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Abstract
Nano-size b-TCP powders with average grain size of 100 nm were prepared by the precipitation method. The sinterability of the nano-size

powders, and the microstructure, mechanical strength and the in vitro degradability of the prepared b-TCP bioceramics were investigated. The

results showed that the nano-size powders possessed superior sintering properties as compared to the micro-size powders. The densification

temperature and phase transition temperature of b-TCP bioceramics prepared using nano-size powders was clearly lower than that prepared using

micro-size powders, and the maximum value of the bending strength, elastic modulus, Vickers hardness and compressive strength of the samples

fabricated from nano-size powders were more than two-times higher as compared to those of samples fabricated from micro-size powders.

Furthermore, the degradability of the b-TCP bioceramics fabricated from nano-size powders was much lower than for micro-size powders,

suggesting the possible control of the degradability of the bioceramics by regulating powder size.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

b-TCP has been proved to be resorbable in vivo with new

bone growth replacing the implanted b-TCP [1–3]. This

property imparts significant advantage onto b-TCP compared

to other biomedical materials, which are not resorbed and

replaced by natural bone. Therefore, b-TCP bioceramics are

widely used as bone replacements in the field of oral and plastic

surgery [1,4–6].

Most of the b-TCP is implanted in the forms of granules and

rods. It is well known that the low mechanical behaviour of b-

TCP bioceramics is the main limitation in load-bearing

applications in clinic [7,8]. Thus, despite their favorable

biological properties, the poor mechanical strength of b-TCP

bioceramics has severely hindered their clinical applications

[7,8]. For many years, a number of studies have been focused on

the sintering properties of b-TCP bioceramics, aiming at

improving their mechanical strength [9,10], and studies have

shown that the mechanical strength of the ceramics is a function
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of density, grain size, grain morphology and grain boundary

characteristics [11–14]. Low temperature sintering is an

effective way to obtain high mechanical strength of ceramics

by avoiding grain size growing excessively and obtaining high-

density bodies with fine grain size. However, the sintering

activity of the widely used commercial b-TCP powders with

micro- or submicro-size was poor, and high sintering

temperature (commonly >1150 8C) is required to obtain

high-density b-TCP matrix with large grain sizes [10,15,16].

It is known that nano-size ceramic powders have high surface

area and high sintering activity, which may result in the high

mechanical strength of fully dense matrix with fine grain size at

low sintering temperature [17].

However, up to now, most work was focused on the

parameters which would influence the b-TCP powder

characteristics [18–20], few work has been carried out on

the sintering behavior of the powders with different particle

size, and their influences on the properties of the sintered b-

TCP matrix. The aim of the present study was to investigate

the influence of the nano-size powders and commercially

obtained micro-size powders on the sintering, microstructure,

mechanical strength and degradability of the b-TCP

bioceramics.
d.
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2. Materials and methods

2.1. Materials

The micro-size b-TCP powders were obtained from Tomita

(Tokushima, Japan) and the grain size of the powders is in the

range of 0.5–3 mm. All other chemicals were obtained from

China National Medicine Shanghai Chemical Reagent Cor-

poration.

2.2. Preparation of nano-size b-TCP powders

The nano-size b-TCP powders for the present studies were

synthesized by the reaction of Ca(NO3)2 with (NH4)2HPO4.

Briefly, 1000 mL of 0.4 mol (NH4)2HPO4 solution with a pH

10.8 was vigorously stirred at room temperature, and 1000 mL

of 0.6 mol Ca(NO3)2 with a pH 10.8 was added dropwise over

300–360 min to produce a white precipitate. Throughout the

mixing process the pH of the system was maintained above 10.8

with the adding of ammonia solution. The white precipitate was

then stirred for 12 h followed by washing with distilled water,

and then washed with 100% ethanol to improve the dispersion

characteristics. After washing, the remaining liquid was

removed by vacuum filtration, and the precipitate was dried

at 80 8C for 24 h. b-TCP was obtained by calcining the powders

at 800 8C for 2 h.

2.3. Preparation of b-TCP bioceramics

The prepared nano-size b-TCP powders and the commer-

cially obtained micro-size b-TCP powders were used as the

starting raw materials. The powders were uniaxially pressed

and followed by cold isostatic pressing into rectangular-prism-

shaped specimens (�44 mm � 8 mm � 4 mm) under a pres-

sure of 200 MPa for 15 min. Subsequently, they were

pressurelessly sintered in air at selected temperatures for 2 h

with a heating rate of 3 8C/min. The samples were cooled to

room temperature at a rate of 2 8C/min in the furnace.

2.4. Characterization of b-TCP powders and bioceramics

The morphology and size of the synthesized and commer-

cially obtained b-TCP powders were observed by transmission

electron microscopy (TEM: JEM-2100F, JEOL, Japan). XRD

patterns of the b-TCP powders and ceramics were characterized

by X-ray diffraction (XRD: D/max 2550 V, Rigaku, Japan). The

chemical composition of the synthesized and commercial b-TCP

powders was analyzed by inductively coupled plasma atomic

emission spectroscopy (ICP-AES; VISTA AX, Varian Co.,

USA). The open porosity and relative densities of the sintered

samples were determined by the Archimedian method [21] with

distilled water as the immersion medium, and the closed porosity

was calculated using the bulk and real density of the samples

[22]. The sintered samples were mirror-polished using 0.5 mm

diamond slurries. After polishing and etching at 100 8C below

the sintering temperature for 1 h, the surface of the sintered

samples was observed by field emission scanning electron
microscope (FESEM: JSE-6700F, JEOL, Japan). The three-point

bending strength and elastic modulus of the sintered samples

were measured at the mechanical testing machine (Shimadza

AG-5 kN, Japan) with a loading rate of 0.5 mm/min according to

the JIS R1601 and JIS R1602 standard, respectively. A span

length of 30 mm and rectangular-prism-shaped specimens

(36 mm � 4 mm � 3 mm) with surfaces polished by 0.5 mm

diamond powders were used. The Vickers hardness of the

samples was measured on the polished surface using a load of

1 kg and 10 s of indentation time (Wilson-wolpert Tulkon1

2100B, Instron, USA) according to the ISO 14705-2002

standard. The compressive strength of the sintered samples in

the size of 6 mm � 6 mm � 3 mm was measured using a

mechanical testing machine (5500R-100 kN, Instron, USA) with

a loading rate of 0.5 mm/min according to the GB/T 8489-1987

standard. In this study, five samples from each group were tested

to obtain average relative density, bending strength, elastic

modulus, Vickers hardness and compressive strength.

2.5. Soaking in Tris–HCl buffer solution

The degradability of the fabricated b-TCP bioceramics was

determined by their weight loss percentage in Tris–HCl buffer

solution. The 0.1 M Tris–HCl buffer solution was prepared by

dissolving analytical reagent grade Tris(hydroxymethyl)

aminomethane in distilled water and then was buffered at

pH 7.4 at 37 8C with hydrochloric acid. The sintered b-TCP

bioceramics were placed in polystyrene bottles containing

Tris–HCl buffer solution. The bottles with the samples and

Tris–HCl were maintained at 37.0 8C in a shaking water bath

for 1, 3, 7,14, 21 and 28 days, respectively, for the degradation

experiment, at the ratio of surface area (cm2) to solution volume

(mL) of 0.1 and refreshing the soaking medium every 24 h.

After various soaking periods, the samples were took out and

rinsed with deionized water followed by drying in vacuum at

150 8C before further characterization. In this study, three

samples from each group were tested to obtain an average

degradability.

3. Results

The morphology and size of the prepared and the

commercial b-TCP powders are shown in Fig. 1. It is clear

to see that the two powders possessed quite distinctive

characteristics in shape, size and size distribution. The prepared

b-TCP powders (Fig. 1A) showed less agglomerative

morphologies and uniform particle size. The average particle

size was about 100 nm, while the commercially obtained b-

TCP powders (Fig. 1B) showed agglomerative morphologies

and irregular particle shapes. The powder size distribution was

in the wide range of between 0.5 mm and 3 mm.

Fig. 2 shows the XRD patterns of the as-prepared powders.

The results revealed that the as-prepared powders were

composed of highly crystalline and no second phase other

than b-TCP.

Table 1 shows the chemical composition of the prepared

nano-size and the commercial micro-size b-TCP powders. It is
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Fig. 1. TEM micrograph of the b-TCP powders: as-prepared nano-size powders (A); commercial micro-size powders (B).

Table 1

The chemical content of the prepared and the commercial b-TCP powders

Element content (wt.%) Ca P Mg Fe Ca/P molar

ratio

Commerical powders 39.41 20.72 0.059 0.0016 1.47

Prepared powders 39.52 20.36 0.0003 0.0002 1.50
clear to see that the impurity chemical composition of Mg and

Fe in the commercial micro-size b-TCP powders was much

higher than those in the prepared nano-size powders. The Ca/P

molar ratio of the prepared nano-size powders equal to the

theoretic value of 1.50. However, the Ca/P molar ratio of the

commercial micro-size powders only reached 1.47, which was

slightly lower than theoretic value of 1.50.

Fig. 3 shows the relative densities (RD) of the samples

sintered from nano-size powders and micro-size powders as a

function of the sintering temperature. Density could be seen to

increase with increasing sintering temperature. When sintered

at 950 8C, the RD of the ceramics fabricated from commercial

b-TCP powders only reached 64.29%. With the increase of the

sintering temperature to 1000 8C, the relative density increased

slowly to 66.11%. Further increase the temperatures, the RD

increased sharply, and reached 95.66% at 1160 8C. As

expected, the nano-size powders reached a fairly high density

(93.81% RD) even sintered at a temperature as low as 950 8C.

When the sintering temperature increased to 1000 8C, the

sintered specimen almost reached its theoretical density

(97.72% RD), which was much denser than those fabricated

from the micro-size powders. By further increasing the

sintering temperature to 1100 8C, it reached fully dense

(99.54% RD). When the sintering temperature increased to

1160 8C, the RD decreased to 94.95%. This phenomenon was
Fig. 2. XRD patterns of the as-prepared b-TCP powders.
attributed to the transformation of b-TCP to a-TCP (validated

by XRD in Fig. 4).

Fig. 4 shows the XRD patterns of the samples sintered from

the nano-size and micro-size b-TCP powders, respectively. It

can be seen that the samples fabricated from nano-size powders

and sintered at 1100 8C were composed of highly crystalline

and single-phase b-TCP, and no other phases were observed.

When the sintering temperature increased to 1160 8C, b-TCP

was completely transformed to a-TCP. In contrast, the b-TCP

ceramics fabricated from micro-size powders were maintained

in b-phase even sintered at 1160 8C and no peaks of a-TCP

could not be observed.

The microstructural observations also revealed significant

differences between b-TCP bioceramics fabricated using

different powders (Fig. 5). The samples fabricated from

nano-size powders had highly densified bodies, which was in

agreement with the relative density values. The grain shapes
Fig. 3. Relative density of b-TCP bioceramics fabricated from nano-size

powders (A) and micro-size powders (B).
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Fig. 4. XRD patterns of b-TCP bioceramics prepared using nano-size and

micro-size powders: (A) nano-size powders sintered at 1100 8C, (B) commer-

cial micro-size powders sintered at 1160 8C, and (C) nano-size powders sintered

at 1160 8C.

Table 2

The open porosity, closed porosity and the open versus close porosity of the

samples sintered from different b-TCP powders

Samples Open porosity

(%)

Closed porosity

(%)

Open versus

close porosity

Fabricated from

micro-size powders

4.38 � 0.52 2.98 � 0.26 1.5:1

Fabricated from

nano-size powders

0.48 � 0.06 0.13 � 0.04 3.7:1
were uniform and the average grain size was about 0.3 mm. On

the contrary, the samples fabricated from commercial micro-

size powders showed much coarser and tortuous surface

morphology with 0.3–0.5 mm intergranular pores in the matrix,

and the average grain size was approximately 5 mm. Table 2

shows the open porosity, closed porosity and the open versus

close porosity of the samples sintered from different b-TCP

powders. It is clear to see that the open porosity of the samples

fabricated from the commercially obtained powders and the

prepared powders was 4.38% and 0.48%, respectively, and the

closed porosity of the samples was 2.98% and 0.13%,

respectively. The open versus close porosity of the samples

sintered from the micro-size powders and nano-size powders

reached about 1.5:1 and 3.7:1, respectively. The distinct

characteristic of the microstructure and porosity of the samples

fabricated from different powders might result in quite different

mechanical strength and other properties.

Table 3 shows the mechanical strength of the b-TCP

bioceramics sintered from nano-size and micro-size powders at

1100 8C and 1160 8C, respectively. It is clear to see that the
Fig. 5. FESEM micrograph of b-TCP bioceramics fabricated from nano-
mechanical strength of the samples fabricated from nano-size

powders were much higher than those fabricated from micro-

size powders. The maximal value of the bending strength,

elastic module, Vickers hardness and compressive strength of

the samples fabricated from nano-size b-TCP powders were

more than two-times higher as compared to those of

bioceramics obtained from commercial micro-size b-TCP

powders. The bending strength of the b-TCP bioceramics

fabricated by nano-size powders was about 200 MPa, much

higher than the data reported in the literatures for b-TCP

bioceramics [2,15]. Furthermore, for the samples fabricated

from micro-size b-TCP powders, an increase of the sintering

temperature from 1100 8C to 1160 8C resulted in the increase of

the mechanical strength, which was due to the improved density

at higher sintering temperature. In contrast, the mechanical

properties (bending strength, compressive strength, elastic

modules and hardness) of the ceramics prepared from nano-size

b-TCP powders decreased obviously with the increase of the

sintering temperature form 1100 8C to 1160 8C, which was

caused by the phase transformation and accompanied decrease

in the density of the sintered bodies.

Fig. 6 shows the degradability (weight loss percentage,

wt.%) of the b-TCP bioceramics fabricated from nano-size and

micro-size powders and sintered at 1100 8C and 1160 8C,

respectively in Tris–HCl buffer solution. Degradability can be

seen to increase with increasing soaking time. It is clear to see

that the degradation of the samples sintered from nano-size

powders only reached 0.09% at day 1. With the soaking time

increasing, the degradation increased slowly, and reached

0.44% at day 14 and then increased step by step and reached

1.62% at day 28. In contrast, the degradation of the samples
size powders at 1100 8C (A) and micro-size powders at 1160 8C (B).
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Table 3

Mechanical strength of the samples fabricated from nano-size and micro-size b-TCP powders

Samples Bending strength (MPa) Elastic module (GPa) Vickers hardness (HV) Compressive strength (MPa)

Nano-size powders sintered at 1100 8C 198.85 � 4.61 69.49 � 3.51 529 � 12 573.99 � 25.14

Micro-size powders sintered at 1100 8C 61.45 � 1.98 24.93 � 2.17 198 � 25 218.59 � 15.62

Nano-size powders sintered at 1160 8C 125.12 � 3.79 41.43 � 2.62 288 � 31 391.32 � 29.15

Micro-size powders sintered at 1160 8C 81.45 � 2.12 34.43 � 1.45 269 � 36 278.93 � 15.95

Fig. 6. Degradability of the b-TCP bioceramics sintered from nano-size

powders at 1100 8C (A) and micro-size powders at 1160 8C (B).
fabricated from micro-size powders was much faster than those

fabricated from nano-size powders. At day 1, it reached 0.15%.

With the increase of the soaking time, the degradation increased

sharply, and reached 6.93% at day 28. The results show that the

extent of degradation is approximately four-times higher for the

samples fabricated from micro-size powders compared to that

for the nano-size powders.

4. Discussion

The present study has demonstrated that the distinct

influence of nano-size and micro-size b-TCP powders on the

sintering ability, microstructure, mechanical strength and

degradability of the b-TCP bioceramics. The precipitation

prepared nano-size b-TCP powders showed less agglomerative

morphologies and uniform particle size with average particle

size of 100 nm, while the commercial micro-size b-TCP

powders showed agglomerative morphologies and irregular

particle shapes, and the powder size distribution was in the wide

range between 0.5 mm and 3 mm. The purity of the prepared

nano-size b-TCP powders was much higher than that of

commercial micro-size b-TCP powders. The distinct char-

acteristic of these nano-size b-TCP powders and micro-size b-

TCP powders resulted in quite different sintering ability and

other properties.

The densification curves obtained from nano-size powders

and micro-size powders indicated that employing nano-size

powders effectively lowered the densification temperature by

several 100 8C, which indicates a high sintering efficiency

using nano-size powders, and suggests that using nano-size
b-TCP powders was an available method for fabricating

highly densified b-TCP bioceramics at lower sintering

temperature. The difference in sintering behavior is directly

related to the initial particle size and shape of the powders.

Previous studies have shown that, as compared to the micro-

size powders, the nano-size powders with uniform grain size

and less agglomeration have much higher driving force for

densification due to the enormous surface area [23]. In the

processes of ceramic sintering, as the sintering temperature

increased, the driving force for densification and the rate of

grain boundary motion increases, and breakaway of the

boundaries from the pores and leaving of isolated pores in

the grain interior occurs because the pores are slower moving

than the grain boundaries [24]. Under the tension of a

moving grain boundary, pores can move by volume or

surface diffusion or even by evaporation–condensation across

the pores [25]. In contrast, the pores in the ceramics

fabricated from micro-size powders with irregular grain size

cannot be completely removed by rapid sintering rate and

remain as closed pores which limits the final densification

[25]. On the other hand, the wide particle size distribution of

the micro-size powders with agglomerates and irregular

morphology causes poor packing, which can also cause the

exaggerated grain growth during sintering.

The microstructural difference was in agreement with the

relative density values shown in Fig. 3. The remarkable

difference of the sintering ability of the nano-size and

micro-size b-TCP powders resulted in the significant

differences of the relative density and microstructure of

the sintered matrixes, and clearly affected the mechanical

properties of the sintered matrixes [11]. Based on the

previous studies [12–14], the bending strength, elastic

module, Vickers hardness and compressive strength of the

ceramics increase as the density increasing and grain size

decreasing. Our results showed that employing nano-size b-

TCP powders as raw materials could effectively increase the

sintering density, avoiding the excessive growing of the

grain size, obtaining fully dense and microstructural

homogeneities of the b-TCP matrix with fine grain size,

and leading to higher mechanical strength at a relative lower

sintering temperature.

It is interesting to see that the phase transition from b- to a-

TCP appeared to happen at lower temperature for the ceramics

prepared from nano-size b-TCP powders than for that from

commercially obtained micro-size b-TCP powders. The

previous studies have shown that the residual Mg and/or Fe

content in b-TCP powders could substantially raise the phase

transition temperature from b- to a-TCP of the b-TCP ceramics
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[26–28]. The residual Mg and Fe content in the commercial

micro-size b-TCP powders were much higher than that in the

prepared nano-size b-TCP powders. Therefore, the phase

transition from b- to a-TCP appeared to happen at higher

temperature for the ceramics prepared from commercially

obtained micro-size b-TCP powders than for that from

prepared nano-size b-TCP powders.

The degradability of b-TCP bioceramics is an important

property, which plays a key role for its application as bone

repair materials. The degradability rate of the b-TCP

bioceramics is determined by many factors, such as sintering

parameters, microstructure, porosity and crystallinity of the

ceramics. Factors tending to increase degradation rate include

the increase in porosity and the increase in number of crystal

imperfections [29–31], and the porosity plays a dominant role

in degradation of ceramics [31]. The in vivo studies have also

confirmed that the degradation rate of the sintered calcium

phosphate bioceramcis increases with the increase of the

porosities [31–33]. Previous studies suggested that the

degradation mechanism of the Ca-P bioceramics sintered at

a high temperature with good crystallization is mainly the

solution dissolution, and the dissolution always happen easily

on the boundary of the open micro-pores [30,31]. The different

sintering ability of the prepared nano-size b-TCP powders and

the commercially obtained micro-size b-TCP powders

resulted in the different microstructures of the sintered

matrixes. The ceramic samples fabricated from nano-size b-

TCP powders and sintering at 1100 8C reached fully dense

(99.54%), and the open porosity and the closed porosity only

reached 0.48% and 0.13%, respectively. However, the relative

density of the samples fabricated from the micro-size b-TCP

powders and sintered at 1160 8C only reached 95.66%, and the

open and closed porosity reached 4.38% and 2.98%,

respectively. The open porosity of the samples fabricated

from the micro-size b-TCP powders was much higher than

those samples fabricated from nano-size b-TCP powders.

Therefore, the degradation rate of the samples derived from

micro-size powders was much faster than those derived from

nano-size powders. The dissolution increased slowly within 14

days with the increase of the soaking time. In contrast, the

dissolution of the samples fabricated from micro-size powders

increased much faster than those fabricated from nano-size

powders after 14 days, which might be attributed to the closed

pores, which were opened gradually by the dissolution. In fact,

the degradation mechanisms of the Ca-P based bioceramics in

vitro are very complex, including the dissolution, hydrolyza-

tion and ion adsorption, etc. [26,34]. The relative significance

of these mechanisms is not yet clear, and the factors concerning

the degradation of the Ca-P based bioceramics have not been

completely elucidated [35]. The chemical composition,

physical characteristics and crystal structures certainly play

an important role in the degradation mechanisms [36–38].

Numerous studies have confirmed that Ca-P based ceramics

can be dissolved in vitro [30,39] and in vivo [29,39,40].

However, the dissolution processes of the b-TCP bioceramics

in vivo and in vitro need to be further investigated in detail, and

are under study.
5. Conclusions

The sintering ability of the nano-size b-TCP powders, and

the microstructure, mechanical strength and the in vitro

degradability of the prepared b-TCP bioceramics were

investigated. The results showed that the sintering ability of

the nano-size b-TCP powders was much higher than the micro-

size b-TCP powders. Using nano-size b-TCP powders as raw

materials is an effective way to obtain dense ceramics with high

mechanical strength and fine grain size at low sintering

temperature. The maximal value of the bending strength,

elastic module, Vickers hardness and compressive strength of

the samples fabricated from nano-size b-TCP powders were

more than two-times higher as compared to those of

bioceramics obtained from micro-size b-TCP powders.

Furthermore, the degradability of the bioceramics sintered

from nano-size powders was just about one fourth of those

from micro-size powders, which indicated that the degrad-

ability of b-TCP bioceramics also could be regulated by the

powder size.
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