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bstract

arious kinds of calcium oxides, carbonates and phosphates were used as the raw materials, and �-TCP ceramics was fabricated by reaction
intering at 1100 ◦C, and the sinterability, the reaction sintering behavior and mechanical properties of reaction-sintered �-TCP were investigated.
eaction-sintered bodies using CaHPO + HAp consisted of single �-TCP phase, and bulk density and bending strength increased with extending
4

intering time. On the contrary, normal-sintered �-TCP synthesized using CaHPO4 + HAp did not change in bulk density and bending strength
ith extending sintering time. Reaction-sintered body using CaHPO4 + HAp as the raw materials showed higher bulk density and bending strength

han normal sintered �-TCP.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

�-tricalcium phosphate (�-TCP) is one of the most attrac-
ive biomaterials for bone repair since it shows an excellent
iological compatibility, osteoinductivity and safety in living
issues.1–3 However, �-TCP shows lower mechanical strength
nd fracture toughness than natural bones. Several attempts for
he improvement of mechanical properties of �-TCP have been

ade.
The present authors have paid attention to the structural

haracteristic of �-TCP, and synthesized �-TCP doped with
arious metal ions, and substitution model of monovalent,

ivalent and trivalent metal ions for �-TCP has been proposed.4

urthermore, its properties such as sinterability, mechanical
roperties, thermal stability were investigated.5,6 It was found
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hat the �-phase doped with metal ions would be stabilized
t higher temperature than 1120–1180 ◦C (�-� phase trans-
ormation temperature reported by Monma et al.7)6, and the
interability and bending strength of �-TCP could be improved
y the formation of solid solution with sodium or magnesium
ons.5 Basically, �-TCP is used for bone substitute as porous
aterials and pore size of porous �-TCP should be controlled.

n order to fabricate porous �-TCP with homogeneous pore size
istribution and excellent mechanical strength, it is so important
hat the skeleton of porous �-TCP should be densified. However,
-� phase transformation occurs above 1120 ◦C and sintering

emperature must be lower than the phase transformation
emperature. Due to the limitation of sintering temperature,
t is difficult to densify �-TCP and control the pore size
istribution.

In order to further improve the sinterability and mechanical
roperties of �-TCP and simplify the fabrication of �-TCP sin-
ered bodies, we tried to fabricate �-TCP ceramics by reaction

intering. Some studies on reaction sintering of the mixture of
- and �-TCP8 and �-TCP/hydroxyapatite (HAp) composite9

ave been reported, but there were very few systematical reports
n reaction sintering of �-TCP.

mailto:katsumi-yoshida@aist.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2006.12.004
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In this study, various kinds of calcium oxides, carbonates
nd phosphates were used as the raw materials, and two kinds of
hem were selected, and we tried to fabricate �-TCP ceramics
y reaction sintering. Furthermore, the sinterability of �-TCP
y reaction sintering, their mechanical properties and reaction
intering behavior were investigated.

. Experimental procedure

Various kinds of calcium oxides, carbonates and phos-
hates such as CaO, Ca10(PO4)6(OH)2 (HAp; Sangi, Saitama,
apan), CaHPO4 (Kyowa Chemical Industry, Kagawa, Japan),
aHPO4

•2H2O (Kishida Chemical, Osaka, Japan), Ca2P2O7
nd CaCO3 (Kishida Chemical, Japan) were used as the raw
aterials. Ca2P2O7 was synthesized via solid-state reaction

sing CaCO3 + CaHPO4, and CaO was prepared by pyrolysis
f CaCO3. Combinations and composition of these raw materi-
ls were shown in Table 1. The Ca/P molar ratio was 1.5, which
s a stoichiometric composition of �-TCP. The raw materials
ere ball-milled for 48 h using ethanol as the solvent. After
rying and crushing the powder by agate motor, the powder was
ormed into green compacts under a uniaxial pressure of 32 MPa,
ollowed by cold isostatically pressed at 200 MPa. The com-
act was pressureless-sintered at 1100 ◦C for 24–48 h in air. We
ook �-� phase transformation temperature (1120–1180 ◦C7)
nd densification temperature into account, and selected the
intering temperature as 1100 ◦C. For comparison, �-TCP was
ynthesized via solid-state reaction using the same powder listed
n Table 1, and the compact was formed, and then sintered
nder the same condition described above (normal sintering
rocess). The sintered bodies were cut into rectangular bars
3.0t × 4.0w × 34l mm3).

Crystalline phase of the sintered bodies was identified using
-ray diffractometer with a rotating anode X-ray tube (XRD:
INT-1500, Rigaku, Tokyo, Japan). Bulk density was measured
y Archimedes’ method using ethanol as the solvent. Bending
trength measurement was performed using a testing machine
AG-I, Shimadzu, Kyoto, Japan). Three-point bending strength
as measured at room temperature in air with a crosshead speed
f 0.5 mm/min and a lower span of 30 mm. The number of spec-
mens for bending test was five. Fracture surface of �-TCP
fter bending test was observed by scanning electron micro-

cope (SEM). Shrinkage process during sintering was evaluated
y dilatometer (TD5000S, Bruker AXS, Tsukuba, Japan) from
oom temperature to 1100 ◦C at the heating rate of 3 ◦C/min in
ir.

able 1
ombinations and composition of the raw materials for reaction sintering

Combinations of the raw materials Composition (wt%)

(a) (b) (a) (b)

1) CaHPO4 CaCO3 73.1 26.9
2) CaHPO4 Ca10(PO4)6(OH)2 21.3 78.7
3) CaHPO4

•2H2O Ca10(PO4)6(OH)2 25.5 74.5
4) Ca2P2O7 CaO 81.9 18.1
5) Ca2P2O7 Ca10(PO4)6(OH)2 20.2 79.8
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ig. 1. X-ray diffraction patterns of reaction-sintered bodies using various com-
inations of the raw materials (sintering condition: 1100 ◦C, 24 h, in air).

. Results and discussion

.1. The effect of raw materials on crystalline phase, bulk
ensity and bending strength of reaction-sintered bodies

X-ray diffraction patterns of reaction-sintered bodies using
arious combinations of the raw materials are shown in Fig. 1,
nd crystalline phase of each reaction-sintered body is shown
n Table 2. In the case of the use of Ca2P2O7 + CaO as the
aw materials, its reaction-sintered bodies mainly consisted
f HAp. Reaction-sintered bodies using CaHPO4 + CaCO3
nd Ca2P2O7 + HAp mainly consisted of �-TCP, but they
ontained HAp and Ca2P2O7, respectively. On the other
and, reaction-sintered bodies using CaHPO4 + HAp and
aHPO4

•2H2O + HAp consisted of single �-TCP phase.
Figs. 2 and 3 show bulk density and bending strength of sin-

ered bodies obtained by reaction sintering at 1100 ◦C for 24 h
sing various combination of the raw materials, respectively. In
he case of the use of Ca2P2O7 + CaO and CaHPO4 + CaCO3 as
he raw materials, bulk density and bending strength of reaction-
intered bodies which contained HAp phase were very low, and
he bulk density and bending strength were 1.70–1.80 g/cm3 and
–10 MPa, respectively.
From the results of bulk density and bending strength,
t seemed reaction-sintered bodies containing �-TCP phase
howed higher bulk density and bending strength. Reaction-
intered body using CaHPO4 + HAp as the raw materials which

able 2
rystalline phase of reaction-sintered bodies using various combination of the

aw materials: (�-TCP:�-Ca3(PO4)2, HAp:Ca10(PO4)6(OH)2)

Raw materials Crystalline phase

1) CaHPO4 + CaCO3 �-TCP, HAp
2) CaHPO4 + Ca10(PO4)6(OH)2 �-TCP
3) CaHPO4

•2H2O + Ca10(PO4)6(OH)2 �-TCP
4) Ca2P2O7 + CaO HAp
5) Ca2P2O7 + Ca10(PO4)6(OH)2 �-TCP, Ca2P2O7
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Fig. 2. Bulk density of reaction-sintered bodies using various combinations of
the raw materials (sintering condition: 1100 ◦C, 24 h, in air). Each number in
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his figure corresponds to the number described in Table 1. For comparison,
ulk density of normal-sintered body using �-TCP powder synthesized using
aHPO4 + HAp were also shown in this figure (represented as “N”).

onsisted of single �-TCP phase showed higher bulk density
nd bending strength, and the values were 2.40 g/cm3 (R.D.:
8%) and 36 MPa, respectively (the theoretical density of �-
CP10 was assumed to be 3.07 g/cm3). On the other hand,

eaction-sintered body using CaHPO4
•2H2O + HAp which also

onsisted of single �-TCP phase showed lower bending strength
ompared to reaction-sintered body using CaHPO4 + HAp. This
ould be attributed to the decomposition of water contained

n CaHPO4
•2H2O, resulting in decreasing bulk density and

ending strength. For comparison, bulk density and bending
trength of normal-sintered body using �-TCP powder synthe-
ized using CaHPO4 + HAp were also shown in Figs. 2 and 3,
espectively. Bending strength of reaction-sintered body using
aHPO4 + HAp was nearly the same as that of normal-sintered
-TCP synthesized using CaHPO4 + HAp.

In consideration of these results, the use of CaHPO4 + HAp

s the raw materials would be effective to obtain the reaction-
intered �-TCP body with higher bulk density and bending
trength.

ig. 3. Bending strength of reaction-sintered bodies using various combination
f the raw materials (sintering condition: 1100 ◦C, 24 h, in air). Each number
n this figure corresponds to the number described in Table 1. Error bars show
he maximum and minimum values in each condition. For comparison, bend-
ng strength of normal-sintered body using �-TCP powder synthesized using
aHPO4 + HAp was also shown in this figure (represented as “N”).
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ig. 4. The change in bulk density of reaction-sintered bodies using
aHPO4 + HAp as the raw materials and normal-sintered �-TCP synthesized
sing CaHPO4 + HAp with sintering time.

.2. The effect of sintering time on bulk density and
ending strength of reaction-sintered bodies

The effect of sintering time on bulk density and bend-
ng strength of reaction-sintered bodies using CaHPO4 + HAp
ere evaluated. Figs. 4 and 5 show the change in bulk den-

ity and bending strength of reaction-sintered bodies using
aHPO4 + HAp as the raw materials and normal-sintered �-TCP

ynthesized using CaHPO4 + HAp with sintering time, respec-
ively. In the case of reaction sintering, bulk density and bending
trength increased with extending sintering time, and the vales
ere 2.40–2.50 g/cm3 and 36–47 MPa, respectively. On the con-

rary, normal-sintered �-TCP synthesized using CaHPO4 + HAp
id not change in bulk density and bending strength with extend-
ng sintering time.

SEM micrographs of fracture surface of normal-sintered �-
CP synthesized using CaHPO4 + HAp and reaction-sintered

odies using CaHPO4 + HAp as the raw materials for 24–48 h
re shown in Fig. 6. In the case of normal-sintered �-TCP, grain
ize did not change with extending sintering time, and sinter-
ng seemed to almost complete during heating at 1100 ◦C for

ig. 5. The change in bending strength of reaction-sintered bodies using
aHPO4 + HAp as the raw materials and normal-sintered �-TCP synthesized
sing CaHPO4 + HAp with sintering time. Error bars show the maximum and
inimum values in each condition.
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patterns of reaction-sintered body at 600 and 700 ◦C showed
diffraction peaks derived from HAp and �-Ca2P2O7, and �-
Ca2P2O7 was formed by the decomposition of CaHPO4. At
800 ◦C, diffraction peaks of HAp and �-Ca2P2O7 reduced and
ig. 6. SEM micrographs of fracture surface of normal-sintered �-TCP synthes
sing CaHPO4 + HAp as the raw materials for (c) 24 h, (d) 48 h.

4 h. In the case of reaction sintering, reaction-sintered �-TCP
or 24 h showed similar microstructure with normal-sintered
-TCP. As the sintering time extended to 48 h, sintering still
roceeded and pore size and porosity decreased. These results
orresponded to the change in bulk density and bending strength,
.e., reaction-sintered �-TCP exhibited higher bulk density and
ending strength compared to normal-sintered �-TCP.

.3. Reaction sintering behavior

Fig. 7 shows the shrinkage process of the compacts consisted
f CaHPO4 + HAp mixture and �-TCP powder synthesized
sing CaHPO4 + HAp. The compact of �-TCP powder synthe-
ized using CaHPO4 + HAp started to shrink around 840 ◦C,
hereas the compact consisted of CaHPO4 + HAp mixture grad-
ally shrank up to approximately 600 ◦C, and then showed
ignificant shrinkage over 600 ◦C.

In order to investigate the reaction sintering behavior using
aHPO4 + HAp, the compacts using CaHPO4 + HAp were

ormed under the same condition described in experimental
rocedure, and crystalline phase of heat-treated body using
aHPO4 + HAp at 600–1100 ◦C were evaluated. In addition,

hermogravimetry and differential thermal analysis (TG–DTA;

G–DTA 2000S, Bruker AXS, Tsukuba, Japan) was also per-

ormed from room temperature to 1100 ◦C in air.
TG–DTA curves of CaHPO4 + HAp mixture with the Ca/P

olar ratio of 1.5 was shown in Fig. 8. Three steps of weight

F
m
C

y the use of CaHPO4 + HAp for (a) 24 h, (b) 48 h and reaction-sintered bodies

oss could be observed in TG. Reactions corresponding to each
G–DTA behavior was determined on the basis of XRD results
nd described below.

X-ray diffraction (XRD) patterns of reaction-sintered bodies
sing CaHPO4 + HAp as the raw materials at various temper-
tures from 600 to 1100 ◦C in air were shown in Fig. 9. XRD
ig. 7. Shrinkage process of the compacts consisted of (a) CaHPO4 + HAp
ixture (reaction sintering) and (b) �-TCP powder synthesized using
aHPO4 + HAp (normal sintering).
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ig. 8. TG–DTA curves of CaHPO4 + HAp mixture with the Ca/P molar ratio
f 1.5.

-TCP phase appeared via solid-state reaction between HAp and
-Ca2P2O7. The reaction-sintered body at 900 ◦C mainly con-
isted of �-TCP phase, but small amount of HAp phase existed.
RD pattern indicated that the reaction-sintered body consisted
f single �-TCP phase over 1000 ◦C.

In consideration of the results of XRD, each weight loss pat-
erns in TG curve shown in Fig. 8 would correspond to the
ollowing reaction. First weight loss up to around 400 ◦C would
e attributed to the desorption of adsorption water from the raw
aterials. Abrupt weight loss occurred and endothermic peak
as observed at around 400 ◦C due to the pyrolysis of CaHPO4:

CaHPO4 → �-Ca2P2O7 + H2O (1)

This reaction has been reported by Ropp et al.11 and our
esults agreed with their report. Weight loss between 750 ◦C
nd 1000 ◦C would derive from the formation of �-TCP via the
ollowing reaction between HAp and �-Ca2P2O7, that has been

12
lready confirmed by Marraha et al. :

a10(PO4)6(OH)2 + �-Ca2P2O7 → 4�-Ca3(PO4)2 + H2O

(2)

ig. 9. X-ray diffraction patterns of reaction-sintered bodies using CaHPO4 +
Ap as the raw materials at various temperatures from 600 to 1100 ◦C in air.
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From these results and shrinkage behavior, first small shrink-
ge up to around 600 ◦C in reaction sintering would indicate
he volume change derived from the pyrolysis of CaHPO4, and
he significant shrinkage over 600 ◦C (especially over 800 ◦C)
ould be caused by the formation of �-TCP and progress in

he sintering of �-TCP. These results suggested that reaction
intering of �-TCP using CaHPO4 + HAp would proceed via
ollowing steps; (i) the shrinkage behavior of the raw materi-
ls, (ii) volume reduction caused via chemical reaction such as
yrolysis of CaHPO4, (iii) mainly sintering of HAp phase, (iv)
he formation of �-TCP, and then (v) sintering of �-TCP. Details
f reaction-sintering mechanism are now under investigation.

From these results, we concluded that reaction sintering using
aHPO4 + HAp as the raw materials would be effective for good

interability, higher bulk density and bending strength. Further
tudy on reaction-sintered �-TCP is now ongoing.

. Conclusions

In this study, various kinds of calcium oxides, carbonates and
hosphates were used as the raw materials, and two kinds of them
ere selected, and we tried to fabricate �-TCP ceramics by reac-

ion sintering at 1100 ◦C, and the sinterability, reaction-sintering
ehavior and mechanical properties of reaction-sintered �-TCP
ere investigated.
Reaction-sintered bodies using CaHPO4 + HAp and

aHPO4
•2H2O + HAp consisted of single �-TCP phase, and

ulk density and bending strength of reaction-sintered body
sing CaHPO4 + HAp were higher than that of reaction-sintered
ody using CaHPO4

•2H2O + HAp. Reaction-sintered body
sing CaHPO4 + HAp as the raw materials showed higher
ulk density than reaction-sintered bodies using the other raw
aterials. However, bending strength of reaction-sintered body

sing CaHPO4 + HAp at 1100 ◦C for 24 h was nearly the same
s that of normal-sintered �-TCP powder synthesized using
aHPO4 + HAp.

In the case of normal-sintered �-TCP synthesized using
aHPO4 + HAp, bulk density and bending strength slightly did
ot change with extending sintering time. On the other hand,
ulk density and bending strength of reaction-sintered �-TCP
ncreased with extending sintering time, and the values were
igher than that of normal-sintered �-TCP.

From the results of TG–DTA analysis, XRD analysis
nd shrinkage behavior, reaction sintering of �-TCP using
aHPO4 + HAp would proceed via following steps; (i) the

hrinkage behavior of the raw materials, (ii) volume reduction
aused via chemical reaction such as pyrolysis of CaHPO4, (iii)
ainly sintering of HAp phase, (iv) the formation of �-TCP,

nd then (v) sintering of �-TCP. From the results, it was found
hat reaction sintering using CaHPO4 + HAp as the raw materi-
ls would be effective for good sinterability, higher bulk density
nd bending strength.
eferences

1. Kotani, S., Fujita, Y., Kitsugi, T., Nakamura, T., Yamamuro, T., Ohtsuki,
C. and Kokubo, T., Bone bonding mechanism of �-tricalcium phosphate. J.
Biomed. Mater. Res., 1991, 25(10), 1303–1315.



3 ean C

1

1
Anal. Chem., 1962, 34(10), 1288–1291.

12. Marraha, M., Heughebaert, J.-C. and Bonel, G., Formation of a new
220 K. Yoshida et al. / Journal of the Europ

2. Hench, L. L. and Wilson, J., An Introduction to Bioceramics. World Scien-
tific, London, U.K., 1993.

3. Yonezaki, H., Hayashi, T., Nakagawa, T., Kurosawa, H., Shibuya, K. and
Ioku, K., Influence of surface microstructure on the reaction of the active
ceramics in vivo. J. Mater. Sci.: Mater. Med., 1998, 9(7), 381–384.

4. Yoshida, K., Hyuga, H., Kondo, N., Kita, H., Sasaki, M., Mitamura, M.,
Hashimoto, K. and Toda, Y., Substitution model of monovalent (Li, Na and
K), divalent (Mg) and trivalent (Al) metal ions for �-tricalcium phosphate.
J. Am. Ceram. Soc., 2006, 89(2), 688–690.

5. Yoshida, K., Kondo, N., Kita, H., Mitamura, M., Hashimoto, K. and Toda,
Y., Effect of substitutional monovalent and divalent metal ions on mechan-
ical properties of �-tricalcium phosphate. J. Am. Ceram. Soc., 2005, 88(8),

2315–2318.

6. Yoshida, K., Hashimoto, K., Toda, Y., unpublished work.
7. Monma, H. and Goto, M., Behavior of the �-� phase transformation in

tricalcium phosphate. J. Ceram. Soc. Jpn. (Yogyo-Kyokai-Shi), 1983, 91(10),
473–475.
eramic Society 27 (2007) 3215–3220

8. Famery, R., Richard, N. and Boch, P., Preparation of �- and �-tricalcium
phosphate ceramics, with and without magnesium addition. Ceram. Int.,
1994, 20(5), 327–336.

9. Ioku, K., Murakami, T., Ikuma, Y. and Yoshimura, M., Preparation of
microstructure-controlled porous hydroxyapatite-�-tricalcium phosphate
composites by reaction sintering. J. Ceram. Soc. Jpn., 1992, 100(8),
1015–1019 [in Japanese].

0. Powder Diffraction File Card No. 9-169 (JCPDS International Center for
Diffraction Data, Newton Square, PA).

1. Ropp, R. C. and Aia, M. A., Thermal analysis of phosphor raw materials.
solid � tricalcium orthophosphate structure, from reaction between
hydroxyapatite and ammonium sulfate. Ceram. Int., 1983, 9(3), 93–
96.


	Reaction sintering of beta-tricalcium phosphates and their mechanical properties
	Introduction
	Experimental procedure
	Results and discussion
	The effect of raw materials on crystalline phase, bulk density and bending strength of reaction-sintered bodies
	The effect of sintering time on bulk density and bending strength of reaction-sintered bodies
	Reaction sintering behavior

	Conclusions
	References


