (BG) is a group of glass first invented 
in the late 1960s by Hench and colleagues through the 
introduction of 45S5 (in wt%: 45SiO2-24.5CaO-24.5Na2O-
6P2O5). BG is among the preferred materials for clinical 
treatment applications particularly bone regeneration [1], 
tooth repair [2], and drug delivery [3]. BG is commonly 
fabricated as a powder [4], metal coating [5], or scaffolds 
to adapt with the damaged areas [6]. The unique properties 
of BG that make it outstanding among other materials are 
good bioactivity [7], the ability to support cell growth [8], 
and rapid decomposition [9]. In implant applications, BG 
demonstrates the capability to tightly bond an artificial 
material with living tissues such as bone through the 
formation of a biologically active crystalline apatite layer 
with properties similar to bone minerals, making it able 
to integrate with bone tissues [10]. The development of 
a strong bond between BG and bone results from apatite 
crystallization on the BG surface in reaction with body 
fluid [11]. The presence of silica-hydroxyl rich layer (Si-
OH) on the BG surface and the dissolution of calcium and 
phosphate ions from BG greatly contribute to the apatite 
crystallization [12]. In addition, the silica-hydroxyl layer is 
formed with an amorphous CaO-P2O5 layer that crystallizes 
and forms an apatite layer [13]. Studies revealed that BG 
is more fragile and vulnerable to catastrophic failure 
than most previously reported materials, rendering it 
inconvenient for load-bearing applications [14, 15]. In 
addition to being fragile when fractured, BG demonstrates 
lower toughness and elastic modulus properties than the 

human cortical bone [16]. This is evident from the failure 
of the BG implant taking place due to fracture at the BG-
bone interface. An interesting and feasible solution to solve 
this issue is through the integration of cordierite into BG 
to form a composite with enhanced mechanical strength.

As an alternative to BG, cordierite is categorized as 
a crystalline ceramic material of the MgO-Al2O3-SiO2 
ternary system. Cordierite was chosen due to its excellent 
chemical resistance and mechanical properties (~243 
MPa) [17]. The suitability of cordierite as a biomaterial 
was proven by Mengucci et al. [18], particularly in the 
shape of a sintered honeycomb monolith. In addition to 
its low production costs, cell growth can be seen as the 
best option to improve the mechanical and chemical 
resistance, insolubility, and porosity of cells. In view of 
this, Krajewski et al. [19] revealed that cordierite can 
effectively encourage cell growth. Moreover, the presence 
of magnesium ions (Mg2+) in a cordierite composition 
could promote cell binding through a positive response 
between the surface electrostatic charge and the potential 
cell membrane in the body [20]. Magnesium is an essential 
trace element that exists in the human body, thus it plays 
a major role particularly in bone growth and preservation, 
as well as providing good osteoconductivity over time 
[21]. The introduction of cordierite into BG is expected 
to enhance the properties of a ceramic composite material, 
hence the mechanical strength of the composite. The 
sintering temperature is among the significant parameters 
that affect the composite properties. Therefore, the purpose 
of this research is to determine the effect of sintering 
temperature on the compressive strength of bioactive 
glass-cordierite (BG-cord) composite. In addition, the 
bioactivity efficiency of the BG-cord composite was 
evaluated since sintering temperature also has a significant 
influence on bioactivity.
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phosphate (P-O) absorption peaks by Fourier transform infrared spectroscopy and crystalline peaks in the X-ray diffraction pattern.
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MATERIALS AND METHODS

Sample preparation. Synthesis of 45S5 BG and 
cordierite: the glass melting method was used to synthesize 
BG and cordierite. The 45S5 bioactive glass composition 
(45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% Na2O, and 6 
wt% P2O5) was mainly used for the synthesis. High purity 
silicon dioxide (SiO2, 99.5%, Ipoh Ceramic, Malaysia), 
phosphorus pentoxide (P2O5, 99%, Fluka, Italy), calcium 
carbonate (CaCO3, 99.95%, Merck, USA), as a source 
of CaO, and sodium carbonate (Na2CO3, 99.9%, Merck, 
USA), as a source of Na2O, powders were mixed for 24 
h in a polyethylene (PE) bottle at 25 rpm. The powder 
mixture was then melted in an alumina crucible at 1400 °C 
for a period of 1 h before the distilled water was used to 
quench it. Next, the glass frit obtained after quenching was 
dried, then the produced BG frit was milled into fine BG 
powder. The cordierite was synthesized using a mixture of 
aluminum dioxide (Al2O3, 99.5%, Fluka, Italy), magnesium 
oxide (MgO, 98%, Qrec, New Zealand), and silicon dioxide 
(SiO2, 99.5%, Ipoh Ceramic, Malaysia) powders. All the raw 
materials were homogenously mixed together for 24 h in a 
PE bottle by rolling at 25 rpm. The mix of the raw materials 
was melted for 4 h at 1550 °C in an alumina crucible, then 
it was quenched in distilled water. To obtain the cordierite 
powder, it was dried, then ground for 15 min. After that, the 
powder was calcined to form crystalline cordierite at 980 °C 
for 2 h of soaking time. Then the cordierite was milled for 
another 3 h. 

Fabrication of BG-cord: 70 wt% of BG and 30 wt% 
of cordierite from synthesized BG and cordierite powders 
were mixed in PE bottles for 6 h at 25 rpm. The mixture of 
powders was pressed to pellet shape with 13 mm diameter 
using a hydraulic press at 650 MPa, then, sintered at various 
temperatures (600 to 1000 °C). The sample notation of 
different sintering temperatures of BG-cord applied in this 
research study is tabulated in Table I.

Characterization. Particle size analysis: prior to the 
fabrication of the BG-cord composite, the particle size of 
both BG and cordierite was evaluated by analyzing the milled 
frit using a dry particle size analyzer (Sympatec, Helos, 
England). Shrinkage: the shrinkage of composite samples was 
determined by the measurement of the diameter of samples 
before (Do) and after (Ds) sintering and calculated by:

Shringkage = 
Do-Ds

Do

.100     (A)

Porosity: the porosity of the composite was evaluated using 
a measurement method based on Archimedes’ principle, where 
the weight of displaced fluid by a sample is equivalent to its 
apparent weight. In this test, the dry composite sample was 
weighed (Md), then the composite sample was incubated in a 
desiccator for 1 h in distilled water and vacuum to ensure its 
pores were filled with water. The sample was then suspended in 
a beaker containing water (ρ=1 g/cm3) while being attached to a 
nylon string and the measurement taken (Ms). Subsequently, the 
sample was cleaned and weighed (Mw). The bulk density and 
porosity of the sample were determined by:

Bulk density = 
Md

Mw-Ms

.rwater   (B)

 

Apparent porosity = 
Mw-Md

Mw-Ms

.100%  (C)

Diametral tensile strength (DTS): the mechanical 
property of the BG-cord composite was assessed via a 
diametral tensile strength (DTS) test (mod. 3367, Instron, 
USA) using a crosshead speed of 0.5 mm/min and a load cell 
of 5 kN, as recommended by the ASTM-D3967; 5 samples 
were tested. The calculation for DTS is presented in Eq. D, 
where P is the applied force, D is the diameter of the sample, 
and T the thickness of the sample:

DTS = 
2.P

p.D.T
     (D)

Bioactivity: the biocompatibility performance of the           
composite was examined using in vitro testing by incubating 
BG-cord pellets in Hank’s balanced salt solution (HBSS) at 37 °C 
for a period of 7 to 21 days in a water bath. The HBSS used 
in this research was supplied by Life Technologies. A cylinder   
containing the sample was then soaked in a 50 mL centrifuge 
tube. The volume of HBSS used was calculated using Eq. 
E, where Vs is the total volume of the HBSS required and 
Sa is the total surface area of the sample. At the end of the test, 
the BG-cord samples were carefully collected and dried at room 
temperature. The bioactivity performance of the samples 
was determined from the analyses of Fourier transform 
infrared spectroscopy (FTIR) and X-ray diffraction (XRD), 
while their surface morphology was analyzed via  scanning 
electron microscopy (SEM).

Vs = 100 . Sa     (E)

Table I - Sample notation of BG-cord with different sintering temperatures.

Sample BG-C600 BG-C800 BG-C850 BG-C900 BG-C925 BG-C950 BG-C1000
Sintering temperature (°C) 600 800 850 900 925 950 1000

Table II - Composition of Hank’s balanced salt solution.

Reagent NaCl KCl Na2HPO4 KH2PO4 CaCl2 MgSO4 NaHCO3

Content (M) 0.137 5.4m 0.25m 0.44m 1.3m 1.0m 4.2m
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RESULTS AND DISCUSSION

Particle size analysis: prior to the BG-cord composite 
fabrication, the particle size of the BG and cordierite 
powders was analyzed. The particle size distribution graph 
is presented in Fig. 1. The largest and median particle sizes 
analyzed of the BG and cordierite powders after milling are 
tabulated in Table III. The BG powder was found to have 
a smaller particle size than cordierite. This was because of 
the composition disparity between BG and cordierite with 
amorphous and crystalline (orthorhombic) atomic structures, 
respectively [22]. A material with an amorphous structure is 
easier to crush than the one with a crystalline structure since 
the atoms in an amorphous structure are more likely to slide 
when a force is applied during milling than a packed and 
arranged atomic structure which is much harder to crush. 
Table III illustrates that both BG and cordierite powders’ 
particle sizes were smaller than 38 µm at D100, significant in 
bioactive function. Smaller particle size promotes a higher 
specific surface area, promoting accelerated ion diffusion 
due to the quick dissolution of ions such as Si4+ and Ca2+, 
which impacts the bioactivity performance degree at the 
implant interface. Furthermore, materials with a particle size 
smaller than 38 μm are required for cell culture mediation as 
cells sizes are often in the range of 4-40 μm [4].

X-ray diffraction: the phases present in the powder 
were analyzed using XRD analysis. Fig. 2 shows the XRD 
result of BG. Based on Fig. 2, an amorphous structure was 
observed for BG composition with a broad hump between 
25º and 35° in the pattern. The temperature of 1400 °C 
used during glass melting also was sufficient to melt the 

oxide raw materials based on 45S5 BG composition. It 
also showed that the rapid cooling of the molten glass 
through quenching in distilled water was enough to prevent 
the crystallization process. XRD patterns for cordierite 
powder before and after calcining are presented in Fig. 3. 
An amorphous structure was observed after melting with an 
amorphous hump between 25º and 35° in the pattern (Fig. 
3a). This showed that the raw materials of cordierite glass 
frit were transformed to an amorphous phase. The atoms in 
the glass were randomly moved during the melting process. 
Meanwhile, Fig. 3b shows that the major crystalline phase 
that occurred after calcining at 980 ºC was the cordierite 
phase (ICSD 98-001-7002).

Shrinkage: the shrinkage of the BG-cord composite was 
immediately measured after sintering at different sintering 
temperatures. Based on Fig. 4, the shrinkage of BG-cord 
increased from 8.94% (BG-C600) to 17.88% (BG-C925) 
when the sintering temperature was increased from 600 to 
925 ºC. This showed that the shrinkage of BG-cord was 
greater at higher sintering temperatures. However, a sudden 
expansion was observed at the sintering temperature of 
1000 ºC, as demonstrated by the negative shrinkage value 
of BG-C1000, indicating its expansion during sintering at 
this temperature. 

Table III - Largest and median particle sizes of BG and 
cordierite powders after milling.

Powder Largest particle size, 
D100 (µm)

Median particle 
size, D50 (µm)

BG 16.93 4.35
Cordierite 19.94 5.45

Figure 1: Particle size distribution curves of BG and cordierite 
powders after milling.
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Figure 2: XRD pattern for BG.
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Figure 3: XRD patterns for cordierite powder before calcining and 
milling (a) and after calcining at 980 ºC/2 h (b).
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Bulk density and porosity: based on Fig. 5, the bulk 
density increased from 1.94 to 2.52 g/cm3 when the 
sintering temperature was increased from 600 ºC (BG-
C600) to 950 ºC (BG-C950). Meanwhile, the porosity 
of the BG-cord composite decreased from 24.24% to 
1.96% when the sintering temperature was increased 
from 600 to 1000 °C (BG-C1000). The changes in the 
shrinkage, bulk density, and porosity values can be related 
to the densification and compacting effect. In a sintering 
process, particles are closely connected to each other and 
become compacted; so, at a higher sintering temperature, 
the connection between particles increases but the pore 
amount decreases [23]. Moreover, at a greater sintering 
temperature, crystallization is enhanced, therefore, 
particle readjustment takes place by viscous flow, and the 
particles become connected through sintering necks. This 
consequently affects the reduction of pore size in bioactive 
glass-ceramic samples, thus resulting in grain growth and 
increasing densification [24]. An increase in densification 
is also a result of the BG crystallization with increasing 
sintering temperature. The rearrangement of particles occurs 
during crystallization [25]. However, the shrinkage and bulk 
density of the composite drastically decreased to -35.03% 
(Fig. 4) and 1.59 g/cm3 (Fig. 5), respectively, after sintering 

at 1000 ºC (BG-C1000). This was due to the bloating effect 
on the ceramic body. In addition, the formation of closed 
pores in the sample caused its expansion and bulk density 
reduction.

Microstructure: the microstructure of the BG-cord was 
observed as it was dependent on the sintering temperature. 
Moreover, the microstructure of a composite also affects its 
mechanical strength as well as its bioactivity performance. 
The microstructure of the BG-cord composite fabricated 
at different sintering temperatures was observed and the 
results are presented in Fig. 6. The BG-cord sintered at 
600 °C had a lot of pores since the particles were yet to neck. 
This is because the driving force was not sufficient to bind 
the particles at this sintering temperature. At intermediate 
temperatures, the necking of particles was observed as 
the diffusion process took place and the amount of pores 
decreased with increasing sintering temperature from 
800 to 900 °C. However, the formation of grain was not 
completed at this condition. This was due to the sufficient 
supply of sintering mechanism energy and the dominance 
of densification. This result corresponded with the result 
for porosity (Fig. 5), which decreased as the sintering 

Figure 5: Bulk density and porosity of monolith BG-cord sintered 
at different temperatures. 

Figure 6: SEM micrographs of BG-cord sintered at different 
temperatures: a) 600 °C; b) 800 °C; c) 850 °C; d) 900 °C; e) 925 °C; f) 
950 °C; and g) 1000 °C.

Figure 4: Shrinkage of BG-cord with different sintering 
temperatures.
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temperature increased. At a higher sintering temperature, the 
increasing driving force stimulated the growth of the neck 
between particles. On the other hand, the BG-cord sintered 
at 925 °C (BG-C925) demonstrated a complete necking and 
excellent grain growth with some intergranular pores. This 
finding was in agreement with a previous study by Leenakul 
et al. [24], whose particles are connected with increasing 
sintering temperature. However, non-uniform grain size 
and abnormal grain growth were observed in the BG-cord 
sintered at 950 ºC. These microstructural discrepancies led to 
a lower strength as compared to BG-C925. When sintered at 
1000 ºC, the grain of the composite (BG-C1000) was difficult 
to observe as the composite crumbled. This phenomenon 
was due to the reaching of the melting temperature of the 
composite. In a conclusion, the grain behavior of ceramic is 
strongly dependent on its sintering temperature.

Diametral tensile strength (DTS): the correlation between 
DTS and porosity of the BG-cord at different sintering 
temperatures is presented in Fig. 7. The DTS increased 
from 14.01 to 30.54 MPa when the BG-cord was sintered 
from 600 to 925 °C. This was due to particle rearrangement 
leading to hardening of the surface and supporting grain 
growth. BG part in BG-cord, when sintered at lower 
temperatures, contained amorphous phase; when it was 
sintered at a higher temperature, it contained an additional 
secondary phase, combeite, promoting mechanical strength 
[24]. Moreover, the mechanical strength of ceramics also 
depends on porosity [23]. The ceramic bodies with lower 
porosity have fewer pores, exhibiting a greater tendency to 
withstand the force applied [26]. By increasing the connected 
particles, the greater the contact areas between the ceramic 
particles, which becomes the main reason for causing the 
improvement of mechanical strength due to the increase in 
the obstacle against the external force [27]. The increase 
in mechanical strength can also be explained by the BG-
cord microstructure (Fig. 6). As the sintering temperature 
increases, particle necking rises and the densification 
dominates, which increases the mechanical strength. When 
sintered at 925 °C, the strength increase was higher because 
the necking of particles was completed and the good and 

uniform grain growth occurred at this sintering temperature.
However, the DTS decreased when the BG-cord was 

sintered up to 950 and 1000 °C. The change in slope was 
due to the presence of closed pores and the resulting bloating 
effect of the ceramic bodies [28]. When the sintering process 
continues and the temperature keeps increasing, the gases 
expand. The bloating effect caused an increase in closed 
porosity and poor surface quality [29]. As the sintered surface 
constrains the gas release, the growth of big bubbles in the 
core is presumably favored, with concomitant breakdown of 
septa and opening of a part of the initially closed pores [30]. 
The presence of closed pores resulted in a decrease in DTS. 
For getting a clear observation of this phenomenon, the 
micrographs of the cross-section of samples after sintering 
at 950 and 1000 °C are present in Fig. 8. Moreover, the grain 
of BG-cord sintered at 950 °C (BG-C950) was not uniform. 
Non-uniform grain growth results in low mechanical strength 
due to easier displacement to occur and the non-uniform 
grains are not efficient for blocking the effects of external 
force applied. From Fig. 8, the bloating effect can be clearly 
seen from the presence of pores inside the samples. The 
composite sintered at 950 °C (BG-C950) demonstrated a 
smaller pore size than that sintered at 1000 °C (BG-C1000). 
This observation corresponded with the DTS results, where 
the strength decreased when the samples were sintered up to 
1000 °C (BG-C1000).

Bioactivity properties

The bioactivity of the BG-cord composite with a 
variation of sintering temperature was evaluated to observe 
the bioactive performance in response to increasing sintering 
temperature. Several analyses were conducted to observe the 
bioactivity of the BG-cord sintered at different temperatures, 
including SEM, XRD, and FTIR. The capability of apatite 
formation was observed and characterized in this evaluation. 

SEM analysis: the apatite growth was observed using 
SEM on the BG-cord immersed for 7, 14, and 21 days 
in HBSS. The images of the BG-cord with a variation of 
sintering temperature before and after immersion in HBSS 
are presented in Figs. 9 to 15. The apatite formation was 
observed on BG-cord sintered at 600 to 950 ºC after 
immersion in HBSS for 7 days. However, no apatite 

Figure 7: Correlation between diametral tensile strength (DTS) and 
porosity of BG-cord sintered at different temperatures.
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a)

c)

b)

d)

formation was observed on the BG-C1000 after 7 days 
of immersion. After 14 and 21 days of immersion, apatite 
formation was observed on the BG-cord samples at all 
sintering temperatures including BG-C1000. It was proven 
that all of the samples sintered up to 1000 °C were bioactive. 
The formation of apatite in the physiological environment 
may be explained by a series of surface reactions involving 
exchanges of Na+ or Ca2+ ions with H+ or H3O

+ ions from 
the solution at the material surface, formation of silanols 
(Si-OH) at the material-solution interface, migration of Ca2+ 
and PO4

3- ions to the surface through the SiO2 rich layer, 
formation of calcium phosphate layer, and crystallization 
of hydroxycarbonate apatite (HCA) by incorporating CO3

2- 

ions [31]. The coverage area of apatite formation became 
wider with more obvious apatite formation observed after 
immersion up to 21 days. This elucidated that apatite 
nucleation and growth took place on the BG-cord surface at 
a longer immersion period.

However, the intensity of apatite formation on the 
surface of the BG-cord samples decreased when the sintering 
temperature increased. This was due to the decreasing 
bioactivity of the BG-cord at higher sintering temperatures. 
Moreover, the crystallinity of the samples increases when 

Figure 9: SEM images of BG-C600 surface after immersion in 
HBSS for 0 (a), 7 (b), 14 (c), and 21 (d) days.

Figure 10: SEM images of BG-C800 surface after immersion in 
HBSS for 0 (a), 7 (b), 14 (c), and 21 (d) days.

Figure 11: SEM images of BG-C850 surface after immersion in 
HBSS for 0 (a), 7 (b), 14 (c), and 21 (d) days.

Figure 12: SEM images of BG-C900 surface after immersion in 
HBSS for 0 (a), 7 (b), 14 (c), and 21 (d) days.
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Figure 13: SEM images of BG-C925 surface after immersion in 
HBSS for 0 (a), 7 (b), 14 (c), and 21 (d) days.

Figure 14: SEM images of BG-C950 surface after immersion in 
HBSS for 0 (a), 7 (b), 14 (c), and 21 (d) days.

Figure 15: SEM images of BG-C1000 surface after immersion in 
HBSS for 0 (a), 7 (b), 14 (c), and 21 (d) days.
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the sintering temperature increases, resulting in lower 
bioactivity performance [32]. During the sintering process, 
the development of crystalline phases was observed from the 
formation of glass-ceramics. At higher sintering temperatures, 
the samples displayed a more intense crystalline phase. This 
lower glassy amorphous phase may also pose a negative effect 
on the bioactivity performance of the samples because the 
appearance of the crystalline phase hinders ions exchange and 
delays the formation of an apatite layer [24]. The crystalline 
structured atoms have a stronger bonding than in the glassy 
amorphous phase, which favors the dissolution process when 
being attacked by HBSS solution.

a)

c)

b)

d)

XRD analysis: the phases present in BG-cord sintered 
at different temperatures before and after immersion in 
HBSS were evaluated using XRD analysis, which results 
are present in Fig. 16. The XRD patterns for BG-C600 
showed the presence of an amorphous phase, cordierite, and 
combeite. The intensity of the combeite phase peak became 
sharper due to the increasing BG crystallinity caused by 
increasing sintering temperature to 800 ºC (BG-C800). The 
amount of BG crystallization was found to increase with 
increasing sintering temperature due to the higher energy 
gained by the atoms in BG to be properly arranged at higher 
sintering temperatures. The high amount of crystalline 
structure also contributed to high mechanical strength due 
to its well-arranged atoms. Crystalline materials consist of 
atoms of higher bonding energy that are able to withstand a 
higher load. With further increase in temperature to 850 and 
900 ºC, phases of pseudowollastonite [Ca3(Si3O9), ICDD 01-
074-0874] and wollastonite (CaSiO3, ICDD 01-072-2297) 
were observed, respectively. Mirza et al. [33] also reported 
that the wollastonite phase appeared in the BG when sintered 
at 900 ºC. On the other hand, at sintering temperatures 
of 925 ºC (BG-C925), 950 ºC (BG-C950), and 1000 ºC 
(BG-C1000), the phase of larnite (Ca2SiO4) appeared. 
The presence of larnite in BG sintered above 900 ºC is in 
agreement with a reported work [6]. It is worth mentioning 
that wollastonite and larnite have unique properties such 
as excellent bioactivity, nontoxicity, and good inducer of 
apatite formation [34, 35].

The XRD results of BG-cord after immersion in HBSS 
revealed phase changes on the surface of BG-cord for 
all sintering temperatures. The decreasing intensity of 
crystalline peaks of combeite and cordierite indicated the 
lower presence of the crystalline phase after immersion 
in HBSS. This change represented the degradation of 
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Figure 16: XRD patterns of BG-cord sintered at different temperatures: a) BG-C600; b) BG-C800; c) BG-C850; d) BG-C900; e) BG-C925; 
f) BG-C950; and g) BG-C1000.
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combeite and cordierite in HBSS, which indirectly showed 
their biodegradable properties [36], even at high sintering 
temperatures. The apatite peaks were also observed after 
immersion in HBSS for 14 days. The appearance of low-
intensity peaks in the XRD patterns indicated a significant 
formation of apatite on the sample surfaces. However, for 
most samples, the apatite peaks were unable to be observed 
due to overlapping with cordierite and combeite peaks. 

Fourier transform infrared spectroscopy (FTIR): 
FTIR analyses were done on BG-cord sintered at different 
temperatures to observe the chemical bonding present, 
which results are shown in Fig. 17. The FTIR spectra of all 
samples indicated the characteristics of the silica network 
representative of the silicate bioactive glass. The band was 
located in the range of 421 to 505 cm-1 corresponding to the 
Si-O-Si bending mode. Mg-O peak was observed at 575 cm-1 
from cordierite composition [37]. The peaks around 590 and 
875 cm-1 represent P-O bending mode in the PO4

3- groups, 
while the peak around 750 cm-1 was attributed to the Si-O-Si 
symmetric stretching vibration of bridging oxygen atom. The 

broad peak from 900 to 1200 cm-1 on the other hand was 
assigned to the Si-O-Si asymmetric vibration [9, 38, 39]. 
Meanwhile, the band located at 1426 cm-1 was associated 
with the carbonate group stretching vibration mode [4]. 
However, the band of the carbonate group was broader 
and less intense for the samples sintered at 950 and 1000 
ºC, probably due to the decrease in the apatite formation 
performance at high temperatures.

After the bioactivity test, new peaks appeared between 
610 and 620 cm-1 and at around 525 cm-1, representing the P-O 
mode and crystalline P-O group, respectively. Meanwhile, 
the peaks around 590 and 715 cm-1 were observed to be 
more intense [40]. The high-intensity peak at 715 cm-1 
revealed the formation of silanol group (silica-rich layer) on 
the sample surface after immersion in HBSS, which was due 
to the exchange of sodium and calcium ions with hydrogen 
ions between HBSS and the samples [41]. The twin peaks 
around 1426 and 1490 cm-1 also became more intense due to 
the migration of calcium and phosphorus ions from HBSS to 
the samples to form amorphous CaO-P2O5 [42]. The changes 

Figure 17: FTIR spectra of samples after immersing in HBSS: a) BG-C600; b) BG-C800; c) BG-C850; d) BG-C900; e) BG-C925; f) BG-
C950; and g) BG-C1000.

2000

2000 2000 2000

20002000 20001400

1400 1400 1400

14001400 1400800

800 800 800

800800 8001800

1800 1800 1800

18001800 18001200

1200 1200 1200

12001200 1200600

600 600 600

600600 6001600

1600 1600 1600

16001600 16001000

1000 1000 1000

10001000 1000400

400 400 400

400400 400

Wavenumber (cm-1)

Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)

Tr
an

sm
itt

an
ce

Tr
an

sm
itt

an
ce

Wavenumber (cm-1)Wavenumber (cm-1) Wavenumber (cm-1)

a) c)

f)

b)

e)

d )

g )

A. K. Fakhruddin et al. / Cerâmica 68 (2022) 13-23

C
-O

21d

7d

0d

14d

S
i-O

S
i-O

S
i-O

P
-O

P
-O

P
-O

P
-O



22

in the FTIR spectra before and after immersion in HBSS 
showed the successful formation of apatite on the samples’ 
surface.

CONCLUSIONS

Bioactive glass and cordierite (BG-cord) composite 
was successfully fabricated using a variation of sintering 
temperature (600 to 1000 ºC). A positive improvement in 
the mechanical properties of the BG-cord composite was 
observed from the high diametral tensile strength (DTS) 
values with cordierite incorporation. Overall, the BG-cord 
sintered at 925 ºC (BG-C925) demonstrated the highest 
DTS value (30.54 MPa). In the evaluation of the bioactivity 
performance, the formation of an apatite layer on the BG-
cord composite surface as observed from SEM images 
proved that the composite was bioactive. Therefore, the BG-
cord composite is found convenient to be utilized in the load-
bearing orthopedic area since it promotes high mechanical 
strength and bioactivity response.
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