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Calcium orthophosphate powders with various Ca/P ratios were prepared by a wet process, 
employing CaCO3 and H3P04 as starting materials. After they were calcined and pressed to 
form pellets, they were fired at various temperatures ranging from 800 to 1200~ The samples 
at various stages were examined by X-ray diffraction and SEM. The a.c. electrical conductivity 
was measured for a series of samples. For some of the samples, the d.c. electrical conductivity 
and electromotive force were also measured. The samples showed relatively high conductivity 
( ~ 4 • 10 -5 S cm -1 at 800~ With respect to the tricalcium orthophosphate with nearly 
stoichiometric composition, the predominant charge carrier at 800 ~ was presumed to be an 
ion although it is not identified at the moment. 

1. Introduction 
Calcium orthophosphates such as hydroxyapatite 
(HAp) and tricalcium orthophosphate (TCP) have 
attracted a great deal of interest, mainly due to their 
potential use as bioceramics. Since TCP was found to 
be bioactive and biodegradable, it has been utilized in 
the medical field [1]. 

There have been many reports on calcium ortho- 
phosphates concerning their fabrication, character- 
ization and properties [-2-8]. Many reports are related 
to the biological or mechanical properties of these 
orthophosphates [-5-8], and a few concern their elec- 
trical properties I-9-ll]. However, the structural sim- 
ilarity of TCP to HAp suggests that TCP may be a 
good ionic conductor at elevated temperatures, be- 
cause HAp is known as an intermediate ionic conduc- 
tor at such temperatures [,10, 11]. Furthermore, it is 
suggested that even divalent ions in some phosphates 
may move rapidly at elevated temperatures [9]. If 
ionic conductors at elevated temperatures are found in 
this system, they may be utilized as sensors and elec- 
trochemical cells. 

In this study, calcium orthophosphates with various 
Ca/P ratios were prepared by a wet process, and the 
electrical conductivity was measured. A possible 
charge carrier is discussed on the basis of the results of 
the characterization and electrical measurements. 

2. Experimental procedure 
The preparation procedure for calcium phosphate 
powders is shown in Fig. 1. High-purity CaCO 3 and 

H3PO 4 (Wako Pure Chemical Co.) were employed as 
starting materials. The powders with various Ca/P 
ratios as a precursor of TCP were prepared by a wet 
process. The ratio was controlled by changing the 
ripening period and pH of the solution. After the 
precipitates were filtered and dried, they were calcined 
at 800~ for 3 h to form TCP or HAP-Containing 
TCP. The samples at various stages were analysed 
with respect to Ca and P using ion chromatography 
(Yokogawa Electric Co. IC-500). 

T h e  resulting powders were pressed uniaxially at 
200 kg cm 2 to form pellets with a diameter of 20 mm. 
Subsequently, they were fired at temperatures ranging 
from 800 to 1200 ~ with an interval of 100 ~ The 
samples were examined by powder X-ray diffraction 
(Philips PW 1729) and scanning electron microscopy 
(Jeol Co. JXA-840). The electrical conductivity was 
measured for the samples selected on the basis of the 
Ca/P ratio. The samples were cut to form rectangular 
bars with dimensions of 10 x 5 x 1 mm 3 using a low- 
speed cutting machine (Buehler Ltd, 11-1180). After 
electrodes were coated on both sides of the pellets with 
a Pt paste, they were heated at 800 ~ for 15 min. For 
all of the samples, electrical conductivity was meas- 
ured from room temperature to 800 ~ adopting the 
a.c. two-probe method. The measuring system is de- 
scribed in the previous paper [12]. The d.c. measure- 
ments were also conducted on the samples to examine 
the polarization behaviour. The current under a con- 
stant voltage (1 V) was continuously measured by a 
digital multi-meter (Advantest Co. TR211 4H). Addi- 
tionally, an oxygen concentration cell was constructed 
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Figure 1 Procedure for preparing TCP powders with various Ca/P 
ratios. The ratio was controlled by changing the ripening period. 

to measure the electromotive force (e.m.f.) and exam- 
ine the charge carrier at elevated temperatures. The 
atmosphere of the measuring electrode was changed 
from air to N 2 o r  0 2 and vice versa employing air as 
the reference electrode and the e.m.f, was repeatedly 
measured by the multi-meter. 

3. Results and discussion 
The Ca/P ratio determined by ion chromatography 
ranged from 1.49 to 1.60, which depended mainly on 
the ripening period. Among them, the samples with 
the Ca/P ratios of 1.51 (S-l), 1.56 (S-2) and 1.60 (S-3) 
were employed forfur ther  investigation, The density 
and phases identified by X-ray for these samples are 
summarized in Table I. The density increased with an 
increase in the firing temperature, except for 1200 ~ 
This is considered due to the phase transition on 

cooling from the ~ to 13 phase which is reported to take 
place at the temperature between 1120 and 1180~ 
[13 17]. The difference in the density of each phase is 
so large (~r 2.86 g cm -3, 13; 3.07 g cm -3) that micro- 
cracks were formed inside the sample owing to the 
internal stress caused by the volume change. 

The microstructures of S-l, S-2 and S-3 are seen in 
Fig. 2. It is clear that the morphology depended on 
both the firing temperature and Ca/P ratio, although 
S-2 exhibited a similar texture to S-3. Since S-3 mostly 
consisted of HAp, it possessed a fine-grained micro- 
structure which is reported [18] for pure HAp ceram- 
ics fabricated by a wet process similar to the present 
method. 

The temperature dependence of the conductivity at 
1 kHz for S-l, S-2 and S-3, which were fired at various 
temperatures, is shown in Fig. 3. The remarkable re- 
duction in the conductivity for the samples fired at 
1200~ is clear compared with those fired at other 
temperatures. This is thought to be due to the forma- 
tion of microcracks. The bulk conductivity is usually 
determined from the complex impedance plot, to dis- 
tinguish it from the interfacial or electrode impedance. 
In this case, this method was not adopted because 
systematic measurement was necessary to learn when 
the temperature and Ca/P ratio were changed. It 
should be noted that all the samples showed relatively 
high conductivity compared with the previously re- 
ported values for calcium phosphate [9-11], not much 
lower than stabilized zirconia (10 2-10-3 Scm -1 at 
800 ~ 

The polarization behaviour was examined for S-l, 
S-2 and S-3 fired at l l00~ The results are sum- 
marized in Table II. Since the current reduced gra- 
dually for quite a long time, the resistance 90 min after 
the first application of the electric field was adopted, 
although the current still slowly decreased. It is note- 
worthy that S-3 at room temperature had lower resist- 
ance than the others, because the predominant phase 
of S-3 is HAp which contains a hydrophilic hydroxy 
group in the lattice and is thought to exhibit protonic 
conduction due to the adsorbed water [19]. As the 
current at 90min is mainly due to the electronic 
conduction, the resistance drop is thought roughly to 
reflect the transported number of ions. Therefore it is 
presumed, that the predominant charge carriers at 
800 ~ may not be electrons but ions for S-1 and S-3. 
This coincides with the report that the charge carrier 

TABLE I Density (gcm 3) and identified phases for S-l, S-2 and S-3 

Firing temperature (~ 

Sam ple 800 900 1000 1100 1200 

S-1 1.64 1.92 2,03 2.54 
]3-TCP [3-TCP [3-TCP 13-TCP 

S-2 1.71 1.83 2.45 2.45 
~-TCP ~-TCP ~-TCP ~-TCP 

S-3 1.57 1.74 2.01 2.87 
~-TCP ~-TCP ~-TCP ~-TCP 
HAp HAp HAp HAp 

2.47 
7-TCP 
~-TCP 

2.47 
~-TCP 
~-TCP 

2.76 
~,~-TCP 
HAp 

2950 



Figure 2 Microstructures for S-1 fired at (a) 800, (b) 1000 and 
(c) 1200~ (d) S-2 fired at 800~ and (e) S-3 fired at 800~ 

was a proton at 900~ [20] with respect to S-3. 
However, it is not clarified completely for T C P  (S-l) 
although calcium ions are suggested to be the carriers 
at higher temperatures [9]. 

In order to investigate the charge carrier further, the 
oxygen concentration cell behaviour for S-l, which 
had nearly stoichiometric composition as TCP, was 
examined. Two different cells were constructed in the 
following way: 

Side(I) air/Pt electrode/TCP/Pt electrode/N 2 side(II) 
Side(I) air/Pt electrode/TCP/Pt electrode/O 2 side(II) 

The cell behaviour when the atmosphere of side(II) 
was repeatedly changed from air to N 2 or 0 2 and v ice  

v e r s a  is shown in Fig. 4, as well as those determined by 
fully stabilized zirconia (FSZ). The results were found 
to be reproducible when the experiment was repeated 
several times. The polarity and response behaviour 
can be explained on the basis of the model that the 
charge carrier is an oxide ion. However, the e.m.f. 
value was much less than that measured by FSZ, 
especially for the air /TCP/O2 system, which suggested 
that it would depend on the oxygen partial pressure. 
Even if the charge carrier is not an oxide ion but a 
calcium ion or a proton, the same oxygen partial 
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T A B L E I I R 0 (resistance at 0 min) and R9o (resistance at 90 min) for S-1 fired at l l00 ~ under d.c. electric field" 

Sample Temperature (~ R o (M f~) R9o (M f~) [(Ro -- R9o)/R9o) X 100] (%) 

S-I RT 76 232 67 
400 31 45.5 32 
800 1.7 • 10 -4 1.4 • 10 -3 88 

S-2 RT 280 550 49 
400 13 21 38 
800 4.2 x 10 -4 1.2 x 10 3 65 

S-3 RT 48 365 87 
400 196 283 31 
800 2.4• 10 4 1.3 • 10 3 82 

The applied voltage was less than decomposition value (1 V). 
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Figure 3 Temperature dependence of the conductivity for (i) S-l, (ii) S-2 and (iii) S-3 fired at (a) 800, (b) 900, (c) 1000, (d) 1100 and (e) 1200 ~ 
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Figure 4 Oxygen concentration cell behaviour of S-1 fired at 1100 ~ for (a) air-O z system and (b) air-N 2 system. 

pressure dependence as for an oxide ion can be ex- 
plained assuming the following overall reaction:. 

Oxide ion } 0  2 + 2e ~ O 2- 

Calcium ion Ca 2§ + 2e + �89 ~ CaO 

Pro ton  2H + + 2e + �89 ~ H 2 0  

As the sample powders were prepared by the wet 
process, a hydroxy group or other p ro ton  conta in ing  
chemical species may exist in the lattice, a l though the 
firing process was completed. Therefore the third case 

2 9 5 2  

cannot  be excluded from the possible models. In  these 
three cases, the polari ty and  e.m.f, coincide with each 
other if the equi l ibr ium state is realized. The e.m.f. 
value E for these cases is given by; 

E = (R T/4F) ln[po2(I)/po2(II)] 

where R, T, F and  Po2 denote gas constant ,  absolute 
temperature,  Faraday  cons tant  and oxygen partial  
pressure, respectively. Consequent ly  it is not  possible 
to determine the charge carrier from these results. 
Measurements  to clarify the charge carrier and  trans- 



port number are now in progress using oxygen and 
hydrogen concentration cells under various condi- 
tions. The results will be reported separately in the 
near future. 

4. Conclusions 
Electrical measurements of calcium phosphate with 
various Ca/P ratios were carried out. The calcium 
phosphate ceramics exhibited relatively high conduct- 
ivity at elevated temperatures. The predominant 
charge carriers are most likely to be ions at 800 ~ 
The e.m.f, was observed for the oxygen concentration 
cell, but the value was much less than that determined 
by FSZ. 
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