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Sintering behaviour and mechanical properties
of hydroxyapatite and dicalcium phosphate
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The sintering behaviour of powders of two calcium phosphates, namely hydroxyapatite (HA)
and dicalcium phosphate (DCP), were studied at various temperatures and in various environ-
ments. The density, flexural strength and Knoop hardness of HA sintered in air for 4 h initially
increased with the sintering temperature, reaching maxima at around 1150°C, and then de-
creased due to decomposition of HA into tri- (TCP) and tetracalcium phosphates. Sintering in
vacuum caused decomposition of HA at lower temperatures, and consequently the mechanical
properties were poorer than those of HA sintered in air. The densification and mechanical
properties of DCP sintered in air and vacuum showed similar behaviour to those of HA. In air
DCP underwent phase transformation from - to B- and to a-phases. In vacuum DCP started
to decompose into tricalcium phosphate at 1000 °C. To reduce dehydroxylation, HA powder
was sintered in moisture at various temperatures up to 1350°C and X-ray diffraction study did
not indicate any decomposition at the highest sintering temperature. The density, flexural
strength and hardness of HA sintered in moisture increased with the sintering temperature and
eventually reached plateaux at about 1300 °C, but below 1200 °C they were lower than those
of HA sintered in air at corresponding temperatures. Thus, it is seen that dehydroxylation did
not hinder sintering of HA. On the other hand, decomposition obstructed sintering of both HA

and DCP.

1. Introduction

Calcium phosphates [1] are major constituents of
bone and hold great promise as biomaterials [2] for
bone implantation, since they have the ability of bon-
ding to bone [ 3]. The major phase [4] found in bone is
HA [chemical formula Ca,(PO,);(OH),]. Quite of-
ten, however, defective HA occurs with a Ca/P ratio
deviated from 10/6 = 1.67. Other commonly known
phases are DCP, TCP and tetracalcium phosphate
[chemical formulae Ca,P,0, Cas(PO,), and
Ca,P,0q, respectively].

Blocks of HA with various densities and strengths
can be prepared [5] by pressureless sintering, hot
pressing and hot isostatic pressing. Winter et al. [6]
suggested that there is a correspondence between the
compactness of calcium phosphate implants and
physiological acceptance. Studies of porous HA im-
plants on the alveolar ridges of dogs [7] and human
maxillary alveolus [8] demonstrated bone ingrowth
into the open pores on the surface of the implants.
Similar studies in dogs [9, 10] and biopsy specimens
from humans [11, 12] showed that dense HA implants
became surrounded by mature fibrous tissue, with a
variable amount of new bone formation. However,
HA implants often developed cracks [6, 10]. Thus, an
optimization of the strength and microstructure of HA
implants by a suitable choice of sintering parameters is
needed. De Groot [13] indicated 1300°C as the crit-
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ical sintering temperature for calcium phosphates with
Ca/P ratio between 1.5 and 1.7.

Sintering of HA is complicated by two processes,
namely dehydroxylation and decomposition of HA at
elevated temperatures. In dehydroxylation HA loses
OH radicals upon heating [14] according to the
equation

Ca;o(PO,)s(OH), —
Ca,,(PO4)s(OH),_,, 0,0, + xH,O01 )]

The hydroxyl ion-deficient product, Ca,o(PO,)s
(OH), . ,,0.0, (O = vacancy, x < 1) is known as
oxyhydroxyapatite (OHA), whose existence has been
identified [14, 15] by X-ray diffraction and infrared
spectroscopic studies. In air OHA is formed at around
900°C and in water-free environment it is formed at
around 850 °C. Upon heating at higher temperatures,
HA can decompose [16, 17] into TCP and tetracal-
cium phosphate according to

Ca o(PO,)s(OH), —
2Ca,s(PO,), + Ca,P,04 + H,0 (2)

The objective of this study was to investigate how
sintering of HA is affected by dehydroxylation and
decomposition. We sintered HA in air, vacuum and
moisture in the temperature range 900-1350°C. For
comparison we also sintered DCP, which does not
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have any dehydroxylation problem owing to the ab-
sence of the OH radical in its molecule.

2. Materials and methods

The HA powder was synthesized by a wet-chemical
method [18, 19]. Analytical grade Ca(NO,), 4H,0
and (NH,),HPO, were used as the starting materials:
286 cm?® aqueous solution of 0.3 M (NH,),HPO, was
poured into 400cm® 0.7 M Ca(NQ,), aqueous solu-
tion. Immediately 30% NH,OH solution (approxim-
ately 300cm?) was added to the mixture and the pH
was adjusted to 10.5. White precipitates were aged
with stirring at 90°C for 24 h. Precipitates were fil-
tered, washed three times with distilled water and
dried at 105°C for 48 h. The dried product was ball-
milled and calcined in air at 800°C for 3 h. The
calcined product was ball-milled again and the res-
ultant powder was raw HA used for the sintering
study. DCP powder of 99.95 wt % purity was pur-
chased from Johnson Matthey Co. The particle sizes
in the HA and DCP powders were examined with an
optical microscope.

The Ca/P atomic ratio in raw HA was measured by
chemical analysis. HA powder was dissolved in 50%
concentrated HCI and the concentration of Ca ions in
the solution was measured by atomic absorption spec-
trometry. The concentration of PO, ions was deter-
mined from the ultraviolet absorption spectrum of a
molybdivanadophosphate complex [20]. Powders of
HA and DCP were examined in a Nicolet X-ray
diffractometer using Cuk, radiation. The diffraction
patterns were compared with the database in the
American Society for Testing and Materials powder
diffraction files.

Powders of HA and DCP were compacted at room
temperature inside steel dies under a uniaxial stress of
350 MPa. For lubrication the interior surfaces of the
die were coated by applying a layer of stearic acid with
a brush and then drying. The green compacts were
prepared in rectangular shapes of two sizes, 14 mm

x 7mm x 6 mm and 48 mm x 7 mm x 5mm. The
green compacts of HA were sintered in air, vacuum
and moisture for 4h in the temperature range
900-1350°C. The green compacts of DCP were sin-
tered in air and vacuum for 4 h in the temperature
range 850-1300°C. The sintering in vacuum was done
inside a water-cooled steel chamber with graphite
heating elements. The chamber was flushed several
times with argon and pumped by a mechanical pump.
The pressure during sintering was about 27 Pa. The
sintering in moisture was done by placing the samples
in an alumina tube with the closed end inserted into a
muffle furnace. The moisture was flowed through the
tube at the rate of 0.07 m® h™'. After sintering, in all
cases the specimens were cooled in the furnace, typi-
cally at a rate of 100°C h™ 1,

To determine the densification due to sintering,
14 mm long specimens were ground with emery pa-
pers to a precise rectangular shape (within 0.05 mm).
To avoid absorption of water during density measure-
ments. the grinding was done in the dry condition. The
volume of the rectangular block was calculated from

the dimensions measured with the help of a slide
caliper, and its weight was measured by a balance. The
surface of some of the blocks was polished with alum-
ina slurry up to 0.1 um. The hardness was measured
by Knoop indentation on the shiny surface. The load
applied during Knoop indentation was 200 g For
metallographic examination a few rectangular blocks
were cut in cross-section. The cross-sections were
ground with emery paper and polished with alumina
slurry up to 0.1um. To reveal the grain structure, the
polished cross-sections were etched. A mixture in the
ratio 1:1 of aqueous solutions of 85% concentrated
lactic acid and 0.12 M ethyldiaminetetraacetic acid
was applied for 10s on the polished surface of HA.
The etchant for DCP was prepared by dissolving 44 ¢
K,Cr,05 into 1000 m! distilled water and mixing the
solution with 2000 ml 48% concentrated HF, and was
applied for 5s. The polished cross-section was exam-
ined by optical microscopy.

The sintered bars (48 mm long) were used for
measuring the flexural strength. Four-point bending
tests were performed on the sintered bars following a
US Military Standard [21]. The distance between the
outer rollers was 40 mm. The fracture surfaces of the
specimens broken by four-point bending were exam-
ined by scanning electron microscopy.

3. Results and discussion

3.1. X-ray diffraction

The powder X-ray diffraction pattern (Fig. 1a) of raw
HA, calcined at 800 °C, did not contain any peak other
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Figure | Powder X-ray diffraction patterns of HA sintered for 4 h
m air at various temperatures’ {a) raw HA, (b) 1100 °C, (c) 1200 °C.,
(d) 1300°C and (e} 1350°C. T, Ca,P,0q; %, «-TCP.
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than those of HA. It should be noted, however, that
the presence of a small amount of amorphous calcium
phosphate could not be detected by X-ray diffraction.
However, it is expected that calcination at 800 °C had
crystallized most of the amorphous phase. The Ca/P
ratio in raw HA was measured as 1.69 + 0.01, which is
very close to the Ca/P ratio (1.67) of perfect HA. Thus,
it can be safely assumed that our starting HA powder
(raw HA) was of good quality.

Fig. 1b-e shows the X-ray diffraction patterns of
HA sintered for 4h in air at 1100, 1200, 1300 and
1350 °C, respectively. During sintering at 1100°C HA
started to decompose and a peak due to B-TCP was
observed (Fig. 1b). Upon sintering at 1300°C peaks
due to tetracalcium phosphate appeared (Fig. 1d).
During sintering at 1350 °C some of the B-TCP was
converted to o-TCP (Fig. le). Although decomposi-
tion of HA started during sintering in air at 1100°C,
dehydroxylation of HA in air occurred at lower tem-
peratures. The X-ray diffraction peaks of HA sintered
in air at 900 and 1000 °C for 4 h shifted by 0.1-0.2° of
20 (Table 1), indicating that the HA lattice had con-
tracted due to loss of OH radicals. This behaviour of
dehydroxylation is consistent with other reported
works [14, 15]. When HA was sintered in moisture, no
shift in the X-ray diffraction peaks was observed even
after sintering at 1300 °C for 4 h. Thus, dehydroxyl-
ation of HA can be prevented by sintering in moisture.
Furthermore, decomposition of HA was also pre-
vented by sintering in moisture. Fig. 2a-d shows the
powder X-ray diffraction patterns of HA sintered for
4h in moisture at 1100, 1200, 1300 and 1350°C,
respectively and there was no sign of decomposition at
the highest sintering temperature. Fig. 3a~d shows the
powder X-ray diffraction patterns of HA sintered for
4 h in vacuum at 1000, 1100, 1200 and 1300°C, re-
spectively. At a sintering temperature as low as
1000°C in vacuum there was clear peak of o-TCP
formed by decomposition of HA. Thus, in vacuum,
where dehydroxylation can take place at temperatures
as low as 850°C [14], the decomposition of HA can
take place at temperatures lower than the decomposi-
tion temperature in air.

DCP can exist in three phases, namely «, § and v
[22]. Raw DCP in the as-received condition contained
essentially y-phase, as shown in the powder X-ray
diffraction pattern of Fig. 4a. Fig. 4b—{ shows the
powder X-ray diffraction patterns of DCP sintered for
4 hin air at 900, 1000, 1100, 1200 and 1300 °C, respect-
ively. Upon sintering in air at 900 °C DCP was trans-
formed to P-phase. After sintering in air at 1300°C
DCP essentially consisted of a-phase, but no de-

TABLE I Positions of X-ray diffraction peaks of HA, showing
dehydroxylation

20 (degrees) after sintering at various temperatures

(hkl) Raw 900°C 1000°C
(002) 25.73 + 0.02 25.94 25.87
(211 3175 £ 0.01 31.87 31.85
(202) 3401 £ 0.05 34.17 34.10
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Figure 2 Powder X-ray diffraction patterns of HA sintered for 4 h
in moisture at various temperatures: (a) 1100 C, (b} 1200°C, (c)
1300"C and (d) 1350“C.
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Figure 3 Powder X-ray diffraction patterns of HA sintered for 4 h
in vacuum at various temperatures: (a) 1000°C, (b) 1100°C, (c)
1200°C and (d) 1300°C. T, Ca,P,0g; =, a-TCP.

composition of DCP was observed, even though the
sintering temperature was close to the melting point
(1353°C) of a-DCP [23]. Fig. 5a— shows the powder
X-ray diffraction patterns of DCP sintered for 4 h in
vacuum at 900, 1000, 1100, 1200 and 1300 °C, respect-
ively. In vacuum the decomposition of §-DCP to TCP
started at the sintering temperature of 1000 °C. Upon
sintering in vacuum at 1200°C most of the DCP
decomposed into a mixture of «- and B-TCP and
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Figure 4 Powder X-ray difiraction patterns of DCP sintered for 4 h
in air at various temperatures. {a) raw DCP. (b) 900~C, (¢} 1000 -C.
(d) 1100°C, (e) 1200~C and (f) 1300C.

P,Os. It seems that vacuum acted as a reducing
environment to cause the decomposition of DCP.

3.2. Densification and microstructure

Eighty per cent of the particles in the raw HA and
DCP powders had sizes in the ranges 10-20 ym and
2-8 wm, respectively. The green densities of HA and
PCP compacted by a uniaxial stress of 350 MPa
were 1.96 + 0.10 and 1.89 + 0.15 gcm ™2, respectively.
Assuming that raw HA was composed of perfect HA
of theoretical density 3.08 gem ™3, the green compacts
of HA had a relative density of 64 4+ 3%. Since the
raw DCP powder contained mostly y-phase with a
small amount of B-phase (both having a density of
3.00 gem ~?), the green compacts of DCP had relative
density of 61 + 5%. It should be noted that a-DCP
has a density of 293 gem 73, which is lower than those
of B~ and y-phases.

The densities of blocks sintered in various environ-
ments are given in Table I, The density of HA blocks
sintered in air at 900°C for 4h was 1.89

+ 0.04 gcm 2, which is slightly lower than the green
density. This decrease in density upon sintering at
900 °C in air was due to the loss of water by dehydrox-
ylation of HA. However, the sinterability of OHA was
good, as evidenced by the increase in density with
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Figure 5 Powder X-ray diffraction patterns of DCP sintered for 4 h
m vacuum at various temperatures {(a) 900°C, {b) 1000-C, (¢}
100~C, (d) 1200°C and {e) 1300°C. », o-TCP.

increasing sintering temperature. The density of HA
blocks sintered in air at 1100°C for 4 h was 2.46
+ 0.07 gem 7. As seen in Fig. 6, the densification of
HA was maximum at a sintering temperature of about
1150 °C in air. When the sintering temperature in aiy
was > 1200 °C the density ol the HA blocks decreased
rapidly. The decrease in the density of sintered HA
at high temperatures is attributed to decomposition
which can obstruct sintering. As discussed in Section
3.1, the decomposition of HA in air started at 1100°C.

Fig. 7 shows the microstructure of an HA specimen
sintered in air at 1200 °C for 4 h. Due to brittleness, it
was difficult to obtain a good polished surface of HA
specimens. The mean intercept grain size, as measured
from the optical micrograph (Fig. 7), was 90 um and
the average pore size was 20 + 5 um.

Densification of HA due to sintering for 4h in
vacuum follows (Fig. 6) a similar behaviour to those
for sintering in air. However, the maximum density
occurred at a lower sintering temperature {about
1050 °C), because in vacuum dehydroxylation and
decomposition of HA can occur at temperatures lower
than when siatering in air. At sintering temperatures
< 105G °C the densification of HA in vacuum was
greater than that in air. For example, at the sintering
temperature of 1000°C the densities of blocks of
HA sintered for 4 h in air and vacuum were 2.17
4+ 0.03 and 2.36 + 0.05 gem™ 3, respectively. In va-
cuum, where dehydroxylation can take place at tem-
peratures as low as 850 °C, OHA was formed rapidly
at the beginning of the sintering cycle at 1000°C and
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TABLE Il Density, Knoop hardness and flexural strength of HA sintered in air. in vacuum and in moisture for 4 h (values are means

+ standard deviation)

Temperature (°C)

900 1000 1100 1200 1250 1300 1350
Air
Density (g cm™?) 1.89 + 0.04 2,17 £ 0.03 246 +0.07 245+0.12 2074005 2.08 +0.10 2,03 +0.02
Hardness (MPa) 449 + 11 850 + 20 2035 + 16 1771 + 18 835+ 19 647 + 32 518 + 15
Flexural strength (MPa) 38+04 99+ 038 140 + 04 147 +02 74402 56 +09 4.6 +£0.2
Vacuum
Density (g cm ™ 3) 1.91 + 0.02 2.36 £ 0.05 2.39 + 0.09 2.08 + 0.04 198 + 0.03 196 + 0.08 1.93 +£0.07
Hardness (MPa) 285 + 30 627 + 30 1630 + 102 1292 + 128 661 + 25 488 + 36 384 + 148
Flexural strength (MPa) 38406 62405 11.6 + 09 6.0+ 0.8 43407 40+02 40+ 07
Moisture >
Density (g cm™?) 191 +0.05 1.96 + 0.06 2.04 +0.07 218+010 2404003 243 +0.08 2.46 + 0.07
Hardness (MPa) 155+ 6 189 +2 298 + 34 849 + 30 928 + 20 963 + 34 1025 + 16
Flexural strength (MPa) 36+05 78 £ 04 1054+08 120 £ 0.3 1534+ 0.3 165+ 0.4 164 + 0.7
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Figure 7 Optical micrograph of polished and etched surface of an
HA specimen sintered in air at 1200 °C for 4 h.
temperature of 1350 °C, the densification in moisture
15 T I did not show any decrease even at the highest
850 1050 1250 1450 sintering temperature. At and above the sintering

Sintering temperature (°C)

Figure 6 The densification of HA plotted against the sintering
temperature in various environments () atr, (@) vacuum and ()
moisture.

then OHA was densified by sintering. In contrast,
upon sintering in moisture for 4h at 1000°C the
density of HA blocks was only 1.96 + 0.06 gcm 3. In
moisture, where no dehydroxylation was observed, the
densification at 1000°C was lower than those in air
and vacuum. Thus, comparing the densification at
1000°C 1n air, vacuum and moisture, it can be con-
cluded that sinterability of OHA was better than that
of HA.

The densification of HA in moisture increased
monotonically (Fig. 6) with the sintering temperature,
eventually reaching a plateau. As no decomposition of
HA occurred in moisture at the highest sintering
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temperature of 1250 °C the densification in moisture
was higher than the corresponding densifications in
air and vacuum, where decomposition of HA was a
serious problem above 1200 °C. Thus, from the study
of densification of HA due to sintering in air, vacuum
and moisture, it can be concluded that decomposition
and not dehydroxylation affected the sintering adver-
sely.

Table III shows the densification of DCP in air and
vacuum at various temperatures. Within the sintering
temperature range 850-1300°C the density versus
sintering temperature curves (Fig. 8) were almost
flat with a variation in density within 0.1 gcm 3,
Upon sintering in air for 4 h at 1000°C the density
of DCP blocks reached a maximum value of 2.78
+0.09gcm™3 At sintering temperatures above
1000°C in air the density decreased slightly. As dis-
cussed in Section 3.1, in air DCP did not decompose at
the highest sintering temperature of 1300°C, but a
transformation from - to a-phase occurred. The



TABLE III Density, Knoop hardness and flexural strength of DCP sintered 1n air and 1n vacuum for 4 h (values are means + standard
deviation)

Temperature (“C)

850 900 1000 1100 1200 1300
Air
Density (g cm ™ 3) 273 +0.10 274 +0.14 2.78 £ 0.09 276 +£0.10 274 + 0.10 2724015
Hardness (MPa) 3321 + 17 3336 + 18 3896 + 15 3659 + 16 3399 + 16 3028 4 22
Flexural strength (MPa) 294+ 0.8 312+ 1.0 323409 284+09 263+10 260 +04
Vacuum
Density (g cm ™ 3) 244 + 0.07 247 +£005 254 +003 2.49 4+ 0.02 246 +0.04 245 +0.12
Hardness (MPa) 1241 49 1383+ 9 1811 4+ 47 1600 - 25 1301 + 46 1274 + 17
Flexural strength (MPa) 28.6 +0.1 300 £ 0.3 305 + 0.7 26.5 4+ 0.4 264 + 09 2594+ 1.1
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Figure 8 The densification of DCP plotted agamst the sintering
temperature in different environments: (O) air and (@) vacuum.

transformation from B~ to a-phase of DCP is accom-
panied by a volume increase that can produce an
internal pressure to obstruct sintering. Fig. 9 shows
the microstructure of a DCP specimen sintered in air
for 4 h at 1000 °C. The mean intercept grain size of the
specimen was 75 pm and the average pore size was
10 + 3 pum.

The sintering behaviour of DCP in vacuum was
similar to that in air. However, the densities of DCP
blocks sintered in vacuum were lower (Fig. 8) than the
corresponding densities obtained by sintering in air.
The density of DCP blocks reached a maximum value
of 2.54 + 0.03 g cm ™2 upon sintering in vacuum for
4 h at 1000 °C. When sintered in vacuum at temper-
atures above 1000 °C the density of DCP blocks de-
creased. As discussed in Section 3.1, DCP decomposed
due to sintering in vacuum at temperatures above
900°C. The decomposition of DCP affected the
sitering in vacuum adversely and, consequently, the
densification in vacuum was lower than that in air at
corresponding temperatures.

3.3. Knoop hardness
The Knoop hardness (measured under 200 g load) of
HA blocks sintered in various environments for 4 h is

DCP specimen sintered 1n air at 1000 °C for 4 h.

given in Table II. The variation in the hardness of HA
with sintering temperature (Fig. 10) was similar to
that of densification, indicating that hardness was
controlled by the bonding among the particles in the
sintered compacts. The hardness of HA blocks sin-
tered both in air and in vacuum increased rapidly with
the sintering temperature, reaching the maximum
value at about 1150°C, and then decreased at higher
sintering temperatures. The hardness of HA blocks
sintered in vacuum was always lower than that of
HA sintered in air at corresponding temperatures.
The hardnesses of HA blocks sintered in air and va-
cuum for 4h at 1100°C were 2035 + 16 and 1630
+ 102 MPa, respectively. Decomposition of HA in
vacuum at relatively low sintering temperatures ob-
structed the development of bonding between the
particles in the sintered compacts and was responsible
for lower hardness obtained upon vacuum-sintering
compared with that obtained upon air-sintering.
However, the hardness of HA sintered in moisture for
4h at 1100°C was only 298 4 34 MPa, due to the
poor sinterability of hydroxylated HA. The hardness
of HA compacted in moisture increased monotonic-
ally with the sintering temperature, eventually reach-
ing a plateau.

The Knoop hardness values of DCP blocks sintered
for 4 h in air and in vacuum at various temperatures
are shown in Table III. Fig. 11 shows how the Knoop
hardness of DCP compacts changed with the sintering
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Figure 11 Knoop hardness of DCP plotted agamnst the sintering
temperature 1n different environments: {O) air and (@) vacuum

temperature. The variation in hardness of DCP with
sintering temperature was similar to the variation in
the densification. The hardness values of DCP sin-
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tered both in air and in vacuum initially increased
with the sintering temperature, reaching maximum
values at about 1000 °C, and then started to decrease.
As discussed in earlier sections, the phase trans-
formation in DCP obstructed sintering in air and,
consequently, the Knoop hardness decreased upon
sintering at temperatures above 1000 °C. In vacuum
the decomposition of DCP caused a decrease in the
hardness at sintering temperatures above 1000 °C. In
fact, the decomposition hindered sintering so badly
that the hardness values of DCP sintered in vacuum
were much lower than those obtained by sintering in
air at the corresponding temperatures. The Knoop
hardness of DCP compacts sintered in vacuum for
4h at 1000°C was 1811 4+ 47 MPa, compared with
3896 + 15 MPa obtained upon sintering in air for
4 h at 1000°C. :

3.4. Flexural strength

The flexural strengths of HA compacts sintered in air,
vacuum and moisture for 4 h at various temperatures
are given in Table II. The variation in the flexural
strength of HA with sintering temperature (Fig. 12)
followed a behaviour similar to that of the densific-
ation. The flexural strengths of HA bars sintered in air
and vacuum initially increased with sintering temper-
ature, reaching the maximum values at about 1150
and 1100°C, respectively, and then decreased at
higher sintering temperatures. Due to the decomposi-
tion of HA in vacuum at relatively low temperatures,
the flexural strength of HA sintered in vacuum was

20

Flexural strength (MPa)
S

0
850

1 I
1050 1250
Sintering temperature (°C)

1450

Figure 12 Flexural strength of HA plotted against the sintering
temperature 1 various environments: (O) air, (@) vacuum and (H)
moisture.



always lower than that of HA sintered in air at
corresponding temperatures. The flexural strengths of
HA bars sintered in air and vacuum for 4 h at 1100°C
were 14.0 + 0.4 and 11.6 + 0.9 MPa, respectively. The
flexural strength of HA sintered in moisture for 4 h at
1100°C was 10.5 + 0.8 MPa, being lower than those
obtained upon sintering in air and in vacuum at
1100 °C. However, the flexural strength of HA sintered
in moisture increased with the sintering temperature,
reaching a steady value of 16.5 MPa at 1300°C.

The flexural strengths of DCP bars sintered for 4 h
in air and in vacuum at various temperatures are
shown in Table III. The strengths increased with the
sintering temperature (Fig. 13), reaching the max-
imum values at about 1000°C, and then decreased.
Below the sintering temperature of 1200°C the flex-
ural strengths of DCP sintered in vacuum were lower
than those obtained upon sintering in air. The flex-
ural strengths of DCP bars sintered in air and in va-
cuum for 4h at 1000°C were 32.3 + 0.9 and 30.5
+ 0.7 MPa, respectively. These values are almost
twice the maximum flexural strength (16.5 MPa) of
HA bars obtained upon sintering in moisture for 4 h at
1300°C. A similar comparison can be made for the
hardness values of sintered HA and DCP. Such com-
parisons indicate that the mechanical properties of
sintered DCP are superior to those of sintered HA.
Even in the hydroxylated state, the sinterability of HA
is poorer than that of DCP.

An examination of the fracture surfaces (Fig. 14)
produced by flexural tests revealed interesting in-
formation concerning the nature of fracture. The HA
bar sintered in air for 4 h at 1200°C showed inter-
granular fracture (Fig. 14a), whereas HA sintered in
moisture for 4 h at 1300 °C failed predominantly by
cleavage (Fig. 14b). In both cases some particles of HA
powder, possibly due to poor sintering, were seen on
the fracture surfaces. The DCP bar sintered in air for
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Figure 13 Flexural strength of DCP plotted against the sintering

temperature in different environments: (O) air and (@) vacuum.

4 h at 1000 °C failed by cleavage mode (Fig. 14c) and
the fracture surface was clean. It should be noted that
high-density ceramics typically fail by cleavage at
room temperature.

The HA bars sintered in air for 4 h at 1200°C and
sintered in moisture for 4 h at 1300°C had almost
identical densities and flexural strengths (Table II).

.ur: -

Figure {4 Scanning electron micrographs of fracture surfaces: (a)
HA sintered in air for 4 h at 1200 °C, (b) HA sintered in moisture for
4 h at 1300°C and (c) DCP sintered m air for 4 h at 1000 "C
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However, HA sintered in air had weaker grain bound-
aries than HA sintered in moisture, and hence failed
by intergranular fracture. A possible cause of weak
grain boundaries in HA sintered in air may be the
presence of decomposition products at grain bound-
aries. In fact, the presence of decomposition products
at grain boundaries of HA sintered in air at 1250°C
for 1 h was reported by Jarcho et al. [19]. Even though
the grain boundaries of HA sintered in moisture are
strong, the almost identical flexural strengths of HA
sintered in moisture at 1300 °C and HA sintered in air
at 1200 °C only indicate the inherent brittle nature of
hydroxylated HA.

4. Conclusion

HA powder was sintered in air, in vacuum and in
moisture in the temperature range 900-1350 °C. DCP
powder was sintered in air and in vacuum in the
temperature range 850-1300°C. Dehydroxylation of
HA in air and vacuum took place in the temperature
range 850-900 °C, but did not obstruct sintering, as
evidenced by an increase in densification with sin-
tering temperature. However, decomposition of HA in
air and in vacuum at higher sintering temperatures
hindered sintering and caused decreases in the density,
flexural strength and Knoop hardness of HA com-
pacts sintered at temperatures above 1150°C. In
moisture, however, HA did not show any indication of
dehydroxylation or decomposition, even at the highest
sintering temperature of 1350 °C. However, below the
sintering temperature of 1200°C the density, flexural
strength and hardness of HA compacts sintered in
moisture were lower than those of HA sintered in air
at the corresponding temperatures, indicating that the
sinterability of hydroxylated HA is poorer than that of
OHA.

In air DCP did not decornpose, but its sinterability
was limited by structural phase transformation. In
vacuum, however, DCP started to decompose into
TCP at the sintering temperature of 1000°C and,
consequently, the density, flexural strength and hard-
ness of DCP compacts sintered in vacuum were much
lower than those of DCP sintered in air at the corres-
ponding sintering temperatures. The maximum flex-
ural strength of DCP was 32.3 4+ 0.9 MPa, obtained
upon sintering in air for 4 h at 1000 °C, and was about
twice that of HA bars sintered in moisture for 4 h at
1300°C, indicating that the sinterability of DCP is
better than that of HA.
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