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RESUMO 

A cerâmica à base de fosfato de cálcio hidroxiapatita (Hap) é muito utilizada para reparos ósseos por ser um 

biomaterial biocompatível e apresentar propriedades osteocondutoras e osteoindutoras. No entanto, a baixa 

resistência mecânica da Hap pode limitar sua aplicabilidade. Assim, o presente trabalho tem como objetivo 

melhorar as propriedades mecânicas da Hap, associando-a à alumina (Al2O3), pela técnica de metalurgia do 

pó, que consiste na moagem dos pós precursores em moinho planetário, prensagem uniaxial e sinterização. A 

microestrutura e a resistência mecânica das amostras sinterizadas foram avaliadas através dos testes de densi-

dade, microdureza, resistência à compressão e molhabilidade. Concluiu-se que o uso de Al2O3 no compósito 

melhora as propriedades mecânicas da Hap, enquanto diminui seu potencial hidrofílico. Assim, a composição 

com 40% de Hap / 60% de Al2O3 foi considerada a melhor para aplicações biomédicas. 

Palavras-chave: Hidroxiapatita; Alumina, Metalurgia do Pó, Microestrutura, Resistência Mecânica. 

ABSTRACT 

The hydroxyapatite calcium phosphate based ceramic (Hap) is widely used for bone repair, as it is a biocom-

patible biomaterial and because it has osteoconductive and osteoinductive properties. However, the low me-

chanical strength of Hap may limit its applicability. Thus, the present work aims to improve the mechanical 

properties of Hap, associating it with alumina (Al2O3), using the powder metallurgy technique, which con-

sists in the milling of the precursor powders in a planetary ball mill, uniaxial pressing and sintering. The mi-

crostructure and mechanical strength of the sintered samples were evaluated using density, microhardness, 

compressive strength and wettability tests. It was concluded that the use of Al2O3 in the composite improves 

the mechanical properties of Hap, while decreases its hydrophilic potential. Thus, the composition with 40% 

Hap / 60% Al2O3 was considered the best for biomedical applications. 

Keywords: Hydroxyapatite; Alumina; Powder Metallurgy; Microstructure; Mechanical Strength. 

1. INTRODUCTION 

Bone defects greater than the critical size are difficult to cure and can occur as result of trauma, tumors, and 

other bone lesions. The objective of developing biomaterials is producing biomedical devices that help to 

improve human life, and they constitute a vast field of scientific research. In this context, there is a high de-

mand for implants and bone substitutes that do not cause rejection, while inducing osteoconductivity with 

desirable mechanical properties [1, 2].  

Synthetic hydroxyapatite (Hap), Ca10(PO4)6(OH)2, has been widely used as a bone substitute, as it binds 

to bone tissue and also demonstrates osteoconductive behavior. Hap is a calcium phosphate based ceramic, 

with a chemical composition similar to the inorganic component of bones and teeth. In fact, it is widely used 

as a bone substitute due to its biocompatibility, bioactivity and osteoconductivity properties [3-7]. Although 

Hap is biocompatible and bioactive, high loads limit its applications, because of its inherent low mechanical 

properties (such as low toughness, fracture and wear resistance), which limit its application in the human 

body [8- 10].  
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The addition of metal oxides to the hydroxyapatite improves the structural and morphological character-

istics and, therefore, increases its mechanical properties [11, 12]. Thus, to improve the mechanical properties 

of Hap, other materials such, as alumina, zirconia, titanium, silica, zinc oxide and some carbon-based materi-

als may be associated with the development of ceramic biocomposites. In fact, alumina (Al2O3), when com-

pared to Hap, has high abrasion and corrosion resistance, hydrophilicity, and has been used in the manufac-

ture of hip prosthesis since 1970 [13]. However, Al2O3 is bioinert and does not induce osteoconduction [14-

16].  

Authors such as [17, 18] consider osseointegration an interaction between clinical, histological and per-

spective, being the biological processes of osseointegration still limited. In addition, both authors consider six 

critical factors to obtain good osseointegration: Correct material, finishing, design, implant loading condi-

tions, host bone quality and surgical technique applied. In terms of materials engineering, the four first condi-

tions are those that control the obtainment of a good osseointegration.  

The powder metallurgy (PM) is a technique that allows the production of many composites, with metal-

lic, ceramic or polymeric matrix. In comparison with the traditional melting process, one PM advantage that 

overcomes is the fact that uses low temperature processing. It prevents the formation of undesirable phases 

during the heat treatment. In addition, it gives better mechanical results due homogeneous distribution of the 

reinforcing particles in the matrix. Other advantages of PM include lower cost for large-scale production, the 

ability to create workpieces in different shapes and virtually no material wastage. The process includes ob-

taining the powders, compaction in a matrix and sintering over a controlled atmosphere. In the case of sinter-

ing, the powders acquire mechanical strength through atomic diffusion [19-22].  

Based on the data described, the present study aimed to develop a ceramic biocomposite with Hap / 

Al2O3, produced through the powder metallurgy route, with osteonductivity of Hap and properly mechanical 

properties of Al2O3. 

 

2. EXPERIMENTAL 

The Hap was acquired from the company JHS
®
, and the Al2O3 powder from the company Alcoa

®
. For the 

composites milling process, it was used a planetary ball mill Noah-Nuoya
®
 NQM 0.2 L, with rotation speed 

of 150 rpm, ball to powder mass ratio of 3:1 and time of 1 hour. The milling vases presented volume of 200 

ml. The milling spheres presented 3 different diameter sizes: 21 mm, 13 mm and 8 mm, being the mass ratio 

of 3:1 calculated according to these diameters. In addition, both vases and spheres were confectioned in zir-

conia. Table 1 describes the proportion of the powders used in the composites production. It was defined ac-

cording to other studies that produced hydroxyapatite / calcium silicate composites [23].  

 

Table 1: Composites compositions. 

Composition Hap Al2O3 

1 100 % 0 % 

2 80 % 20 % 

3 60 % 40 % 

4 40 % 60 % 

5 20 % 80 % 

6 0 % 100 % 

   

After the milling process, the samples were uniaxially pressed with pressure of 1 tf during 30 seconds. In 

sequence, the samples were sintered in a vacuum oven up to 1200°C at a 10°C/min rate, maintained for 1 

hour and then naturally cooled inside the oven. The composites were characterized using a Carl Zeiss EVO® 

MA15 scanning electron microscope. Secondary electron (SE) mode analyzed the particles size variation, as 

well as the morphology of the forerunner and composite powders. Energy dispersive x-ray mode (EDX) 

evaluated the chemical composition of the composites. Compressive strength test determined the samples 

stress x strain curves, being then found the Young's modulus from these. For the procedure, an Instron
®
 8001 

testing machine was used, under a controlled load condition and an off rate constant cross-head speed of 2 

mm / min. Archimedes principle evaluated the density, and the wettability determined the angle formed be-

tween the sessile drop and the material contact surface. The equipment Krüss model FM40Mk2 EasyDro 
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goniometer tested the composites hydrophilic potential. This variable evaluates the ability of a fluid (in the 

case of body fluids) to spread over the material surface. The data presents mean ± standard error mean (SEM) 

and analyses of variance (ANOVA), in order to determine the statistical significance among compositions, 

following Newman-Keuls post hoc analysis. Results with P<0.05 were considered statistically significant. 

Graph PadPrism 4.0 software analyzed the data (GraphPad Software Inc., San Diego, CA, USA).  

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the photomicrographs of compound 5, with 20 % Hap / 80 % Al2O3, analyzed through SEM. 

In Figure 1a, the backscattered electron detector (BSD) mode allows us to identify the sample surface com-

position. The lighter regions of the image represent the hydroxyapatite, while the darker regions represent the 

aluminum oxide. The Hap is well dispersed all over the surface of Al2O3 matrix, showing that the sample 

presented good densification. This composition has the highest percentage of Al2O3 among all samples, and 

consequently, the best mechanical properties. Figure 1b, which has a better contrast through SEM/EDS, ex-

hibits the dispersion of the Hap over the Al2O3 matrix. The chemical elements of Hap and Al2O3 are individ-

ually represented by different colors. The oxygen corresponds to the blue color in Figure 1c, and the alumi-

num, the red color in Figure 1d. Both represent the composition of the Al2O3. Calcium corresponds to yellow 

in Figure 1d, and the phosphorous to green in Figure 1f, both component of Hap. From Figure 1c to Figure 

1f, Hap spread along the Al2O3 matrix, without the presence of undesirable phases. It indicates that the pow-

der metallurgy process was efficient to produce this composite. Starting from the powders obtainment, the 

Hap and Al2O3 were properly homogenized. In compacting process, the pressed powders did not present de-

fects. Furthermore, both temperature and time of sintering were appropriate to produce Al2O3 composites 

with good densification. 

Figure 2 presents the sintered densities, Vickers microhardness and Young’s modulus of the composi-

tions 1 to 6. By observing the density values after sintering (Figure 2a), from composition 1 to 2, the density 

values decreased 9.86 %. For composition 2 to 3, the density decreased 3.53 %. For composition 3 to 4, the 

density decreased 0.58 %. For composition 4 to 5, the density value slightly increased 3.11 %. Finally, for 

composition 5 to 6, the density increases 1.04 %. This inversion happens due to the density of the pure Al2O3 

sintered at 1200 ºC (2.49 g/cm³), being 9.12 % lower than the pure Hap sintered at 1200 ºC (2.74 g/cm³). 

With this, as the percentage of Al2O3 of the samples increases, the density of the compositions also increases, 

until an inversion occurs due the tendency of the compositions to approach the density of the pure Al2O3. 

With this inversion, the values are considered very close to each other, due to the fact that the density of both 

forerunner materials (compositions 1 and 6) are very similar. The literature [24, 25] indicates a density of 

2.45 g/cm³ to the Al2O3 and 3.02 g/cm³ to the Hap, both sintered at 1200 ºC. Comparing this research results, 

the Al2O3 presented a value only 1.92 % smaller than the literature, and the Hap a value 9.27 % smaller. Alt-

hough the Hap presented a higher value than the Al2O3, it is considered close.  

Figures 2b (Vickers microhardness) and 2c (Young’s modulus) confirm that, as the Al2O3 increases, the 

values of microhardness and Young’s modulus also increase, as expected. It happens due to the fact that the 

Al2O3 presents high hardness and mechanical strength, which does not happen with the Hap [26]. The differ-

ent proportions caused an increment of 7.76 % in the microhardness and 28.96 % in the Young’s modulus 

from composition 1 to composition 2. From composition 2 to 3, it was of 24.95 % in the microhardness and 

51 % in the Young’s modulus. From composition 3 to 4, the increment was of 43.11 % in the microhardness 

and 16.64 % in the Young’s modulus. From composition 4 to 5, it was of 29.89 % in the microhardness and 

13.36 % in the Young’s modulus, and from composition 5 to 6, it was of 3.02 % in the microhardness and 

7.58 % in the Young’s modulus. In general, there was an average increment of 70 % for both microhardness 

and Young’s modulus from composition 1 to 6 (73.22 % for microhardness and 76.76 % for Young’s modu-

lus), which are the pure compositions. This indicates that the Al2O3 presents an average mechanical re-

sistance 70 % higher than the Hap. Factors such as applied tension during pressing and the presence of de-

fects inside the samples before and after sintering, affect the final density and mechanical properties of mate-

rials produced by powder metallurgy.   
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Figure 1: Photomicrographs of composition 5 showing (a) The surface of the sintered sample by BSD mode (b) The 

dispersion of the Hap over the Al2O3 matrix (c) The oxygen element from Al2O3 (d) The aluminum element from Al2O3 

(e) The calcium element from Hap (f) The phosphor element from Hap. 
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Figure 2: Physical and mechanical properties of the compositions 1 to 6 (a) Sintered densities (b) Vickers microhardness 

(c) Young’s modulus. * P <0.05 when compared to green compositions. 

 

Table 2 shows the contact angle, aspect of sessile drop and porosity of each composition. As it can be 

seen, as the content of Al2O3 of the compositions increases, the contact angle also increases. From composi-

tion 1 to composition 2, it was observed an increase of 26.46º in the contact angle of the sessile drop; from 

composition 2 to 3, an increase of 26.28º; from composition 3 to 4, an increase of 4.22º; from composition 4 

to 5, an increase of 15.74º; and finally, from composition 5 to 6, an increase of 13.4º. It is possible to verify 

an increase of 86.1º in the contact angle of the sessile drop from compositions 1 to 6. This is explained by the 

fact that the Hap is much more osteoconductive and osteoinductive than the Al2O3. The spreadability of the 

sessile drop reflects it, since the more biocompatible with the bone is the material the higher is the hydro-

philic behavior. The literature indicates that hydrophilic materials present a contact angle below 90º and hy-

drophobic materials above 90º [27]. With this, it was possible to attest that the compositions with Al2O3 con-

tent over 60 % (compositions 5 and 6) presented hydrophobic behavior, implying in a material with low po-

tential to be used in bone grafts.  
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Table 2:  Contact angle, aspect of the sessile drop and porosity of each composition. The data are expressed by the mean 

± standard error 

 

Composition 

 

Contact angle () 

 

Aspect of sessile drops 

 

Porosity (%) 

 

1 

 

26.040 ±3.587 

 

 

 

0.372 ± 0.010 

 

2 

 

52.500 ± 4.179 

 

 

 

 

0.0338 ± 0.028 

 

3 

 

78.780 ± 6.931 

 

 

 

 

0.337 ± 0.016 

 

4 

 

83.000 ± 7.992 

 

 

 

 

0.336 ± 0.017 

 

5 

 

 

98.740 ± 4.144 

 

 

 

 

0.394 ± 0.046 

 

6 

 

112.140 ± 7.74 

  

0.346 ± 0.013 

 

The analysis of the density, mechanical strength (microhardness and Young’s modulus) and contact an-

gle, pointed that while the Al2O3 content of the compositions increased, the mechanical strength also in-

creased, but density values remained stable. However, at the same proportion that the mechanical strength of 

the samples increased, the hydrophilic potential decreased. Starting from composition 5 with 80 % of Al2O3, 

the composite started to demonstrate hydrophobic behavior. Based in these results, it was determined that the 

ideal composition for the composite Hap / Al2O3 was composition 4, which presented the highest mechanical 

strength among all samples and contact angle of 83º (which is still classified as hydrophilic material).  

4. CONCLUSIONS 

By analyzing the results obtained in this study, it was possible to conclude that: 

 As the Al2O3 content increases, the mechanical strength of the composites also increases, but the bio-

logical potential to be used in biomedical devices starts to decrease from composition 5. 

 The best condition to produce Hap / Al2O3 composites was the condition with 40 % Hap / 60 % Al2O3 

(composition 4).  
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