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Abstract 

From the viewpoint of hard tissue response to implant materials, calcium phosphates are probably the most compatible materials presently 
known. Thus, during the last few years much attention has been paid to hydroxyapatite and fi-tricalcium phosphate as potential biomaterials 
for bone substitute. However, the disadvantage of all proposed calcium phosphate ceramics is their low mechanical strength. Therefore, the 
applicability of these materials is restricted to the non-stressed regions. The ultimate good of implantation of biomaterials in the skeleton is 
to reach full integration of non-living implant with living bone. The material could be used, much as a bone graft, as material itself resorbs or 
dissolves as bone growth occurs, and the end result is new remolded bone. Ca,P,O, is one of intermediate products of bone mineralized 
crystal from amorphous calcium phosphates. Ca2P20, doped with a certain amount of Na4P207. 1 OH,0 was prepared as the developed material. 
In this study, NhP,O, 10HzO was used as a liquid phase sintering additive which was expected to improve the sintering process and promote 
physiological bioresorbability. Compressive strength and four-point bending strength were measured by the Bionix 858 test system. At the 
beginning, the mechanical strength proportionally increased with addition of Na4P20,. IOH, up to 5 wt.%, but thereafter decreased. The 
microstructure and crystalline identification were analyzed by the techniques of scanning electron microscopy (SEM), electron probe micro- 
analysis (EPMA) , transmission electron microscopy (TEM) and X-ray diffraction (XRD) . The relationship between mechanical strength 
of the sintered bioceramics and Na4P207. 10H20 dopant is given in terms of the presence of NaCa(PO,),, grain growth and abnormal grain 
coalescence while dopant increased. 
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1. Introduction 

The capacity of the human body to regenerate bony com- 
ponents that are lost, damaged or diseased is limited. Con- 
sequently, surgeons have long endeavored to find or develop 
materials that might adequately replace bony tissue, espe- 
cially mineralized tissues such as bone and teeth. Apart from 
autologous, homilogous or heterologous bone, many mate- 
rials including metals, alloys, ceramics, carbons, polymers 
and composites of materials have been studied for use as 
implant material. However, only a few materials have been 
proven to be practical to serve as a useful bone substitute 

[1,21. 
Autogenous bone graft is considered to be the most suitable 

transplant material, because differences in histocompatibility 
and the risk of transferring a disease from one individual to 
another are non-existent. However, removal of the bone graft 
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creates additional surgical trauma, and its supply may not be 

available in sufficient quantity, particularly during childhood. 

Moreover, the risks of autograft for all patients are longer 
operation and anaesthesia, high blood loss, risk of infection, 

risks of damage to nerves and blood vessels, thrombosis and 
fracture. Allogenic and xenogenic bone transplants represent 
the alternatives to autogenic bone transplants for certain indi- 
cations. However, many problems were generally associated 
with them such as in vivo resorption, disease transfer, con- 
siderable care, high costs and regular provocation of an 
immuno-defensive reaction, which limits their efficiency, 
application and availability of the transplant materials [ 3,4]. 

To overcome these problems, various artificial materials 
to fill bone defects have been developed. The ultimate goal 
of implantation of biomaterials in the skeleton is to reach full 
integration of non-living implant with living bone. The mate- 
rial could be used, much as a bone graft, as a material itself 
resorbs or dissolves as bone growth occurs, and the end result 
is new remolded bone [ 51. The requirements center on 
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resorbability and the lack of toxicity or other harmful effects 
arising from the release and metabolism of the degeneration 
products, With advances in ceramic technology, the appli- 
cation of calcium phosphate materials as bone substitute has 
recently received considerable attention, because they are 
remarkably biocompatible, provoke little, if any, inflamma- 
tory response, and have a bioactive property: direct chemical 
bonding of bone to the material [6,7 1. 

Having the same chemical composition as the natural bone, 
the products of calcium phosphate ceramics are regarded as 
a promising bone substitute material in the orthopedic field. 

The goal of bone substitute is initially aimed to refill the 
defective bony structure and it can be finally replaced by the 
host new bone [4,5]. In order to reach this expectation, the 

implant has to be bioactive and biodegradable. Most of the 
products of calcium phosphate ceramics were confirmed 
bioactive that osteogenic mesenchymal tissues can be 

attracted and proceed to form new bone. Hydroxyapatite 
(HA) and tricalcium phosphate (TCP) are two major prod- 
ucts commonly used in the conventional market. Because 
their calcium/phosphate (Ca/P) ratio resembles natural 
bone, they are mostly stable in the physiological environment. 

The former, HA, constitutes a major composition of bone 
materials and is almost non-degradable even after a long 
period of implantation, while the latter, TCP, is more or less 
resorbable. Nevertheless, the extent of degradation of TCP 
mainly depends on its structure. It was reported to be com- 
pIetely resorbed in the powder form, but a similar procedure 
has only been partially done in the block form. In practice, 
the granular or block form of the bone substitute is more 
compatible for clinical use [2,8]. Thus, searching for a new 
biodegradable ceramics material is the primary goal of this 
study. 

HA and other complex calcium phosphate salts are the end 
products of the biological mineralization process. Dicalcium 
pyrophosphate (DCP, Ca2P207) is one of the intermediate 
products in this process [ 1,4]. Its Ca/P ratio is 1, far less 
than TCP, that it is potentially biodegradable in comparison 
to TCP. The biological response for new bone development 
is quite similar to HA in spite of the low Ca/P ratio [S-lo]. 
With so many benefits, we selected it as a raw material for a 
new bone substitute. 

However, the development of the sintering technique of 
this DCP ceramic is not that easy. The sintering temperature 
of DCP is about 1000 “C. The extent of volume reduction 
during sintering will affect its microstructure and mechanical 

strength. Also, the cost of the heating facility is rather high 
in sintering calcium phosphate ceramics in the block form at 
temperatures higher than 1000 “C. In order to reduce the 
sintering temperature, to enhance the sinterability and to 
improve the initial mechanical strength of the developed 
material, our modification was to add some sintering addi- 
tives. One of the sodium polyphosphates, Na4P20, - 10H20 
was chosen as an ingredient in developing our new product. 
The pure DCP and some compositions of this ingredient were 
built up in a disc-shaped block form. The shrinkage during 

sintering and the mechanical strength were measured by using 

a dilatometer and Bionix 858 test system, respectively. 

2. Materials and experiments 

2,l. Material preparation 

DCP powder with addition of Ca,P,O, and mean grain size 
0.1 pm was used in the experiment. The specific surface area 
determined by BET analysis is 51+0.2 cm2/g. Trace ele- 
ments that might be connected with biocompatibility were 
detected by atomic absorption analysis. The concentration of 
the trace elements was much lower than the maximum tol- 

erable level [ 111. 
The DCP powder was mixed with Na4P,0, * lOH,O in 

water and dried at 70 “C for 3 days. The well-mixed and dried 

cake was ground and sieved into 40-60 meshed particles. The 
sieved particles were then compacted in a stainless-steel die 
under a hydrostatic pressure of 270 MPa and a green density 

of about 60% TD was obtained. The additive, sodium poly- 
phosphate powder as Na4P207 - 10H20, was prepared in a 
series composition of 1, 2.5, 5, 7.5, 10, 12 and 15 wt.%. A 

group of the test samples with a stepwise series of composi- 
tion of the sintering additives, Na4P207. 10HzO, was manu- 
factured in a dense block form which was more feasible for 
mechanical strength measurement. The prepared green body 
was placed on a platinum sheet and heated to various tem- 
peratures at a heating rate of 3 “C/min in a conventional Ni- 
Cr coiled furnace, and then maintained for about 1 h after the 
sintering temperature of 910 “C was reached [ 121. 

2.2. Measurement of mechanical strength 

In the compressive mode, a parallel cylinder of the mate- 
rials was prepared and external load applied so that the spec- 
imen was, macroscopically, in a state of uniaxial stress. The 
height/diameter ratio was lower than a critical value of 2/ 1 
in order to eliminate the possibility of instability (bucking). 
Due to the anisotropy of the individual grains, the state of 
stress is not uniaxial at the microscopic level; stress and strain 
inhomogeneities establish themselves inside the individual 
grains. However, in the treatment given here, these localized 
variations were not considered [ 121, 

Bending strength was measured by a four-point loading 
method using rectangular specimens 5 X 5 X 40 mm, abraded 
with alumina powder and diamond paste. The lower and 
upper span lengths were 32 and 16 mm, respectively. The 
cross-head speed of 0.5 mm/min was used at room temper- 
ature. Ten specimens were prepared for each condition to 
measure the compressive strength and four-point bending 
strength, respectively [ 131. 

2.3. Specimen characterization 

The specimens were characterized by means of a number 
of techniques including X-ray diffraction (XRD), scanning 
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electron microscopy (SEM) , transmission electron micros- 

copy (TEM) and dilatometry . 
The microstructures of the sintered DCP were observed by 

the scanning electron microscope. The surfaces were coated 
with a thin layer (2 pm) of carbon after being polished with 
diamond paste and etching with 48% I-IF for about 10 s. They 

were then observed by SEM and analyzed using an energy- 
dispersive electron probe X-ray microanalyzer. P, Ca and Na 
were analyzed across the grains and grain boundaries. An 
electron beam maintained at 2 X lo-” A was used and X- 
ray intensities in counts per second (cps) were recorded. The 
accelerating voltage was 12 kV. Ultra-thin sections for TEM 
were obtained from the sintered specimen by slicing with a 
diamond blade saw and ultrasonic cutter. The slices were 
polished with diamond abrasive to a thickness of 30 pm on 
the dimple grinder and then mounted on a copper ring. The 
specimens were finally thinned by an ion-beam-milling. The 

crystal structure of intergrain material was investigated by a 
Hitachi-700 STEM instrument operating at 175 kV. Selected 
area diffraction patterns were recorded with photographic 
plates. Tilting the crystal from one orientation to another was 
carried out in the selected area diffraction mode using the 
double tilt holder. 

The optimum sintered temperature and duration were 
decided according to the analysis result of the dilatometer. A 
specimen of 5 mm in diameter and 7 mm in length was placed 
in a dilatometer where the sintered shrinkage curve was 
recorded on an X-Y pen recorder; X and Y axes were displace- 

ment (in terms of linear shrinkage, A L/L& and temperature, 
respectively. All crystalline phases existing in the sintered 
specimens were identified by the X-ray diffractometer. The 
phase contents in the sintered DCP were detected with the 
relative intensities of (008) and ( 132) reflections of Ca2P207 
and CaNa(PO,),, respectively [ 14,151. 

3. Results and discussion 

3.1. Mechanical strength and microstructures 

Figs. 1 and 2 show the compressive strength and four-point 
bending strength, respectively, of sintered DCP bioceramics 
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Fig. 1. Compressive strength of sintered DCP on addition of 
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Fig. 2. Four-point bending strength of sintered DCP on addition of 

N&PZO,. 1 OH20. 

that were prepared by adding different quantities of 
N%P207. lOH,O. The compressive strength and four-point 
bending strength of pure DCP bioceramic without addition 
of Na,P207. lOH,O were only 159 MPa and 35 MPa, respec- 
tively, which were much lower than those of sintered DCP 
with 5 wt.% Na4P20,. lOH,O of addition (589 MPa and 128 
MPa) . It is obvious that the strength of the DCP dense mate- 
rial initially increased on addition of Na4P20,. lOH,O up to 
5 wt.%, but thereafter decreased. 

Densification and growth of the solid particles in the liquid 
phase sintering have been analyzed by dividing it into three 
steps [ 16-181. (I) The liquid flow or rearrangement stage: 

on formation of a liquid phase, there is a rearrangement of 
particles to give a more effective packing. This process can 
lead to complete densification if the volume of liquid present 
is sufficient to fill in the interstices completely. In this stage, 
densification is brought about under the action of capillary 
pressure by collapse of melt bridges between particles and 
by arrangement in which solid particles slide over one 
another. (II) The solution-reprecipitation or accommodation 
process: in this stage further densification and growth of par- 
ticles of the solid phase are achieved by solution and repre- 
cipitation and by coalescence process. (III) The solid state 
sintering stage: in many cases of liquid phase sintering, com- 
plete densification is achieved during the first two sintering 
stages. Prolonged holding of compacts at sintering tempera- 
ture may lead to microstructural changes in the dense com- 
pacts, including further growth of the particles and formation 
of a rigid skeleton of solid phase in the system (abnormal 

grain growth) [ 181. 
The microstructure of sintered DCP ceramic containing 

2.5 wt.% Na4P20,. lOH,O is shown in Fig. 3 (a). Shackelford 
[ 191 assumed that in a brittle material the stress concentration 
for an infinitesimal extension of the inherent elliptical pore 
or crack can be expressed as 

u- - =1+ $ 
UC0 

For the case of a narrow crack of length c with an elliptical 
tip whose radius of curvature is r, the above equation can be 
written as 
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Fig. 3. Microstructure of sintered DCP with addition of (a) 2.5 wt.% and 

(b) 5 wt.% N&P207. 10HzO. The former shows a smaller average gram 

size of about 0.75 pm and remaining pores between the intergranular area. 

The latter has an average grain size of about 1.3 pm and shows a much more 

compact microstructure. 
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Fig. 4. Sintered linear shrinkage curves of pure sintered DCP and DCP doped 
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since r = b’lc and clb > 1. For a material, when r becomes 
atomic scale, the theoretical stress can be approximated by 
E/10, but, if the crack is about 3 pm, the strength becomes 
E/1000. Porosity was seen to remain in the sintered DCP 

bioceramics with 2.5 wt.% Na4P20,. 10H20 addition. Liquid 

phase sintering was applied in the sintering process during 
the addition of N&P207 * 10H20. However, insufficient 

Na4P207. 10H20 was added to DCP, so it was not easy to 
bring about liquid phase sintering for densification. The aver- 
age sintered densities for the ceramic were about 85% TD 
and 91% ‘ID for 1% and 2.5% Na4P207. 10H20 additions, 
respectively. In this case, the DCP bioceramics could not 
densify and remove pores completely. The pores were left 
inside the material and led to stress concentration around the 
tips during the material’s under loading; thus, a lower 
mechanical strength was obtained. 

The sintered linear shrinkage curves of pure DCP and DCP 
doped with different quantities of Na4P20, - lOH,O were 
recorded by the analysis of the dilatometer as shown in Fig. 
4. Pure DCP ceramics had the lowest linear shrinkage of only 
6%, whereas DCP ceramics doped with up to 5 wt.% 

Na4P207. 10H20 demonstrated the greatest linear shrinkage 
of 13.1%. In Fig. 3(b), the sintered DCP bioceramics with 
addition of 5 wt.% Na4P20,. 10H20 generally showed a 
dense and uniform grain size microstructure that corre- 
sponded to the higher mechanical strength [ 17,201. The sin- 
tered DCP bioceramics with addition of 5 wt.% 
Na4P207 * 10H20 showed a much higher sintered density of 

about 97.3% TD. 

3.2. Effects of grain size on mechanical properties 

As seen from Fig. 5, the grain size of sintered DCP 
increased with the addition of Na4P207. 10H20. The effect 
of grain size on the fracture strength has been generally inter- 
preted in terms of the dependence [ 2 1 ] : CT = f( G) - I”, where 
cr is the fracture strength, G is the grain size and f is a pro- 
portional constant. Consequently, the larger the grain size of 
the ceramics, the lower the fracture strength obtained. More- 
over, the higher quantities of N&P20,. 10HZO doped into the 
DCP bioceramics would speed up atomic diffusion between 
the grain boundaries and promote the sintered process or 
densification rate that might lead to the abnormal grain 
growth or rigid skeleton formation in the sintered system, as 
shown in Fig. 6. Growth by coalescence in the liquid phase 
sintering has been repeatedly postulated [ 16,181. The process 

l5’ 
12 

z 
b 
t 

9 

;i 
.e 6 
cf 
L1 

3 

0 2.5 5 7.5 10 12.5 15 

Na4P2(3 lOH,O Dopant (wt%) 

Fig. 5. Mean gram size of sintered DCP bioceramics plotted against the 
amount of NqP,O,. lOH,O. 
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Fig. 6. Microstructure of sintered DCP bioceramics with addition of (a) 7.5 

wt.% and (b) 12.5 wt.% NqP20T. 10H20. The formation of coalescence 

grains (indicated as C) was observed in the bioceramics with 7.5 wt.% 

N&PZ07. 10HZO addition where the coalescence line is noted by the arrows. 

Many abnormal grains (indicated as AC) were examined through the bio- 

ceramic with 12.5 wt.% Na.,P,O, . lOH,O addition. 

Fig. 7. Micrograph of sintered DCP bioceramics with 15 wt.% 
NqP,O,. 10HZO addition. A typical fracture due to the stress concentrating 

on the abnormal grain is shown. The second phase identified as NaCa( PO,) 3 
was observed in the matrix which is indicated by NP and arrows. 

has also been treated analytically. If the dihedral angle in the 
sintering system is positive, grain boundaries between coa- 
lescence particles will be formed and an aggregate of two, 

three or more grams will be established. These aggregates 
may result in the formation of a rigid skeleton or abnormal 
large grains. Fig. 6(a) shows the microstructure of DCP 
bioceramics doped with 7.5 wt.% Na,P,O,+ lOH,O, where 
the coalescence grains and coalescence lines were observed. 
The microstructure of DCP bioceramics with 12.5 wt.% 
Na4P207. lOH,O is shown in Fig. 6(b) and illustrates that 
the rigid skeleton and abnormally large grains exist in the 
ceramics. In coarse-grained materials, the stress multiplica- 
tion in the next grain should be much greater than that in fine- 
grained materials. This means that in the fine-grained 
materials a much larger applied stress is needed to cause slip 
to pass through the boundary than is the case with coarse- 
grained materials. The stress would concentrate in these 
abnormally large grains in the specimen under mechanical 
loading. This stress concentration effect might lead to fracture 
generating along the abnormally large grains or rigid skele- 
tons. Fig. 7 shows a typical fracture generating along an 
abnormally large grain in a DCP bioceramic with addition of 

15 wt.% Na4P20,. 10H20. 

3.3. Crystalline identification 

Fig. 8 shows the XRD patterns of sintered DCP biocer- 
amics with different quantities of Na,P,O, + lOH,O. It is 
observed that no phase other than DCP is identified below a 

:a :: I s 4 4 2 x x 4 t 

Fig. 8. XRD patterns of sintered DCP with different additions of 

N&PzO,. lOH,O: A, pure DCP sintered at 940 “C; B, pure DCP sintered at 

990 “C; C, 1 wt.% addition; D, 2.5 wt.% addition; E, 5 wt.% addition; F, 7.5 
wt.% addition; G, 10 wt.% addition; H, 12.5 wt.% addition; I, 15 wt.% 

addition. 
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Fig. 9. Transmission electron micrograph of sintered DCP bioceramic with 

7.5 wt.% addition of N&P207. 10H20 (G: glassy phase; NP: NaCa( PO,),). 

5 wt.% Na,P20,. lOH,O doping. After addition of 5 wt.% 
Na4P,0,. lOH,O, the second phase of NaCa(PO,), is 
observed where the leading peak of NaCa(PO,), is A( 132) 
as shown in Fig. 8. If R is the ratio of peak height of 
NaCa( PO,) s (A( 132) ) to that of sintered DCP bioceramics 
(B (008) ) , then the larger the value of R, the larger amount 

of NaCa( P03) 3 obtained in the matrix. The values of R have 
an obvious tendency to increase with increasing amount of 
Na4P,0,. 10H20. The existence of a second phase in sintered 
DCP might lead to the initiation of fracture [ 13,211. The 
glassy phase distributed along the grain boundaries and the 
second phase was precipitated in the matrix that could be 
observed from the transmission electron microscope for 
the sintered DCP bioceramics doped with 7.5 wt.% 
Na4P207. lOH,O, as shown in Fig. 9. The second phase was 
identified as the NaCa(PO,), crystal by the selected area 
diffraction pattern. The spot pattern was (23 1) orientation of 

the NaCa( P03)3 crystal and was analyzed by the equivalent 
superimposed projection pattern, as shown in Fig. 10. The 
NaCa( P03)3 crystal was then precipitated as a spindle- 
shaped grain (Fig. 7) when the Na4P207. lOH,O addition 
was increased. The chemical composition of the spindle- 
shaped grains was measured with electron probe microanal- 
ysis-wavelength dispersion spectrophotometer (EPMA- 
WDS) and was consistent with that of the NaCa(PO,), 
crystal. 

These facts may be summarized as follows: the decrease 

of mechanical strength of sintered DCP bioceramics after 
addition of more than 5 wt.% N%P,O,. lOH*O is probably 
due to the presence of the second phase, increasing grain size 
and abnormal grain growth. 

4. Conclusions 

The compressive strength and four-point bending strength 
of sintered DCP bioceramics with addition of 
Na4P207. 10H20 initially showed a positive tendency to 
increase with the amount of Na4P,0,. 10H20 up to 5 wt.%, 
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Fig. 10. NP grain indicated on Fig. 9 was identified as NaCa(PO,), crysta 

in (23 1) orientation by a selected area diffraction pattern. 

after which the trend reversed. Pores, grain size and coales 
cence large grains, second phase presence, and glassy phase 
on the grain boundary were speculated as the major foul 
factors affecting the curve shape of the mechanical strengtl 
plotted against Na,P*O, . lOH,O dopant. The pores wen 
assumed to decrease in size or amount with the 
Na4P20,. lOH,O addition, which was interpreted as a posi- 
tive effect to the mechanical strength. The presence of the 
second phase, grain size and abnormal grain growth, and 
glassy phase on the grain boundaries, however, increased 
with the Na4P207. lOH,O addition, which was supposed to 
have a negative effect on the mechanical strength. The inter- 
action of these four factors leads the sintered DCP with 
Na_,P,O, . lOH,O to have the best mechanical properties at 5 
wt.% addition. It is thought to have a great potential in the 
field of orthopedic application in the near future. 
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