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Abstract: This paper develops a hydroxyapatite/tricalcium phosphate/alumina composite sintered at 

different temperatures. The structure, microstructure, and mechanical properties were characterized by 

different techniques as a function of the calcination temperature. The sintered bioceramics were 

characterized by X-ray diffraction and scanning electron microscopy to identify the crystalline phases 

and topography involving the porosity, crystal defects, and interfaces. The 60wt%HAP/30wt%β-

TCP/10wt%Al2O3 bioceramic has a microstructure, highly compacted, with better diametral resistance 

(23 MPa) was obtained at 1250°C. The Young’s and shear modulus and diametral strength of this 

bioceramic were examined. These physical properties are also closely related to the sintering 

temperature of the ceramic. The distribution of the main stress fields in this composite was modeled by 

the finite element method, which correlated well with the experimental data. A correlation between the 

microstructure and the mechanical behavior as well as the relative density as a function of the sintering 

temperature of the bioceramics, has been established. 
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1. Introduction 

Materials based on calcium phosphates have established themselves in the field of 

biomaterials for orthopedic applications and have shown interesting properties of bioactivity 

and osteoconduction. Among them, bioceramics derived from hydroxyapatite Ca10(PO4)6(OH)2 

and tricalcium phosphate (β-Ca3(PO4)2) have been widely used as bone substitutes thanks to 

their perfect resorbability, and their perfect biocompatibility [1-6]. These two types of 

phosphate have the particularity of good osteoconduction to bone tissue. In addition, these 

calcium phosphates do not have the same resorption in contact with biological fluids, which is 

why research has adapted in recent years to the development of biomaterials consisting of a 

mixture of tricalcium phosphate and hydroxyapatite associated with other inert and 
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biocompatible materials [7-9]. Phosphocalcic bioceramics are today the most synthetic 

biomaterials adequate and are most commonly used during intraosseous implantation. They are 

generally porous to facilitate bone recolonization. In addition, morphological parameters such 

as porosity, pore size distribution, and shape, as well as mechanical properties of produced 

bioceramics, play a main key in improving the efficiency of biomaterials in tissue engineering 

[10-12]. Several approaches have been proposed, the most used of which consists in preparing 

scaffolds by adding organic additives porogens such as polyvinyl butyral (PVB) [13], and 

polymethyl methacrylate (PMMA) [14], which requires a well-defined cycle heating that can 

negatively affect the mechanical behavior of elaborated biomaterials, which is a weak point for 

clinical applications.  

Kim et al. [15] have developed porous artificial bone scaffolds derived from 

hydroxyapatite (HA) by using PMMA as a porogen. They showed that the studied mechanical 

properties were affected by the porosity of the scaffolds. Still, the use of some organic 

additives, although necessary for manufacturing porous ceramics, degrades the quality of the 

final products. For this, these additives must be removed before the sintering step. Therefore, 

the final densification of the raw product is always preceded by a debinding step, its kinetics 

being of great importance and requiring a preliminary study. The added organic elements must 

be eliminated before the pores close to avoid the trapping of gases, a source of defects, which 

can damage the produced samples by inducing cracks.  

However, the major disadvantages limiting the use of these porous compounds are their 

fragility and low mechanical resistance [16, 17], which are intimately linked to their 

microstructure, which depends on the synthesis and sintering conditions. [18, 19]. The 

association between hydroxyapatite HAP and tricalcium phosphate -TCP develops a new 

biphasic biomaterial combining the characteristics of each mineral phase. Shiota et al. [20] 

densified two-phase 70HAP/30-TCP powders by sintering at 1150°C after shaping under an 

isostatic pressure of 100 MPa, resulting in a density of approximately 98% and an average 

particle size of 0.8 m. Es-saddik et al. [21] also studied the 60HAP/40-TCP bioceramic, 

where the best densification (89%) and good diametral resistance (43MPa) were obtained at 

1250°C. They concluded that the porosity of 11% and the presence of β-TCP or α-TCP phases 

being resorbable biomaterials is an advantage in accelerating the growth of bone tissue and 

contributing to bone adhesion at "implant-bone" interface without altering the mechanical 

characteristics. Despite the interesting properties of these biphasic materials, their use as an 

implant in the human body is limited to small implants with reduced mechanical load due to 

their weak mechanical characteristics. To solve the fragility constraints of ceramics derived 

from calcium phosphates, their association with inert oxides such as silica SiO2 and zirconia 

ZrO2 has been used to improve the mechanical properties of the composite formed and preserve 

the reactivity of calcium phosphate with living tissues [22, 23]. Unlike the SiO2/HAP 

bioceramic linked to the solubility of silicon [24, 25], the ZrO2/HAP composite with a 

microporous structure has mechanical properties close to biocortical bone [26]. Sina 

Khoshsima et al. [27] have studied the mechanical behavior of hydroxyapatite-zirconia-

lanthanum oxide composites. As a result, adding ZrO2 and La2O3 into the composites increased 

the diametral tensile strength. Alumina, Al2O3, is also a candidate widely involved in the 

mechanical reinforcement of ceramics and glass ceramics based on calcium phosphates. 

Thanks to its high stability and mechanical resistance, it was chosen as a good candidate for 

improving the mechanical characteristics of implanted biomaterials [8, 28]. Its combination 

with hydroxyapatite and tricalcium phosphate has been developed to cover good quality 
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resorption and mechanical strength sufficient to replace human bone. This work was devoted 

to the preparation of the HAP/-TCP/Al2O3 biocomposite to improve the mechanical properties 

better. Applying the finite element method elucidates stationary cracks and shows the effects 

of crack interactions and the process of crack propagation under power. 

2. Materials and Methods 

In this study, we used commercial alumina (BDH chemicals, Ltd Poole England), 

commercial β-TCP (Fluka; Assay>96%), and synthesized hydroxyapatite (HAP) [29]. Powders 

of 60% wt HAP, 30% wt β-TCP, and 10% wt Al2O3 were mixed in 100 ml of bidistilled water 

and 50 ml of absolute ethanol, stirred for 20 h at room temperature and then dispersed in an 

ultrasonic bath for 20 min. The resulting mixture is filtered and dried in an oven at 80°C 

overnight. After calcining the powders at 800°C for 3 h, cylindrical specimens of 10 mm were 

compacted uniaxially under a load of 150 MPa. To better consolidate them, they were heat 

treated at different temperatures ranging from 1200°C to 1400°C for 3 h with a heating rate of 

10°C min-1. 

The mechanical resistance of sintered specimens was measured by Brazilian tensile 

strength. The rupture strength (σr) was measured according to the following equation [21]: 

σr =
2F

π.D.t 
 [Eq. 1], where F is the maximum applied load, D is the diameter, and t is the 

thickness of the disc. The tests are carried out using an LLOYD EZ50 device on cylindrical 

tablets of 8 mm in diameter and 2 mm thick measured out using a “0-150mm/0-6" digital 

caliper. The relative density of the ceramic is the ratio between the measured and theoretical 

densities. The Young's (E) and shear (G) moduli of the 60HAP/30β-TCP/10Al2O3 composite, 

as elastic moduli, were calculated by ultrasonic technique [30-31]. Young's E, and shear 

modulus G were derived from the longitudinal (VL) and transversal (VT) ultrasonic wave 

velocities. The testing apparatus consists of a short-duration pulse generator (Sofranel 5052 

PR), which stimulated a broadband ultrasound emitter (Panametrics V 309) with a 5 MHz 

central frequency. By calculating the wave's propagation time delay in a specimen of thickness 

"𝑒" ,the sound velocity was computed in accordance with the elastic theory, the VL and VT 

velocities are expressed with E and G modulus, density (𝜌), and Poisson’s ratio (𝜗) :  

𝑉𝐿 = √
𝐶

𝜌
= (

𝐸(1−𝜗)

𝜌(1+𝜗)(1−2𝜗)
)

1
2⁄

 (Eq. 3); 𝑉𝑇 = √
𝐺

𝜌
= (

𝐸

2𝜌(1+𝜗)
)

1
2⁄

  (Eq. 4), where C is 

the longitudinal modulus.   

The E and G modulus and the Poisson's ratio "υ" can be determined using the following 

formula: 𝐺 = 𝜌𝑉𝑇
2 (Eq. 5)   ; 𝐸 = 𝐺

3𝐶−4𝐺

𝐶−𝐺
  (Eq.6);    𝜗 =

𝐶−2𝐺

2(𝐶−𝐺)
  (Eq. 7). 

3. Results and Discussion 

3.1. Chracterization. 

After mixing the HAP, β-TCP, and Al2O3 powders, the HAP/β-TCP/Al2O3 composite 

was thermally treated progressively at 800°C then 1000°C. In this study, we are only interested 

in sintered ceramic at high temperatures between 1200-1400°C, whose XRD diagrams are 

shown in Fig.1. In addition to the primitive phases, other phases (CaAl2O4, Ca5Al6O14, 

Ca2Al2O5, and Ca3Al2O6) appeared from 1200°C. Note that the intensity of the peaks related 

to HAP decreases when the sintering temperature increases. This is related to the 
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decomposition of HAP into β-TCP with their good reactivity with alumina, as well as the phase 

transformation of β-TCP into α-TCP above 1300°C [32, 33].  

SEM images of bioceramic sintered at different temperatures are shown in Figure 2. An 

intergranular porosity was detected for the sintered ceramic at 1200°C (Fig.2a), while a dense 

structure was observed at 1300°C with the existence of some closed pores (Fig. 2b). At 1400°C, 

an increase in grain size was considered (Fig. 2c); this can affect the densification and the 

mechanical properties of this bioceramic. 
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Figure 1. XRD patterns of 60HAP/30β-TCP/10Al2O3 sintered for 3h at (a) 1200, (b) 1250, (c) 1300, and (d) 

1400°C. 

 
Figure 2. SEM images of ceramic sintered at various sintering temperatures: (a) 1250°C; (b) 1300°C; (c) 1400°C. 
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3.2. Densification and mechanical behavior. 

The densification of the 60HAP/30β-TCP/10Al2O3 ceramic was modified with the 

sintering temperature (Fig. 3a). The best densification (71%) was obtained at 1250°C. This is 

related to the synergy between grain growth and the breakdown of HAP to β-TCP, which the 

last converts to α-TCP, forming several calcium aluminates phases of distinct theoretical 

densities. Note that a porosity of 29% is desirable to accelerate the growth of bone tissue despite 

its influence on the mechanical properties. At the same time, the presence of certain resorbable 

phases, such as β-TCP and α-TCP, contribute to the subsequent adhesion of the implant-bone 

interface and bone regrowth. Figure 3b shows the change of the diametral strength with the 

sintering temperature. The optimum rupture strength reached 23 MPa at 1250°C. Beyond this 

temperature, it decreases to 13 MPa at 1350°C, then improves slightly at 1400°C, which is 

related to the densification profile and the nature of the crystalline phases in the bioceramic. 

60

62

64

66

68

70

72

1200 1250 1300 1350 1400

R
e
la

ti
v
e 

d
en

si
ty

 (
%

)

Temperature (°C)

(a)

 

0

5

10

15

20

25

1200 1250 1300 1350 1400

D
ia

m
et

ra
l 

st
re

n
g
th

 (
M

P
a
)

Temperature (°C)

(b)

 

Figure 3. (a) Evolution of relative density of the bioceramic and (b) its evolution of diametral strength at 

various sintering temperatures. 
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Figure 4. Young’s and Shear's modulus of the ceramic as a function of sintering temperature. 
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The determination of the elasticity of the specimen with the sintering temperature is 

illustrated in Figure 4. Young's and shear moduli exceed 39 GPa and 15 GPa, respectively, at 

1300°C, whereas they decrease at 1350°C and then increase intensively at 1400°C. This is in 

good relation with the size and the porosity of the grains as well as with the crystalline phases, 

which appeared after sintering. 

From XRD and SEM data, the grain and pores sizes, r shape and distribution, as well 

as the formation of several phases such -TCP and calcium aluminates after sintering can affect 

the densification and the mechanical properties of elaborate ceramics since the formed phases 

have different densities and coefficients of thermal expansion. These results agree with the 

observations made on the variations of the density and the mechanical properties of produced 

ceramics with the sintering process. 

3.3 Numerical analysis of mechanical behavior of HAP/β-TCP/Al2O3 ceramics. 

3.3.1. Finite element analysis. 

The Finite Element Analysis (FEA) is an indispensable tool for improving design, 

assessing stress, locating critical zones, and predicting potential fracture origins CAST3M is a 

structural analysis calculation code through the finite element method [34]. The program is 

powerful, flexible, and optimized for the problems of elastic linear mechanics in static and 

dynamic, thermal problems, nonlinear problems (elastic materials, plastics, viscous), dynamics 

problems, etc. The language used to define the functional instructions of the process is a 

language named "GIBIANE" which allows, in particular, an easy exchange of information 

between the user and the program. 

3.3.2. FEA boundary conditions. 

Meshes are created by considering 4-node quadrilaterals in two dimensions (Fig.5). The 

experimental data are given in Table 1. Various loads of experimental forces F were applied to 

the arc defined by the angle 2ω of the sintered ceramic. The boundary conditions are taken so 

the arc EG is blocked in the y-axis. 

 
Figure 5. Meshes and boundary conditions. 
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Table 1. Characteristics of the studied bioceramic at various sintering temperatures. 

Sintering Temperature (°C) 1250 1300 1350 1400 

Thickness (mm) 2.09 2.23 2.33 2.37 

Diameter (mm) 9.42 9.53 9.39 9.3 

Young modulus (GPa) 29.86 38.96 36.19 41.13 

Poisson ratio 0.1523 0.2889 0.2002 0.1614 

Density (Kg/m3) 2319 2180 2159 2218 

Maximum force load (N) 710 690 461 566 

The stresses applied to the loading plane, xx and yy, are then defined as follows [35]: 

𝜎𝑦𝑦 = −
2𝑃

𝜋
[

(1 − (
𝑦
𝑅)

2
) 𝑠𝑖𝑛2𝜔

1 − 2 (
𝑦
𝑅)

2

𝑐𝑜𝑠2𝜔 + (
𝑦
𝑅)

4 + 𝑡𝑎𝑛−1 (
1 + (

𝑦
𝑅)

2

1 − (
𝑦
𝑅)

2 𝑡𝑎𝑛𝜔)]   (𝐸𝑞. 2) 

𝜎𝑥𝑥 =
2𝑃

𝜋
[

(1 − (
𝑦
𝑅)

2
) 𝑠𝑖𝑛2𝜔

1 − 2 (
𝑦
𝑅)

2

𝑐𝑜𝑠2𝜔 + (
𝑦
𝑅)

4 − 𝑡𝑎𝑛−1 (
1 + (

𝑦
𝑅)

2

1 − (
𝑦
𝑅)

2 𝑡𝑎𝑛𝜔)]    (𝐸𝑞. 3) 

Where ‘R’ is the radius of specimens, and ‘P’ is the applied pressure (MPa), 

At the center of the disc, and when 𝜔 is small, sin2𝜔 ≈ 2𝜔, and 𝐹 = 𝑃𝜔𝐷𝑡, the 

principal stresses become: 𝜎𝑦𝑦(0; 0) = −
6𝑃𝜔

𝜋
= −

6𝐹

𝜋𝐷𝑡
  (𝐸𝑞. 4) and σxx(0; 0) =

2Pω

π
=

2F

πDt
  (𝐸𝑞. 5). The calculation of the equivalent stress 𝜎𝐺was based on the sign of the tensile 

stress considered positive with xx ≥ yy ≥ zz according to the Griffith’s theory [36, 21]: (i) 

when  3xx + yy ≥0; G=xx; (ii) when 3xx + yy <0; 𝜎𝐺 =
(𝜎𝑥𝑥−𝜎𝑦𝑦)

2

−8(𝜎𝑥𝑥+𝜎𝑦𝑦)
    (𝐸𝑞. 6) and (iii) at 

the center of the disk 3xx + yy = 0, 𝜎𝐺 =
2𝐹

𝜋𝐷𝑡
 (Eq.7 equivalent to Eq.1). 

3.3.3. Distribution of the stresses in the specimens. 

Figure 6 shows the typical distribution of the principal stress fields 𝜎𝑥𝑥 and 𝜎𝑦𝑦 along 

the load diameter AB, in the samples sintered at 1250°C. For other calcination temperatures 

(1250, 1300, 1350 and 1400°C) the shape of their corresponding 𝜎𝑥𝑥 and 𝜎𝑦𝑦 curves are similar 

and the principal stress 𝜎𝑥𝑥 remains constant along the diameter AB, which decreases in the 

vicinity of the contact band, becomes zero, and changes its sign (compression). If the 2𝜔 angle 

is small, the traction cancels out very close to the periphery of the disc, which ensures greater 

distribution uniformity. However, the 𝜎𝑦𝑦 stress increases from the center of the disc to the 

contact generator. The compression situation induces tensile stress perpendicular to the 

diameter of the loaded disk, which remains constant around the center, and rupture begins at 

the point of maximum tensile strength. The sample is broken along the diameter. On the other 

hand, we notice that the field of the principal stress 𝜎𝑥𝑥 is intense around the center of the disc, 

and its value decreases as the angle 2ω increases, and the maximum values are recorded for the 

sintered ceramic at 1250°C. The variations of σxx and σyy along the loaded vertical diameter 

(AB) digitally simulated are in good agreement with the analytical  solutions proposed 

elsewhere [21, 35]. It should be noted that an increase in the loading angle from 2ω = 5° to 2ω 

= 30° significantly reduces compressive stresses near the loaded boundaries on the disc. Hence, 

if the loading angle is increased, the probability of compression failure near the points of 

application of the force is reduced. As a result, cracks start from the center of the sample, and 
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this is a sign of the validity of the test. In addition, the same remarks must be made from the 

results found experimentally during the diametral compression test (Figure 7). 

By comparing the mechanical resistance determined experimentally and that 

determined numerically by the finite element method, the Griffith criterion was used to 

calculate the sum 3𝜎𝑥𝑥 + 𝜎𝑦𝑦, which is strictly less than zero at the center of the disc in our 

case. Using the equation 7, the diametral strength was determined by calculating the equivalent 

stress 𝜎𝐺. The obtained theoretical results show that the maximum value of the equivalent stress 

is recorded almost at the center of the disc for the angles 2ω ≥ 20°, which means that the crack 

is initiated around the center of the tablet. Figure 8 shows the similarity of the results found for 

the numerically calculated tensile stress and that measured experimentally, especially for 2ω = 

20°. Therefore, the maximum breaking stress of the studied bioceramic is that obtained after 

sintering at 1250°C. 
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Figure 6. (a) Variation of 𝜎𝑥𝑥and 𝜎𝑦𝑦 stress versus the normalized distance 𝑦/𝐷, (b) The equivalent stress 𝜎𝐺 

stress in the ceramic sintered at 1250°C, versus the normalized distance 𝑦/𝐷 in different contact angles 2𝜔. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Photo of the disc before (a) and after diametral compression (b). 
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Figure 8. Comparative experimental and numerical data for (a) 2=30°, (b) 2=25° and (c) 2=20°. 

The formation of new bone is in relation to the distribution of the stresses in repaired 

bone [37]. With suitable compressive stress acting on the bone tissue, the physiological fluid 

flows in the open junctions and some implant porosity. Shearing actions are created in the 

adjacent osteocytes and osteoblasts, which are beneficial for bone repair and growth [38]. The 

results presented in this work reveal that the compressive stress gradient distribution is stronger 

in the thinner thickness of the ceramic coatings. The simulated results revealed that the 

compressive stress gradient distribution is stronger in the thinnest section of the ceramic, which 

is more beneficial for bone regeneration because the thickness of this specimen is so thin that 

the effects of stress distribution in the bone. The maximum stresses are reduced when the 

ceramic is densified above 1250°C, reducing stress concentration. The predictive model can be 

used to investigate the micromechanical behavior of the studied bioceramic derived from the 

alumina-reinforced HAP/TCP composite, leading to significant elucidation of the failure 

processes of this biomaterial. These approaches can be extended to evoke damage mechanisms 

in materials and to control local strain fields around pores and their interactions. In fact, the 

specimen's topography, i.e., exaggerated porosity and fissures, largely affects the stress 

distribution. Several works have shown that the crack growth rate in a biomaterial is intensified 

when a crack initiates and propagates from a surface defect [39, 40]. 

 

Table 2. Mechanical properties of some published bioceramics and bone tissues. 

Materials 𝝈𝒕
(𝒂)

(𝑴𝑷𝒂) 𝝈𝒄
(𝒃)

(𝑴𝑷𝒂) 𝝈𝒇
(𝒄)

(𝑴𝑷𝒂) 𝑬(𝒅)(𝑮𝑷𝒂) Ref. 

HAP 4 - 45 108 [29;27] 

β-TCP 5.3 - 50 97.5 [41, 42] 
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Materials 𝝈𝒕
(𝒂)

(𝑴𝑷𝒂) 𝝈𝒄
(𝒃)

(𝑴𝑷𝒂) 𝝈𝒇
(𝒄)

(𝑴𝑷𝒂) 𝑬(𝒅)(𝑮𝑷𝒂) Ref. 

TCP–33.16 wt% FAp 7 95 15 80 [43] 

β-TCP–40 wt% TiO2 33 - - 33,1 [44]  

60HAP/40TCP 43 - - 77,27 [21] 

30HAP/70TCP - ≈ 74 - 37,11 [45]  

Cortical  bone 50-130 88-180 50-150 12-22 [46-48] 

Cancellous bone - 2-12 10-20 0,084 [46,49-52] 

Dentin 45-55 297 212 18 [49, 53-55] 

Enamel 8-12 382 - 81-82 [49,56] 

60HAP/30βTCP/10Al2O3 23 - - 29-41 This study 
(a)Tensile strength; (b)compressive strength, (c)Flexural strength, (d)Young’s modulus 

The comparison of the mechanical properties of elaborate ceramics with those 

described in the literature is very complex due to the wide variety of elaboration processes and 

mechanical tests. Generally, different mechanical tests other than the diametral method were 

used to characterize some bioceramics, such as three and four-point bending tests and 

compression tests. In addition, many parameters affect the mechanical characteristics of the 

produced samples, such as the morphology of initial powders, calcination treatment, grain size, 

sintering conditions, and the interfacial reaction of several composite constituents.  

As our bioceramics are intended to be used as implant in the human body, it is necessary 

to compare them with bone tissue. Table 2 displays several values of the mechanical properties 

of bioceramics and representative bone tissues described in the literature. The optimal Young’s 

modulus obtained for the 60HAP/30β-TCP/10Al2O3 ceramic (41 GPa) is higher than that of 

dentin and cortical bone but lower than that of the enamel and close to β-TCP-40 wt% TiO2 

developed by Ayadi et al. [44].  

The rupture strength depends on the mechanical test method, and the obtained optimum 

value in this work (23 MPa) is superior to that of enamel and to those of pure HAP, pure β-

TCP, and TCP–33.16 wt% FAp composite, which has a tensile strength of 4 MPa, 5,3 MPa, 

and 7 MPa, respectively [27, 42, 43], and lower than that of dentin. Consequently, the 

mechanical characteristics obtained are acceptable for a bone graft with a porosity around 30%, 

which is desirable to accelerate the growth of the bone tissue. 

4. Conclusion 

This study was mentioned in a global approach from synthesizing powders to the 

characterization of sintered 60HAP/30β-TCP/10Al2O3 bioceramic for orthopedic applications. 

Experimentally, we varied the sintering temperature to follow the evolution of the structure, 

the microstructure, and the mechanical behavior of the bioceramics. According to the sintering 

temperature, their rupture strength was measured by the Brazilian test, and it reached a 

maximum value of 23 MPa at 1250°C, an acceptable value for a bone graft. Thus, the results 

obtained are very promising and demonstrate the improvement of the mechanical properties of 

the composite compared to the pure individual phases. Observation of the microstructure 

suggests thermal action on the bioceramic topography with slight grain growth and persistence 

of minor porosity, and there is good particle-matrix interface bonding. The main stress 

distribution in the ceramic determined by the finite element method is well correlated with the 

experimental results. Consequently, alumina reinforced with HAP/β-TCP composite is 

mechanically compatible with bone grafting and may be a potential material for bone repair. 
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