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A toughened hydroxyapatite (HA) ceramic has been obtained through the incorporation
of magnesia partially stabilized zirconia (Mg-PSZ) under uniaxial pressing and sintering in
wet oxygen at 1250 �C for 4 h. The powder X-ray diffraction (XRD) patterns and infrared
spectra (FT-IR) show that HA is the only calcium phosphate phase present. The composite
(MgPSZ-HA) has a density of 94% the theoretical value. The bending strength and the
fracture toughness are around 50% higher for Mg-PSZ reinforced than for HA. The grain size
and the fracture surface were studied by scanning electron microscopy (SEM). The in¯uence
of the Mg-PSZ particles on the fracture mechanism of the HA ceramic is discussed.
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1. Introduction
The low fracture strength and fatigue resistance of HA

ceramics are the main limitations to potential applica-

tions in which the implant must withstand certain loading

levels [1]. It is well known that the brittle behavior of

ceramics can be improved by the incorporation of

partially stabilized zirconia (PSZ) or tetragonal zirconia

particles (TZ) [2, 3]. Since PSZ presents high strength,

high resistance to fracture and is inert in biological

environments, its incorporation may enhance the

mechanical properties of HA ceramics without adversely

affecting its biocompatibility [4, 5].

However, the major drawback to this approach is that

at high temperature the calcium, which is the main

component of the HA, diffuses into zirconia and changes

its structure into the stable cubic phase, hindering the

transformation toughening mechanism [4]. Furthermore,

calcium diffusion promotes the decomposition of HA,

leading to the formation of b-tricalcium phosphate (b-

TCP) and calcium zirconate (CZ). These phases reduce

the mechanical properties of the ceramic [6, 7].

Commonly, yttria partially-stabilized zirconia (Y-

PSZ) has been used as the reinforcing phase, and the

decomposition associated to calcium diffusion appears

mainly when pressureless sintering is used.

In this work we propose a new method, which prevents

the decomposition of HA, to obtain a toughened HA

ceramic by incorporation of Mg-PSZ particles. For that

purpose we study the sinterability and the mechanical

behavior of a (MgPSZ-HA) composite obtained by

uniaxial pressing and sintering in humid environment.

2. Materials and methods
HA powder was prepared in the laboratory by reaction

between Ca(OH)2 and H3PO4 in aqueous solution. The

precipitates were ®ltered, washed with distilled water

and dried in air at 105 �C for 24 h. The dried product was

calcined at 700 �C for 2 h and ground for 1 h. The Mg-

PSZ powder was obtained mixing zirconia (Merck) and

magnesia (Panreac) (8 mol %), heating at 1450 �C for 4 h

and then grinding for 1 h. The particle sizes in the HA

and Mg-PSZ powders were examined by laser diffraction

(Coulter1 LS) using a sodium pyrophosphate solution as

de¯oculant.

The Ca/P ratio in HA was measured by atomic

absorption spectrometry (Jarrel ASH, Polyscan 61E).

The X-ray diffraction (XRD) patterns of both powders

were obtained in a Siemens D-500 XRD diffractometer.

Two series of ceramics were prepared using the same
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protocol: pure HA and HA containing 20 wt % of Mg-

PSZ particles. The powder mixtures were ground by

ball-milling in ethanol for 1 h. Subsequently, they were

pressed at room temperature in a steel die under a

uniaxial stress of 400 MPa for discs and 100 MPa for

bars. An acrylic resin (Elvacite1) dissolved in acetone

was used as binder. The green bodies prepared as discs

(6 mm diameter and 3 mm high) and bars

�664650 mm� were sintered at 1250 �C for 4 h in

wet oxygen and in air. The sintering was performed

inside a tubular furnace. The green bodies were heated

from room temperature to 800 �C at a heating rate of

1 �C minÿ 1 and then heated to the top temperature at a

rate of 3 �C minÿ 1. The humid atmosphere was

produced by ¯owing oxygen through boiling distilled

water at a rate of 0.07 m3 hÿ 1. After sintering the

specimens were cooled down inside the furnace at a rate

of 100 �C hÿ 1.

The thermal stability of HA phase when Mg-PSZ is

present was determined by XRD and Fourier transform

infrared spectroscopy (FT-IR) using potassium bromide

discs (FT-IR spectrophotometer Bomen MB 120). To

determine the densi®cation produced by sintering, the

specimens were diamond polished and ®nished with a

0.1 mm alumina slurry. Volume was measured with a

micrometer and weight with a balance. The relative

density was calculated using 3.16 g cmÿ 3 and

3.47 g cmÿ 3 for the theoretical densities of HA and

MgPSZ-HA, respectively. To reveal the grain structure,

the polished surfaces were etched with a mixture 1 : 1 of

aqueous solutions of 85% lactic acid and 0.12 M

ethyldiaminetetraacetic acid for 20 s. The average grain

size was estimated from micrographs obtained by

scanning electron microscopy (SEM; JEOL, JSM 6300).

The bending strength and the modulus of elasticity in

bending were measured by a three-point bending test

performed on a 30 mm span at a crosshead speed of

0.5 mm minÿ 1, using an electromechanical testing

machine (Instron) equipped with a load cell of 1 kN.

The dimensions of the specimens were 563:5640 mm.

The fracture toughness �KIC� measurements performed

using the single-edge notched bend (SENB) method,

were done by the same three-point bending set-up. In

each fracture toughness specimen �562:5640 mm� a

notch was sawn. For each series, ®ve specimens were

tested. The fracture surfaces of the specimens were

examined by SEM.

The fracture toughness was also determined by

indentation with a micro-Vickers hardness tester (Carl

Zeiss), on polished discs embedded in acrylic resin,

applying 1.96 N for 15 s. Niihara et al's equation was

used for the calculations of toughness [8]. The same

loading condition for the Knoop indentations was used to

determine the Young's modulus, which was calculated

according to the Evans formula [9].

3. Results and discussion
The Ca/P ratio in the HA powder was 1:69+ 0:02, which

agrees with the Ca/P ratio of stoichiometric HA (1.67).

The powder XRD patterns show no traces of thermal

decomposition at temperatures up to 1250 �C. Fig. 1

shows the XRD pattern of Mg-PSZ heated at 1450 �C for

4 h. The diffraction peaks corresponding to monoclinic,

tetragonal and cubic phases are present. This is a typical

XRD pattern of Mg-PSZ [10]. The proportion of the

monoclinic phase �Xm � 0:41+ 0:03� was calculated

using the equation proposed by Batchelor et al. [11]. No

attempt was made to determine the relative amount of

cubic and tetragonal phases since they cannot be

obtained from the integrated intensities {1 1 1} in the

diffraction angle of 2y& 30� [10]. Both calcined HA and

Mg-PSZ present average sizes of& 10 mm and& 6 mm,

respectively. The particle size distribution of the HA

powder is considerably broader than that of Mg-PSZ,

80% of the HA particles and Mg-PSZ powders had sizes

in the range 2±20 mm and 1±10 mm, respectively.

No decomposition of the HA phase is detected in the

XRD patterns of both the HA and the MgPSZ-HA

materials sintered in moisture at 1250 �C for 4 h. No

peaks corresponding to phases such as b-TCP or CZ are

seen.

In contrast, when the MgPSZ-HA is sintered at

1250 �C for 4 h in air, the HA phase transforms into b-

TCP and the CZ appears, probably due to the reaction of

the Mg-PSZ and the calcium oxide (CaO) released by the

decomposition of HA [12] (Fig. 2).

The FT-IR spectra of the MgPSZ-HA composite

sintered in wet oxygen show the typical HA absorption

Figure 1 XRD pattern of Mg-PSZ obtained by heating at 1450 �C
for 4 h.

Figure 2 XRD patterns of HA and MgPSZ-HA ceramics: (a) HA

sintered at 1250 �C for 4 h in wet oxygen; (b) MgPSZ-HA sintered at

1250 �C for 4 h in wet oxygen; (c) HA-MgPSZ sintered at 1250 �C for

4 h in air; (m) HA; (�) Mg-PSZ (c, t); (&) b-TCP; (�) CZ.
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bands at 3560, 1090, 1034, 601 and 565 cmÿ 1 [13] (Fig.

3). On the contrary, in the samples sintered in air the

absorption bands at 1119, 972 and 948 cmÿ 1 corre-

sponding to the b-TCP are clearly detected.

The in¯uence of the moisture content on the stability

of HA at high temperature was demonstrated by Wang

and Chaki [14]. In our case the sintering in humid oxygen

prevents HA decomposition even when the Mg-PSZ

particles, which promote the thermal decomposition of

HA, are present.

When heated at high temperature, HA transforms into

b-TCP and tetracalcium phosphate (TetrCP) according to

the scheme [15]

Ca10�PO4��OH�2 ? 2Ca3�PO4�2 � Ca4O�PO4�2 � H2O

In our experiments, the high pressure of water vapor in

the sintering environment prevents the decomposition of

the HA by reversing the chemical process and stabilizing

the HA phase. Therefore, the reaction with Mg-PSZ

particles is minimized. Moreover, the sintering of the

MgPSZ-HA ceramics in moisture avoids the calcium

diffusion into the Mg-PSZ particles.

Table I shows the density and the mechanical

properties obtained by indentation methods of the HA

and MgPSZ-HA samples sintered at 1250 �C for 4 h in

humid environment. The relative density values obtained

are higher than those reported by Wang and Chaki [14]

for HA sintered in moisture at 1250 �C for 4 h, indicating

that the sinterability of our material is good.

The fracture toughness values for the MgPSZ-HA

materials are around 2.5 times higher than those obtained

for HA sintered at the same conditions (Table I). In Table

II the KIC of the MgPSZ-HA is compared with the values

reported by Takagi et al. [5] and Ioku et al. [16] for Y-

PSZ containing HA ceramics prepared by hot isostatic

pressing (HIP). The toughness values obtained in this

work were only slightly lower than those obtained when

HIP is used. In all cases Niihara's equation was used to

calculate the KIC. The bending strength of the MgPSZ-

HA (168 MPa) is very close to 170 MPa, the value

reported by Takagi et al. using Y-PSZ (20 wt %) and HIP.

The mechanical properties obtained by three-point

bending are shown in Table III. The fracture toughness

and Young's modulus are lower than those obtained from

the indentation measurements. The main cause of this

difference may be attributed to the porosity and the

compacting defects, which can reduce the values

measured in conventional tests, whereas the micro-

indentation tests are carried out on well-compacted

surfaces of the specimen [17]. The values obtained are

signi®cantly higher than those reported by Wang and

Chaki [14] for HA sintered in the same conditions. The

morphological characteristics of the powder, the good

stoichiometry, and the crystallinity of the calcined

powder may be some factors which provide a good

sinterability even when the sintering atmosphere presents

high humidity contents. From FT-IR spectra, the

Figure 3 FT-IR spectra of MgPSZ-HA sintered at 1250 �C for 4 h; (a)

sintered in wet oxygen; (b) sintered in air.

T A B L E I Density and mechanical properties obtained by indentation methods of HA and the Mg-PSZ containing HA sintered at 1250 �C for 4 h

in humid environment. The green bodies were pressed as discs at 400 MPa

Ceramic

Density

(%)

Hardness (H)

(GPa)

Young's modulus (E)

(GPa)

Fracture toughness �KIC�
(MPa m1/2)

HA 96:27+ 0:43 4:14+ 0:28 213+ 26 0:72+ 0:07

MgPSZ-HA 94:35+ 0:52 2:94+ 0:20 112+ 17 1:73+ 0:09

T A B L E I I Comparison between the value of the KIC obtained in this work with those reported for similar materials. In all cases the content of

PSZ was 20 wt %

Ceramic Sintering method KIC (MPa m1/2)

MgPSZ-HA Uniaxial pressing and sintering 1:73+ 0:09

YPSZ-HA [5] Hot isostatic pressing 2.1

YPSZ-HA [16] Post-sintering by hot isostatic pressing 2.1

T A B L E I I I Density and mechanical properties obtained by three-point bending and the SENB method. Green bodies were pressed as bars

at 100 MPa

Ceramic

Density

(%)

KIC

(MPa m1/2)

Bending strength

(MPa)

Young's modulus

(GPa)

HA 96:6+ 0:54 0:98+ 0:03 103+ 11 90+ 6

MgPSZ-HA 93:9+ 0:49 1:46+ 0:19 168+ 10 108+ 5

717



decreasing of the hydroxyl absorption bands suggest

some dehydroxylation in the sintered material, which

promotes the densi®cation of HA ceramics [18]. In

addition, the small grain size measured

�1:68+ 0:55 mm�, can also contribute to the good

mechanical properties. It is worth mentioning that the

incorporation of Mg-PSZ into the HA matrix does not

signi®cantly affect the grain size �1:56+ 0:48 mm�.
The micrographs of the fracture surfaces show a

mainly transgranular mechanism of fracture for the HA

ceramic (Fig. 4). For the MgPSZ-HA the fracture

mechanism seems to be less transgranular (Fig. 5), as

expected because of the increased toughness of the

material. The brittleness index �H=KIC� is

5.756 1073m7� for HA and 1.66 1073m7� for

MgPSZ-HA. The fracture toughness increases can be

attributed to two mechanisms, which may be operative in

MgPSZ-HA ceramics, the transformation toughening of

the Mg-PSZ particles and the presence of microcracking

[5]. In fact, the difference of thermal expansion

coef®cients of HA and Mg-PSZ (13:8610ÿ6 and

10:9610ÿ6 �Cÿ1, respectively) promotes microcraking

in the HA matrix (Fig. 6).

4. Conclusions
We conclude that it is possible to obtain toughened HA

reinforced with Mg-PSZ particles by employing uniaxial

pressing and sintering in humid environment. The wet

sintering environment prevents the decomposition of the

HA phase. The characteristics of the starting HA powder

seem to be a key factor to achieve high sinterability in the

MgPSZ-HA composite. The method proposed in this

work can be useful to enhance the mechanical behavior

of HA-based materials.
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