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bstract

igh-density and fine-grained transparent hydroxyapatite (Ca10(PO4)6(OH)2: HAp) ceramics with B2O3 and Na2O addition were fabricated using
ressureless sintering and pulse-current pressure sintering between 1000 and 1100 ◦C; the superplastic deformation of these HAp specimens was
valuated. The relative density of pure HAp compacts pulse-current pressure sintered at 1000 ◦C for 10 min under a pressure of 50 MPa attained
9.9% and exhibited translucency. The tensile elongation of the pure HAp specimen, which was measured at 1000 ◦C under a strain rate of
.48 × 10−4 s−1, was as high as 364%. The relative density of HAp compacts with 3.0 mol.% B2O3 addition pulse-current pressure sintered under

he same conditions as those of pure HAp compacts was 98.9%, whereas the grain size was as low as 0.24 �m. The elongation of HAp specimens,

easured at a test temperature of 1000 ◦C under a strain rate of 1.48 × 10−4 s−1, was as high as 578%.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2; HAp) possesses a chem-
cal composition comparable to the inorganic component of
uman bones and has been used in various forms of bioma-
erials (powder, granules, dense/porous bodies, etc.) due to its
xcellent biological compatibility within living tissue.1,2 The
ense form of HAp has found application as space filler mate-
ial for bioactive fixation, whereas the porous form is currently
sed as a bone substitute for biological fixation. The dense form
f HAp is also known to exhibit superplasticity, i.e., deforma-
ion of polycrystalline material at elevated temperature, due
o grain boundary sliding. The enhancement of grain bound-
ry sliding may be achieved by controlling the density, grain

3,4
ize (usually <1 �m) and strain rate. Owing to the opti-
ization of these parameters, one of the present authors has

ucceeded in achieving tensile elongations of approximately
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50% for alumina (Al2O3)–10 vol.% zirconia (ZrO2),5 1000%
or 0.3 vol.% Al2O3 dispersed tetragonal ZrO2

6 and 2500% for
0ZrO2(3Y)–30MgAl2O4–Al2O3.7 The superplasticity of HAp
as previously been noted by Wakai et al.8 who reported that the
ensile strain of HAp specimens fabricated by hot isostatic press-
ng attained 153%, but that the tensile strain of HAp specimens
abricated by pressureless sintering was limited to 35%. More
ecently, the present authors have fabricated dense HAp spec-
mens by pressureless sintering and found that the elongation
t 1100 ◦C attained 157%.9 Furthermore, a two-step pressure-
ess sintering technique was applied to HAp compacts, i.e., (i)
eating of the compact to a temperature (T1) where sintering ini-
iates in the intermediate stage, (ii) cooling to a temperature (T2:
1 > T2), (iii) holding for the desired time, and then (iv) cooling

o room temperature. Owing to the utilization of this technique,
he tensile elongation of HAp specimens was further increased
o 188%—this was attributed to the grain size of the resulting
Ap specimens being restricted to 0.44 �m, regardless of the
igh density (=98.8%).10

As noted above, the presence of relatively small grain sizes,

n addition to high density, may be a key factor for the noted
longation of HAp ceramic materials. Moreover, grain bound-
ry modification seems to be needed in order to accelerate the

dx.doi.org/10.1016/j.jeurceramsoc.2011.01.014
mailto:itatani@sophia.ac.jp
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As the above results indicate, the shrinkage of HAp com-
pacts may be promoted by the addition of Na2O (temperature
range: 700–950 ◦C) but may be delayed by the addition of B2O3.
642 K. Itatani et al. / Journal of the Europ

liding of grains, which may also contribute to the superplas-
ic deformation of HAp ceramic materials. In order to modify
he properties of the grain boundary, the present authors11 have
onsidered the possibility of utilizing compounds in the Na2O
nd B2O3 system on the basis that fused materials formed at
omparatively low temperature12 may contribute to accelerat-
ng densification, and that the vitreous phase formed on the grain
oundary during fabrication may assist grain sliding.

On the basis of such information, the present paper describes
i) conditions for the fabrication of high-density and fine-grained
Ap ceramics with Na2O and/or B2O3 addition utilizing pres-

ureless sintering and pulse current pressure sintering, and (ii)
valuation of superplastic deformation for these ceramic mate-
ials.

. Experimental procedure

.1. Fabrication of dense HAp ceramics with Na2O and
2O3 addition

A commercially available reagent grade HAp (HAp-100;
aihei-Kagaku Sangyo, Osaka), Na2CO3 (Wako Pure Chem-

cal Ind., Tokyo, Japan) and B2O3 (Nakalai Tesque, Kyoto)
ere used as starting materials. The HAp powder was mixed
ith 1–10 mol.% Na2CO3 and B2O3 powders using ball-milling.
ote that Na2CO3, instead of Na2O, was incorporated into the

tarting HAp powder, due to the fact that Na2O is very sensi-
ive to the presence of moisture in air. Cylindrical compacts
ith a diameter of 20 mm and a thickness of approximately
mm were fabricated by uniaxially pressing approximately 2 g
f the powder at 50 MPa, followed by pressureless sintering.
imilarly, cylindrical compacts with a diameter of 30 mm and a

hickness of approximately 3 mm were fabricated by uniaxially
ressing approximately 12 g of the powder at 50 MPa, followed
y pulse-current pressure sintering (PCPS; SPS-1050, Sumit-
mo Coal Mining Co., Tokyo) under a pressure of 50 MPa. The
eating rate from room temperature to the desired temperature
as 25 ◦C min−1.

.2. Evaluation

Phase identification was carried out using an X-ray diffrac-
ometer (XRD: RINT 2000 V/P, Rigaku Corp., Tokyo, 40 kV
nd 40 mA) with monochromatic CuK� radiation; phases
resent at elevated temperature were examined using a high-
emperature XRD equipped with an electric furnace. The
xpansion-shrinkage of powder compacts was examined using
thermo-mechanical analyzer (TMA; Model TAS-100, Rigaku,
okyo) at a heating rate of 10 ◦C min−1; cylindrical compacts
ith a diameter of 5 mm and a thickness of 3 mm were fabri-

ated by uniaxially pressing approximately 0.1 g of the powder at
0 MPa, followed by cold-isostatically pressing at 100 MPa. The
elative density of the sintered compacts was calculated on the

−3
asis of bulk density and theoretical density (=3.16 g cm ) with
he bulk density being measured by the Archimedes method,
sing ethanol as a replacement liquid. The microstructure of
intered compacts was observed using a scanning electron

F
3
a
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icroscope (SEM; Model S-4500, Hitachi, Tokyo, Japan) with
n accelerating voltage of 5 kV. On the basis of SEM micro-
raphs, the grain sizes were determined as π/2 times the linear
ntercept length.

Tensile tests of the resulting specimens were conducted in air
t a temperature between 1000 and 1100 ◦C under a strain rate of
.49 × 10−5 s−1 and gauge length of 9 mm on a universal test-
ng machine (TENSILON-1310, A&D Company, Tokyo, Japan)
quipped with an infrared furnace. The true tensile stress–strain
elationship was calculated by assuming that uniform linear
eformation occurred during elongation; the true stress was
alculated from the initial cross-section and resulting strain.

. Results and discussion

.1. Properties of HAp compacts with Na2O or B2O3

ddition fabricated by pressureless sintering

Prior to checking the relative densities of HAp ceramics
ith Na2O or B2O3 addition, the thermal expansion-shrinkage
ehavior of the compacts was examined using TMA with the
esults being presented in Fig. 1. The shrinkage of the pure
Ap compact started at approximately 700 ◦C and increased
ith temperature; the majority of the densification being com-
leted by 1000 ◦C (Fig. 1(a)). In contrast to this, shrinkage of the
Ap compact with 3.0 mol.% Na2O addition started to occur at

pproximately 700 ◦C, and slightly increased with temperature
rom 700 to 950 ◦C when compared to the case of the pure HAp
ompact (Fig. 1(b)). On the other hand, complete shrinkage of
he HAp compact with 3.0 mol.% B2O3 addition was delayed
ntil the temperature reached 1200 ◦C (Fig. 1(c)).
ig. 1. Shrinkage behavior of (a) HAp compact, (b) HAp compact with
.0 mol.% Na2O addition and (c) HAp compact with 3.0 mol.% B2O3 addition,
t a heating rate of 10 ◦C min−1.
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Fig. 2. Changes in X-ray intensity (3 0 0) (2θ = 32.8◦) for HAp powder with (a)
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Fig. 3. Changes in relative density and grain size of HAp compacts with (a)
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0 mol.% Na2O addition and (b) 10 mol.% B2O3 addition during heating and
ooling at a rate of 10 ◦C min−1.

n order to make clear such densification behavior, the reac-
ion processes of HAp with Na2O and B2O3 were examined
sing high-temperature X-ray diffraction. Note that the amount
f Na2O or B2O3 was increased from 3.0 to 10 mol.% in order
o clearly understand the reaction process. Fig. 2 shows the
hanges in diffraction intensity of the (3 0 0) peak for HAp
owder containing 10 mol.% Na2CO3 or B2O3 upon heating
nd cooling. When 10 mol.% of Na2O was incorporated into
Ap powder, the diffraction intensity of HAp increased with

ncreasing temperature to 900 ◦C but decreased with a further
ncrease in temperature to 1200 ◦C; the diffraction intensity of
Ap remained unchanged during the cooling process to 700 ◦C

Fig. 2(a)). In contrast to this, when 10 mol.% B2O3 was incor-
orated into HAp powder, the diffraction intensity for HAp
ncreased with increasing temperature to 1200 ◦C whereas the
iffraction intensity for HAp remained unchanged during cool-
ng to 700 ◦C (Fig. 2(b)).

Interpreting the data shown in Fig. 2, the authors suggest that
uring heating of the HAp with Na2CO3 addition, partial fusion
f Na2CO3 (melting point, 859 ◦C) may have occurred prior to
he thermal decomposition of Na2CO3 to Na2O (approximately
000 ◦C). The chemical composition of the fused materials was
uggested to have changed from Na2CO3 to Na2O with increas-
ng temperature, judging from the fact that the melting point
f Na2O is 1130 ◦C. The decrease in diffraction intensity of
Ap may thus indicate the progressing reaction of HAp with the

used materials. In contrast to this, during the heating of HAp
ith B2O3 addition, the reaction of HAp and B2O3 appeared to
ccur at temperatures as low as 500 ◦C, presumably due to the
ow melting point (480 ◦C) of B2O3. Therefore, it is speculated
hat the reaction products formed on the surfaces of the HAp
articles may have retarded mass transfer, resulting in the slow
rystal growth of HAp, in addition to the delay in densification
see Fig. 1(c)).
On the basis of the above information, the authors investi-
ated the effect of sintering temperature on the relative density
nd grain size of HAp ceramics with 10 mol.% Na2O or B2O3

b
d
t

0 mol.% Na2O addition, and (b) 10 mol.% B2O3 addition pressuressly fired at
ach temperature for 5 h.

ddition. These sintered bodies were fabricated using pres-
ureless sintering in the temperature range between 1000 and
100 ◦C for 5 h with the results being shown in Fig. 3. The rela-
ive density of the HAp compact with 10 mol.% Na2O addition
red at 1000 ◦C for 5 h was 93.1% and this increased to 95.9%
or temperatures up to 1100 ◦C. In addition, the grain size of
he HAp compact with 10 mol.% Na2O addition increased with
ncreasing firing temperature and attained 1.25 �m at the firing
emperature of 1100 ◦C (Fig. 3(a)). In contrast to this, the rela-
ive density of the HAp compact with 10 mol.% B2O3 addition
red at 1000 ◦C for 5 h was 68.2% and this increased to 91.7%
or temperatures up to 1100 ◦C. The grain size also increased
ith temperature, but still appeared to be submicrometer-sized

0.56 �m) at 1100 ◦C (Fig. 3(b)).
It is known that the liquid phase formed during sintering

ontributes to densification due to the rearrangement of grains.
imultaneously, the solution and precipitation mechanisms of
rains may be repeatedly operated, thereby accelerating grain
rowth. Such mechanisms appear to predominantly operate for
he case of Na2O addition over the case of B2O3 addition,13

udging from the fact that the diffraction intensity of HAp was
educed with temperature above 900 ◦C. On the other hand, due
o the melting point of B2O3 being as low as 480 ◦C, the fused

aterials reacted with HAp14 to form products on the grain

oundaries. In this case, it was believed that the fused materials
id not contribute to either densification or mass transfer, due to
heir low formation temperature.
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Fig. 4. Changes in relative density and grain size of HAp compacts with each
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Fig. 5. XRD patterns of (a) pure HAp, (b) HAp with 3.0 mol.% Na2O addition,
and (c) HAp with 3.0 mol.% B2O3 addition pressurelessly fired at 1100 ◦C for
5 h.
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dditive amount of (a) Na2O and (b) B2O3 pressuressly sintered at 1100 C for
h, together with typical FE-SEM micrographs.

The authors further investigated the effect of the amount of
a2O or B2O3 addition on the relative density and grain size of
Ap ceramic materials fabricated by pressureless sintering at a

emperature between 1000 and 1100 ◦C for 5 h with the results
eing shown in Fig. 4, together with typical SEM micrographs.
he maximum relative densities of the HAp ceramic materi-
ls were 96.6% for 3.0 mol.% Na2O addition and 96.0% for
.0 mol.% B2O3 addition. Confirming such high relative densi-
ies, SEM micrographs showed the HAp ceramic materials with
a2O and B2O3 addition to be composed of closely packed
rains. The grain sizes of the HAp ceramic materials measured
sing the intercept technique were 0.52 �m for 3.0 mol.% Na2O
ddition and 0.51 �m for 3.0 mol.% B2O3 addition. Whilst the
rain sizes were similar for the case of 3.0 mol.% addition, the
hange in behavior for grain size was found to depend on the
ype of additive, i.e., (i) an increase in grain size from 0.35
o1.25 �m (Na2O addition), and (ii) 0.33 to 0.56 �m (B2O3 addi-
ion), with increasing amount of Na2O or B2O3 addition from
.0 to 10 mol.%.

The above results suggest that high-density HAp compacts
ontaining 3.0 mol.% Na2O or B2O3 addition, i.e., 96% or more,
ould be fabricated using pressureless sintering at 1100 ◦C for

0 min. Nevertheless, the grain growth mechanism for HAp
ompacts containing Na2O addition during pressureless sin-
ering appears to be different from that of the HAp compact

f
S
m

ith B2O3 addition, i.e., enhanced grain growth (Na2O addi-
ion) and restricted grain growth (B2O3 addition). On the
asis of these results, the liquid phase in the Na2CO3–Na2O
ystem was believed to contribute to grain growth on the
asis of repeated solution–precipitation operations, whereas
he B2O3-derived materials formed on the surfaces of
rains and restricted mass transfer, thereby retarding grain
rowth.

Following this, crystalline phases present within the HAp
ompacts pressurelessly sintered at 1100 ◦C for 5 h were
hecked with the results being shown in Fig. 5, together with
he case of the pressurelessly fired pure HAp compact. Note that
he crystalline phases were examined following pulverization
f the compacts. The only crystalline phase detected within the
ulverized samples was HAp.13 X-ray diffraction angles for the
Ap powder with Na2O addition were almost in accordance
ith those of pure HAp powder (Fig. 5(a) and (b)). On the
ther hand, X-ray diffraction angles for the specimens contain-
ng B2O3 addition were shifted towards the lower-side when
ompared to the case of pure HAp powder (Fig. 5(c)). These
esults indicate that Na2O does not contribute to forming a
olid solution but instead has the possibility of forming reac-
ion products, whereas B2O3 has the possibility of forming a
olid solution into the Ca2+ sites for HAp. According to Ternane
t al.,15 B2O3 may be substituted for the PO4

3− and OH− sites
n the HAp structure to form a compound with the following
ormula: Ca10{(PO4)6−x(BO3)x}{(BO3)y(BO2)z(OH)2−3y−z}.
uch a compound may be present on grain boundaries and retard

ass transfer with increasing thickness.
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.2. Properties of HAp compacts with Na2O or B2O3

ddition fabricated by PCPS

On the basis of the results shown in Section 3.1, the authors
xamined the fabrication conditions for high-density and
ubmicrometer-sized HAp ceramic materials with Na2O or
2O3 addition using the pulse-current pressure sintering tech-
ique. Here, pulse-current pressure sintering enables the rapid
intering of powder compacts at relatively low temperature due
o Joule heating generated through a pulsed electric current.16,17

he firing of HAp compacts with Na2O or B2O3 addition using
he PCPS technique was conducted at 1100 ◦C for 10 min; the
mount of additive was fixed to be 3.0 mol.% as this amount was
ound to be optimum for achieving the highest density using
tandard pressureless sintering. Compounds in the Na2O–B2O3
ystem are known to form a liquid phase at comparatively
ow temperatures and thus in this section the authors also
xamined the effect of an equimolar mixture of Na2O and
2O3 addition on densification and microstructure. The relative
ensities and grain sizes of HAp compacts with Na2O and
2O3 addition have been shown in Fig. 6. The relative densities

f the sintered compacts were all 99.9%, except for the case
f B2O3 addition (99.3%). On the other hand, the mean grain
izes of the sintered compacts varied significantly according to

ig. 6. Typical relative density and mean grain size of HAp compacts with (a)
o addition, (b) HAp compact with 3.0 mol.% Na2O addition and (c) 3.0 mol.%

2O3 addition (d) 3.0 mol.% B2O3–Na2O addition (B2O3/Na2O = 1.0) obtained
sing the PCPS technique at 1100 ◦C for 10 min under the pressure of 50 MPa.
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he type of additive: Na2O addition (0.78 �m) > B2O3 addition
0.51 �m) ≥ B2O3–Na2O addition (0.49 �m) > no addition
0.20 �m). As described previously, this arrangement may be
xplained in terms of the contribution of the liquid phase to
romoting grain growth (Na2O addition) and that of secondary
hases at the grain boundaries to the retardation of grain
rowth. Nevertheless, it should be noted that the mean grain
ize of the sintered HAp compact with B2O3 addition was
arger than that of the sintered HAp compact with no addition.
s described before, B2O3 may be substituted for the PO4

3−
nd OH− sites in the HAp structure to form the following com-
ound: Ca10{(PO4)6−x(BO3)x}{(BO3)y(BO2)z(OH)2−3y−z}.
he thickness of such a reaction phase may be reduced with

ncreasing heating rate (25 ◦C min−1, i.e., short reaction time)
nd applied pressure (50 MPa, i.e., the utilization of energy not
nly for diffusion but also for plastic deformation) during pulse
urrent pressure sintering, which contribute to promoting mass
ransfer compared to the case of pressureless sintering.

Moreover, SEM micrographs of the microstructures and grain
iameter distributions of the sintered compacts have been shown
n Fig. 7. Note that the relative densities of these sintered com-
acts were all 99% or higher. The sintered HAp compact with
.0 mol.% Na2O addition, which appeared to have a milky-white
olored center and translucent outside, was composed of closely
acked grains with diameters of 0.3–1.5 �m; the grain diam-
ter distribution covered the range of 0.1–1.8 �m (Fig. 7(a)).
he sintered HAp compact with 3.0 mol.% B2O3 addition,
hich appeared to possess a translucent body, was composed
f closely packed grains with diameters of 0.1–1.0 �m; the
rain diameter distribution was distributed over the range of
.1–1.6 �m (Fig. 7(b)). Furthermore, the sintered HAp com-
act with 3.0 mol.% B2O3–Na2O addition (B2O3/Na2O = 1.0),
hich appeared to posses an obscured translucency, was com-
osed of closely packed grains with diameters of 0.1–1.0 �m; the
rain diameters were distributed over the range of 0.1–1.2 �m
Fig. 7(c)). It should be noted that the grain size distribution for
he sintered HAp compact appeared to be narrow, when com-
ared to the case of Na2O addition, and that this mean grain size
as larger than that of the pure HAp compact. This fact sug-
ests that mass transfer may be promoted through the addition
f B2O3.

Since high-density HAp ceramic materials with Na2O and/or
2O3 addition containing submicrometer-sized grains could be

abricated by pulse-current pressure sintering, the tensile strain
or the HAp specimens was examined. High-temperature tensile
ests examined at a test temperature of 1100 ◦C (tensile strain:
.48 × 10−4 s−1) have been shown in Fig. 8. The overall trend
evealed that the true stress for the HAp specimens increased to
maximum value with increasing strain; this was followed by

atastrophic fracture. The sintered HAp specimens with Na2O
ddition or with Na2O–B2O3 addition fractured immediately
ollowing the increase in true stress; the tensile strains were 4.4%
nd 3.8%, respectively (Fig. 8(a) and (c)). In contrast to this, the

rue stress of the HAp specimen with B2O3 addition increased
ntil the point of work hardening, after which the specimen
roke, following the point of maximum stress; the tensile strain
or this specimen was 139% (Fig. 8(b)).
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ig. 7. FE-SEM micrographs and grain-size distributions of HAp compacts ob
.0 mol.% Na2O addition, (b) and (b′) 3.0 mol.% B2O3 addition, and (c) and (c

From the above-mentioned results, no significant tensile
train was observed in the cases of sintered HAp specimens
ith Na2O addition. The probable premature breaking may be

ttributed to inoperative grain boundary sliding, based upon the
henomena of (i) the inhomogeneous presence of pores formed
y the elimination of CO2 due to the decomposition of Na2CO3
o Na2O during firing, and (ii) fusion at the local sites of the
pecimen during the test heating.

Grain growth during high temperature plastic deformation
s known to cause the formation of cavities and microcracks.
herefore, control of grain growth during high temperature plas-

ic strain is a vitally important problem. A higher tensile strain

ay be expected when the mean grain diameter of the specimen

s kept at the micrometer level. On the basis of this informa-
ion, the authors investigated the effect of firing temperature on

w
H
i

by PCPS at 1100 ◦C for 10 min under a pressure of 50 MPa with (a) and (a′)
mol.% B2O3–Na2O addition (B2O3/Na2O = 1.0).

he relative density and grain size of HAp ceramic materials
ith 3.0 mol.% B2O3 addition. These sintered bodies were fab-

icated by firing at a temperature between 1000 and 1100 ◦C for
0 min using PCPS with the results being shown in Fig. 9. The
elative density of the HAp compact with 3.0 mol.% B2O3 addi-
ion fired at 1000 ◦C for 10 min was 98.8% and this increased
o 99.3% with increasing temperature to 1100 ◦C. The grain
ize also increased with temperature but still appeared to be
ubmicrometer-sized (0.51 �m) at a temperature of 1100 ◦C.

The high-temperature tensile testing of HAp specimens was
xamined at the same temperature as that of firing temperature
hrough PCPS and at a tensile strain rate of 1.48 × 10−4 s−1
ith results being shown in Fig. 10. The tensile strain of the
Ap specimens increased to a maximum value with increas-

ng strain, followed by catastrophic fracture. The tensile strains
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Fig. 8. Relationship between tensile strain and true stress of (a) HAp specimen
with 3.0 mol.% Na2O addition, (b) HAp specimen with 3.0 mol.% B2O3 addi-
tion, (c) 3.0 mol.% B2O3–Na2O addition (B2O3/Na2O = 1.0) by PCPS technique
at 1100 ◦C for 10 min under a pressure of 50 MPa. Strain rate: 1.48 × 10−4 s−1.
Test temperature: 1100 ◦C.

Fig. 9. Changes in relative density and grain size of HAp compacts with
3.0 mol.% B2O3 addition manufactured by PCPS at each temperature for 10 min
under a pressure of 50 MPa.
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Fig. 10. Relationship between tensile strain and true stress of (a) HAp specimen
manufactured by PCPS at 1100 ◦C for 10 min under a pressure of 50 MPa, and
HAp specimens with 3.0 mol.% B2O3 addition manufactured by PCPS at (b)
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1. Doremus RH, Bioceramics, review: bioceramics. J Mater Sci
f the sintered HAp compacts with B2O3 addition were clar-
fied, according to the firing (=testing) temperature: 578%
1000 ◦C) > 391% (1050 ◦C) > 139% (1100 ◦C).

The tensile strain of the sintered HAp compact with B2O3
ddition was thus enhanced as the firing/testing temperature
ecame lower. The high tensile strain, i.e., 578%, of the HAp
pecimen with B2O3 addition was thought to have most likely
een achieved through efficient grain boundary sliding. Such
fficient grain boundary sliding, as would be required for this
elatively high tensile strain, suggests that the grain boundary
as modified by the addition of B2O3, due to the formation of

amorphous) reaction products.
100 C, (c) 1050 C, (d) 1000 C for 10 min under a pressure of 50 MPa. Strain
ate: 1.48 × 10−4 s−1. Test temperature: same as sintered temperature.

. Conclusions

The fabrication conditions for high-density HAp ceramic
aterials with Na2O and/or B2O3 addition containing

ubmicrometer-sized grains were examined either by pressure-
ess sintering or by pulse-current pressure sintering (PCPS). The
esults obtained were summarized as follows:

(i) HAp compacts with 1.0–10 mol.% Na2O and B2O3 addi-
tion were pressurelessly fired at a temperature between
1000 and 1100 ◦C for 5 h. The relative density and grain
sizes of the HAp compacts with 3 mol.% Na2O addition
were 91.7% and 0.56 �m, respectively, when the tempera-
ture increased to 1100 ◦C. On the other hand, the relative
density and grain size of the HAp compact with 3.0 mol.%
B2O3 addition were 95.9% and 1.25 �m, respectively,
when the temperature increased to 1100 ◦C.

(ii) HAp compacts with 3 mol.% Na2O and/or B2O3 addi-
tion were pulse-current pressure sintered at 1100 ◦C for
10 min under a pressure of 50 MPa. The relative density
of HAp compacts with Na2O addition, B2O3 addition and
B2O3–Na2O addition (B2O3/Na2O = 1.0) were all 99% or
more. The grain sizes of these sintered compacts were on
the micrometer level.

iii) The tensile strain of the HAp specimen with 3 mol.%
B2O3 addition pulse-current pressure sintered at 1000 ◦C
for 10 min achieved 578% for a test temperature of 1000 ◦C
and a strain rate of 1.48 × 10−4 s−1.
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