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Mechanical ProPerties of Bioactive Glass-cordierite coMPosite

Bioactive glass (BG) can be utilized as a replacement and regeneration material for orthopaedic and orthodontic. However, 
a load-bearing structure requires good mechanical properties to withstand high stress, in addition to good bioactivity properties. 
in this research, BG and cordierite (BG-cord) composite was fabricated to improve BG’s mechanical properties. The mechanical 
strength of the BG-cord was investigated. Both BG and cordierite were synthesized separately using the glass melting method. 
The synthesized BG and cordierite powders were used to fabricate BG-cord using a composition variation from 10 to 50 wt.%. 
The composite with 30 wt.% cordierite demonstrated the highest diametral tensile strength (DTs), 14.01 mPa.
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1. introduction

Bioactive glass (BG) is among the preferred materials for 
clinical treatment applications, particularly in the orthopaedic [1] 
and orthodontic disciplines [2]. in recent years, the demand for 
BG escalates, corresponding to the rise in the human population 
and bone defects regeneration [3-5]. The outstanding properties 
of BG that make it unique among other materials are excellent 
osteoconductivity and bioactivity [6], drug delivery [7], good 
ability to deliver cells [8], and controllable biodegradability 
[9]. as an implant, BG exercises the ability to strongly bond an 
artificial material with living tissues such as bone through the 
emergence of a crystalline apatite layer with biological activity 
with identical properties to bone mineral, making it able to in-
tegrate with the host bone [10]. The formation of a strong bond 
between the implant material and bone results from apatite crys-
tallization of the implant material surface in reacting with body 
fluid solutions [11]. The presence of silica-hydroxyl rich layer 
(si-OH) groups on the implant material and the dissolution of 
calcium and phosphate ions from BG contribute significantly to 
apatite crystallization [12]. moreover, a layer rich in amorphous 
CaO-P2O5 is formed on the silica-hydroxyl-rich layer, crystal-
lising and forming an apatite layer [3].

However, based on previous research, BG demonstrates low 
mechanical properties and brittle behavior very fragile and prone 
to catastrophic failure, rendering it unsuitable for load-bearing 

applications [13,14]. it also possesses lower fracture toughness 
and elastic modulus compared to the human cortical bone [15]. 
Because of these reasons, failure of a BG implant may occur 
through fracture at the BG-bone interface during the implantation 
itself. an exciting approach to solving this issue is incorporating 
cordierite into BG to form a composite that BG reinforced with 
cordierite to improve strength and performance.

The ceramic material of choice, cordierite, is a suitable 
crystalline ceramic material of the mgO-al2O3-siO2 ternary 
system with good chemical resistance and mechanical proper-
ties (~243 mPa) [16]. mengucci et al. utilized cordierite as 
a biomaterial in the form of a sintered honeycomb monolith. in 
order to enhance the mechanical resistance, insolubility, chemi-
cal resistance, and porosity of cells, cell growth can be regarded 
as the best option in addition to its low production costs [17]. 
Krajewski et al. demonstrated that cordierite could promote cell 
growth effectively [18]. The chemical ion of mg2+ in cordierite 
composition could encourage cell attachment through a positive 
effect between the ceramic surface electrostatic charge and the 
potential cell membrane [19]. Furthermore, magnesium ions 
are in the cordierite structure, an essential trace element in the 
human body. in bone growth and regeneration, magnesium 
has been shown to perform a significant role and provide great 
osteoconductivity over time [20]. 

additionally, no research has been performed on BG and 
cordierite composite. several materials were nevertheless used 
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as a composite to enhance BG properties. Fortunately, BG was 
also used to boost the bioactivity of inert materials such as metal 
since it has a strong bioactivity efficiency [21-23]. Polymer 
materials were also used to develop BG-polymer composites 
because the polymer cannot easily bind to living tissues on its 
own; however, at the same time, the polymer has strong flex-
ibility characteristics. it can be biodegraded in the replacement 
of soft tissues [24-26]. inert materials such as alumina and 
zirconia also develop as a composite with BG due to their anti-
friction properties, and high strength was significantly ideal for 
determining femur heads and ceramic inserts (acetabular cups) 
in hip joint prostheses. The BG and inert ceramic composite 
have normally been manufactured to make the inert material 
bioactive. The composite has been developed for biomedical 
use to improve bond strength in bone formation and accelerate 
the recovery period compared to inert material monolith [27]. 
also, the BG composite has been developed with other bioactive 
ceramics such as hydroxyapatite. Devis Belucci et al. formed 
BG-Ha composites developed in which the composite increased 
the crystallization so that higher temperatures could be sintered 
to achieve higher mechanical strength [28]. Karajian et al. also 
investigate the positive response of BG-calcium phosphate 
composites to encourage the osteogenic differentiation of the 
cell population and enhance BG’s mechanical strength [29]. in 
general, that was important to design the composite develop-
ment of BG.

Therefore, cordierite into BG is expected to enhance its 
mechanical properties, which is the mechanical properties of 
a ceramic composite material relying on various parameters. The 
composition amount of materials is among the important param-
eters influencing the overall composite properties. This research 
aims to study the influence of cordierite powder composition in 
bioactive glass-cordierite composite (BG-cord) to enhance the 
mechanical properties of bioactive glass. 

2. Materials and method

2.1. sample preparation

2.1.1. synthesis of 45s5 BG and cordierite

Both BG and cordierite were synthesized using the 
glass melting method. The 45s5 bioactive glass composition 
(45 siO2 – 24.5 CaO – 24.5 naO – 6 P2O5 in wt.%) was used in 
the synthesis. High purity silicon dioxide (siO2) (99.5%, ipoh 
Ceramic, malaysia), phosphorus pentoxide (P2O5) (99%, Fluka, 
italy), calcium carbonate (CaCO3) (99.95%, merck, United 
states), and sodium carbonate (na2CO3) (99.9%, merck, Unit-
ed states) powders were mixed for 24 hours in a polyethylene 
(Pe) bottle at 25 rpm. The mixed raw material powder was then 
melted for an hour in the alumina crucible for the temperature at 
1400°C before quenching using distilled water as media. subse-
quently, the glass frit obtained after quenching was dried, then 
milled for one hour to produce fine BG powder. The cordierite 

(53 siO2 – 26 al2O3 – 21 mgO in wt.%) was synthesized using 
a mixture of aluminum dioxide (al2O3) (99.5%, Fluka, italy), 
magnesium oxide (mgO) (98%, Qrec, new zealand), and sili-
con dioxide (siO2) (99.5%, ipoh Ceramic, malaysia) powders. 
all the raw materials were homogenously mixed for 24 hours 
in a Pe bottle by rolling at 25 rpm. The raw material mixture 
was melted for 4 hours at 1550°C in the alumina crucible before 
quenching it in distilled water. To obtain cordierite glass powder, 
the collected frit was dried, then milled for 15 minutes. The glass 
powder was subsequently calcined to form crystalline cordierite 
at 980°C for soaking time 2 hours. The cordierite was milled for 
an additional 3 hours.

2.1.2. fabrication of BG-cord

synthesized BG and cordierite powders obtained were 
mixed at variable compositions in Pe bottles for 6 hours at 
25 rpm. The mixture of powders was compacted to cylinder 
shape with 13 mm diameter using a hydraulic press at 650 mPa 
before sintering at 600°C. The different compositions of BG and 
cordierite used in this research study are tabulated in TaBle 1.

TaBle 1

Composition of BG and cordierite in weight percentage  
(wt.%) of BG-cord

sample
composition (wt.%)

BG cordierite
BG-10%cord 90 10
BG-20%cord 80 20
BG-30%cord 70 30
BG-40%cord 60 40
BG-50%cord 50 50

2.2. characterization

2.2.1. Particle size analysis

Prior to the BG-cord composite fabrication, the particle size 
of both BG and cordierite was evaluated by analyzing the milled 
BG and cordierite using a dry particle size analyzer (sympatec, 
Helos, england). 

2.2.2. Porosity

The porosity of samples was measured using the archime-
des principle method. The samples were immersed in distilled 
water, and the apparent weight loss in the archimedes Buoyancy 
is equal to the weight of the displaced fluid. The sample was 
placed in the desiccator for 1 hour in distilled water and vacuum 
to ensure that the water filled the pores and all the bulbs left the 
sample. The dry sample was weighed (Md) sample was then 
placed in the beaker to be put on the nylon chain (Ms) as it was 
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being measured; the samples were hanged in water (Ms), where 
the density of water, ρ = 1 g/cm3. sample and weight (Mw) were 
cleaned. eq. (1) was used to measure density. Bulk density and 
porosity equations are described in eqs. (1) and (2).

 
 Bulk density  waterMd

Mw Ms
 


 (1)

 
Apparent porosity 100%Mw Md

Mw Ms


 


 (2)

2.2.3. diametral tensile strength (dts) 

mechanical properties of BG-cord were determined by 
diametral tensile strength (DTs) test (instron 3367, america) 
at a crosshead speed of 0.5 mm/min with 5 kn load based 
on the asTm-D3967. The calculation of DTs was present in 
formula (3), where P = Force was applied. D = diameter of the 
sample, T = thickness of the samples, π = constant, 3.142. 

 
2PDTS
DT

  (3)

2.2.4. hardness

The vickers hardness test was performed. in order to make 
a measured indentation, the vickers hardness test uses 3 kn loads 
and 10 seconds dwell time. Before the testing, the samples were 
ground using sandpaper and then polished to obtain a smooth 
surface. The smooth surface samples were placed on the vick-
ers hardness machine. The vickers hardness of BG-cord was 
calculated using eq. (4), and the schematic diagram was shown 
in Fig. 1.

Fig. 1. vickers hardness schematic diagram
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  (4)

 F – load applied (kn),
 d 2 – mean of diagonal of the indentation (mm).

3. results and discussion

3.1. Particle size analysis

Before 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. 2. Fig. 2 shows the 
most considerable and median particle size analyzed of BG and 
cordierite powder after milling were tabulated in TaBle 3. 
The particle size distributions analysis of both BG and cordierite 
is portrayed in Fig. 2, where BG was found to have a smaller 
particle size than cordierite. This is because of the composi-
tion disparity between BG and cordierite with amorphous and 
crystalline (orthorhombic) atomic structures, respectively [30]. 
a material with an amorphous structure is more accessible 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. 

Fig. 2. Distribution of particle size BG and cordierite powder after 
milling 

TaBle 3 illustrates that both BG and cordierite powders’ 
particle sizes are smaller than 38 µm at D100, significant in bioac-
tive function. smaller particle size promotes the higher specific 

TaBle 3

largest and median particle size of BG and cordierite particle  
after milling

Powder largest particle size, 
d100 (µm)

Median particle size, 
d50 (µm)

BG 16.93 4.35
cordierite 19.94 5.45
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surface area, promoting accelerating 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 [31].

3.2. X-ray diffraction analysis (Xrd)

after the BG and cordierite were milled, the BG-cord was 
fabricated. The XrD analysis was done to determine the phase 
present of monolith BG and BG-cord. The results of the XrD 
analysis for all samples are shown in Fig. 3.

The XrD analysis revealed that the monolith BG possesses 
an amorphous structure with a significant combeite crystal phase, 
na6Ca3si6O18, (iCDD no.: 98-002-1442). an amorphous glass 
is formed upon fast cooling during a quenching process below 
the glass’s transition temperature [10]. in a melting process, the 
atoms in a molten glass move randomly and are immediately 
fixed but with irregular arrangement upon quenching. This 
phenomenon is due to the insufficient time for the atoms to rear-
range within the sample. The combeite phase started to appear 
when the atoms in the monolith BG pellets began to crystallize 
at 600°C upon sintering. Combeite provides essential properties 
that could enhance a material or composite’s bioactivity [32] 
and mechanical properties [33]. similar combeite and cordierite 
(iCDD no.:98-001-7002) were observed for all BG-cord sam-
ples of various cordierite compositions. Besides, the intensity of 
cordierite peak in the XrD spectra increases simultaneously with 
the increasing concentration of cordierite in the composite, where 
the BG-50%. Cord sample showed the highest peak intensity due 
to the highest amount of cordierite used. On the other hand, the 
quantity and intensity of the combeite phase peak decrease when 
a higher amount of cordierite is incorporated in the composite.

3.3. Porosity

The porosity conditions of the monolith BG and the fab-
ricated BG-cord composite was presented in Fig. 4. Based on 
Fig. 4, the porosity of BG increases with the increasing compo-
sition of cordierite. This occurs due to the difference in particle 
size between BG and cordierite particles, where the cordierite 
powder has a larger particle size than BG particles, as shown in 
TaBle 2. The larger particle size reduces the contact area be-
tween BG and cordierite particle size, thus creating more hollow 
parts (pores) and increasing the porosity [34]. The composite’s 
porosity increased gradually due to the increasing number of 
pores when the cordierite composition was increased.

3.4. diametral tensile strength (dts)

The DTs of the various BG-cord compositions was evalu-
ated, and the correlations between DTs and porosity for all 
composite samples are displayed in Fig. 5. Based on Fig. 5, 
cordierite increases BG DTs when up to 30 wt.% was added 
into the BG composition. The DTs value increases with the 
increasing amount of cordierite in the BG-cord composite, 
where a maximum DTs value of 14.01 mPa was achieved when 
30 wt.% cordierite was added, which was higher compared to 
monolith BG (6.29 mPa). 

Fig. 5 also illustrates that the BG-cord composites’ porosi-
ties (16.63% to 31.52%) are higher than that of the monolith 
BG (12.66%), which simultaneously resulted in the higher DTs 
values of the BG-cord composites. This shows the critical role 
of cordierite in strengthening BG rather than the compacting ef-
fect. However, the DTs value decreases, starting from 40 wt.% 
of cordierite addition due to porosity. a higher porosity in the 
sample results in more hollow spaces thus reduces the obstacle 
to withstand the force applied. 

Fig. 3. XrD analysis of: (a) BG, (b) BG-10%cord, (c) BG-20%cord, (d) BG-30%cord, (e) BG-40%cord, (f) BG-50%cord, (g) Cordierite
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Fig. 5. DTs and porosity of monolith BG and BG-cord with the vari-
ation of the composition

3.5. hardness

The physical properties of monolith BG and BG-cord with 
different compositions were measured using the hardness test. 
The hardness for all samples is presented in Fig. 6. Based on 
Fig. 6, BG-cord’s hardness decreased compared to monolith 
BG from 147 Hv to 113.87 Hv for BG-10%. Cord and the 
hardness keep decreased to 24.5 Hv when the composition of 
cordierite increases. This is due to the increase of porosity of 
the sample, which is porosity influenced the hardness of ceramic  
bodies [35].

Fig. 6. Hardness of the monolith BG and BG-cord with the variation 
of the composition

4. conclusion 

BG-cord composite was successfully fabricated by ex-
perimenting with a variation of BG and cordierite composi-
tions. an improvement in the BG-cord composites’ mechanical 
properties was observed with high DTs values when cordierite 
was incorporated. Overall, the BG-cord composite with 30 
wt.% cordierite (BG-30%cord) demonstrated the highest DTs 
value of 12.35 mpa and hardness of 73.37 Hv with 24.24%  
porosity. 
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