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Abstract

A nanosized HAP powder was sintered and hot pressed, in order to obtain dense HAP ceramics. In a first series of experiments, the powder was

isostatically pressed into uniform green compacts and sintered at temperatures ranging from 1000 8C to 1200 8C in air atmosphere for different

times. In a second series, the isostatically pressed green compacts were hot pressed in argon atmosphere at 900 8C, 950 8C and 1000 8C. The SEM

micrograph of the sample sintered at 1200 8C for 2 h showed a uniform 3 mm mean grain size dense microstructure. In the case of hot pressed HAP

compacts, full dense, translucent nanostructures were obtained having mean grain size below 100 nm and improved mechanical properties. With

the grain size decreasing from 3 mm to 50 nm, the fracture toughness of pure HAP ceramics increased from 0.28 MPa m1/2 to 1.52 MPa m1/2.

# 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; B. Grain size; C. Mechanical properties; D. Apatite

www.elsevier.com/locate/ceramint

Available online at www.sciencedirect.com

Ceramics International 35 (2009) 1407–1413
1. Introduction

Calcium hydroxyapatite, Ca10(PO4)6(OH)2, which is struc-

turally similar to bone and tooth mineral, can adhere to, and

integrate with, both bone and soft tissue well [1]. A large

number of studies focused on conditions to get a HAP form

suitable for incorporation in the living bone. Calcium

hydroxyapatite in a dense sintered form is often used as a

bioactive, biocompatible ceramic material in bone reparation

[2,3]. This particular HAP is clinically very important for tooth

root replacement, augmentation of alveolar ridges, pulp

capping and maxillofacial reconstruction, among many others

[4].

Sintering of HAP is a complex process since many

parameters influence the sintering process. Given its poor

sinterability, HAP ceramics shows low strength, especially in

wet environments as would be found in physiological

conditions [5]. Obtaining full dense nanostructures is the key
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to enhance the mechanical and biological properties of HAP-

based bioceramic materials [6].

The mechanical properties and microstructures of the

resulting HAP ceramics strictly depend on the characteristics

of the original HAP powder, including crystallinity [7],

agglomeration [8], stoichiometry, and substitutions [9], and

on the processing conditions [10]. The different methods for

obtaining nanosized HAP powder include solid-state reaction

[11], ultrasonic spray-pyrolysis [12], sol–gel synthesis [13],

catalytic decomposition of urea with urease [14], hydrothermal

decomposition of urea, calcium–EDTA chelates [15], modified

chemical precipitation, etc.

Due to their metastability, the nanosized powders are

frequently agglomerated as a consequence of the high surface

energy. Synthesis of agglomerate-free and soft agglomerated

HAP nanostructured powders can be an important step toward

making dense nanostructure materials with good mechanical

properties. Removing the interagglomerate pores, responsible

for poor sintering behavior, is the most common problem need

to be solved in sintering of agglomerated nanopowders.

Nanostructured ceramics are usually processed by compact-

ing nanopowders at high pressures and sintering at different
d.
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Fig. 1. Typical SEM micrograph of the HAP powder.
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times and temperatures and in various atmospheres. Pressure

assisted methods, such as hot pressing, hot isostatic pressing,

sinter forging, etc., are also applied to obtain nanostructured

ceramic materials [16–18]. Hot pressing makes it possible to

enhance densification kinetics and limit grain growth. This

technique has been used to process HAP ceramics with a

controlled microstructure.

During sintering and hot pressing, the calcium deficient

apatite turns into a mixture of HAP and b-TCP. A high amount

of b-TCP is highly detrimental to the sintering and mechanical

properties of HAP bioceramics [19]. In order to avoid

degradation of the mechanical properties, the absence of the

b-TCP in HAP bioceramics is advisable. More investigation

concerning the sintering of calcium phosphates is required in

order to obtain dense or microporous bioceramics based on

HAP [9,16,20,21]. Dense bioceramic materials made of HAP

are either opaque white, or translucent.

The aims of this work were the processing and character-

ization of dense nanostructured HAP ceramics, obtained by

sintering and hot pressing of nanosized HAP powder, as well as

comparing the microstructural and mechanical properties of

dense materials obtained by these two methods. Effects of grain

size on microhardness and indentation fracture toughness of

HAP ceramic materials were also investigated.

2. Experimental

A nanosized HAP powder was obtained using a modified

chemical precipitation method, by the reaction of calcium

oxide (obtained by calcination of CaCO3 for 5 h at 1000 8C in

air) and phosphoric acid [22–24]. Small portions of the

resulting calcium oxide were mixed and stirred with distilled

water for 10 min. The resulting calcium hydroxide suspension

was poured through a sieve into the reaction vessel while

simultaneously stirring and filtering to avoid unreacted CaO

grains. A calculated amount of diluted 85% (1:1) phosphoric

acid was added drop-wise to the calcium hydroxide suspension

in accordance with the reaction:

10CaðOHÞ2þ 6H3PO4 ! Ca10ðPO4Þ6ðOHÞ2þ 18H2O

The pH value of the reaction medium (�10–11 at the

beginning of synthesis) was kept under constant control

throughout the synthesis process. When all the necessary

quantity of phosphoric acid was introduced pH reached the

value 7.4–7.6. The obtained suspension was heated to

94 � 1 8C for 30 min and stirred for another 30 min. After

sedimentation, the upper clear solution layer was detached. The

suspension was then spray dried at 120 � 5 8C into granulated

powder.

Powder morphology and particle size were evaluated using a

transmission electron microscope (Philips EM400) and scan-

ning electron microscope (Jeol T-20). The specific surface area

measurement was done using a BET surface area analysis. The

nanopowders were checked for phase identification using X-ray

diffraction (XRD) and FTIR analyses.

The synthesized HAP powder was isostatically pressed at

400 MPa, for 1 min, resulting into uniform green compacts,
which were sintered at temperatures from 1000 8C to 1200 8C
in air atmosphere for times ranging from 45 min to 8 h. The

initial heating rate was 20 8C/min.

In other experiments, isostatically pressed green compacts

were hot pressed at 20 MPa in argon atmosphere, at

temperatures from 900 8C, 950 8C and 1000 8C, for various

times from 1 h to 2 h.

The morphology of the pressed and sintered compacts was

examined with a scanning electron microscope Jeol T-20, and

Jeol JSM-6460LV was used to determine the morphology of the

hot pressed compacts. The average grain size of the samples

was determined by measuring the pulled out grains from the

fracture surfaces of the materials, and evaluated by image

analysis of SEM micrographs, using software for image

analysis, Image Pro Plus Program, Version 4.0 for windows.

More than 100 HAP grains were counted to obtain an average

value. FTIR analyses of the HAP powder and the sintered and

hot pressed compacts were performed using an MB Bomen 100

Hartmann and Braun spectrometer in the wavenumber range

from 400 cm�1 to 4000 cm�1. The samples were prepared by

the KBr method at a sample ratio KBr = 1:150. X-ray

diffraction analyses of HAP powder, sintered and hot pressed

compacts were performed using the Philips PW1710 diffract-

ometer with Cu Ka radiation and a graphite monochromator,

with the angle 2u ranging from 208 to 508 and the step scan of

0.028. HAP compact density was measured using Archimedes’

method. The sintered HAP compacts were tested for

microhardness and indentation fracture toughness. Microhard-

ness was measured with a Vicker’s indenter. KIC values were

calculated using the following formula which was derived from

the model proposed by Evans and Charles [25]:

KIC ¼ 0:0824Pc�3=2

where P is the indentation load and c the length of the induced

radial crack.

3. Results and discussion

The SEM micrograph of the obtained HAP powder is shown

in Fig. 1. The HAP powder looks agglomerated and consists of



Fig. 2. TEM photograph of the HAP powder.

Fig. 3. XRD pattern of HAP powder.

Fig. 4. FTIR spectra of HAP powder.

Fig. 5. Typical SEM micrograph of a green compact of HAP powder pressed at

400 MPa.

Fig. 6. SEM micrograph of a sample sintered at 1000 8C for 8 h (fracture

surface).
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large numbers of fine HAP particles. The TEM image of the

resulting nanopowder shows the agglomerate which consist of

nanosized rod-shaped particles 50–100 nm in size (Fig. 2).

The Ca/P ratio of the HAP powder, as determined by ICP

analyses, was 1.67 � 0.01. The specific surface area, deter-

mined by the BET method, was 59 � 5 m2/g. The XRD pattern

of the powder showed a very low crystallinity (Fig. 3). The only

peaks recognized were those corresponding to the calcium

hydroxyapatite phase. All the peaks perfectly matched the

JCPDS pattern 9–432 for HAP, suggesting that pure HAP was

obtained.

The Fourier transform infra-red (FTIR) analysis of the HAP

powder (Fig. 4) revealed the characteristic bands corresponding

to calcium hydroxyapatite: the phosphate group bands at 462

cm�1, 553 cm�1, 595 cm�1, 958 cm�1, and 1024–1115 cm�1,

the OH� group band at 3584 cm�1 and 636 cm�1 and the

HPO4
2� band at 873 cm�1 [26].

The SEM micrograph of the green compact isostatically

pressed at 400 MPa is shown in Fig. 5. The compact, as can be



Fig. 7. SEM micrograph of a sample sintered at 1050 8C for 45 min (fracture

surface).

Fig. 8. SEM micrograph of a sample sintered at 1050 8C for 2 h (fracture

surface).

Fig. 10. SEM micrograph of a sample sintered at 1100 8C for 45 min (fracture

surface).

Fig. 11. SEM micrograph of a sample sintered at 1100 8C for 4 h (fracture

surface).
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clearly seen, was uniform, as the result of applied high isostatic

pressure and the presence of soft aggregates in the starting HAP

powder. The green compact density was 1.89 g/cm3, or 60% of

the theoretical density.
Fig. 9. SEM micrograph of a sample sintered at 1050 8C for 4 h (fracture

surface).
In the first part of the experiment, green compacts of HAP

were sintered in air to obtain compacts having a dense

microstructure. The SEM micrograph of the fracture surface of

a sample obtained by sintering at 1000 8C for 8 h is shown in

Fig. 6. The figure shows that this compact has a porous

microstructure with mean grain size of 300 nm. SEM

micrographs of samples sintered at 1050 8C for 45 min, 2 h,

and 4 h are shown in Figs. 7–9, respectively. The sample

sintered at 1050 8C for 45 min had a high porosity, which

decreased with increasing sintering time. On sintering in air at

1050 8C, the HAP compacts increased in grain size from

650 nm to 950 nm. The samples sintered at 1100 8C for 45 min

(Fig. 10) and 4 h (Fig. 11) have a noticeable porosity as well.

The SEM micrograph of the sample sintered at 1200 8C for 2 h

showed a uniform dense microstructure with 3 mm mean grain

size (Fig. 12).

In the second part of the experiments, green compacts were

hot pressed at temperatures lower then 1000 8C, resulting in full

dense HAP compacts with smaller grain size. The SEM

micrographs of compacts hot pressed at 1000 8C for 2 h and 1 h



Fig. 12. SEM micrograph of a sample sintered at 1200 8C for 2 h (polished and

etched).

Fig. 13. SEM micrograph of a sample hot pressed at 1000 8C for 2 h (fracture

surface).

Fig. 15. SEM micrograph of a sample hot pressed at 950 8C for 2 h (fracture

surface).
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are shown in Figs. 13 and 14, respectively. Both of these

microstructures were nonporous, with mean grain sizes of

380 nm and 140 nm, and densities of 3.06 g/cm3 and 2.99 g/

cm3, respectively. The mean grain size further decreased to
Fig. 14. SEM micrograph of a sample hot pressed at 1000 8C for 1 h (fracture

surface).
50 nm with decreasing hot pressing temperature to 950 8C
(Fig. 15). The sample that was hot pressed at 900 8C for 2 h was

porous (Fig. 16). The ceramics that reached full density were

found to be translucent [1]. Hot-pressed dense nanostructured

samples obtained at 1000 8C and 950 8C, were translucent.

The FTIR analysis of the samples sintered at 1200 8C for 2 h

and hot pressed for 1 h at 1000 8C (Fig. 17) showed the

characteristic bands corresponding to calcium hydroxyapatite.

The XRD pattern of a sample sintered at 1200 8C for 2 h and

hot pressed at 1000 8C for 1 h (Fig. 18) showed peaks

suggesting that HAP was the prevailing crystalline phase in the

bioceramic materials obtained.

In a brittle ceramic material like HAP, the fracture

toughness is very low, so after the critical load, the fracture

surface generation processes consume more energy and the

volume deformation process is left unchanged [27,28].

During the past decade, major advances have been made in

developing ceramic microstructures, which increase the

energy absorption during crack propagation [29]. Significant

improvements have been made in fracture toughness increase

of a polycrystalline ceramic through the control of density
Fig. 16. SEM micrograph of a sample hot pressed at 900 8C for 2 h (fracture

surface).



Fig. 17. FTIR spectra of samples sintered for 2 h at 1200 8C and hot pressed for

1 h at 1000 8C.

Fig. 19. Measured microhardness and fracture toughness as a function of grain

size ((& ), microhardness; (&), fracture toughness).
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and microstructure characteristics, especially by effect of

grain size [29–31].

The indentation fracture toughness of a compact hot pressed

at 1000 8C for 1 h and of a compact sintered at 1200 8C for 2 h

were determined by Vicker’s indenter, to check the effect of

grain size on fracture toughness. The fracture toughness as a

function of grain size is showed in Fig. 19. It can be observed

that with decreasing average grain size, fracture toughness of

dense HAP ceramics significantly increases. The dense

compact sintered at 1200 8C for 2 h has mean grain size of

3 mm, while fracture toughness was 0.28 MPa m1/2. In dense

compact hot pressed at 950 8C for 1 h, fracture toughness

increased up to 1.52 MPa m1/2 as the grain size decreased to

50 nm in average. This maximum value is slightly higher than

the reported KIC value of 0.88 MPa m1/2 for HAP ceramics by

Thangamania et al. [27] and Raynaud et al. [16] measured a

fracture toughness of 1.0 � 0.1 MPa m1/2 in a hot pressed HAP/

TCP ceramics with an average 200 nm grain size. Banerjee

et al. [5] obtained dense HAP ceramics with lower fracture

toughness ranging from 0.6 MPa m1/2 to 1.0 MPa m1/2.
Fig. 18. XRD patterns of samples sintered for 2 h at 1200 8C and hot pressed for

1 h at 1000 8C.
Transgranular and intergranular fractures are found in

polycrystalline ceramic materials. The type of fracture is

usually found to be transgranular in microstructured HAP

ceramics, because the fracture cracks pass through the grains

[27,32]. An increase of KIC with decreasing grain size is usually

observed in ceramics where fracture mechanism is intergra-

nular because the major contribution to crack resistance is

related to the crossing the cracks through the grain boundaries.

With decrease in grain size, the part of the grain boundary phase

is increased, and in that way the greater is energy absorption

during crack propagation through the grained boundaries of

such fine-grained microstructure (nanostructure).

In our case, Figs. 13 and 14 confirm the intergranular

fracture mechanism in our nanostructured HAP ceramics

(where the pulled out grains from the structure are observed). It

could be supposed that decrease in grain size from micro to

nano-level change the fracture mechanism from transgranular

to intergranular, giving the explanation for the increasing of

fracture toughness up to 1.52 MPa m1/2.

The microhardness of the samples sintered at 1200 8C for

2 h and hot pressed at 1000 8C for 1 h and at 950 8C for 1 h was

2.39 GPa, 3.24 GPa and 4.30 GPa, respectively. The micro-

hardness as a function of grain size is showed in Fig. 19. It can

be observed that with decreasing of grain size, microhardness

of dense HAP ceramics increases.

4. Conclusions

Dense HAP ceramics were produced by sintering and hot

pressing of isostatically pressed green compacts. Air sintering

at 1000 8C, 1050 8C, and 1100 8C resulted in compacts having

porous microstructures. The SEM micrograph of the sample

sintered at 1200 8C for 2 h shows a dense uniform micro-

structure with a average grain size of 3 mm. Hot pressing led to

compacts with dense translucent nanostructures and average

grain sizes ranging from 50 nm, for the sample hot pressed at

950 8C for 2 h to 380 nm, for the sample hot pressed at 1000 8C
for 2 h. The XRD and FTIR analyses of the sintered and hot

pressed samples revealed peaks and bands corresponding to the

calcium hydroxyapatite phase, only. The mechanical properties
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of the nanostructured HAP ceramics obtained by hot pressing

were obviously better than those of the microstructured

ceramics obtained by sintering in air. With the grain size

decreasing from 3 mm to 50 nm, the fracture toughness of the

dense HAP compacts increased from 0.28 MPa m1/2 to

1.52 MPa m1/2, while the microhardness increased from

2.39 GPa to 4.30 GPa.
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