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Abstract

In this paper, the high-temperature stabilized f-tricalcium phosphate (STCP, f-Ca,(PO,),) were prepared by heating the deficient
HAP (d-HAP, Ca,,_ (HPO,)(PO,); - (OH), _,) with tetra-sodium diphosphate decahydrate (NP, Na,P,0- - 10H,0) addition. The
PTCP, d-HAP and d-HAP doped with 2.5, 5, 7.5 and 10 wt % NP were heated to different temperatures and were investigated by
X-ray diffraction analysis (XRD) and Fourier-transformed infrared spectroscopy (FTIR). The results demonstrated that the HPO3 ~
of d-HAP condensed into P,0%~ occurred before 650°C. The P,O% ™ ions could be traced in the FTIR spectrum when the d-HAP was
heated up to 750°C. The reaction of P,O%~ with OH~ did not occur instantly but over a wide range of temperatures. The d-HAP
doped with NP would decrease the decomposition temperature of d-HAP. NP doped into d-HAP not only induced the d-HAP
decomposition at lower temperature but also stabilized the fTCP crystal structure at higher-temperature. It could also increase the
conversion temperature of fSTCP to «TCP from 1180°C up to 1300°C. We could successfully prepare high-temperature (up to 1300°C)

stabilized fTCP by heating NP doped d-HAP. © 1998 Published by Elsevier Science Ltd. All rights reserved
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1. Introduction

p-tricalcium phosphate (STCP, f-Cas(PO,),) is cur-
rently used as bone graft replacement material. It is well
known that the STCP have exceptionally good tissue
compeatibility, direct bonding to regenerated bone with-
out intermediate connective tissue, faster bone regenera-
tion, and resorbability as well [1-4]. However, fSTCP
ceramic is difficult to densify because high densification
requires higher temperatures, but a sintering temperature
beyond 1180°C induces the phase transformation of f§ to
a-tricalcium phosphate (TCP). The density of « TCP has
a lower density than that of STCP («TCP: 2.77, fSTCP:
3.07 gcm ™~ ?). The volume of sintered TCP will expand
and the crack will generate inside the material while the
phase transformation of STCP to o«TCP occurrs. It
would lead to a doubtful mechanical stability under the
physiological loading [4]. Therefore, it is important to
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stabilize the crystalline phase of STCP at higher temper-
atures.

The Mg ions have been chosen to dope the TCP
material, which could replace the Ca ion position in the
lattice of S-whitlockite to form compounds of Mgs(POy),
or Caz;_ Mg (PO,),. These compounds could effectively
stabilize the f-whitlockite structure at high temperatures
[5-8]. However, the precursor of Mg ion, such as MgCl,,
Mg(OH), or MgCO3;, would form other stable inclusions
such as chlorined-HAP (Ca, ((PO,)¢(Cl),) or remain dif-
ficult to remove magnesium oxide (MgO) in the TCP
material during heat treatment. It would influence the
mechanical strength of the TCP and the performance in
the physiological environment. In addition, some investiga-
tors have reported that the calcium phosphate doping with
F~ ions or Mg?* ions leads to a decrease of the biode-
gradation rate of the material in vivo [9]. Therefore, we
search for another additive to stabilize the STCP structure.

Various ions can be incorporated into the fTCP and
apatite crystal structure to replace the position of cal-
cium or phosphorous ions but only biocompatible ones
are considered here. Ca?*, PO3~, OH, CO%", and
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citrate are the main constituents for the inorganic com-
position of the bone. Na*, Mg?*, Cl~ and F~ are the
minor elements in the hard tissue. The sodium ions are
the largest amount of metallic ions stored in bone min-
eral after calcium and phosphorous ions. The difference
of ionic radius between calcium and sodium ions is lower
than 15%. Sodium ions could be expected to replace the
calcium ions in the whitlokite and apatite structure at
high temperatures [8]. Moreover, fSTCP and apatite
doped with sodium ions would have less remnant be-
cause the sodium oxide or the compounds containing
Na™ ion have lower melting and boiling point, which
could be volatilized or decomposed at higher temper-
atures. Therefore, we try to use the precursor containing
sodium ions to dope the TCP and/or apatite while
preparing the high-temperature stabilized fTCP sinter-
ing body in the study.

In this experiment, we prepared a deficient HAP (d-
HAP, Ca,;o_ (HPO,(PO,)s-(OH),_,, 0 < X < 2) with
nanograde particle size as the starting material. The Ca/P
ratio of the prepared d-HAP is similar to that of trical-
cium phosphate, about 1.5. The crystalline structure of
d-HAP are the same with stoichiometric HAP (s-HAP) at
room temperature [10-12], however, the d-HAP could
be decomposed into STCP and s-HAP while being
heated [12-15]. According to Fowler’s study on the
pyrolysis reactions of octacalcium phosphate, the s-HAP
could react with the pyrophosphate ions (P,O%~) and
turned into STCP around 700°C [16]. Therefore, the
tetra-sodium diphosphate decahydrate (NP, Na,P,0O- -
10H,O) containing Na* and P,O%~ ions was chosen as
the additive while doping the d-HAP to develop high-
temperature stabilized STCP. The phase transformation
or crystal structure reconstruction of d-HAP with differ-
ent NP additions while being heated are also described in
the study. We would also like to know the role of the
pyrophosphate ions on the decomposition of d-HAP.

In the present study, we used XRD (X-ray diffraction)
analysis to examine the phase transformation of the ma-
terials at different heating temperatures. The functional
group of fTCP, d-HAP and d-HAP with NP addition at
different temperatures were observed by FTIR (Fourier-
transformed infrared) spectroscopy.

2. Materials and methods

The d-HAP with an atomic ratio Ca/P = 1.5 was pre-
pared and is briefly described as follows. An aqueous
solution of (NH,),HPO, was added dropwise to a
Ca(NO3), - 4H,0 solution at 25°C, where the pH of both
the solutions were maintained at about 11 by adding the
NH,OH solution. After being mixed, the reaction solu-
tion was heated up to its boiling point and refluxed for
20 min. It was then left standing for 20 h at room temper-
ature without stirring. The d-HAP precipitates were

filtered and washed with deionized water. The products
were dried at 70°C for 72 h. fTCP was prepared by
heating a mixture of reagent-grade CaHPO, and CaCO;
with molar ratio of 2:1 at 1000°C for 24 h. Na,P,0O-
10H,0 was purchased from E. Merck, 64271 Darmstadt,
Germany.

The d-HAP was mixed with different quantities of
Na,P,0--10H,0 in deionized water and dried at 70°C
for 3 days. The well-mixed and dried cakes were ground
and sieved. The samples were placed in covered platinum
crucibles and heated to different temperatures at a heat-
ing rate of 3°Cmin~! in a conventional Ni-Cr coiled
furnace, and then maintained for 6 h. The samples were
then quenched to room temperature.

The crystalline phases of specimens were determined
by Rigaku X-ray powder diffractometer with CuK, radi-
ation and Ni filter. The scanning range of the samples
was from 10 to 60° with a scanning speed of 4°min~!.
The infrared spectra were recorded using KBr pellets
(1 mg sample per 300 mg KBr) on a Jasco FTIR grating
instrument with slow scan and normal silt width.

3. Results

The XRD patterns of fSTCP and d-HAP without the
addition of Na,P,0--10H,O at different heating tem-
peratures are shown in Fig. 1. As seen in Fig. 1a and b,
PTCP started transforming into « TCP at 1200°C. A trace
of «TCP with capital ‘A’ topped on the peaks of Fig. 1a
was found in the XRD pattern after a temperature of
1200°C. The intensity of « TCP characterized peaks in-
creased with heating temperature. STCP characterized
peaks were still observed even after the heating temper-
ature of 1300 °C. d-HAP were decomposed into s-HAP
and STCP at the temperature of 1150°C as shown in Fig.
1b. s-HAP peaks could be traced in the XRD patterns
and their intensities were not much changed in the tem-
perature range 1150-1300°C. Characterized peaks of
oTCP appeared at 1200 °C and increased with heating
temperature as well. At 1300 °C, the inversion of fSTCP
to «TCP was still in progress and fTCP characterized
peaks were still observed. By the way, s-HAP has
the same XRD pattern as the d-HAP but is different
in chemical composition. We will describe it later in
Section 4.

Fig. 2 summarizes the XRD patterns of d-HAP with
different quantities of NP addition in the temperature
range 1150-1300°C. All the d-HAP characterized peaks
disappeared and turned into s-HAP and fTCP. Fig. 2a
and b represent the XRD patterns of d-HAP with 2.5 and
5 wt% NP addition, respectively. The inversion temper-
ature of fTCP — oTCP in the d-HAP with 5 wt% NP
addition was higher than that of the 2.5 wt% NP addi-
tion. As shown in Fig. 2a and b, fSTCP turned into «TCP
and no TCP peaks remained once the temperature was
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beyond 1250°C. The intensity of s-HAP characterized
peaks gradually decreased as the quantity of NP addition
increased. Comparing Fig. 2a with Fig. 1b, s-HAP char-
acterized peaks of d-HAP with 2.5 wt% NP addition was
lower than that of d-HAP without NP addition. For
d-HAP with 5wt% NP addition, only a few s-HAP
peaks were still observed. Results of XRD analysis of the
d-HAP with 7.5 and 10 wt% NP addition were shown in
Fig. 2c and d, respectively. It showed that the more NP
doped into the d-HAP, the higher phase transition tem-
perature of fTCP to «TCP was observed. The d-HAP
with 7.5 wt% NP addition could maintain the fTCP
structure up to 1250°C, and d-HAP with 10 wt% NP
addition could stabilize the STCP structure beyond
1300°C. The s-HAP phase decomposed from d-HAP
almost disappeared in the XRD patterns of d-HAP with
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Fig. 1. X-ray diffraction patterns of fSTCP and d-HAP heated at 1150,
1200, 1250 and 1300°C: (a) STCP; (b) d-HAP (B: STCP phase; A: « TCP
phase; H: s-HAP phase).

7.5 and 10 wt% NP addition. The characteristic peak of
Na;Cag(PO,)s appearing at 1150°C was noteworthy.
There seems some connections existing between the
phase transformation temperature of fSTCP to «TCP and
the decomposition of Na3;Cag(PO,)s. At the 7.5 wt% NP
addition, the Na;Ca4s(PO,)s peaks disappeared at a
temperature between 1250 and 1300°C. The phase
transformation of fTCP to «TCP occurred in the same
temperature range as well. For the d-HAP with 10 wt%
NP addition, the intensity of Na;Cag(PO,)s was stronger
than that of d-HAP with 7.5 wt% NP addition. Though
Na;Caq(PO,)s gradually disappeared with increased
temperature in the d-HAP with 10 wt% NP addition,
there was still some Na;Ca4q(PO,)s existing at the
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Fig. 2. X-ray diffraction patterns of d-HAP with different additions of
NayP,05 - 10H,O heated at 1150, 1200, 1250 and 1300°C, respectively:
(a) 2.5 wt% addition; (b) 5 wt% addition; (c) 7.5 wt% addition (charac-
teristic peaks of Na;Cag(PO,)s phase did not appear in the patterns);
(d) 10 wt% addition (B: STCP phase; A: « TCP phase; H: s-HAP phase;
V: Na;Cags(PO,)s phase).
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Fig. 2. (continued).

temperature 1300°C. There were no o TCP characteristic
peaks observed at the same temperature.

To further understand the phase transformation in the
system of d-HAP with NP addition, the d-HAP and
d-HAP with 10 wt % NP was prepared and heated at
a relative lower temperature. Fig. 3a and b showed the
XRD patterns of d-HAP and d-HAP with 10 wt% NP
addition from room temperature to 750°C. There was no
significant difference in XRD patterns of d-HAP below
650°C, only s-HAP observed in the pattern as shown in
Fig. 3a. In Fig. 3a, fTCP peaks could be traced on the
XRD patterns at the temperature of 650°C. With temper-
ature up to 750°C, the intensity of the STCP peaks
obviously increased. On the contrary, we could observe
PTCP characteristic peaks such as B217 and B220 burg-
eoned out on the XRD pattern of d-HAP with 10 wt%
NP addition at 550°C (Fig. 3b). In addition, Na;Cag
(PO,)s peaks could be observed at 750°C in Fig. 3b).
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Fig. 3. X-ray diffraction patterns of d-HAP and d-HAP with 10 wt%
Na,P,0--10H,O addition at room temperature and heated at 550,
650, 750°C: (a) d-HAP; (b) 10 wt% addition (B: fTCP phase; H: s-HAP
phase; ¥: Na;Cag(PO,)s phase).

The FTIR spectrum of d-HAP heated at different
temperatures were shown in Fig. 4a. The band of HPO; ™~
at 875cm~! decreased with the heating temperature
while the band of P,O% ™ at 1185 cm ™! slightly increased
[16]. With the heating temperatures up to 750°C, the
HPO3~ band almost disappeared but the P,O%~ band
was formed with decreased intensity. Bands of TCP grad-
ually appeared at 1118, 973 and 945 cm ™~ '. The spectrum
of d-HAP with 10 wt% NP addition heated from room
temperature to 750°C are shown in Fig. 4b. When com-
pared to the spectrum at room temperature, the intensity
of the HPOZ ™ band slightly decreased at 550°C. The
P,O%~ band was obviously raised and the bands of TCP
were found at 973 cm ! at 550°C. With temperatures up
to 650°C, significant TCP bands appeared at 1118, 973,
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Fig. 4. FTIR spectra of d-HAP and d-HAP with 10 wt% Na,P,0O--

10H,0 addition at room temperature and heated at 550, 650, 750°C (a)
d-HAP; (b) d-HAP with 10 wt% NP addition.
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4. Discussion

The Ca/P ratio of d-HAP [deficient apatite
Cayg-(HPOL)(PO4)e-(OH), (0 < x < 2)] is about
1.33-1.67 with apatite crystal structure. It is known that
the HPOZ™ ions in d-HAP will be condensed into
P,0%" ions 2HPO; — P,0% + H,0) when heated
to about 650°C. P,O%~ ions will then react with OH ™ as
following formula [12]: P,O%™ + 20H™ —2PO3;™ +
H,O. It will be accompanied with the d-HAP decom-
posed into fTCP and s-HAP. The total reaction can be
summarized as [12, 13]

Ca;o_ (HPO,)(PO,)s - (OH), — 3XCa3(PO,),
+ (1 — X)Ca,o(PO,4)s(OH), + H,O. (1)

Eq. (1) was supposed to have a slow reaction rate, which
started at 650°C and still ongoing above 1000°C. Lee
[15] suggested that the condensation of HPOZ ™ ions of
d-HAP depend on their position in the crystal structure.
The HPOZ™ ions need greater energy to reach their
condensation, which would lead to the condensation of
HPO;Z ™~ over a wide temperature range. He thought that
P,0%" reacting with OH~ to form POj~ is an instant
reaction. The reaction will occur once P,O%" ions are
formed, therefore P,O%~ ions are difficult to observe
while heating.

From the results of FTIR analysis of this study,
HPO; ™ band of d-HAP was hardly detected at 550°C as
shown in Fig. 4a. It means that HPOZ ™~ has been trans-
formed into P,O% and did not exist at 550°C. The
P,0%" band could be traced at 550°C and appeared at
650°C with an obvious slope on the FTIR curve (Fig. 4a).
We could speculate that the condensation of HPOZ; ™~
might occur before 650°C and the P,O% ™ ions would be
formed simultaneously. A large amount of STCP should
be formed at this temperature if P,O%~ with OH~ was
an instant reaction. However, only a small amount of
STCP could be observed at this temperature as shown in
Fig. 3a. We thought that the P,O% ™ reacted with OH ™~
was not an instant reaction as described in the previous
section. Fowler [16] has studied the pyrolysis reactions
of octacalcium phosphate. The series reaction of octacal-
cium phosphate pyrolysis are as follows:

CagH,(PO,)s - SH,0 — 0.5Ca;o(PO,)s(OH),

(s-HAP) + 1.5Ca,P,0, + 5.5H,0, )
0.5Ca,o(PO,)s(OH), (s-HAP) + 1.5Ca,P,0,

+ 5.5H,0 - 2Ca,(POy), + Ca,P,0, + 6H,0. (3)

It showed that the pyrolysis of CaHPO, in the range of
325-450°C yielded Ca,P,0- (Eq. (2)) and STCP would
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be obtained from the Ca,P,0, and s-HAP reaction
around 700°C. The study revealed that the P,O% ™ ions
reaction with OH™ did not occur immediately. We
speculated that the P,O% ™ ions should be accumulated
to a critical concentration to react with OH ™ and then
induce d-HAP decomposition. The concentration of
P,0%~ might play an important role on the decomposi-
tion of d-HAP. Since P,0%” could be traced even
at temperatures up to 750°C, it seemed that the P,O%~
reacting with OH~ to form PO}~ should occur over
a wide temperature range. The rate of d-HAP con-
version into fTCP and s-HAP should depend on the
rate of P,O%~ and OH™ reaction instead of HPO3~
condensation.

The HPOZ; ™ band of d-HAP with 10 wt% NP showed
no significant difference from room temperature to
550°C (Fig. 4b). Comparing Fig. 4b with Fig. 4a, the
P,O%” band of d-HAP with 10 wt% NP addition was
more obvious than that of d-HAP without NP addition
from room temperature to 550°C. Most of the P,O%~
ions bands appearing in d-HAP with 10 wt% NP addi-
tion at 550°C (Fig. 4b) was coming from the
Na,P,0,-10H,O addition. The foreign P,O%” ions
coming from NP addition would raise the concentration
of P,O%™ ions in the system and lead to the d-HAP
decomposition at a lower temperature around 550°C
(Fig. 1b). According to Eq. (1), d-HAP should be con-
verted into fTCP and s-HAP at 650°C. However, s-HAP
peaks almost disappeared and STCP progressively pro-
duced peaks in the XRD pattern of d-HAP with 10 wt%
NP addition at the temperature of 650°C (Fig. 3b). The
reaction might occur in the system as follows:

3Ca;o(PO,)s(OH), + 2Na,P,0; — 10Ca;(PO,),
+ 3Na,0 + 2NaPO; + 3H,0. (4)

It reflects that the NP doped into d-HAP not only
induced the d-HAP decomposition at a lower temper-
ature but also reacted with s-HAP to produce more
PTCP in the system.

It is known that the transformation of fSTCP to «TCP
started at 1180°C. From XRD analysis, fTCP still exis-
ted while STCP or d-HAP without NP addition was
heated up to 1300°C (Fig. 1a and b). The results reveal
that the transformation rate of fSTCP to «TCP takes
place at a slow pace. We observe that the intensity of
BTCP characteristic peaks in Fig. 2a and b are higher
than that of d-HAP at 1250°C (Fig. 1a). The authors
speculated that NP might stabilize fTCP at higher tem-
peratures or might increase the conversion temperature
of BTCP to «TCP, once it was doped into d-HAP.

In Fig. 2c and d, Na3;Cag(PO,)s could be observed in
the XRD patterns of the d-HAP with 7.5 and 10 wt% NP
addition. The Na;Ca4(PO,)s with chemical composition
of 2.4Ca0-0.6Na,O - P,05 was found by Ando [19] in
the study of the binary phase diagram of Ca;(PO,),—

NaCaPO,(rhenanite). The phase could be easily formed
in the range of 2.6CaO-0.4Na,O-P,0s to 2.4CaO -
0.6Na,O-P,0;5 [19,20]. Lin [21], studied the sintering
behavior of fTCP bioceramics with NP addition and
observed Na;Caq(PO,)s in XRD patterns with STCP
doped with NP up to 5wt%. The intensity of
Na;Cag(PO,)s characteristic peaks increased with the
quantity of NP added to the system. Suchanek [22]
doped Na,P,0- into hydroxyapatite to promote the
sintering process, where Na;Caq(PO,)s could be ob-
served in the system.

Schaeken [8] heated mixtures of CaHPO,, CaCO;
and Na,COj; at temperatures between 700°C and 1000°C
and found that sodium was incorporated in the crys-
tal structure of whitlockite and apatite. It is known
that the mixture of CaHPO, and CaCOj; could produce
PTCP [10], and the Na,CO; would be decomposed
into Na,O and CO, in the same temperature range
700-1000°C. According to the results of Schaeken, Na,O
could be assumed to react with STCP and form the
sodium-containing whitlockite in the temperature range
700-1000°C. In the present study, sodium-containing
whitlockite is quite possible to be formed in the system
of d-HAP with NP addition as expressed in eq. (4). In
the system, fTCP would react with Na,O and then
form sodium-containing whitlockite once d-HAP de-
composed. Na;Caq(PO,)s was formed around 750°C
(Fig. 3b), that might be the reaction product of the fSTCP
and Na,O. Comparing Fig. 2c with d, we observed that
the intensity of Na;Caq(PO,)s characteristic peaks in-
creased with the quantity of NP in the system. The
intensity had a negative tendency with temperature and
would finally disappear around the temperature of
1250-1300°C.

From the phase diagram of Mg;(PO,),—Cas(PO,),
system, Mg ions incorporating into the TCP structure
are effective in stabilizing the fSTCP structure and raising
the fTCP = oTCP transforming temperature from 1180
up to 1500°C [18, 19]. Kreidler and Hummel [23] inves-
tigated the system of Ca;(PO,),—Zn;(PO,), and found
that the Zn?* ion incorporating into fTCP structure has
the same effect as that of Mg? ™ ions in the STCP crystal
structure. Ando [24] also found that magnesia, alumina
and ferric oxides could effectively stabilize the STCP
phase and prevent the inversion of STCP — o TCP while
heating. However, the effect of Na™* ions incorporating
into the TCP structure depended on its concentration in
the structure because Na,O was easily sublimble. In this
study, the transformation temperature of fSTCP — «TCP
increased with the NP addition as shown in Fig. 2a—d. It
proved that the Na* ion incorporating into the TCP
crystal structure could effectively stabilize the STCP
structure and keep fTCP — «TCP from transformation.
Though Na* ions would stabilize the STCP structure
only up to 1300°C, the temperature is enough to obtain
high densified fTCP ceramic after sintering.
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5. Conclusion

The decomposition of d-HAP as Eq. (1) was supposed
to have a slow reaction which started at 650°C and still
ongoing above 1000°C. It is known that the HPOZ ™ ions
in d-HAP will condense into P,O%™ ions 2HPOZ™ —
P,0%" + H,0) when heated to about 650°C. P,O%"
ions will then react with OH™ as P,0%~ +20H -
2PO; ™ + H,0. From the study, we could speculate that
the condensation of HPOZ ™~ might occur before 650°C
and the P,O%~ ions would be formed simultaneously.
Since P,O%~ could be traced even at temperatures up to
750°C, it seemed that the P,O%™ reacting with OH~
forming PO~ should occur over a wide temperature
range. The rate of d-HAP conversion into fSTCP and
s-HAP should depend on the rate of the P,O%™ and
OH ™ reaction instead of the HPOZ~ condensation.

NP doped into d-HAP not only induced the d-HAP
decomposition at lower temperature but also stabilized
the BTCP crystal structure at higher temperatures
or increased the conversion temperature of STCP to
oTCP. In this study, the transformation temperature of
PTCP — oTCP increased with the NP addition. It pro-
ved that the Na™ ions incorporating into the TCP crystal
structure could effectively stabilize the fTCP structure
and keep STCP — o«TCP from transformation. By mix-
ing NP with d-HAP, we could obtain a pure STCP
sintering body at the temperature up to 1300°C without
o TCP transformation.
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