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Abstract

The sinterability of Bi,O3-doped hydroxyapatite (HA) has been studied and compared with the undoped HA. Varying amounts of Bi,O; ranging
from 0.05 wt% to 1.0 wt% were mixed with the HA. The study revealed that most sintered samples composed of the HA phase except for compacts
containing 0.3, 0.5 and 1.0 wt% Bi,03 and when sintered above 1100 °C, 1000 °C and 950 °C, respectively. In general, the addition of 0.5 wt%
Bi,0O; was identified as the optimum amount to promote densification as well as to improve the mechanical properties of sintered HA at low
temperature of 1000 °C. Throughout the sintering regime, the highest value of relative bulk density of 98.7% was obtained for 0.5 wt%

Bi,05-doped HA when sintered at 1000 °C. A maximum Young’s modulus of 119.2 GPa was measured for 0.1 wt% Bi,O3-doped HA when

sintered at 1150 °C. Additionally, the ceramic was able to achieve highest hardness of 6.08 GPa and fracture toughness of 1.21 MPa m

sintering temperature of 1000 °C.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HA), Ca;o(PO4)s(OH),, is thermodynami-
cally most stable calcium phosphate ceramic compound at the
pH, temperature and composition of the physiological fluid [1].
It possesses similar chemical composition and crystallographic
properties with the mineralized human bone [2]. Due to these
reasons, synthetic HA exhibits strong affinity to host hard
tissues. The current development of HA in medical application,
however, is limited to only non-stressed application such as
bone filler or coatings for metallic and bioinert implant. This
limitation is mainly due to its low mechanical properties [3].
Consequently, a great number of studies have been devoted to
overcome this limitation of HA [4-6].

Many studies have revealed that various properties of HA
ceramics could be improved by using sintering additives. For
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instance, Fanovich and Lopez [7] found that addition of Mg**
played a significant role in inhibiting grain growth of HA.
Ramesh et al. [8] reported that small addition of MnO, in HA
was beneficial in enhancing low temperature densification and
mechanical properties such as hardness, fracture toughness and
Young’s modulus. In addition, the use of sintering additive has
been reported as an economical method and effective sintering
aids in order to improve the sinterability of HA [5].

Bismuth compounds have been used in clinical application.
Today, the two major medicinal use of bismuth compound is
focused on antimicrobial agent and anticancer agent [9].
Furthermore, recent research by Webster et al. [10] reported
that among various dopants (Mg**, Zn>*, La>*, Y>* and In>"),
Bi** was the most effective dopant in promoting osteoblast
response to HA in human body. The authors also encourage
researchers to further investigate the other effects of Bi,Os-
doped HA in particular its sinterability, in order to determine its
efficacy as an orthopedic/dental material [10]. Therefore, the
primary objective of the current work was to study the
sinterability of synthesized HA when doped with up to 1 wt% of
bismuth oxide.
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2. Experimental procedure
2.1. Powder synthesis and sample preparation

The starting hydroxyapatite used in this work was prepared
via a novel wet chemical precipitation method using precursors
of Ca(OH), and H;PO,. The detail procedures to synthesize the
HA powder is described elsewhere [11]. The dopant used in this
work was obtained from a commercial available Bi,O3; powder
(Nanostructured & Amorphous Inc. USA; 99.9% purity having
an average particle size of 150 nm) and amount of dopant used
were 0.05, 0.1, 0.3, 0.5 and 1.0 wt%. For each composition, a
100 g batch of dry powder mixture, comprising the HA and

Table 1

Properties of the starting HA powders.

Calcium (as Ca), % (w/w) 38.9
Phosphorous (as P), % (w/w) 23.2
Ca/P ratio 1.677
Particle size (nm) 150 £ 50
Colour White

Bi,03, were mixed in 150 ml of ethanol and followed by ball
milling for 1 h. In a typical mixture, the ball to powder ratio was
kept at 1.5.

After the mixing, the wet slurry was dried, crushed and
sieved into powder form. Then, the obtained powder was

Fig. 1. SEM micrographs of powder particles. (a) Synthesized HA; (b) 0.5 wt% Bi,O3-doped HA; (c) 1.0 wt% Bi,O3-doped HA.
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uniaxial pressed at 1.5-2.0 MPa into circular discs (20 mm
diameter) and rectangular bars (4 mm X 13 mm x 32 mm) and
subsequently cold isostatic pressed at 200 MPa (Riken Seiki,
Japan).

2.2. Sintering and body characterisation

The compacted green samples were sintered at temperature
ranging from 1000 to 1400 °C, with ramp rate of 2 °C/min and
soaking time of 2 h. Prior to testing, all sintered samples were
polished to 1 wm surface finish.

The calcium (Ca) and phosphorus (P) content in the
synthesized HA powders were determined by using the
Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES) technique. The particle size distributions of the HA
powders was determined using a standard Micromeritics®
SediGraph 5100 X-ray particle size analyzer. The phase
stability studies of powders and sintered samples were carried
out by using X-ray diffraction (XRD) (Geiger-Flex, Rigaku
Japan). The bulk densities were obtained by water immersion
technique (Mettler Toledo, Switzerland). The Young’s modulus
by sonic resonance was determined on rectangular samples
using a commercial testing instrument (GrindoSonic: MKS5
“Industrial”’, Belgium) [12]. The microhardness (H,) and
fracture toughness (Kj.) of the samples were determined using
the Vickers indentation method (Matsuzawa, Japan). The Kj.
value was calculated using the equation derived by Niihara
[13]. The microstructural examination was conducted by using
the scanning electron microscope (SEM).

3. Results and discussion
3.1. Powder properties

The results of the chemical analysis as well as the particle
size of the derived HA powders are shown in Table 1.

The average particle size of the HA was small regardless of
bismuth addition and this is evident from the SEM micrograph
of the powders as shown in Fig. 1. However, the introduction of
Bi,0; in the HA powder was observed to have a distinct colour
change, i.e. from white (undoped HA) to yellow (Bi,O3-doped
HA). This colour change was more pronounced for powders
which consisted of >0.3 wt% of Bi,O;. However, after
sintering in air above 1000 °C, all samples were observed to
be white in colour. Since the melting temperature of Bi,O; is
reported to be ~824 °C [14], it is believed that the Bi,O3 added
could either be taken into solid solution with HA, with small
portions of the melted Bi,O3; vaporized during sintering as
suggested by Chiang et al. [15], Metz et al. [16] and Peiteado
et al. [14].

3.2. X-ray diffraction

X-ray diffraction (XRD) analysis of the synthesized HA
powder produced only peaks which corresponded to the
standard JCPDS card no.: 74-0566 for stoichiometric HA as
shown in Fig. 2. In addition, the XRD pattern of the

synthesized powder was in good agreement with that of
enamel of a human tooth. Thus, it is evident that the
synthesized crystals were mainly single-phase HA and is
believed to be very small as indicated by the peak broadening
of the diffraction patterns [17]. Similar peak broadening of
HA fine powders were reported by Liu et al. [18]. In general,
no other secondary phases such as tricalcium phosphate
(TCP), tetracalcium phosphate (TTCP) or calcium oxide
(CaO) were detected in the all powders.

The XRD results of sintered samples indicated that most
samples corresponded to HA phase except for compacts that
contained 0.3, 0.5 and 1.0 wt% Bi,Os sintered above 1100 °C,
1000 °C and 950 °C, respectively. This observation is not in
agreement with earlier work reported by Webster et al. [10] who
found that no decomposition was detected even for 5 wt%
Bi,O3-doped HA when sintered at 1100 °C. However, the
present research revealed that the HA phase was disrupted when
0.3 wt% Bi,O5 were added into HA and sintered above 1100 °C
as shown in Fig. 3. Similar phase decomposition was also
detected for 0.5 wt% Bi,O5-doped HA when sintered above
1000 °C. In the case of 1.0 wt% Bi,O3-doped HA, o-TCP was
detected when sintered at 1000 °C.

In general, sintering of HA can lead to the partial thermal
decomposition of HA into tricalcium phosphate (TCP) and/or
tetracalcium phosphate (TTCP). The thermal decomposition is
accompanied in two steps i.e. dehydroxylation and decom-
position. Dehydroxylation to oxyhydroxyapatite proceeds at
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Fig. 2. Comparison of XRD patterns of (a) synthesized HA powder; (b) enamel
of human tooth; (c) as-received bismuth powder.
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Fig. 3. XRD patterns of 0.3 wt% Bi,Os-doped HA samples sintered at (a)
1000 °C; (b) 1050 °C; (c) 1100 °C and (d) 1150 °C. Severe disruption of HA
phase is evident in (d).

temperatures about 850-900 °C by the fully reversible reaction
in accordance to equation 1 [19]:

Cajo(PO4)s(OH)> — Cajo(PO4)s(OH)2-2Oy +xHy045 (1)

The decomposition to TCP and TTCP occur at temperatures
greater than 900 °C according to the reaction given in Eq. (2)
[20]:

Ca]()(PO4)6(OH)2 — 2Ca3 (PO4)2 + Ca4P209 + H2Ogas (2)

According to the equations, both the dehydroxylation and
decomposition reactions include water vapour as a product, the
rates at which these reactions proceed depend on the partial
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Fig. 4. XRD patterns of HA samples sintered at 1400 °C. (a) Undoped HA; (b)
0.05 wt%; (c) 0.1 wt% Bi,Os-doped HA. All peaks belong to HA phase.

pressure of H,O in the furnace atmosphere. Thus, the secondary
phase formation during sintering could be controlled by simply
controlling the sintering atmosphere. The high humidity
content present in the sintering atmosphere has the tendency
to slow down the decomposition rate by preventing the
dehydration of the OH group from the HA matrix. This can be
achieved by controlling the partial pressure of the atmosphere,
as the saturated moisture content in the atmosphere would
suppress the by-product of water vapour between the reactions
of both the dehydroxylation and decomposition [19].

However, from the XRD analysis, it shows that the
contribution factor to the decomposition of HA was not due
to dehydroxylation which was proposed by Wang et al. [19].
This is evident in Fig. 4 which shows that no TCP, TTCP or
CaO was observed in undoped, 0.05 wt% and 0.1 wt% Bi,0O5-
doped HA even when sintered at 1400 °C in air. In the present
work, excessive doping (0.3 wt% Bi,0O3 and above) was the
primary factor causing disruption of HA phase as typically
shown in Fig. 3(d).

3.3. Relative density

The effect of Bi,O3 doping on the relative density of HA is
shown in Fig. 5. The results indicated that the HA having high
content of Bi,O3 (>0.3 wt%) exhibited higher densification, in
particular at low sintering temperatures. For example, when
sintered at 1000 °C, 0.5 wt% Bi,O3-doped HA achieved the
highest relative density of 98.7% whereas undoped HA could
only exhibit relative density of 95.5% when sintered at similar
temperature. To further study the microstructure evolution of
both samples, the SEM images in Fig. 7(a) revealed that
undoped sample was porous and individual grain could still be
observed at sintering temperature of 1000 °C. In contrast, no
pores were observed in the 0.5 wt% Bi,O3-doped HA sample
and compacted grain was clearly seen in Fig. 7(b) when
sintered at 1000 °C. The remarkable achievement of 0.5 wt%
Bi,03-doped HA at 1000 °C has prompted further study on the
densification at lower temperature such as 950 °C. However, in
this attempt, the result showed that the relative density of the
sintered HA body was low, at ~90%.

As for high sintering temperatures, higher content of
bismuth proved to be detrimental to the densification of HA.
This was evident since the 1.0 wt% Bi,O3-doped HA could
only achieve relative density of approximately 96.1% as
compared to 98.3% for undoped HA when sintered at 1400 °C.
The deterioration of the densification in these samples could be
attributed to the decomposition of HA phase as mentioned
earlier. This is in agreement with observation reported by
Suchanek et al. [4], Fanovich and Lopez [7] and Raynaud et al.
[21] who revealed that decomposition of HA phase could
eventually deteriorate the bulk density and mechanical
properties of sintered HA body.

Throughout the sintering regime studied, the highest relative
density of 98.7% was achieved when 0.5 wt% Bi,03 was doped
and sintered at 1000 °C. The beneficial effect of Bi,Os in
enhancing densification of HA could be attributed to the low
melting point of dopant and subsequently resulted in liquid
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Fig. 5. Relative density (represented by full symbol and continuous line) and Young’s modulus (represented by the open symbols and dotted line) variation as a

function of dopant addition and sintering temperature.

phase sintering. Successful examples of using other low
melting point additive as a sintering aid in HA have been
discussed the literatures [4,6,22,23].

In the case of Bi,0O;, its beneficial effect in aiding
densification was reported in various ceramics system such
as by Gil et al. [24], Yuet al. [25], Peiteado et al. [14] and
Hirano et al. [26]. Gil et al. [24] who studied the densification
process and microstructure development in BiyOsz-doped
gadolinia ceria (GDC) ceramics, found that densification of
GDC was strongly enhanced by adding small amounts of
Bi,O3. For example, samples of GDC containing <1 wt%
Bi,O3 sintered at 1200-1400 °C for 2-4 h achieved near
theoretical density when compared to the undoped ceramic.
The authors attributed this rapid densification to the low
melting point of Bi,O3 (820 °C) which resulted in transient
liquid phase-assisted sintering. When >1.0 wt% Bi,O3; was
used, a decreased in density was observed at sintering
temperature of 1350 °C. The authors inferred that this was
due to both rapid volatilization of Bi,O3; and evolution of
oxygen gas produced as consequence of some reduction of Ce**
to Ce>*. For the microstructure evolution, the authors found that
Bi,03 has no significant effect on the grain size of GDC
ceramics body. On the other hand, Yu et al. [25] discovered the
optimum addition of Bi,O5 (0.06 wt%) in MnZn ferrites has
promoted the sintering process and grain growth, thus reduced
porosity and enhance densification. When Bi,O; content
exceeded 0.06 wt%, the excessive liquid phase quickened the
sintering process and the grain growth accelerated too fast for
the pores to escape from inner grains. As a result, there were

many abnormal large grains which have pores in them. Hirano
et al. [26] studied the effect of Bi,O3; on the 10 mol% Sc,05-
stabilized zirconia (ScSZ). In this experiment, the authors
found that ScSZ with additional 1 mol% Bi,Oj3 yielded dense
sintered body at temperature of 1000 °C as compared to
1300 °C for undoped ScSZ. Based on the literature findings and
the low melting point of Bi,Os, it is believed that a transient
liquid phase could be responsible for the improved densifica-
tion of HA at low sintering temperature.

3.4. Young’s modulus, Vickers hardness and fracture
toughness

The effect of Bi,O5; doping on the Young’s modulus (E) of
HA is shown along side with relative density in Fig. 5. The
inclusion of Bi,O3 in HA, particularly for the higher dopant
concentration, was found to be beneficial in enhancing the
stiffness of the sintered HA body when sintered at low
temperatures as depicted by the higher Young’s modulus
attained in these samples. Fig. 5 shows that the highest value of
~107 GPa was recorded for HA samples containing 0.5 wt%
Bi,O3 when sintered at 1000 °C as compared to 93 GPa for
undoped HA when sintered at similar temperature. However,
when sintered above 1100 °C, the Young’s modulus of 0.5 wt%
Bi,O3-doped HA started to decrease to below that of the
undoped HA.

In contrast, the undoped HA started at low E value (93 GPa)
when sintered at 1000 °C and increased gradually to reach a
plateau at temperature 1100 °C. Similarly, both the additions of
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Fig. 6. The effect of bismuth oxide on the Vickers hardness (represented by full
symbol and continuous line) and fracture toughness (represented by the open
symbols and dotted line) of sintered HA.

0.05 wt% and 0.1 wt% exhibited the highest Young’s modulus
of ~119 GPa when sintered at 1100-1200 °C. Thereafter, the
stiffness of the sintered body fluctuated slightly with increasing
temperature. Throughout the sintering regime studied, the
highest stiffness value of 119.2 GPa was obtained for 0.1 wt%
Bi,O5-doped HA and when sintered at 1150 °C.

The effect of Bi,05 and sintering temperature on the Vickers
hardness of HA is shown in Fig. 6. In general, it can be noted
from the graph that the Vickers hardness of HA with different
additions of Bi,Oj3 varied in a similar manner as for relative
density variation with sintering temperature. The results
obtained in present work confirmed that both 0.3 wt% and
0.5 wt% Bi,O3-doped HA was beneficial in improving the
hardness of HA when sintered at low temperature. However,
when sintering temperature increased to 1050 °C, the hardness
dropped drastically to ~5 GPa and further declined as the
sintering temperature increased. In addition, as the dopant
content increased to 1.0 wt%, the hardness value was found to
decrease from 5.2 GPa to 4.5 GPa when sintered above
1050 °C.

In contrast, the hardness of undoped HA started at 5.4 GPa at
1000 °C and increased slightly to ~5.5 GPa at 1050-1100 °C.
Subsequently, a decreasing trend was observed as the sintering
temperature was increased. Similarly, the hardness of 0.05 wt%
and 0.1 wt% Bi,03-doped HA started low (4.9-5.2 GPa) at
1000 °C, and increased to the maximum to ~5.6 GPa at
1100 °C. Thereafter, the hardness decreased and fluctuated
slightly as the sintering temperature was increased >1000 °C.

In comparison with other dopants reported in the literatures,
bismuth was found to be beneficial in enhancing the Vickers
hardness of sintered HA body at low temperature. For instance,
Bandyopadhyay et al. [23] obtained maximum hardness of
4.8 GPa for 2.5 wt% ZnO-doped HA sintered at temperature of
1250 °C. Kalita et al. [27] revealed that maximum hardness of
4.6 GPa was attained when 2.5 wt% of 30% CaO + 30%
P,Os5 + 40% Na,O glass system was used in HA and sintered at
1300 °C for 3 h. Filho et al. [28] attained highest hardness value
of 5.7GPa for 0.5wt% Fe,O3-doped HA sintered at

temperature of 1300 °C. However, in the present work, the
advantage of using 0.5 wt% Bi,O3 was that the maximum
hardness of 6.1 GPa was achieved at a much lower sintering
temperature of 1000 °C. This excellent result in the improve-
ment of Vickers hardness of Bi,O3-doped HA at low sintering
temperature is associated with the improved densification as
depicted in Fig. 5.

Similar to the Vickers hardness trend, the 0.5 wt% Bi,Os-
doped HA achieved higher fracture toughness of 1.21 MPa m'?
as compared to 0.85 MPa m'’? for undoped HA when sintered at
low temperature of 1000 °C. Nevertheless, as the sintering
temperature increased to 1050 °C, the fracture toughness of
0.5 wt% Bi,05-doped HA dropped drastically to 0.66 MPa m"/
2 and then fluctuated at 0.55-0.61 MPam'? when sintered
above 1050 °C. Fig. 6 also shows that the addition of 1.0 wt%
Bi,O3 was detrimental to the fracture toughness of the sintered
HA ceramic.

In general, the addition of 0.5 wt% Bi,O3-doped HA was
found to be most beneficial as the samples exhibited the highest
fracture toughness when sintered at temperature of 1000 °C.
This observation is significant since Bi,O5 could increased the
toughness by 40% without causing decomposition of the HA
phase. One plausible explanation for the remarkable rise in K.
in the 0.5 wt% Bi,03-doped HA could be associated with the
influence of liquid phase at grain boundary regions that acts to
strengthen the grain boundaries of the ceramic, thus creating a
torturous path for crack propagation [6,29].

3.5. Microstructure evolution

The SEM images in Fig. 7(c—e) shows the fracture surface of
quenched samples (undoped, 0.5 wt% and 1.0 wt% Bi,05-
doped HA). It was found that the undoped sample exhibited
intergranular fracture mode. This indicates that the grain
interior is stronger than the grain boundary. However, the
introduction of Bi,O5 into HA matrix has altered the fracture
mode from intergranular to transgranular. This observation
suggested that grain boundary exhibited more resistant to
fracture than the grain interior.

A similar grain boundary strengthening effect has been
reported in the literature for other Bi,O3-doped ceramic system.
Olsson and Dunlop [30] and Kanai et al. [31] found an
amorphous intergranular Bi-rich phase in the microstructure of
Bi,03-doped ZnO varistor. Morris [32] reported that Bi was
concentrated within a 2 nm surface layer of ZnO grains as
observed with Auger spectroscopy. Yu et al. [25] confirmed that
Bi,O3; was detected on the grain boundary of Bi,O3-doped
MnZn ferrite sample.

A comprehensive investigation was carried out by Kobaya-
shi et al. [33]. In their experiment, a high resolution
transmission electron microscope (HRTEM) image revealed
that both amorphous and Bi-crystalline intergranular phases
were present in the grain boundary. The amorphous phase is
sandwiched between the Bi-crystalline phases, and theses
crystalline phases are in contact with ZnO grains. Based on the
observation of Kobayashi et al. [33], it may be the case that such
a grain boundary could exist in the current Bi,O3-doped HA
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Fig. 7. SEM micrographs of (a) undoped sintered HA at 1000 °C; (b) 0.5 wt% Bi,05-doped HA sintered at 1000 °C and the fracture surface of (c) undoped; (d)

0.5 wt%; (e) 1.0 wt% Bi,05-doped HA, respectively.

system. Eventually, when crack penetrating into the grain
boundary, it would require additional energy to break the triple
barrier in the grain boundary as compared to normal
transgranular fracture.

4. Conclusions

The sinterability of the BiOz;-doped HA compacts was
compared in terms of HA phase stability, relative density,
Vickers hardness, fracture toughness and Young’s modulus.
The introduction of Bi,O; was found to have negligible effect

on the particle morphology and crystallite size of the HA
powder. In terms of phase stability, Bi,O3 peak was detected
when addition of 0.3 wt% and above of Bi,O5; was incorporated
into HA powder. XRD analysis of sintered samples revealed
that the stability of HA phase was disrupted when addition of
0.3, 0.5 and 1.0 wt% Bi,O3; were used and when samples
sintered above 1100 °C, 1000 °C and 950 °C, respectively. In
general, HA containing 0.5 wt% of Bi,O3 was found to be most
beneficial in enhancing densification, Young’s modulus,
hardness and fracture toughness at low temperature of
1000 °C without disrupting the HA phase.
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The addition 0.5 wt% Bi-doped HA was able to achieved
relative density of >98% as compared to 95.5% for undoped
HA when sintered at 1000 °C. For Young’s modulus, the highest
value of ~103 GPa was recorded for HA samples containing
0.5 wt% Bi,O; when sintered at 1000 °C as compared to
93 GPa for undoped HA when sintered at similar temperature.
A maximum hardness of 6.1 GPa and toughness of
1.21 MPam'? were also measured at similar composition
and sintering temperature.
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