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Abstract: In this study, the effect of alumina (Al2O3) addition, varying between 1-10% by weight, 

on the properties of hydroxyapatite obtained from sheep femur bones (SHA) was investigated. 

SHA decomposed at all sintering temperatures and the total decomposition rate increased from 

1.4% to 4.1% with increasing temperature. The decomposition rate of SHAs with Al2O3 added 

increased to 60.1% with increasing Al2O3 and sintering temperature. Density (from 2.16±0.03 to 

2.98±0.02 g/cm3) and hardness (from 0.93±0.15 GPa to 3.90±0.27 GPa) of SHA increased with 

increasing temperatures, however; the highest compression strength (82±5.05 MPa) and fracture 

toughness (0.70±0.11 MPam1/2) were obtained at a temperature of 1200oC. Additions at amount 

of 1% and 2.5% Al2O3 to SHA contributed to obtaining better properties than 5% and 10%, 

however; the optimum Al2O3 ratio is 2.5% and the sintering temperature is 1200oC. With the 

addition of Al2O3 at amount of 2.5%, the fracture toughness value of SHA increased from 

0.70±0.11 MPam1/2 to 1.70±0.15 MPam1/2, and the compression strength increased from 82±5.05 

MPa to 207.85±5.85 MPa. The brittleness index of SHA increased from 1.70±0.27 to 7.10±0.50 

μ-1/2 with increasing temperature. It increased to 3.56±0.18 μ-1/2 as the maximum value by the 

addition of Al2O3 to SHA. At the end of the 28-day immersion period, it was determined that, most 

of the SHA surface and the entire surface of the SHA-2.5Al2O3 composite were covered with 

apatite layer.  
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Öz: Bu çalışmada ağırlıkça %1-10 arasında değişmekte olan alumina (Al2O3) ilavesinin koyun 

femur kemiklerinden elde edilmiş olan hidroksiapatitin (SHA) özelliklerine etkisi incelenmiştir. 

SHA tüm sinterleme sıcaklıklarında dekompoze olmuş ve toplam dekompoze olma oranı artan 

sıcaklıkla %1.4' ten %4.1' e çıkmıştır.  Al2O3 ilaveli SHA' lerde dekompoze olma oranı ise artan 

Al2O3 ve sinterleme sıcaklığı ile %60.1' e artmıştır. SHA' nın yoğunluğu (2,16±0,03' ten 2,98±0,02 

g/cm3' e) ve sertliği (0,93±0,15 GPa' dan 3,90±0,27 GPa' ya) artan sıcaklık arttıkça artmış, ancak; 

en yüksek basma dayanımı (82±5,05 MPa) ve kırılma tokluğu (0,70±0,11 MPam1/2) 1200oC 

sıcaklıkta elde edilmiştir. SHA' ya %1 ve %2.5 oranında Al2O3 ilavesi, %5 ve %10' dan daha iyi 

özelliklerin elde edilmesine katkı sağladı; optimum Al2O3 oranı %2.5 ve sinterleme sıcaklığı 

1200oC’ dır. %2.5 oranında Al2O3 ilavesi ile SHA' nın kırılma tokluğu değeri 0,70±0,11 MPam1/2' 

den 1,70±0,15 MPam1/2' ye, basma dayanımı 82.48±5.05 MPa' dan 207.85±5.85 MPa' ya 

yükselmiştir. SHA' nın kırılganlık indeksi artan sıcaklıkla 1.70±0.27'den 7.10±0.50 μ-1/2'ye 

yükseldi. SHA' ya Al2O3 ilavesiyle maksimum değer olarak 3,56±0,18 μ-1/2' ye yükseldi. 28 günlük 

daldırma süresi sonunda SHA yüzeyinin büyük bir kısmının, SHA-2.5Al2O3 kompozitinin 

yüzeyinin ise tamamının apatit tabakası ile kaplandığı belirlendi. 

 

1. INTRODUCTION 

 

Waste mineralized tissues (WMT) create an undesirable 

environmental impact [1]. The most effective method for 

minimize the environmental impact of WMT is to 

transform their into useful and valuable substances 

through ecofriendly processes [2]. WMT, such as bone, 

teeth, antler and horn, are important elemental storage 
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sites in animals. These tissues contain necessary elements, 

both major, such as calcium (Ca), phosphorus (P), 

magnesium (Mg) and sulphur (S), and trace elements, 

such as iron (Fe), zinc (Zn), manganese (Mn) and 

cadmium (Cd). [3]. These ingredients serve as catalytic, 

structural, and electrochemical components in numerous 

applications. Furthermore, bones are utilized in food and 

biomedical sector due to their rich component. Waste 

bone derived hydroxyapatite (HA) has further usage in 

drug delivery agents, adsorbents, chemical sensors, bio-

ceramics, chromatographic lighting materials, and 

powder carriers [4]. Waste bone of animals such as 

chicken [5], turkey [6], bovine [7], goat [8], and pork [9] 

can be used in the production of HA. Sheep bones are also 

suitable for medical research [10], because they have 

similar macrostructure to human bone [11]. Sheep bones 

can be also used as HA production resource [12]. HA is 

one of the non-toxic bioceramics that has biocompatibility 

and similarity in composition with human bones. Besides 

having advantages, HA has poor mechanical properties 

such as low values of hardness and fracture toughness and 

is brittle [13]. It has been stated by Demirkol, N., et al.[14] 

that SHA has the sintered density of 2.59 g/cm3, the 

hardness of 189 HV and the compression strength of 69 

MPa. These values restrict the use of SHA in the human 

body. The weak characteristic properties of SHA could be 

improved when it was reinforced with a material, which 

has higher mechanical reability than that of SHA [15]. 

Many studies have demonstrated that the addition of 

ceramics to SHA tends to enhance its mechanical 

performance and/or its biological properties [16]. For this 

purpose some ceramics such as niobium oxide [17], 

magnesium oxide [18], perlite [19] and bioactive glass 

[20] were used as reinforcement agent.  

 

Alumina (Al2O3) is an advanced ceramics industry 

because of three key advantages: (i) it has an industrially 

high usable combination of mechanical, tribological, 

dielectric properties and chemical inertness; (ii) It is an 

inexpensive and easily available material [21]. Moreover, 

it has excellent properties, such as low thermal expansion 

coefficient, high chemical stability, and good high-

temperature performance [22]. It has been declared that 

Al2O3 additive contributes the improvement of properties 

of dental [23] and femoral head of hip joint replacement 

materials [24]. Although Al2O3 has been used as a 

reinforcement agent for synthetic [25-27] and/or 

biologically derived HAs [28,29], its effect on SHA has 

not been investigated.  

 

In the present study, the effect of alumina additive on the 

sinterability and properties of sheep derived 

hydroxyapatite was investigated using microstructural 

characterization techniques and mechanical testings.  

 

2. MATERIAL AND METHOD 

 

In the present study, hydroxyapatite was derived from 

sheep femur bones as shown in Figure 1. Sheep femur 

bones purchased from Migros (Kadıköy, Istanbul) were 

firstly cleaned to remove visible substances and then head 

parts of the bones were cut off and marrow in shafts 

removed via boiling within water in a pressure cooker for 

4 h. After the boiling process, the retained shafts were 

deproteinized with sodium hidroxide (NaOH) for 1 h, 

washed with distilled water and then dried at 105oC for 

4h. before calcination treatment. Finally bones were 

calcinated at 800oC for 2 h and then obtaining of HA was 

checked by XRD analysis. It is in good agreement with 

the ICDD Card No: 98-009-0247 for HA. The calcinated 

samples were firstly ground and then crushed in a mortar 

to between -63 µm to +45 µm to prepare the composites 

as shown in Figure 2.   

 

 
Figure 1. Schematic presentation of the production of SHA powder 

 

Figure 2 shows the processing steps of production of SHA 

with and without Al2O3 additives. Four different 

composites were prepared by adding Al2O3 to SHA, at 

amount of 1wt%, 2.5wt%, 5wt% and 10wt% , 

respectively. The prepared mixtures were homogenized 

with zirconia balls and ethyl alcohol at 180 rpm for 2 

hours, with a powder/ball ratio of 1/7. SHA and composite 

powders were pelleted in accordance with British 

standard 7253 [30] using zinc stearate, and then dried at 

105oC. The green bodies were heated up to 300oC to 

remove zinc stearate and sintered at the temperatures of 

1100, 1150, 1200, 1250 and 1300oC for 4 h.     

 

 
Figure 2 Processing steps of production of SHA with and without Al2O3 
additive 

 

Density, porosity and relative densities of the sintered 

samples were measured using a Precisa XB 320 M 

precision balance according to the Archimedes principle. 

The theoretical density of SHA was taken as 3.156 g.cm-3 

[31] and the theoretical density of Al2O3 was taken as 

3.970 g.cm-3 [32] to calculate the relative density of 

samples. Hardness of the samples were determined in the 

Future Tech FM301 device by using the Vickers (HV0.2) 

method because it provided the formation of hardness 

indent without cracking. The sintered samples were 

ground with SiC papers (between 800 and 5000 mesh) and 

then polished with diamond paste up to 0.5 µ to obtain 
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mirror-like surfaces. Fracture toughness measurements 

were performed under a load of 2,943 N with a dwell time 

of 10 s and calculated according to Equation 1 [33]. 

 

Kıc = 0.203(c/a)-1.5(HV)(a)0.5                                       (E1)                                                           

 

Here; KIC is the fracture toughness (MPa.m1/2), c is the 

radial crack dimension measured from the center of the 

indent impression (m), HV is the hardness (MPa), and a is 

the half diagonal of the indentation (m). The brittleness 

index of the sintered samples was calculated by Equation 

2 [34]. 

 

BI = (HV/Kıc)                                                              (E2) 

 

Here; B is brittleness index, HV is the hardness, and Kıc 

is the fracture toughness.  

 

Compression strength of the sintered samples was 

calculated by Devotrans FU 50kN testing device under a 

loading rate of 2 mm.min-1. The surface morphology and 

grain size measurements of the samples were performed 

using the FEI Sirion XL30 scanning electron microscope 

(SEM). The phases in the SHAs with and without Al2O3 

additive were analyzed using a Philips X’Pert X-ray 

diffraction (XRD, Netherlands) device in the range of 2θ 

values between 20° and 50°. Rietvield analysis was 

performed to calculate the phase ratios in the samples.   

 

3. RESULTS & DISCUSSION 

 

Figure 3 shows the XRD analysis of the pure SHA 

depending on the sintering temperature. It is seen that β, 

α-TCP and CaO phases are formed when pure SHA is 

sintered at 1300oC. The same regime had also confirmed 

in a previous study [35].  Thermal stability of biologically 

derived HAs depends on a number of factors, such as Ca/P 

ratio of HA [36], calcination temperature and time [37] 

and sintering atmosphere [38], cause its decomposition 

[39]. Thermal stability of synthetic HA is around 1100-

1150oC; above this temperature, it is possible to see phase 

transformations [40]. Bovine HA has been reported to 

decompose into β-TCP at approximately 1100°C [41]. 

The termal decomposition of HA is attributed to the 

vacancies formed by release of structural water [42], and 

it can be explained as shown in Reaction 1 [38] when 

sintering is performed at 1300oC.  

 

Ca10(PO4)6(OH)2               3Ca3(PO4)2 + Ca3P2O8 + CaO + 

H2O                                (R.1) 

 

 

 
Figure 3. XRD analysis of the pure SHA depending on the sintering 

temperature. 

 

A study mentioned that HA at the sintering treatment of 

1200°C has occurred with β-TCP [43].  Breaking of the 

bond between the calcium ion and the hydroxyl ion leads 

to removal of the hydroxyl ion from the crystal, and HA 

eventually decompose to generate β-TCP [44]. The 

formation of OH- vacancies accelerates the cation 

transport in the HA lattice and it increase the 

decomposition ratio of HA matrix material [45]. As 

shown in Table 1, the decomposition ratio of 1.4% of 

SHA at 1100oC increased with ascent of sintering 

temperature and it was calculated as 4.1% at the sintering 

temperature of 1300oC. It was declared by Lim, et al. [46] 

that the decomposition ratio of HA had 56% at the same 

temperature. However, a material produced to the human 

body applications should have a decomposition ratio 

lower than that of 10% according to ISO 13779-3:2018 

standart [47].  There are several reasons for such a 

restriction: β-TCP existing in HA with low content helps 

for the rapid bonding of artificial bones to natural ones via 

rapid dissolution. Biphasic HA/β-TCP structures are 

being considered for filling periodontal osseous defects. 

The presence of a more bioactive phase (β-TCP) in the 

biphasic composite promotes a much faster 

osseointegration without complete implant resorption 

[48]. Too high content of β-TCP seriously deteriorates the 

mechanical properties and chemical stability of artificial 

bones. Thus, the precise control of β-TCP content in HAp 

is a critical issue in biomedical applications [49]. More 

than 10% of α-TCP in the HA matrix causes an increase 

in the number of nanopores, which severely reduces the 

strength of the sintered samples [50]. Moreover, the 

formation of a very high amount of highly soluble phase 

in HA ceramics, i.e. α-TCP, reduces the formation of an 

apatite-like layer in HA ceramics [51]. The presence of 

CaO in HA-based implants designed for medical 

applications is unacceptable for the following reasons. In 

contact with water molecules CaO converts into calcium 

hydroxide. That results in gradual tension and hair cracks 

in the ceramic material, its swelling and breaking and 

even some disintegration into individual particles and also 

generates strong alcalinity in the implant environment. 

The problem of the presence of CaO in the HA of animal 

origin is significant in respect of its applications as 

biomaterial [52].  



 

Tr. J. Nature Sci. Volume 12, Issue 3, Page 118-127, 2023 
 

 

121 

Table 1 Rietvield analysis of pure SHA depending on the sintering 

temperatures 

 
 

XRD patterns of Al2O3 added SHAs are presented in 

Figure 4. For the SHA/1Al2O3 composite, HA 

decomposed to β-TCP at 1100oC; and at 1200oC HA 

started to decompose the mixture of β- and α-TCP. After 

sintering at 1300oC, 5.0% of the HA tranformed into β-

TCP and 3.0% of the HA tranformed into α-TCP in this 

composite as shown in Table 2. In the composites of 

SHA/2.5Al2O3 and SHA/5Al2O3, HA transformed to β-

TCP. A transformation at about 8.1% for SHA/2.5Al2O3, 

and 17.6% for SHA/5Al2O3 after sintering at 1300oC was 

calculated. However; in the SHA/10Al2O3 composite, 

19.2% of HA transformed into β-TCP and 1.0% of HA to 

α-TCP, after sintering was carried out at 1100oC. When it 

was sintered at 1300oC, the transformation rate of HA into 

β-TCP and α-TCP increased to 43.4% and 16.7%, 

respectively. In addition to β- and/ α-TCP, calcium 

aluminates (CaAl2O4 and Ca4Al6O13) were detected in the 

SHA/Al2O3 composites. No CaO peak was observed in 

the SHA/Al2O3 composites. CaO in free form has 

observed in HA/ZrO2 [53] and HA/TiO2 [54] composites.  

 

 

 
 

 

 
Figure 4. XRD patterns of Al2O3 added SHAs 

 
Table 2. Rietvield analysis of SHA-Al2O3 composites depending on the 

sintering temperatures 

 
 

Figure 5 (a-c) shows the density, porosity and relative 

density of SHA and SHA/Al2O3 composites depending on 

the sintering temperatures, respectively. The density of 

pure SHA calculated as 2.16±0.03 g/cm3 at 1100oC 

increased with increasing temperature and reached 
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2.98±0.02 g/cm3 at 1300oC. However, the highest 

densities in Al2O3 added SHAs could be obtained at 

different temperatures depending on the amount of Al2O3 

additives. The highest density in composites was 

calculated as 2.95±0.00 g/cm3, and it belongs to SHA-

1Al2O3. In general, a decrease in the densities of the 

composites was determined with the increase of the Al2O3 

ratio. Similar behavior had also confirmed in Al2O3 added 

bovine HA [55] and synthetic HA [56]. The relative 

density of SHA at 1100oC calculated as 68.58±0.74% 

increased to 94.48±0.64% when sintering temperature is 

1300oC. A maximum relative density value of 

94.29±0.12% could be achieved in Al2O3 added SHAs 

and it belongs to SHA-2.5Al2O3 composite sintered at 

1200oC. However, the relative density of this composite 

decreased to 90.96±0.54% with increasing temperature. A 

similar situation has been observed in SHA-5Al2O3 

composites, and its relative density decreased from 

%89.49±1.10 to %82.61±1.71 with the temperature 

increasing from 1200oC to 1300oC. The highest relative 

densities for SHA-1Al2O3 and SHA-10Al2O3 composites 

could be obtained at 1250oC, and they were calculated as 

93.65±0.14% and 82.08±0.96%, respectively. As can be 

seen from these values, the density and partial density of 

Al2O3 added SHAs are affected by several factors. First, 

the increased Al2O3 ratio caused the decomposition rate 

of HA to increase from 2.8% to 60.1%, as seen in Table 

2. The increase in the decomposition ratio resulted in the 

formation of β-TCP (3.07 g/cm3 [57]), and α-TCP (2.866 

g/cm3 [58]) phases, which have lower theoretical density 

values than that of HA (3.156 g/cm3). Secondly, 

increasing Al2O3 ratio increases the formation of CaAl2O4 

phase, which is one of the two detected calcium aluminate 

phases in SHA-Al2O3 composites. Because CaAl2O4 (2.98 

g/cm3 [59]) has a lower theoretical density than HA, just 

like β-TCP and α-TCP phases, the densification behavior 

of the composites has decreased. Moreover, it has an 

increasing effect on the decomposition of HA in HA-

Al2O3 binary composites as seen in Reaction 2 [60]. 

 

Ca10(PO4)6(OH)2 + Al2O3                  3Ca3(PO4)2 + CaAl2O4 + 

H2O                                    (R.2)   

 

SHA-1Al2O3 and SHA-2.5Al2O3 composites have higher 

densification behavior than SHA-5Al2O3 and SHA-

10Al2O3 composites because these composites contain 

higher amount of Ca4Al6O13 as shown in Table 2. 

Ca4Al6O13 has a higher theoretical density (3.548 g/cm3 

[61]) than CaAl2O4. The increase in CaAl2O4 ratio 

increases the release of OH- ions and causes a more 

porous structure [62]. Therefore, SHA-5Al2O3 and SHA-

10Al2O3 composites are more porous than SHA-1Al2O3 

and SHA-2.5Al2O3.  The lowest porosity in SHA-5Al2O3 

and SHA-10Al2O3 composites were calculated as 

7.20±0.37%, and 11.15±1.19%, respectively. It was 

calculated as 2.45±0.60% for SHA-1Al2O3, and 

2.53±0.42% for SHA-2.5Al2O3 composites.  

 

 

 

 

 

 

 
Figure 5. (a) Density, (b) porosity, and (c) relative density of SHA and 

SHA/Al2O3 composites depending on the sintering temperatures 

 

Figure 6 shows the compression strength of SHA and 

SHA-Al2O3 composites. The compression strength of 

SHA calculated as 35.14±2.51 MPa at 1100oC increased 

to 82.48±5.50 MPa at 1200oC, but decreased to 

73.55±4.04 and 64.27±3.05 MPa when sintering was 

carried out 1250 and 1300oC. There are two reasons why 

the compression strength of SHA decreases at 

temperatures above 1200oC: First is the decomposition of 

SHA into α-TCP and CaO phases, which have lower 

compression strength than β-TCP, as shown in Table 3. 

Second is the average grain size of 1.404 at 1200oC 

showed a great deal with increasing temperature, and 

reached to 3.632±0.716 µ, as shown in Figure 7.  

 

 
Figure 6. Compression strength of SHA and SHA-Al2O3 composites. 

 
Table 3. The mechanical properties of β-TCP, α-TCP and CaO 

 
 



 

Tr. J. Nature Sci. Volume 12, Issue 3, Page 118-127, 2023 
 

 

123 

In line with previously reported study, it has been 

observed that with increase in grain size such as from 1.3 

μ to 3.5 μ [66], compression strength of HA decrease.  

 

 
Figure 7. SEM images of SHA sintered at 1200oC, 1250oC and 1300oC. 

 

Figure 8 shows the SEM images of SHA-1Al2O3 and 

SHA-2.5Al2O3 composites sintered between 1200 and 

1300oC. It was determined that with the addition of 2.5% 

Al2O3 to SHA, the grain growth in SHA could be 

prevented at a higher rate than %1Al2O3. This can be 

attributed to the Ca4Al6O13.  As seen in Reaction 3, the 

Ca4Al6O13 phase occurs in HA-Al2O3 composites from 

900oC to 1300oC [59] and it has an inhibitory effect on 

grain growth. 

 

4CaO + 3Al2O3              Ca4Al6O13                   (R.3)                                                    

 

 
Figure 8. SEM images of SHA-1Al2O3 and SHA-2.5Al2O3 composites 

 

For HA compacts mechanical properties are enhanced 

with decrease in grain size in sintered microstructure. 

With decrease in grain size, the inherent flaw size in 

sintered microstructure is reduced which leads to the 

enhancement of compressive strength. Again as the 

number of grain boundaries per unit volume is increased 

with decrease in grain size, finer grain sized compacts 

offer more resistance to crack propagation and dislocation 

motion resulting in higher hardness and fracture 

toughness [67]. The highest compression strength of SHA 

of 82.48±5.50 MPa could be increased to 147.29±7.50 

MPa, 207.85±5.85 MPa, 114.50±6.16 MPa and 

95.45±3.53 MPa by increase in Al2O3 ratio in the present 

study. The highest compression strength belongs to SHA-

2.5Al2O3 composite and it is about 2.5 times higher than 

Bovine HA-Al2O3 composite [55]. Figure 9 a-c show the 

hardness, fracture tougness and brittleness index of SHA 

with and without Al2O3 additives. The hardness of SHA 

at 1100oC calculated as 0.93±0.15 GPa increased to the 

highest value of 3.90±0.27 GPa when sintering was 

performed at 1300oC. However, the highest fracture 

toughness for SHA was obtained by sintering at 1200oC 

and it was calculated as 0.70±0.11 MPam1/2. The highest 

fracture toughness values were obtained at 1200oC in 

Al2O3 added SHAs and they were calculated as 1.32±0.06, 

1.70±0.15, 1.41±0.27 and 1.11±0.24 MPam1/2 depending 

on the increasing Al2O3 ratio. As can be seen from these 

values, an increase in the fracture toughness of SHA 

between 1.5 and 2.5 times was achieved with the addition 

of Al2O3. There are several reasons for this: First is the 

Al2O3 (3.72 MPam1/2 [68]) used as reinforcement material 

has higher fracture toughness than HA. Second, the 

calcium aluminate phases formed between HA and Al2O3 

particles limit the propagation of post-indentation cracks 

[69]. Third is because the ratio of β-TCP in the composites 

is higher than that of pure SHA, the fracture toughness of 

β-TCP (1.28 MPam1/2 [70]) is approximately 80% higher 

than HA, contributing to the increase in fracture 

toughness. The brittleness index of SHA without Al2O3 

increased from 1.70±0.27 to 7.10±0.50 μ-1/2 with 

increasing temperature. The brittleness index of SHA at 

1200oC, where the highest fracture toughness and 

compressive strength is obtained, is 4.26±0.50 μ-1/2, and it 

is compatible with 4.85 found by Shaly et al. [71].   

 

 

 

 
Figure 9. (a) Hardness, (b) fracture toughness, and (c) brittleness index 

of SHA with and without Al2O3 additives 

 

The brittleness index of SHA-Al2O3 composites increased 

with increasing temperature, just as in pure SHA. 

However, it increased to 3.56±0.18 μ-1/2 as the maximum 

value. As can be seen from this value, the maximum 

brittleness index of SHA was reduced by about 1/2. It is 

also compatible with MgO added synthetic HA calculated 

as 3.72 μ-1/2 [72].  
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Figure 10 shows the SEM and EDS analysis of pure SHA 

and SHA-2.5Al2O3 composite subjected to SBF testing 

during immersion periods of 14 and 28 days, respectively. 

At the end of the 14 days immersion, the apatite layer with 

a Ca/P ratio of 1.77 was crystallized on the SHA surface. 

After 28 days, the Ca/P ratio decreased to 1.76 and most 

of the SHA surface was covered with apatite layer. 

However, the surface of SHA-2.5Al2O3 composite was 

mostly covered with apatite layer in both 14 and 28-day 

immersion times. While the Ca/P ratio of the apatite layer 

formed on the surface of the SHA-2.5Al2O3 composite 

after 14 days was 1.87, it was calculated as 1.69 at the end 

of 28 days. It has a Ca/P ratio closer to the ideal value of 

1.67 [73]. It has been concluded that there may be several 

reasons why SHA with 2.5% Al2O3 addition exhibits 

better bioactivity than pure SHA. As stated by Sainz et al., 

average grain size and phases contained in the samples 

subjected to the SBF test affect the precipitation of apatite 

layers [74].  The smaller the average grain size, the higher 

the apatite layer precipitation on the surface of the 

samples subjected to the SBF testing [75]. The average 

grain sizes of SHA and SHA-2.5Al2O3 subjected to the 

SBF test in this study are 1.404±0.212 µ and 1.194±0.132 

µ.  As mentioned earlier, there are two phases that 

contribute to the formation of a lower grain size in the 

SHA-Al2O3 composite than in SHA: Ca4Al6O13. As noted 

by García-Álvarez et al. [76] that CaAl2O4 exhibits a 

triggering effect on the apatite precipitation from the SBF 

solution.   

 
Figure 10. SEM and EDS analysis of pure SHA and SHA-2.5Al2O3 

composite subjected to SBF testing during immersion periods of 14 and 
28 days 

 

4. CONCLUSIONS 

In this study, the effects of Al2O3 addition at 4 different 

rates on the properties of SHA were examined and the 

following results were obtained:  

1- SHA decomposed into β-TCP between 1100oC-

1200oC, β- and α-TCP at 1250oC and β- and α-TCP + 

CaO phases at 1300oC, and the decomposition rate 

increased from 1.4% to 4.1% with increasing sintering 

temperature. 

2- With increasing Al2O3 and sintering temperature, 

60.1% of HA in the SHA-Al2O3 composites 

decomposed into β- and α-TCP phases.  

3- Density, hardness and brittleness index properties of 

SHA without Al2O3 additive increased with increasing 

temperature, however; the highest compression 

strength and fracture toughness were obtained at 

1200oC. 

4- With the addition of Al2O3 at amount of 2.5%, the 

highest fracture toughness and compression strength 

values of SHA were increased approximately 2.5 

times. 

5- The amount of apatite layer formed on the surface of 

SHA-2.5Al2O3 composite is higher than SHA due to 

its lower grain size and the phases it contains. 
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