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Nanometre-size needle-like non-stoichiometric apatite crystals are made in our laboratory by 
hydrothermal treatment at 140°C at a pressure of 0.3 MPa for 2 h. The shape change and 
phase transition of these crystals are studied using transmission electron microscopy (TEM), 
X-ray diffractometer (XRD) and infrared spectroscopy (IR). The results show that water mole- 
cules are present in the crystal structure of non-stoichiometric apatite. The condensation of 
HP042- ions can happen over a wide temperature range more than 600°C and is followed 
closely by the reaction of P20 4- ions with OH- ions. The obvious TCP phase at 750°C is the 
outcome of the fusion and recrystallization of the needle-like crystals at 650 °C and 750 °C. 
Generally, stoichiometric apatite cannot contain water in its crystal structure while non-stoi- 
chiometric apatite can. Maybe this is the reason why bone contains non-stoichiometric apatite. 

1. Introduction 
Hydroxyapatite (HA), Calo(PO4)6(OH)2 , and trical- 
cium phosphate (TCP), Ca3(PO4)2, are two main 
calcium phosphate salts which have been studied ex- 
tensively and used clinically [1-5]. It is known that 
the mineral constituent of human hard tissues gen- 
erally shows a porous biphasic (HA + TCP) structure 
after sintering at high temperature. Probably due to 
the analogy to bone mineral, artificially sintered por- 
ous biphasic or multiphasic (HA + c~- or/and 13-TCP) 
bioceramics are found to have better bone-bonding 
ability than pure HA in bony sites [6-8] and even 
show new bone formation within their porous struc- 
ture in non-osseous tissues (certain bone-inducing 
phenomenon) [9-12]. It seems that the more similar 
the phase composition between calcium phosphate 
materials and bone apatite, the better the bioperfor- 
mance of the materials in osseous environment. 

However, unsintered natural bone gives, in fact, a 
mineral phase of non-stoichiometric apatite whose 
presence in bone is in the form of thin needle-like 
crystals (5-20 nm in diameter by 60 nm in length) with 
a poorly crystallized apatite structure and a Ca/P 
molar ratio between 1.67 and 1.5 [-13 17]. Based 
on this, several methods have been used to prepare 
needle-like or fibrous non-stoichiometric apatite crys- 
tals which might be able to further improve the os- 
teointegration [18-20]. But, so far, although studies 
on non-stoichiometric apatite have been carried out 
for many years, both in material science and in bio- 
medical materials field [21-26], some properties are 
still unclear, such as whether water molecules are 
present in the crystal structure of non-stoichiometric 
apatite and whether the condensation of HPO 2- ions 
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can occur over a wide temperature range more than 
600 °C, as well as what is the relationship between the 
shape change and phase transition of non-stoichio- 
metric apatite crystals? The nanometre-size needle- 
like non-stoichiometric apatite crystals made in our 
laboratory by hydrothermal processing provide a 
means for analysing and answering those questions 
posed above. 

2. Mater ia ls  and methods 
Needle-like non-stoichiometric apatite crystals were 
prepared by hydrothermal treatment of fully washed 
as-prepared calcium phosphate precipitates at 140 °C 
under 0.3 MPa for 2 h. The precipitates were syn- 
thesized by dropping slowly an (NH4)zHPO4 aqueous 
solution into a stirred Ca(NO3) 2 aqueous solution 
according to a method similar to Jarcho et al. [27]. 
The pH value for both solutions was adjusted to 11 
with ammonium solution and the reaction was set at 
room temperature. 

These crystals were fired at 650 °C, 750 °C, 850 °C, 
920 °C and 1100 °C for 1 h in ambient atmosphere, 
separately. The Ca/P molar ratio was measured with 
an atomic absorption spectrometer for calcium and an 
ultraviolet spectrophotometer for phosphorus. The 
shape change was observed by transmission electron 
microscopy (TEM), and the phase transition was 
tested through X-ray diffractometer (XRD) and in- 
frared spectroscopy (IR). 

3. Results 
3.1. TEM photographs 
Fig. 1 shows the TEM photographs of the starting 
needle-like crystals and those fired at 650 °C, 750 °C, 
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Figure 1 TEM photographs of the starting needle-like crystals and 
those fired at 650°C, 750°C, 850 °C and ll00°C: (a) R. T., starting 
needle-like crystals; (b) 650 °C; (c) 750 °C; (d) 850 °C; (e) ll00°C. 

850 °C and 1100 °C, respectively. The starting needle- 
like crystals have a uniform and non-aggregated mor- 
phology with a mean size of about 23 nm by 91 nm 
and a Ca/P molar ratio of 1.52. These crystals are 
demonstrated to be single crystals with the typical 
hexagonal structure of P63/m space group and are 
electron-transparent. After heating at 650°C, these 
crystals become short in length and show a little 
aggregation. Their mean size falls to about 22 nm by 
67 nm and the average crystal volume decreases by 
nearly 35% compared with that of the starting crys- 
tals. At 750 °C, the aggregated crystals are melted and 
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fuse together to form large particles or grains. The 
fusion zones (shown by large arrows) are almost no 
longer transparent. A dynamic process of several 
needle-like crystals being melted into large grains 
(shown by small arrows) can be clearly seen. At 850 °C, 
further fusion happens so that the small grains melt 
together and grow larger in size. Some small grains 
can be found inside the body of the newly formed large 
grains. This indicates that part of the 750°C phase 
structure could be kept until 850 °C. In other words, 
the 850 °C phase structure contains some 750 °C phase 
structure. Some zones are still slightly electron trans- 
parent. At l l00°C, irregular fully crystallized elec- 
tron-non-transparent ceramic particles are observed. 

3.2. XRD pa t te rns  
The phase composition of the starting needle-like 
crystals and those fired at high temperatures are 
shown in Fig. 2. The starting crystals have a poor 
crystalline apatite structure. The 650 °C XRD pattern 
of those short crystals is similar to that of the starting 
crystals except a trace of TCP peak. At 750 °C, TCP 
phase increases obviously and results in a clear bi- 
phasic structure of HA and TCP, in which TCP 
content is nearly 29% of the total content. Unlike 
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other samples, sample (d-l) was drawn directly from 
the oven at 920 °C, while other samples were taken out 
at room temperature when the oven had cooled down. 
This sample exhibits a biphasic structure of about  half 
HA and half TCP. Sample (d-2) shows more TCP 
component,  nearly 70% of the total content. This 
indicates that the reaction is still in progress during 
the cooling process. The 1100 °C XRD pattern gives a 
structure consisting of approximate 87% TCP and 
13% HA, which is consistent with the Ca/P molar 
ratio, 1.52, of the starting needle-like crystals. It is very 
clear that the content of TCP phase increases in 
succession with the increasing temperature. 
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Figure 2 XRD patterns of the starting needle-like crystals and those fired at 650 ~C, 750 °C, 920 °C and 1100 °C: (a) R. T,, starting needle-like 
crystals; (b) 650 °C; (c) 750 °C; (d-l) drawn directly at 920°C; (d-2) 920 °C; (e) 1100°C. 
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3.3. IR s p e c t r a  
The IR spectrum in Fig. 3a indicates the presence of 
O H - ,  HzO and H P O ] -  as well as P O ] -  in the 
starting apatite crystals. The peaks at 3571 and 
633 cm 1 are due to O H -  ions [23, 28], the 875 cm 1 
peak is caused by H P O  ] ions. The broad bands from 
3700 to 2500 cm -1 and around 1635 cm -1 arise from 
water, and the other is due to PO43- ions. It can be 
seen that the quantity of the O H -  decreases with the 
increasing temperature. The water content decreases a 
lot during heating to 650°C, and seems unchanged 
after 750 °C. At 650 °C, a peak at 940 cm-1 corres- 
ponding to TCP phase appears, while the 875 c m -  
peak disappears. At 750 °C, the lost 875 cm-1 peak 
comes out again. The wide peak near 875 cm a at 
920°C IR spectrum could possibly represent the re- 
maining small amount  of H P O  2- ions at this mo- 
ment. The IR spectrum at l l 0 0 ° C  shows a TCP 
structure with small O H -  peaks (corresponding to a 
small amount  of HA phase), which is also in agree- 
ment with the Ca/P  molar  ratio, 1.52, of the starting 
needle-like crystals. 

4. D i s c u s s i o n  
Apatite with a general formula Calo_~(HPO4) = 
(PO4)6_x(OH)2_ x (0 < x < 2) is called non-stoichio- 
metric, or calcium deficient apatite which has an 
apatite or HA crystal structure and a Ca/P ratio 
between 1.67 and 1.33. The starting needle-like crys- 
tals in this experiment show clearly an apatite struc- 
ture and a Ca/P  ratio of 1.52. This indicates that these 
crystals are non-stoichiometric ones with a formula 
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Figure 3 IR spectra of the starting needle-like crystals and those 
fired at 650 °C, 750 °C, 920 °C and 1100 °C: (a) R. T., starting needle- 
like crystals; (b) 650°C; (c) 750 °C; (d) 920 °C; (e) ll00°C. 

Ca9.12(HPO4)o.ss(PO,~)5.12(OH)l.12 (x = 0.88, identi- 
cal to Ca/P  ratio = 1.52). In Fig. 1, the whole process 
of the crystal shape change with increasing temper- 
ature can be observed. The 35% decrease of the 
average crystal volume at 650 °C and the fusion of the 
short and slightly aggregated crystals, starting from 
their contacted interface, and thus produced structure 
rearrangement or recrystallization during 650°C to 
750°C are the most obvious and important  phe- 
nomena. After 750 °C, the recrystallization is still in 
progress until 1100 °C, at which fully crystallized large 
ceramic particles are formed. In Fig. 2, phase trans- 
ition can be clearly seen after 650 °C, and the higher 
the heating temperature, the higher the TCP content 
in the biphasic HA and TCP structure. Comparison of 
the TEM photographs and the XRD patterns leads us 
to the conclusions that the obvious T C P  phase at 
750 °C is the outcome of the fusion and recrystalliz- 
ation of the needle-like crystals during 650°C and 
750 °C; such fusion and recrystallization proceeds with 
increasing temperature above 750 °C. The two phase 
structures of HA and TCP can exist in the same grain. 
The non-stoichiometric apatite crystals, based on their 



starting Ca/P molar ratio, change successively to TCP 
with the increasing temperature and finally to stoi- 
chiometric HA and TCP. 

Perhaps one would ask what is the reason for the 
large decrease of the average crystal volume or rel- 
evant weight loss at 650 °C? The reason is, of course, 
the release of water, which could be from the con- 
densation of HPO 2- ions before 650°C, i.e., 
2HPO 2 --* P2 O4- + H20, or directly from the lat- 
tice bound water. For the former, if the condensation 
of HPO42- ions is finished before 650°C, a great 
amount of P20~-  ions will be produced correspond- 
ing to the 35% volume decrease. However, in the 
650°C and 750°C XRD patterns, no P20~ - peaks 
can be found. Furthermore, if the reaction 
of P204v - ion with O H -  ion, that is P2047 - 
+ 2OH-  --* 2PO]-  + H20 happens immediately af- 

ter the condensation of HPO 2- ions, it should pro- 
duce a large amount of TCP phase at once. This is not 
in agreement with the successive increase of the TCP 
phase with increasing temperature as shown in Fig. 2. 
Especially in 650 °C XRD pattern, only a trace of TCP 
phase can be observed. Therefore, the large volume 
decrease of the needle-like crystals is caused by the 
direct release of lattice bound water. In other words, 
water molecules can exist in the crystal structure of 
non-stoichiometric apatite. On the other hand, the 
successive increase of the TCP phase above 650 °C is 
the result of the two reactions: the condensation of 
H P O ] -  ions and the reaction of P20~-  ion with 
O H -  ion, the latter happening closely after the former 
over a wide temperature range. Otherwise, PzO~- 
peaks should be observed in XRD patterns in this 
temperature range. 

The existence of HPO 2- ions can be seen not only 
from the IR spectrum of the starting needle-like crys- 
tals and the 750°C IR spectrum, but also deduced 
from the XRD patterns. After 650 °C, when a part of 
TCP phase is formed, the XRD patterns give a bi- 
phasic structure consisting of HA and TCP in which 
the HA phase is still a non-stoichiometric one with a 
Ca/P ratio between 1.67 and 1.52. That is because the 
starting Ca/P ratio, 1.52, is a constant and cannot be 
changed in the whole temperature range. Thus, when a 
part of TCP phase with the lowest Ca/P ratio 1.50 
appears, the Ca/P ratio of the residual HA phase in 
the biphasic structure will be more than 1.52 but less 
than 1.67. As a result of this, the fact that HPO 2- ions 
are present and the condensation of H P O ] -  ions can 
happen at a temperature more than 650 °C are proven 
again. 

Generally, the condensation of H P O ] -  ions hap- 
pens below 650 °C in CaHPO4 material. Then, why in 
non-stoichiometric apatite can the same condensation 
occur at a higher temperature than 650 °C? In fact, in 
non-stoichiometric apatite, the HPO 2- ions are pre- 
sent within the apatite crystal lattice, not in the 
CaHPO4 structure. In non-stoichiometric apatite 
Caao_x(HPOg)x(PO4)6_~(OH)2_ x (0 < x < 2), when 
x = 1, corresponding to a Ca/P ratio of 1.5 which is 
close to 1.52 of the sample used in this experiment, one 
unit cell of its crystal structure contains only one 
HPO~- ion, in addition to nine Ca z + ions, five PO 3- 

ions and one O H -  ion. Thus, the condensation of two 
H P O ] -  ions from two different unit cells will be 
subjected to the restriction of the apatite crystal struc- 
ture. That is to say, H P O ] -  ions need greater energy 
(equivalent to higher temperature) to realize their 
condensation. Moreover, the condensation temper- 
ature and time will also depend on HPO 2- position in 
the apatite crystal structure. 

The disappearance of the 875 cm-1 HPO•- peak in 
the 650 °C IR spectrum does not mean the completion 
of condensation of HPO 2- ions before 650°C, since 
the same peak can be clearly seen in the 750 °C IR 
spectrum. Some authors also found the presence of 
HPO 2- at 700 °C by chemical analysis [21] or in the 
IR spectrum [28]. The HPO 2- peak at 650 °C could 
be concealed by the crystal defects and the local 
disorder after the release of lattice bound water and 
before the fusion or recrystallization of the short 
crystals at 650 °C and 750 °C. At 750 °C, recrystal!iz- 
ation makes the HPO 2- peak appear again. The 
decrease of the water peak in the 650 °C tR spectrum is 
mainly due to the release of the lattice bound water. 
The unchanged water absorption peaks above 750 °C 
in the IR spectra are due to the surface adsorbed 
water. 

Viewing the whole process, we conclude that the 
nanometre-size needle-like crystals are very useful in 
understanding in detail the shape change and phase 
transition and their interrelation in non-stoichio- 
metric apatite materials. Moreover, these needle-like 
crystals which contain water in their crystal structure 
will also be helpful to an understanding of the nature 
and properties of calcified tissues. Generally stoichio- 
metric apatite cannot contain water in its crystal 
structure while non-stoichiometric apatite can. Maybe 
this is the reason why bone contains non-stoichio- 
metric apatite. The lattice bound water could play an 
important role in bone growth and bone-bonding of 
biomaterials. The similarity between these crystals 
and bone apatite crystals provides an opportunity to 
build a bone-like implant composed of these needles 
and special organic matrixes (e.g. collagen) and cells. 
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