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H I G H L I G H T S   A B S T R A C T  
• The incorporationof cordierite caused a 

slight increase in grain size at all sintering 
temperatures.  

• At 1100°C, 30% cordierite increased the 
compressive strength of HA by 116.23% at 
700°C, 57.80% at 900°C, and 94.34 % at 
1100°C.   

• The effect of the cordierite on hardness was 
increased by 6.09% at 700 °C, 108.71% at 
900°C, and 66.59 % at 1100 °C. 

 In this study, a novel bioceramic material with improved mechanical properties 
was prepared to be consentient with the mechanical requirements of living 
bodies. Cordierite was synthesized via the sintering method at 1400°C, based on 
a composition of 51.4% silica, 34.8% of alumina, and 13.8% magnesia. The 
composition of precursor materials was studied using wet chemical analysis. 
Three different compositions of the cordierite (30, 40, and 50 wt.%) were 
incorporated in hydroxyapatite and then sintered at 700, 900, and 1100°C. To 
visualize the characteristics of all prepared materials, scanning electron 
microscopy (SEM) and X-ray diffraction (XRD) were analyzed. The crystallite 
size was determined from XRD patterns using the Scherrer equation. 
Microhardness was investigated using (a digital micro hardness tester), while the 
compressive strength was tested using a microcomputer-controlled electronic 
universal testing machine (WDW-5E). The modulus of elasticity was determined 
from the stress-strain curve. As a result, all samples which contain cordierite 
powder have considerable mechanical properties as compared to the control 
sample. The incorporation of cordierite caused a slight increase in grain size at 
all sintering temperatures. Among all ratios, the second mixture, which includes 
40% cordierite showed the best mechanical properties at all sintering 
temperatures. The percentage of 40% cordierite led to increasing the compressive 
strength of HA by 126.27% at 700°C, 61.52% at 900°C, and 123.05% at 1100 
°C. On the other hand, the effect of this cordierite level on hardness increased by 
94.04% at 700°C, 141.29% at 900°C, and 128.44% at 1100°C. The values of 
elasticity modulus ranged between 15-37 GPa, i.e. consistent with that of cortical 
bone.  
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1. Introduction 
Hydroxyapatite (AH), also known as calcium phosphate, has the chemical formula Ca10(PO4)6(OH)2 and is a bioceramic 

material that is frequently used for hard tissue regeneration due to its excellent biocompatibility, high osteoconductivity, and 
chemical similarity to biological apatite found in human hard tissues [1]. However, the mechanical characteristics of HA 
bioceramics are much lower than those of human bone. Thus,  in spite of its better biological activity, the mechanical 
properties of  HA bioceramics are significantly limit  its clinical uses, such as prosthetic teeth and bones[2]. In addition, it is 
barely degradable, preventing full bone replacement and remodeling and severely limiting their clinical applicability. As a 
result, there is a need to improve the mechanical characteristics and degradability of HA-based bioceramics. Until recently, 
developing composite materials was one of the most frequent strategies for manipulating material characteristics.  

In the most recent decades, hydroxyapatite (HA)-based composites have been widely inspected with particular attention to 
investigate physical, mechanical, and biocompatibility characteristics of HA in the existence of other second compounds. Until 
now, HA-Al2O3, AH-ZrO2, and HA-bioglass composites are well studied as much as their mechanical properties are 
concerned.Hossan et al. composited gelatin with hydroxyapatite to prepare a scaffold that mimics the natural bone with 
improved mechanical properties. The resulting material exhibited Vickers hardness larger than 200 Hv and it possesses 
biodegradability and biocompatibility making it suitable as bone substitute material [3]. Majid et al used HA/Al2O3 with three 
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different percentages of alumina to improve the flexural strength, impact strength, surface hardness, and shrinkage behavior of 
PMMA. Flexural strength increased by 35% as compared to pure PMMA. Also, impact strength was 2.5 times of these control 
PMMA, and Vickers hardness increased by 10% more than neat PMMA[4].  

Eclan et. al used different concentrations (0-5wt%) of ZrO2 to estimate the mechanical properties of hydroxyapatite at 
lower temperatures using microwave sintering. As a result, they found that 700 °C insufficient to cause densification of the 
prepared material. The temperature of 1200 °C produced the dense bodies, and increasing ZrO2 pins the grain boundaries [5]. 
Baradaran et. al used nano graphene oxide to reinforce nano-hydroxyapatite to produce (nHA/nGO) composite in order to 
overcome the limitations and disadvantages of HA and improve mechanical and biological performance. Results showed that 
elastic modulus and fracture toughness increased by 86% and 40% respectively [6]. 

In the work of Mohammad et. al, bioactive glass (20 wt%) was used to strengthen hydroxyapatite, and the effect of 
different synthesis processes on the morphological and microstructural properties of hydroxyapatite-bioactive glass composite 
prepared by sol-gel method was investigated. The results showed that crystallite size, crystallinity, shape, and specific surface 
area were largely dependent on the process and technique of synthesis [7]. Xiuyong et al studied the mechanical properties of 
nano diamond-reinforced HA composite coatings deposited on titanium substrate using plasma spray. They found that the 
composite coating reduced apparent porosity and exhibit uniform microstructure. Consequently, mechanical properties were 
enhanced in comparison to the control sample [8]. 

Chen et al. used gelatin, chitosan, and carboxymethyl with hydroxyapatite to prepare composite scaffolds with improved 
properties via a 3D printing approach. They found that the maximum compressive strength was 14.3 MPa after optimizing the 
microstructure [9]. Ping et al, was prepared a hybrid composite scaffold with improved mechanical and biological properties 
via bioinspired fabrication. The highest mechanical strength achieved was 9.41 ±1.63 MPa and the elastic modulus was 
0,17±0.02 GPa [10]. Ziquan et al used magnesium oxide and mineralized hydroxyapatite to fabricate a 3D silk fibroin scaffold 
for bone regeneration. They found that the addition of MgO and mineralized HA made the scaffold have superior physical and 
chemical characteristics, and cell and osteogenic activity. The maximum compressive strength achieved was 7.11±1.69 MPa 
[11]. Maksym et. al had been used a multi-walled carbon nanotube to improve the properties of HA. The results showed 
increasing the Vickers hardness by 1.3 times, elasticity index by 1.5 times, and resistance to plastic deformation by ~ 3 
times[12]. 

Many researchers focused on the use of cordierite as biocompatible material to prepare highly porous scaffolds. Marzieh 
et. al prepared cordierite by Pechini method to evaluate its effect in the PU matrix. The results showed that by incorporating 
cordierite into the polymer up to 2wt. %, the NLR index increased. The thermal effect is responsible for nonlinearity in this 
section [13]. Hamisah et. al used cordierite and wollastonite, by (50/50 wt.%), to prepare a novel bioactive ceramic composite 
used to regenerate bone tissues. They found that pure cordierite is bioinert ceramic and doesn't cause the formation of an 
apatite-like layer. The addition of wollastonite showed a good influence on the bioactivity of cordierite during immersion in 
SBF [14]. Recently, we have developed another new combination of HA-based material with Cordierite (5SiO2.2Al2O3.2MgO) 
as a reinforcing phase.  

Cordierite is a naturally occurring magnesium aluminum silicate ceramic material that includes 51.4% of silicon oxide, 
34.8% of aluminum oxide, and 13.8% magnesium oxide with the chemical formula of Mg2Al4Si5O18[15]. Cordierite comes in 
two varieties: natural and synthetic. Cordierite crystallizes in two polymorphic forms in nature: an orthorhombic low-
temperature form and a hexagonal high-temperature form. Low cordierite is converted to high cordierite by high-temperature 
heat treatment, whereas high cordierite is never converted to low cordierite. Cordierite crystallizes synthetically in three 
polymorphic forms: (high-temperature phase), (low-temperature form), and (meta-stable state) [15,16]. They have varied 
optical characteristics and are hexagonal crystal structures (cyclosilicate sheets). Synthetic cordierite possesses several 
features, including a low dielectric constant, a low dielectric loss, a low thermal expansion, a high chemical durability, a low 
thermal conductivity, and a high hardness (7-7.5 on the Moh's scale) [15].  

In this work, we prepared Hydroxyapatite/cordierite powder via a powder sintering technique to estimate the effect of 
cordierite on the mechanical properties of hydroxyapatite. To our knowledge, the preparation of Cordierite/Hydroxyapatite  
powder via a powder sintering technique has not yet been reported. In the present paper, we focus on the use of three weight 
percent of cordierite e.g. (30, 40, and 50 wt.%), and sintered at three different sintering temperatures (700 °C, 900 °C, and 
1100°C). From the literature, it is reported that the highest compressive strength was 14.3 MPa after optimizing the 
microstructure [9]. In another study,the maximum mechanical strength achieved was 9.41 ±1.63 MPa and the elastic modulus 
was 0.17±0.02 GPa [10]. In the study of Ziquan et al, the maximum compressive strength achieved was 7.11±1.69 MPa using 
magnesium oxide and mineralized hydroxyapatite to fabricate a 3D silk fibroin scaffold for bone regeneration [11].  

In the work of Hossan et al, the resulting material exhibited Vickers hardness larger than 200 Hv (~1.9 GPa) and it 
possesses biodegradability and biocompatibility making it suitable as bone substitute material [3]. As compared with previous 
studies, our highest compressive strength, hardness, and elasticity modulus were higher than 50 MPa, 9 GPa, and 36 GPa 
respectively.  

2. Experimental Work 

2.1 Synthesis of Cordierite Ceramic Nano Powder 
Cordierite was prepared via a solid-state process based on a stoichiometric mixture of 51.4% SiO2, 34.8% Al2O3, and 

13.8% MgO. Alumina, silica, and magnesia powders from (Iranian Nanomaterials Pioneers Company) with purity > 99% and 
particle size of 20µm were used as starting materials for cordierite ceramic. Table 1 shows the wet chemical analysis of each 
oxide.  
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Table 1: Wet Chemical Analysis of Silica, Alumina, and Magnesia 

Alumina 
Oxide Al2O3 SiO2 Fe2O3 MgO CaO Na2O K2O 
% 99.80 0.03 0.002 0.04 0.06 0.25 0.008 

Silica 
Oxide SiO2 Al2O3 MgO CaO Fe2O3 Na2O K2O 
% 99.80 0.07 0.02 0.04 0.03 0.02 0.02 

Magnesia 
Oxide MgO Al2O3 SiO2 CaO Fe2O3 Na2O K2O 
% 99.80 0.05 0.05 0.03 0.004 0.006 0.25 

To produce a homogenous mixture, the first starting oxides were wet mixed in a planetary ball mill at 400 rpm with 
ethanol alcohol as a dispersive medium for 4 hours. The resultant mixture was oven dried at 100°C for 24 hours before being 
finely crushed using a pestle and mortar. Particle size was determined using a laser particle size analyzer (Bettersize 2000), 
yielding a bimodal particle size of 2 µm as shown in Figure1.  

 
Figure 1: Particle Size Analysis of Mixed Oxides 

Consequently, the powder blend was die pressed into a disc, cylindrical and rectangular samples under 5ton pressure, using 
polyvinyl alcohol (PVA) as binder material during pressing. Green specimens were dried at 100°C for 24 hours. The sintering 
stage was performed at 1400°C for two hours with 8°C/min as an average heating rate. As a final step, sintered cordierite 
samples were crushed into small pieces using a pestle and mortar and then ground into a fine powder using a ball mill for 10 
hours to achieve cordierite nanopowder with a typical particle size of 96 nm as shown in Figure 2. 

 
Figure 2: Particle Size Analysis of Prepared Cordierite Powder 
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2.2 Preparation of HA/Cordierite Powder 
Hydroxyapatite nanopowder with needle-like particles (D = 10-30 nm, L=200nm, Pardis Technology Park, Tehran, Iran) 

was used in this study. During this stage, three batches of HA:Cordierite (70:30, 60:40, and 50:50) were prepared. Cordierite 
nanopowder by 30, 40, and 50 wt% was wetly mixed with hydroxyapatite nanopowder using a planetary ball mill in ethyl 
alcohol as dispersion media for 3 hours to obtain a homogeneous mixture. The resulting mixture was oven dried for 24 hours at 
100 °C to burn out all dispersive media. Finally, the mixture isfinely milled using a pestle and mortar.  

The powder mixture was die pressed into different specimen shapes via cold die pressing, using a hydraulic press machine 
at 5 tons using polyvinyl alcohol (PVA) as binder material. Green specimens dried out at 100°C for 24 hours to remove the 
organic binder phase. Dried specimens have been sintered at different temperatures 700, 900, and 1100°C for two hours with 
10 °C/min as an average heating rate, Table 2 shows the composition of prepared samples. 

Table 2: Composition of Cordierite/ Hydroxyapatite Bioceramic 

NO. Hydroxyapatite 
Wt% 

Cordierite 
Wt% 

Sintering 
Temperatures,°C 

Z1 50 50 1100 
Z2 50 50 900 
Z3 50 50 700 
Z4 60 40 1100 
Z5 60 40 900 
Z6 60 40 700 
Z7 70 30 1100 
Z8 70 30 900 
Z9 70 30 700 

3. Characterization 
The phase was evaluated using x-ray diffractometry (Shimadzo, 6000) at room temperature with Cukα radiation (λ = 

1.5405 Å), a scanning speed of 5°/min from 5° to 65° of 2θ (Bragg angle), and an applied power of 40 kV/30 mA. The size of 
crystals was determined using the Scherrer equation, as follows: 

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 =  0.9 λ
𝐷𝐷

 (1) 

Where Ɵ is the Bragg diffraction angle, D is the crystal size, λ is the radiation wavelength, is half of the diffraction peak 
width, and 0.9 is the Scherrer constant. The surface microstructure and the crystal size of the samples were investigated by 
Scanning Electron Microscope (SEM) instrument (Zeiss-Sigma-VP FE-SEM)  to produce images with magnifications of 
(X15,000). The hardness of polished and sintered samples was determined using (Digital Microhardness Tester). All samples 
were polished using polishing papers and tested at 9.8 N with a time of 15 seconds withan average of five samples taken as 
representative values. The compressivestrength of all sintered samples having dimensions of 10 mm in diameter and 20 mm in 
height were tested using a microcomputer-controlled electronic universal testing machine (WDW-5E) with 50 KN load, a test 
speed of 0.5 mm/min and with an average of five samples for each value by employing the following relation: 

 σ = F/A (2) 

 Young modulus was evaluated from the stress-strain curve generated during the compression test.  

4. Results and Discussion  
4.1 XRD Patterns 

X-ray diffraction has been used in order to identify the resulting phases and evaluate the effect of sintering temperatures on 
the percent of each phase. 

Figure 3.a depicts the XRD patterns of crystallization behavior of synthesized cordierite sintered at 1400 °C, its confirmed 
with the card code (01-084-1222). Also, Figure 3.b shows the XRD patterns of hydroxyapatite that are consistentwith the 
reference code (01-074-0566), which reveals that all diffraction peaks belong to the hydroxyapatite phase. Figure 4.a shows 
XRD patterns of Z3 sample that was prepared via sintering of (HA:Cordierite) with (50:50)wt.%.  
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(a) 

 
(b) 

Figure 3: XRD Patterns of Cordierite (a) and HA (b) 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4: XRD patterns of Cordierite/HA samples prepared from 50wt% cordierite and 50wt% HA sintered at 700°Ϲ (a),  
               900°Ϲ (b), 1100°Ϲ (c) and crystallization behavior of the first batch (d) 

In diffractogram of Z3, very small peaks at 2θ = 35.218, 42.064, 43.404, and 44.910 were consigned to the magnesium 
whitlockite phase (Calcium Magnesium Hydrogen Phosphate, Ca18Mg2H2 (PO4)14) have been detected, which consistent with 
the reference code (00-042-0578). This indicates that a small amount of HA had reacted with magnesium that was released 
from cordierite crystals to form a whitlockite phase during the heating at 700°Ϲ. The main strong peaks of HA and cordierite 
have still stayed, this is because the temperature of 700°Ϲ is insufficient to cause the decomposition of cordierite – the highly 
chemically inert phase and hydroxyapatite. As the temperature increased to 900°Ϲ, many of the cordierite and HA strong peaks 
have been exhibited a reduction in their intensities, as observed in Figure 4.b. This behavior accompanied by increasing the 
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intensity of previously available whitlockite peaks as the temperature raised to 900°Ϲ in sample Z2, while magnesium 
whitlockite peaks at 2θ = 42.11, 43.404 and 44.879 exhibit an increase in their intensity and sharpness. During the sintering of 
the mixture at 1100 °C, new whitlockite peaks had been appearing at 2θ = 13.769, 17.192, and 41.566. The main strong peaks 
of cordierite at 2θ = 10.524 and 21.965 became very small and weak peaks. Furthermore, secondary cordierite peaks have been 
highly decreased. The main hydroxyapatite peak appears at 2θ = 31.346 in Figure 4.c had been shifted and reacted with 
cordierite to form magnesium whitlockite (Ca18Mg2H2 (PO4)14), which became the prominent phase at the sintering 
temperature of 1100°C [17]. Also, the peak that appears at 2θ = 34.897 became more intense and sharper which belongs to 
magnesium whitlockite. All of the magnesium whitlockite peaks which appeared previously at 700 and 900°C increased in 
intensity and sharpness.  

All HA peaks at positions ranging from 60° to 65° completely disappear. The behavior of the sample prepared from 50:50 
HA:Cordierite is represented in Figure 4.c. Figure 4.d shows the crystallization behavior of Batch 1. The samples of the second 
batch have exhibited the same behavior as the previous samples of the first batch. The percent of the magnesium whitlockite 
phase is much less than that formed in the first batch. This is due to the second mixture including 40 wt.% of cordierite phase, 
i.e. lower magnesium content that would have reacted with HA to form magnesium whitlockite phase. The number and 
intensity of this phase peaks increased gradually with increasing sintering temperatures,Figure 5.a shows this behavior. When 
the temperature raised to 900°C, all Mg-whitlockite peaks, that formed previously, have been increased in their intensity 
without the formation of any new Mg-whitlockite peaks at this temperature, Figure 5.b revealed XRD patterns of sample Z5.  

  Figure 5.c shows the heat treatment behavior at 1100°C, new Mg-whitlockite peaks have appeared at 13.469, 17.781, 
26.750, 27.786, 34.728, 41.463, 44.986, 48.613, and 59.803. In addition to this formation, the previous peaks have been 
becoming strong in their intensity.Figure 5.d above illustrates the XRD patterns of HA/Cordierite by (60:40) wt.% and sintered 
at 700, 900, and 1100 °C, they are denoted Z6, Z5, and Z4 respectively. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5: XRD patterns of HA/Cordierite samples prepared from 40 wt% cordierite and 60 wt% HA sintered at 700°Ϲ (a),  
                 900°Ϲ (b), and 1100°Ϲ (c) and crystallization behavior of the second batch (d) 

The third batch involves samples prepared by sintering of Cordierite:HA = 30:70, sintered at 700, 900, and 1100 °C 
denoted as Z9, Z8, and Z9 respectively. In Figure 6.a which revealed XRD patterns of Z9, the most predominated phase was 
hydroxyapatite. A very little part of HA reacted with cordierite and resulted in Mg-whitlockite phase creation due to heat 
treatment at 700°C.The intensity of these peaks increased gradually as the sintering temperature raised from 700 to 1100 
°C.When the temperature upraised to 900°C, all Mg-whitlockite peaks, that formed previously, have increased in their intensity 
with the formation of a new Mg-whitlockite peak at this temperature, Figure 6.b shows this behavior.  
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During the heat treatment at 1100 °C, new Mg-whitlockite peaks appeared at 2θ°= 13.469, 17.781, 20.381, and 33.929 as 
proposed in Figure 6.c. Figure 6.d shows XRD patterns of samples Z9, Z8, and Z7 heat treated at 700, 900, and 1100°C 
respectively. This batch of samples behaves the same as the previous bathes. The presence of Mg-whitlockite matched with the 
literature [18,19] and standard code (01-070-2064). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6: XRD patterns of Cordierite/HA samples prepared from 30wt% cordierite and 70wt% HA sintered at 700°Ϲ (a),  
                   900°Ϲ (b), and 1100°Ϲ (c) and crystallization behavior of the third batch (d) 

4.2 Scanning Electron Microscope (SEM) 
Microstructures of all prepared samples have been characterized using SEM. The SEM images of samples prepared from 

50:50 (HA:cordierite) and sintered at 700, 900, and 1100°C are shown in Figure 7.a,b, and c respectively. As it is seen in 
image a, there is a homogeneous very fine grain with good acceptable densification. In addition, there is an appearance of 
interconnected and closed pores, which had been referred to by the red and green arrows respectively; these are a consequence 
of the evaporation of binder material. As the treatment temperature was raised to 900°C, the microstructure of Z2 sample, 
depicted in image b, became more uniform in terms of grain size distribution and grain coalescence. This was companied by 
considerable crystallite growth and densification as compared with the previous sample. The morphology of Z1 sample treated 
at 1100 °C is represented in image c. The image shows that there is a very clear development in the particle size accompanied 
by the appearance of grains coalescence that resulted in a higher densification. Figures 8.a,b, and c depicted the morphology of 
the batch comprising 40:60  (Cordierite:HA) sintered at 700, 900, and 1100°C respectively. Image a, illustrates the morphology 
of sample Z6, whichdisplays extra fine crystallites, highly homogeneous and dense texture, and very limited numbers of micro-
pores (marked with red arrows). As the temperature upraised to 900°C, an explicit granular growth appears within the 
microstructure of Z5 sample marked by the letter b and this was confirmed by examining the size of the crystals, which reveals 
the growth of crystallites, which increases with the increasing of sintering temperatures. The same behavior appears for the 
sample that was sintered at a temperature of 1100°C, bears the symbol Z4, and is marked by image c. Samples of the third 
batch prepared from 30:70 ( Cordierite:HA) and sintered at 700, 900, and 1100°C have been obtained in Figure 9.a,b,c 
respectively. All samples exhibit the same behavior as in previous batches. There was a clear grain growth, which increased 
dramatically in samples sintered at 1100°C companied by the formation of cracks, marked by the red arrow. This grain growth 
is attributed to the absorption of heat energy by the particles[20]. A large number of tiny, small particles are linked, resulting in 
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irregular agglomerated clusters [7]. The major crucial aspect for improving the mechanical characteristics of ceramic materials 
is a fine and homogenous microstructure [21,22]. 

 
(a) 

 
(b) 

 
(c) 

Figure 7: SEM Micrograph for Z3 (a), Z2 (b), and Z1(c) 

4.3 Crystallite Size 
Mean crystallite sizes grown at different temperatures calculated using Scherrer equation are listed in Table 3. 

Table 3: Crystallite Size of Cordierite / Hydroxyapatite Samples 

Sample Crystallite Size (nm) 
700 °C 900 °C 1100 °C 

Cor                             60.025   
HA 30.01 32.22 35.71 
Batch 1 36.29 39.54 40.30 
Batch 2 33.94 38.88 39.46 
Batch 3 34.97 39.36 39.84 

Figure 10 depicts crystallite size as a function of sintering temperature for the three batches. However, the crystallite sizes, 
calculated according to XRD patterns with full-width maximum half, increased gradually with increasing sintering 
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temperatures, when the size of 36.295 nm at 700°C slightly increased to 39.544 nm at 900 °C, and finally to 40.3 nm at 1100°C 
in the first batch. This behavioris attributed to the fact of increasing treatment temperatures causes grain growth and 
agglomeration of fine particles as a result of diminishing the internal energy of the system [16]. The geometry of all particles 
was sphere-like as represented by SEM imaging. This is a very important requirement for the application of Debye-Sherrer 
equation to estimate the crystallite size. This equation should be applied to determine crystallite sizes of samples with sphere-
like geometry because the constant 0.89 applies only to spherical shapes[19]. 

On the other hand, the term crystallite sizes are not suitable for needle-like or rod-like particles or any other type of 
geometries, because such types of shapes require more than two parameters to determine their sizes [23]. Therefore, there is a 
good correlation between crystallite size determinations and SEM images. 

The crystallite size of all samples exhibited the same behavior with increasing sintering temperatures. These results are in 
high accordance with those reported by Sadeghzade et. al [20]. Grain growth is a phenomenon that occurs after 
recrystallization when the strain-free grains continue to grow if the specimen is left at elevated temperatures. Reduction of high 
energy is the driving force for grain growth. It represents an increase in average grain size in polycrystalline materials [24,25]. 
At constant temperature, increasing the crystallite sizes with increasing the cordierite percent from 40 to 50 wt.%  is attributed 
to decreasing the lattice strain and grain boundaries. This is consistent with SEM imaging which also can be justified by 
decreasing dislocation density with an increase in cordierite content [26].   

As compared with the crystallite size of control samples, that comprising HA only, the addition of cordierite result in slight 
grain growth, i.e. cordierite cause little increase in crystallite size. 

 
(a) 

 
(b) 

 
(c) 

Figure 8: SEM Micrograph for Z6 (a), Z5 (b), and Z4(c) 
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(a) 

 
(b) 

 
(c) 

Figure 9: SEM Micrograph for Z9 (a), Z8 (b), and Z7(c) 

 
Figure 10: Crystallite Size Versus the Sintering Temperatures of Prepared Batches 
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4.4 Vickers' Micro-hardness  
The micro-hardness test is the most accurate. This test is very suitable for testing polished and hardened materials due to 

the small impression made on testing specimens. Its' values are represented as (Hv) and in order to convert micro-hardness 
values from Hv to GPa, its multiplied by (0.009807). Figure 11 and Table 4 show hardness in GPa as a function of sintering 
temperature for all batches. In the first batch, that comprising 50 wt.% cordierite and 50 wt.% hydroxyapatite, it has been 
observed that there is a relative increase in hardness values with increasing sintering temperature.  

It has been found that the hardness of sample (Z3), which was sintered at 700°C is 5.62 GPa. This value increased to 6.47 
GPa as the sintering temperature upraised to 900 °C and eventually became 7.03 GPa during the heat treatment at 1100°C. This 
phenomenon is attributed to the degree to which the microstructure improved as sintering temperatures increased. At the 
greatest sintering temperature of 1100°C, denser and more uniform pore geometry with more round pore geometry was found 
(as illustrated by SEM images), and the values (7.03 GPa), are higher than that of human femoral cortical bone. 

 
Figure 11: Hardness Versus the Sintering Temperatures of Prepared Batches 

In the second batch, the hardness of 5.86 GPa at 700°C, increased suddenly to 7.48 GPa at 900°C and then to 9.64 at 1100 
°C. Samples of batch 2 demonstrate the greatest values for hardness. This is attributed to their unique microstructure and very 
fine crystallite sizes, that are consistent with SEM and mechanical properties analysis. It can be concluded from the figure, that 
the first batch comprising 50 wt.% of cordierite, shows the lowest hardness value. This behavior is consistent with XRD 
analysis, which demonstrates that as the cordierite percent increases, the percent of Mg-whitlockite phase increases. 
Consequently, there is a slight reduction in hardness values, because whitlockite is an atri-calcium phosphate phase that has 
mechanical properties smaller than these of hydroxyapatite. At the highest sintering temperature (1100°C), SEM pictures 
revealed a more dense structure and great homogeneity in pore morphologies with additional round pore geometry; the values 
of all samples are higher than those of human femoral cortical bone.  

As cordierite percent increase from 30% to 40%, there is a clear increase in the values of hardness. This is attributed to 
decreasing the grain sizes of the second batch, and the behavior follows the Hall-Petch (H-P) relationship, which proposed that 
the mechanical properties increase with decreasing the grain size [27]. Hardness increased for the second batch as compared 
with the other two batches, because it had the finest microstructure. Consequently, decreasing the grain size resulted in 
reducing the free path for dislocation motion, and thus, stronger material was resulted [27,28]. Usually, the cortical bone is 10-
15% harder than the cancellous bone adjacent in orientation. Therefore, experimentally, all samples are suitable for load-
bearing bones. 

4.5 Compressive Strength  
Figure12 shows the compressive strength as a function of sintering temperatures. It has been predicted that the 

compression strength slightly increases with increasing of sintering temperatures. The strength value was 36.40 MPa at a 
temperature of 700 °C, increased slightly to become 39.78 MPa at 900 °C, and eventually has been settled at 41.47 MPa when 
the temperature was 1100 °C. This behavior may be attributed to increasing the perfection of microstructure with increasing 
sintering temperature and this is consistent with SEM imaging [15]. Also, the grain growth (increasing of crystallite size), that 
occurs with upraising the heat treatment temperatures, was inconsiderably slight, i.e. from 36.3 to 40.3 nm. This means the 
crystallite growth was only 11%, and such a low percentage does not greatly affect the mechanical performance of samples 
that belong to the same batch.  

It can be noted from Figure 12, that for batch 2, the compressive strength of 38.76 MPa at 700°C and 41.23 MPa at 900°C, 
and these values increased gradually to reach 50.41 MPa at 1100°C. The samples of the other third batches exhibit the same 
behavior with the treatments' heat. This performance can be justified by the perfection of the samples' microstructure, i.e. 
absence of impurities, porosity, cracks, and any other types of lattice imperfections [15]. Mechanical strength data show great 
consistency with SEM pictures, which show superb grain coalescence and a dense structure with no holes, indicating the 
occurrence of a suitable reaction between reacting components. 
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Figure 12: Compression Strength Versus the Sintering Temperatures of Prepared Batches 

At constant temperature, it has been noted, that increasing cordierite percent from 30 to 40 wt.% resulted in improved 
strength, while batch 1, which comprises 50 wt.% cordierite and 50 wt.% HA exhibits values lower than that of the other two 
percent. The second batch employs the highest values as compared with others. These results are consistent with crystallite 
sizes. In other words, increasing cordierite content from 30 to 40 wt.% results in decreasing crystallite sizes, i.e. finer 
microstructure, which in turn employed higher compressive strength. This behavior can be justified according to Hall-Petch 
(H-P) relationship [29,30]. 

Decreasing the grain size is regarded as one of the strengthening mechanisms in materials, which knowing as 
strengthening by grain size reduction [25]. The smaller the grain size, the higher the number of grains available, which means 
the larger the number of grain boundaries that will act as an obstacle to dislocation motion. The obstruction or hindrance of 
dislocation motion in materials is the foundation of materials' strengthening [25]. As cordierite percent increased from 40 to 50 
wt.%, the crystallite sizes increased in all samples of batch 1, and for this reason, the compressive strength of batch 1 samples' 
were slightly less than those of batch 2 samples. This is attributed to the fact, that increasing grain size resulted in higher free 
paths for dislocation motion, and consequently decreasing in mechanical performance [27,30]. 

4.6 Modulus of Elasticity (E) 
In this study, the modulus of elasticity had been determined from the stress-strain curve during compression testing. The 

results of the test are observed in Table 4, where the property of each sample is recorded as a function of sintering temperatures 
and cordierite percent. Figure 13 shows this relationship. Almost, the behavior of E is similar to that of hardness and 
compressive strength. In each batch, E increase with increasing sintering temperature. This is consistent with the SEM result, 
which illustrated highly homogeneous microstructure and increasing densification with the temperature upraising.  

The second batch, that contains 60% HA and 40% wt. cordierite, employing the highest values for modulus of elasticity at 
all temperatures. This is attributed to the perfection of the microstructure of batch two samples', which exhibits a finer grain 
size as compared with other batches. Consequently, and according to Hell-Petch law, the mechanical properties increase with 
decreasing grain size. From Table 4 and Figure 13, the values of E range between 15-37 GPa, which highly consistent with that 
of cortical bone [31]. 

 

 
Figure 13: Elastic  Modulus Versus the Sintering Temperatures of Prepared Batches 
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Table 4: Mechanical Properties of Hydroxyapatite/Cordierite Samples 

Sample Hardness (GPa) Compressive Strength (MPa) Young Modulus (GPa) 
700 °C 900 °C 1100 °C 700 °C 900 °C 1100 °C 700 °C 900 °C 1100 °C 

Cor 12.87 166.45 145 
HA 3.02 3.61 4.22 17.13 25.52 22.66 5.22 12.45 8.09 
Batch 1 5.42 6.01 6.45 36.40 39.78 41.47 15.00 25.03 36.30 
Batch 2 5.86 7.48 9.64 38.76 41.23 50.41 19.35 31.00 36.50 
Batch 3 5.62 6.47 7.03 37.04 40.27 43.92 18.42 26.68 29.56 

5. Conclusion 
Cordierite is magnesium aluminum silicate, that had been successfully incorporated with hydroxyapatite and resulted in a 

novel biomaterial with improved properties as cordierite a biocompatible ceramic with high mechanical characteristics. Results 
show that all of the samples, which contain different percents of nano cordierite powder, at all temperatures have significant 
mechanical properties as compared with the control sample (without cordierite additions). The incorporation of cordierite 
caused a slight increase in grain size at all sintering temperatures. A 30% cordierite increased the compressive strength of 
HAby 116.23% at 700 °C, 57.80% at 900 °C, and 94.34 % at 1100 °C. While, the effect of this cordierite on hardness, was 
increasing by 86.09% at 700 °C, 108.71% at 900 °C, and 66.59 % at 1100 °C.  

A 40% cordierite increased the compressive strength of HA by 126.27 % at 700 °C, 61.52 % at 900 °C, and 123.05 % at 
1100 °C. While, the effect of this cordierite level on hardness, was increasing by 94.04% at 700°C, 141.29 % at 900°C, and 
128.44 % at 1100 °C. A 50% cordierite increased the compressive strength of  HA by 112.37 % at 700°C, 55.88 % at 900°C, 
and 83.50 % at 1100 °C. While, the effect of this cordierite content on hardness was increasing by 79.47% at 700 °C, 93.87 % 
at 900 °C, and 52.84 % at 1100 °C. Modulus of elasticity exhibit behavior as that of compressive strength and hardness. Its 
value shows excellent consistency with these cortical bones. Among all ratios, the second mixture, which includes 40% 
cordierite and 60% HA, is the one that shows the best mechanical properties at all sintering temperatures.  
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