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Abstract 
Despite being highly bioactive and biocompatible, some of the limitations like poor fracture toughness, lack of 

electrical conductivity and antimicrobial properties restrict the use of monolith hydroxyapatite (HA) as bone 

replacement material. In this paper, we address one such issue and will demonstrate how CaTiO3 (CT) 

addition enhances physical properties like strength, fracture toughness etc. Therefore, the strategy in the 

current research is to develop dense HA-CT biocomposites using innovative multi-stage spark plasma 

sintering (MSSPS) technique (at 50 MPa, 1200oC, 5 min), that can mimic the function and properties close to 

that of natural bone. Fine scale microstructural characterization using TEM reveals the presence of twins in 

CaTiO3 grains and the grain size of HA is around 1-2 µm. Phase analysis using x-ray diffraction analysis 

revealed an absence of α and β-tricalcium phosphate (Ca3(PO4)2) or CaO phase which is also supported by 

Fourier transformed infra-red spectroscopy. Elastic modulus of 46-135 GPA is obtained using 

nanoindentation. Based on the available empirical models, it has been observed that the experimentally 

measured density hardness, and elastic modulus match reasonably well with that of the natural cortical bone. 
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1. Introduction

Hydroxyapatite has been used as synthetic biomaterials for orthopaedic research in last two 

decades due to its being highly bioactive and better osseointegration [1 – 2]. Because of the 

conventional processing of HA ceramics results insufficient fracture toughness (~1 MPa 

m1/2) [3] for the load bearing hard tissue replacement. Therefore, HA-based composites have 

been developed by using different additives (ZrO2, Al2O3, and BaTiO3 etc) to improve the 

mechanical reliability [4 – 6]. It is reported that CaTiO3 (CT) is a good substrate for apatite 

growth [7] and plays a dominant role in osseointegration [8]. Also, CT has modest 

mechanical properties, including elastic modulus of 161 GPa, hardness of 5 GPa [9] and 

fracture strength of 172 MPa [10]. It is to be noted that 95% densification of HA-CaTiO3 

(HA-CT) composites was achieved by pressureless sintering at 1400˚C for 4 hours [11]. The 

present work reports the development of HA-CaTiO3 based biocomposites with varying 

content of 0, 40, 80, and 100 wt% CaTiO3 by using multi stage spark plasma sintering 

(MSSPS) [12]. Such advanced technique enables faster heating rate (100-200 oC/min), 

shorter holding time (5 min) and simultaneously higher applied pressure (30-100 MPa), 

which can produce dense HA-based biomaterials, when compared to this from conventional 

sintering [13]. The major thrust in this paper is to present the results of detailed 

microstructure and mechanical characterisation using nanoindentation technique. Further, 
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analytical models are utilized to correlate the densification to that of obtained mechanical 

properties. 
 

2. Materials and methods 
 

2.1. Sample preparation 
 

Hydroxyapatite Ca10(PO4)6(OH)2 powder was synthesized using precursors CaO and 

orthophosphoring acid adopting wet precipitation route [14]. Also, the crystalline calcium 

titanate (CaTiO3) was synthesized by ball milling from the mixture of CaO and TiO2 

(anatase) followed by calcination at 900oC for 2 hrs [15]. HA-CT powders were made by ball 

milling (Fritsch, Pulverisette 1583, Germany) for 16 hr using agate balls and jars as grinding 

media with varying amounts of CaTiO3 ( 40, 80 wt. %) to HA. The innovative multistage 

spark plasma sintering technique (MSSPS) (Dr. Sinter, Model 515S, SPS syntax Inc, Japan) 

was used to sinter the powders using two heating cycles as shown in Table.1. The novelty of 

the process was that the powders (HA-40CT, HA-80CT and CT) were loaded into the 

graphite die by simultaneously applying uniaxial pressure of 50 MPa and were heated by 

pulsed direct current to a temperature of 850oC (holding time of 5 minutes) to enhance the 

surface activation. In the same heating cycle, the powder compact was subsequently heated 

to a temperature of 950oC with a dwell time of 5 min to activate the surface diffusion, 

followed by final stage of sintering at temperature of 1200oC for holding time 5 min to 

promote the lattice diffusion and plastic deformation. On the other hand, HA powder was 

heated at pressure of 30 MPa with sintering temperature of 850 oC, 950 oC with holding for 5 

min at each temperature and finally sintered at 1000 oC. A uniform heating rate of 

100
o
C/min was maintained throughout of the sintering cycle for all the samples followed by 

furnace cooling. Finally, all the SPSed samples were polished using a series of emery papers 

to produce flat mirror surfaces for further studies. 
 

2.2. Characterisation of composites 
 

The bulk density of the HACT composites was measured using Archimedes’ principle. In 

order to calculate the percentage of relative theoretical density (% TD), the measured 

density was compared to the theoretical density of HA (3.16 g/cc) and CaTiO3 (3.9 

g/cc).The stability and dissociation of HA phases in the sintered HA-CT composites were 

analysed by XRD (Bruker Xpert diffractometer) using Cu-K (1.54Å) radiation. The 

microstructure of polished and chemically etched samples was obtained using Scanning 

Electron Microscope (SEM, FEI Quanta 200). Additionally, electron transparent ultrathin 

samples of 0.1µm or lower thickness were prepared using ultrasonic disc cutter followed by 

dimpling and precision ion polishing system (PIPS). Transmission Electron Microscope 

(TEM, Tecnai G2) was used to study the microstructure and morphology of the phases in 

monolith HA, CT and HA-CT composites. Elastic modulus and hardness were determined 

by nanoindentation technique (Hysitron Minneapolis, USA) using Berkovich indenter at 

load of 6µN and 4×4 numbers of indentation. 
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3. Results and discussion 

 

3.1. Densification and Microstructural analysis 

 

All the multi-stage sintered ceramics achieved density of 98% of theoretical density or 

more, of which ~99 % of theoretical density is obtained for HA and HA40CT ceramics 

(heating rate of 100 oC, pressure of 30-50 MPa, holding time 5 min).. In conventional 

sintering, 95% relative density was achieved when sintered at 1400 oC for similar HA-CT 

composition for 4 hour.11 The efficacy of multi stage spark plasma technique in densifying 

HA-CT composites can be realised due to fast heating rate, short holding time in 

combination with applied pressure. The majority of the XRD peaks corresponds to the 

characteristic peaks of HA and CT as shown in the Fig. 1. The stability of phases in HACT 

composites was therefore confirmed. An absence of α and β-tricalcium phosphate 

(Ca3(PO4)2) and CaO peaks were critically recorded, which is detrimental to mechanical 

properties. However, the major X-ray peaks of CaTiO3 phase were shifted to lower 2 of 

~0.4o, which were noticed in the sintered HA80CT composite and monolith CT. Also, very 

weak peak of TiO2 was observed in XRD spectrum of CaTiO3. Fig.2 (a) shows the SEM 

and (b) TEM fine grained (0.5-2.0 µm) homogeneous microstructures of CT HA-40CT and 

HA80CT composites. It is assumed that the equiaxed grains are formed during MSSPS 

sintering, which corresponds to the phase CaTiO3 and HA as seen in Fig. 2(a). As a result, 

diffusion mechanisms of CaTiO3 and HA grains take place during final stage of sintering 

and only small amount of porosity can observed at the triple point of grain boundary in the 

HA-CT ceramics. 
 

3.2. Hardness and Elastic Modulus 
 

The typical nanoindentation Load –displacement curve of monolith of HA, CT ,HA40CT 

and HA80CT composites is represented by the indenter load, P, as a function of the 

apparent depth of penetration, h as shown in Fig. 3(a). Based on the curve P(h), important 

properties includes hardness and elastic modulus can be derived according to following 

equations. 

P = P(h),  Sm =
dP

dh
|h = hm =  

2

√π 
Er√A(hp)                                                                     (1) 

Nanoindentation hardness is generally defined as the indentation load divided by the 

projected contact area of the indentation. It is the mean pressure that a material can resist to 

deform under load. The hardness can be obtained from the load – displacement curve of 

monolith of HA, CT and HA-CT composites at peak load Pmax as shown in Table 2. 

H =  
Pmax

A(hc)
                             (2) 

where, A(hc) is the projected contact area, which is calculated as a function of contact depth, hc, with 

the sample under load. It can be determined from the load- displacement curve using equation 

hc =  hmax −  ε
Pmax

S
                                                                                                                               (3) 

where, hmax is the displacement at the peak load (Pmax). S is the slop of initial 

unloading curve and contact stiffness at maximum depth of indentation. , is a constant that 
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depends on the indenter geometry ( = 0.75 for a Berkovich indenter). 

However, contact stiffness, S can be derived from using Sneddon the geometrical 

relation between contact area, A(hc) and where, β is a constant that depends on the geometry 

of the indenter (β = 1.034 for a Berkovich indenter). Er is reduced elastic modulus, which 

indicates the elastic deformation occurs in both the sample and the indenter during 

indentation and given by equation 4. 

1

Er

=
(1−v2)

E
+

(1−vi
2)

Ei

                   (4)     

where, E and ν are the elastic modulus and Poisson’s ratio for the monolith HA, CT and HA- CT 

composites, respectively, and Ei and νi are the elastic modulus and Poisson’s ratio for the indenter. 

For diamond, Ei = 1141 GPa and νi = 0.07.24 To determine elastic modulus, E of monolith HA, CT 

and HA-CT composites using equation (3) and (4) from the contact stiffness and the projected contact 

area values can be calculated from the load–displacement curve as shown in the Table 2. 

Elastic modulus and hardness values obtained from nanoindentation data is plotted 

as the function of CaTiO3 content as shown in Fig. 3(b). The elastic modulus values of 

HACT ceramics increase with increasing the quantity of CaTiO3, sintering temperature and 

pressure. The maximum values of elastic modulus obtained in monolith CT was 250 MPa at 

pressure 50 MPa and sintering temperature of 1200 oC, whereas minimum value observed in 

monolith HA ceramics was 99 MPa at pressure 30 MPa and sintering temperature 1000 oC. 

Similarly hardness values of HACT ceramics increase with increasing the amount of 

CaTiO3 content in monolith HA. The maximum values of hardness obtained in monolith 

CaTiO3 was 5 GPa whereas the hardness obtained in monolith HA was 3.2 GPa. 

From the analysis of the load- displacement curve (Fig. 2(a)), it can be observed that 

the shape of load displacement curve has shifted towards right as increasing the loading of 

CaTiO3 ceramics to monolith HA. This indicates the increasing the quantity of CT into the 

matrix of HA results decreasing in the slop and depth of indentation of the curve of HACT 

ceramics, which implies increasing in stiffness and hardness as decreasing the depth of 

indentation as shown in Fig.2 (b).The present study has combined consideration of the elastic 

modulus, flexural strength and fracture toughness data to express the overall effects of 

processing and microstructure. An optimal sintering profile is chosen in order to control the 

grain size and porosity. The highest density of 98% of theoretical density was obtained in 

most of the HA-CT composites with fine grained microstructural features. However, it was 

reported that above 95% of theoretical density, the grain size is the dominant factor for 

mechanical properties. 

Moreover, the elastic modulus of HA-CT composites was related to the bulk density 

through the empirical models as shown in Fig. 3(a), which indicates that the density of 

composites is increased with increasing elastic modulus and fall in between these models. 

As a result, the developed composites deviate from the predicted values for cortical bone, 

which is due to higher elastic modulus and densities of both HA and CT. However, natural 

bone consists of nano scale hierarchical structure of apatite crystallites and its 

heterogeneous distribution of collagen fibres, which attributes higher elastic modulus at 

lower apparent density. 
 

4. Conclusion 
 

It can be concluded that the addition of CaTiO3 to HA matrix plays an important role in 

determining strength and toughness of HA-CT composites. It is hard enough to achieve 
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desired mechanical properties compared to natural cortical bone under controlled HA-CT 

interaction, and microstructure using optimised MSSPS sintering profile. Importantly, good 

thermomechanical compatibility between HA and CaTiO3 is also demonstrated in the 

present work. 

 

Table 1: The sinter densities, phase assemblage of multi-stage SPSed HA-CT       

               composites. A detailed description of heating cycle is shown in Fig.1 

Sintering profile Sample 

designation 

Amount 

of CT 

(wt %) 

XRD Sintered 

density 
(%th) 

850oC/ 950oC/1000oC HA 0 Phase stability 99.4 

950oC/1100oC/1200oC CT 100 Phase of TiO2//2 

shifting 

98.2 

950oC/1100oC/ 1200oC HA40CT 40 Phase stability 99.0 

950oC/ 1100oC/ 1200oC HA80CT 80 Phase stability /2 

shifting 

98.6 

 

Table 2: Summary of the results of nanoindentation of monolith HA, CT and 

HA-CT composites 

Figure 1(a) and (b): XRD spectra and SEM and TEM microstructure of monolithic HA, 

CT ceramics and HA-CT composites 

Samples Load 

(N) 

Depth of 

Penetration 

(nm) 

Hardness 

(GPa) 

Reduced Elastic 

modulus, Er 

(GPa) 

Elastic 

Modulus 

(GPa) 

HA 6 186 3.2 48 46 

CT 6 190 5 128 135 

HA40CT 6 209 3.5 122 121 

HA80CT 6 174 4.5 123 127 
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Figure 2 (a) and (b): Typical loading and unloading nanoindentation curves and stiffness of HA, CT, 

HA40CT and HA80CT composites at peak load of 6µN 
 

 
 

Figure 3 (a): Elastic modulus of HA-CT composites compare with different models as a   

                function of bulk density and (b) Elastic modulus of HA-CT composites 

compare with hardness as function of wt% of CaTiO3 
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