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ABSTRACT: In this research, the bioceramics system of nano-hydroxyapatite-bismuth sodium potassium titanate or
Ca10(PO4)6(OH)2/xBi0.50(Na0.80K0.20)0.5TiO3 (HAp/xBNKT), where x = 0, 20, 40, and 60 wt% were fabricated by a
solid-state mixed oxide technique. The HAp powder was synthesized from bovine bone, which is a natural material
and a waste product. The effect of BNKT concentration on phase evolution, physical, microstructure, mechanical (i.e.,
Vickers hardness (HV ), Knoop hardness (HK), and fracture toughness (KIC)), dielectric, ferroelectric, and piezoelectric
properties as well as in vitro apatite-forming ability of the HAp bioceramic have been systematically investigated. XRD
revealed that pure HAp bioceramic had a hexagonal phase while the modified compositions showed two-phase mixture
of HAp and BNKT. With increasing BNKT content, the prepared HAp/xBNKT bioceramics exhibited more dense structure
and increased linear shrinkage value. Adding more BNKT also inhibited grain growth and resulted in improving
mechanical and electrical performances. The maximum values of mechanical (HV = 5.49 GPa, HK = 5.28 GPa, KIC
= 6.90 MPa.m1/2), dielectric (ϵr = 230.28, tanδ = 0.0728, ϵmax= 443.33), ferroelectric (Pmax = 25.46 µC/cm2, Pr =
18.99 µC/cm2, Ec = 10.08 kV/cm), and piezoelectric (d33 = 66 pC/N) properties were observed for the HAp/60BNKT
bioceramics. For in vitro bioactivity test, all HAp/xBNKT bioceramics showed a good apatite-forming ability to induce
apatite precipitation in a simulated body fluid solution. The results indicated that the HAp/60BNKT bioceramics had
potential to exhibit excellent mechanical and electrical performances with good bioactivity, and thus being a promising
biomedical application material.

KEYWORDS: nano-hydroxyapatite bioceramic, bismuth sodium potassium titanate ceramic, mechanical properties,
electrical performances, in vitro apatite-forming ability

INTRODUCTION

Bioceramic is a group of biological materials widely
used in biomedical applications to replace or regen-
erate the damaged bone or muscular tissues in hu-
man skeletal system [1]. Among various forms of
the bioceramics, hydroxyapatite or HAp has gained
great extensive studies [1, 2]. HAp is a biomaterial
calcium phosphate crystal that plays a vital role in
bone grafting and particularly generating new form
of crystals in the existing bone [3]. The formula of
HAp is Ca10(PO4)6(OH)2 [4] and it has chemical/struc-
tural similarities to the mineral phase of hard tissues
[3, 5]. The HAp can also be found in compounds
such as bone, hard tissue and dental enamel as well
as proteins and other organic materials [6]. Several
synthesis methods have been described to produce
HAp; (1) synthesis from various natural resources,
i.e. natural bovine bone, chicken bone, fish bone,

and egg-shells [7]; (2) synthesis in laboratory using
mineral-based chemicals, i.e. combustion, solid-state
reaction, hydrothermal emulsion, sputtering, precipi-
tation, biomimetic deposition, electrodeposition, wet
chemical precipitation reaction, and sol-gel methods
[8, 9]. The HAp is biodegradable with low-toxicity,
good osteoconductive and osteoinductive capabilities,
long-term stability in the living tissues, and excellent
biocompatibility with hard tissues/skin/muscle tissues
[10, 11]. However, the poor mechanical (i.e. low
toughness and brittleness) and poor electrical proper-
ties have necessitated the development of HAp-based
composites with various compounds [11]. The electri-
cal properties of human bone are also essential to their
healing and remodeling [12].

In order to improve the mechanical and electrical
performances of HAp bioceramic, many researchers
are much interested in HAp-based composites with the
piezoelectric materials, such as Ba0.96Ca0.04TiO3 (BCT)
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[12], BaTiO3 (BT) [13, 14], Na0.5K0.5NbO3 (NKN)
[15], CaTiO3 (CT) [16], for bone repair and bone
regeneration because of their ability to imitate the
electrical properties of natural bones [12]. Piezoelec-
tric materials are a class of materials that develop an
electrical polarization when strained through applied
stress [17]. These materials have significant applica-
tions in tissue engineering as an electro-active scaffold
for tissue regeneration. Furthermore, the piezoelectric
materials may also promote cellular development and
differentiation by simulating the electric potential cre-
ated by stress in tissues like bone and cartilage [18].
Bowen et al [13] studied the relationships between
composition and electrical properties (i.e. dielectric
and piezoelectric) of the hydroxyapatite-barium ti-
tanate composites (HAp/BaTiO3) for polarized bone
substitutes. They found that the addition of BaTiO3
into HAp led to an increase in dielectric constant
(ϵr) and AC conductivity. Ibrahim et al [12] stud-
ied the HAp-Ba0.96Ca0.04TiO3 or HAp-BCT composites.
They found that the grain boundary resistivity was
higher in comparison to the resistivity exhibited inside
the grains. This demonstrated the distinct electrical
conductivity at the interfaces between the grains in
comparison to the interior of the grains. The me-
chanical analysis indicated that the average hardness
ranges from 4.77–5.22 GPa. The data suggest that
these HAp-BCT composites may have the potential to
be a biomedically helpful substance. The incorpora-
tion of varying amounts of piezoelectric biocompatible
Na0.5K0.5NbO3 (NKN) on dielectric and electrical prop-
erties of HAp was also investigated by Verma et al [15].
The dielectric and electrical responses of the HAp can
be enhanced by the incorporation of biocompatible
piezoelectric NKN secondary phase to achieve bone-
like electrical properties. The ϵr and AC conductivity
of the fabricated composites are almost equivalent to
the human bone. Overall, the HAp-xNKN system can
be suggested as a potential material for electro-active
orthopedic implant applications.

Among various piezoelectric ceramics, bismuth
sodium potassium titanate, Bi0.5(Na1-xKx)0.5TiO3 or
BNKTx ceramics have been extensively studied and
suggested as a promising candidate for piezoelectric
applications. Sasaki et al [19] found that BNKTx
ceramics exhibited the morphotropic phase bound-
ary (MPB) between rhombohedral (R) and tetragonal
(T) phases near x = 0.16–0.20 [20]. The electri-
cal properties enhancement of BNKTx ceramics over
this MPB region was similar to that observed for
Pb(Zr,Ti)O3 or PZT ceramics. The composition of
Bi0.50(Na0.80K0.20)0.5TiO3 or BNKT20 (x = 0.20) is an
electrically active piezoelectric material with reason-
ably high dielectric constant (ϵr ∼ 1419, Tm ∼ 320 °C),
good ferroelectric with high spontaneous polarization
(Pr ∼ 30.48 µC/cm2, Ec ∼ 31.49 kV/cm), and excel-
lent piezoelectric properties (d33 ∼ 178 pC/N, Smax
∼ 0.23 %, d∗33 ∼ 418 pm/V) at room temperature

(RT) [21, 22]. This piezoelectric ceramic group has
mechanically created electric surface potentials, which
could be the key to functionalizing existing designs.
Therefore, they can be used to simulate the bone’s
ability to generate electrical prospects in response to
mechanical stress without needing an external power
source [12].

To our knowledge, no thorough study
has been done on the bioceramic system of
Ca10(PO4)6(OH)2/xBi0.50(Na0.80K0.20)0.5TiO3 or
HAp/xBNKT. Furthermore, the mechanical and
electrical characteristics of the HAp/xBNKT
bioceramics have not been described. Based on
the above perspective, it would be of interest to
develop the HAp/xBNKT bioceramics and assess their
mechanical, electrical properties, and biocompatibility.
The studied HAP powder in this work was synthesized
from bovine bone, which is a natural material and
a waste product. This method is easy and quick to
prepare. We selected the Bi0.50(Na0.80K0.20)0.5TiO3
from our preliminary and many research work which
indicated that this composition has excellent electrical
properties (dielectric, ferroelectrics, piezoelectric)
[19–22]. The addition of Bi0.50(Na0.80K0.20)0.5TiO3
or BNKT into the HAp matrix in an optimal amount
is anticipated to improve mechanical and electrical
responses of the HAp. In this work, four different
HAp/xBNKT compositions with various BNKT content
of 0, 20, 40, and 60 wt% were developed, and
a significant effort was invested to optimize the
sintering conditions. The resulting bioceramics
were investigated by X-ray diffraction (XRD) and
scanning electron microscopy (SEM) techniques.
The Archimedes’ principle was used to study the
physical properties while the mechanical properties
were analyzed by Vickers and Knoop microhardness.
The electrical properties which include dielectric,
ferroelectric, and piezoelectric were also measured.
To evaluate the bioactivity interaction, all HAp/xBNKT
bioceramics were immersed in simulated body fluid
solution (SBF) for 21 days to check in-vitro apatite-
forming ability test by applying SEM technique. We
expected that these bioceramic system would possess
good mechanical and electrical performances with
excellent bioactivity when compared to other previous
studies [12–15], suggesting their potential to use for
biomedical applications.

MATERIALS AND METHODS

The nano-hydroxyapatite powder, Ca10(PO4)6(OH)2 or
nano-HAp was derived from the natural bovine bone
by a sequence of thermal processing. First, the fresh
bovine bones of a cow were defatted by boiling in
distilled water to remove the tendons for 8 h. The
boiled bones were then dried at 200 °C overnight. After
that, the deproteinized bone was calcined at 800 °C for
3 h dwell time with a heating/cooling rate of 3 °C/min.
To obtain the nano-powder, the HAp was then milled
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by applying a high-energy vibro-milling method for
20 min. This process was detailed in our previous
works [7, 23]. Lead-free Bi0.50(Na0.80K0.20)0.5TiO3 or
BNKT powder was synthesized by a solid-state reaction
method. The analytical grade reagents of metal oxide
powders, including Bi2O3 (99.9%), Na2CO3 (99.5%),
K2CO3 (99%), and TiO2 (99.9%), were used as starting
materials. All hygroscopic powders were first dried
at 120 °C for 24 h in order to remove the residual
moisture. The raw materials of BNKT powder were
stoichiometrically weighed, ball-milled in high-purity
ethanol solution (99.9%) for 24 h and dried in an oven
at 120 °C overnight. The BNKT powder was calcined
in a closed Al2O3 crucible at 900 °C for 2 h with a
heating/cooling rate of 5 °C/min [21, 22].

The calcined nano-HAp and BNKT powders were
stoichiometrically weighted, and ball-milled again in
99.9% ethanol solution for 24 h using stabilized zir-
conia milling media to produce the mixed powder of
HAp/xBNKT, where x = 0, 20, 40, and 60 wt%, re-
spectively. After that, the mixed HAp/xBNKT powders
were dried using the oven-dried technique at 120 °C
for 24 h. To prepare the HAp/xBNKT bioceramics, a
few drops of 4 wt% polyvinyl alcohol (PVA) binders
were added to the mixed HAp/xBNKT powders before
being uniaxially pressed into discs 10 mm in diameter
with a thickness of 1.3 mm. These green pellets were
embedded into the powder of the same composition
to minimize the loss of the volatile elements and were
then sintered at an optimum sintering temperature
of 1250 °C for 2 h with a heating/cooling rate of
3 °C/min in a covered alumina crucible. All sintered
HAp/xBNKT bioceramics were then subjected to prop-
erties characterization.

Phase analysis of both powders and ceramics
was characterized using an X-ray diffractometer (XRD,
Rigaku, MiniFlex 600, Tokyo, Japan) with CuKα radi-
ation. Survey shooting was carried out in the range of
reflection angles 2θ = 20°–80° with a step of 0.02°/s
and λ of 1.5406 Å. The bulk density was measured
in accordance with Archimedes’ method. The linear
shrinkage (SL) was calculated using the following em-
pirical equation: SL = [(D1 − D2)/D1]× 100%, where
D1 (mm) is the length of the mold, and D2 (mm)
is the length of the sample after the complete sin-
tered. The porosity of all ceramics was also determined
based on the ASTM C830 standard [23]. The dried
samples were weighed and saturated with water (a
liquid that wet the sample). Then the test sample was
weighed in a saturating liquid, and the pore volume
was determined from the difference in the sample
mass in liquid and in air. The as-sintered surface and
fracture surface modes of all HAp/xBNKT bioceramics
were imaged using a scanning electron microscope
(SEM, JEOL JSM-6335F, Tokyo, Japan). The grain size
was determined by a mean linear interception method
from SEM micrographs (ASTM E112-88) [22]. For
mechanical properties measurement, all HAp/xBNKT

bioceramics were polished to a mirror-finished. The
well-polished samples were then subjected to the mi-
crohardness tester of both Vickers hardness (HV ) and
Knoop (HK) determinations. The indentation load
used was 1000 N which was applied for 15 s holding
time. Fracture toughness (KIC) was also determined
from cracks’ length propagated from four corners of in-
dentation impression following the method described
by Anstis et al [24].

For electrical characterization, all HAp/xBNKT
bioceramics were carefully polished to 1 mm thickness
to obtain parallel scratch-free surfaces. The top and
bottom electrodes were made by coating silver paint
on both sides of the polished sample disks, followed
by annealing at 600 °C for 20 min. The temperature
dependence of the dielectric properties was measured
using an LCR-meter over a temperature range of 25–
500 °C at various frequencies of 10, 100, and 500 kHz.
The ferroelectric properties were investigated by a
Radiant Precision ferroelectric tester (Precision Pre-
mier II, Radiant Technologies, Albuquerque, NM, USA)
at room temperature (RT). An AC electric field of
20 kV/cm at a frequency of 1 Hz was utilized in the hys-
teresis loop measurement. The maximum polarization
(Pmax), remnant polarization (Pr), and coercive field
(Ec) values were determined from the polarization-
electric field (P-E) hysteresis loops. For piezoelectric
measurements, all bioceramics were poled for 15 min
at RT with an applied DC electric field of 2 kV/mm
in a stirred silicone oil bath. The piezoelectric co-
efficient (d33) was then recorded for the 24 h aged
sample at a frequency of 50 Hz using a d33-meter. For
in-vitro apatite-forming ability or bioactivity test, all
HAp/xBNKT bioceramics were immersed in the SBF
solution. All bioceramics were limited to 1 cm2 of the
active area and were immersed for 21 days in falcon
tubes containing 40 ml of SBF solution at 37 °C in
a water bath. The SBF solution was changed every
1 h for up to 12 h, followed by replacement with
fresh solution once a day for 21 days. Afterwards, all
bioceramics were removed from the fluid and the sur-
faces were investigated by SEM techniques. The ionic
concentration of SBF (in mM) used was as follows:
Na+ = 142.0, K+ = 5.0, Ca2+ = 2.5, Mg2+ = 1.5, Cl–

= 148.8, HCO–
3 = 4.2, HPO2–

4 = 1.0, SO2–
4 = 0.5 [23].

RESULTS AND DISCUSSION

Phase evolution and densification

X-ray diffraction patterns of the HAp/xBNKT bioce-
ramics, where 2θ = 20°–80° are shown in Fig. 1(a).
No reaction products between two phases of HAp and
BNKT were observed. All samples had no detectable
impurities or secondary peaks. The HAp bioceramic
had a hexagonal phase in which OH– ions are placed
at centroid of the triangle formed by Ca2+ ions along
the longitudinal axis of hexagonal unit cell together
with tetrahedral phosphate (PO3–

4 ) ions [15]. This was
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Table 1 Physical, microstructure, and mechanical properties of the HAp/xBNKT bioceramics.

x Density Relative Linear Porosity Grain size HV HK KIC
(wt%) (g/cm3) density (%) shrinkage (%) (%) (µm) (GPa) (GPa) (MPa.m1/2)

0 2.79 95.87 13.75 1.99 2.32 3.04 2.89 0.99
20 3.11 96.14 16.12 1.47 2.13 3.59 3.31 1.43
40 3.52 96.69 22.92 0.88 1.61 4.79 4.46 4.46
60 4.08 98.01 24.93 0.61 1.36 5.49 5.28 6.90

(degree)

(wt%)

Fig. 1 (a) X-ray diffraction patterns of the HAp/xBNKT
bioceramics, where 2θ = 20°–80° and (b) plots of density
and linear shrinkage values as a function of BNKT content
(inset: porosity value as a function of BNKT content).

correlated with ICDD data file no. 00-024-0033 and
in agreement with the stoichiometric of the HAp in
many previous works [7, 23, 25]. By increasing the
BNKT content to 20 wt%, the main peaks of HAp phase
(marked as “*”) were observed, while the intensity
of BNKT phase (marked as “�”) was very low. With
increasing BNKT content up to 40–60 wt%, the inten-
sity of BNKT phase was more apparent. Except for
the pure HAp bioceramic, all modified compositions
showed two-phase mixture peaks of HAp and BNKT
with intensities corresponding to the relative amount
of each phase.

The densification of all HAp/xBNKT bioceramics
sintered at 1250 °C for 2 h dwell time was investigated
using Archimedes’ method. Plots of the bulk density
as a function of BNKT content of the HAp/xBNKT
bioceramics are shown in Fig. 1(b). The data clearly
shows that the variation of BNKT concentration sig-
nificantly influenced the density value. The density
of pure HAp bioceramic was found to be 2.79 g/cm3,
which was close to 2.86–2.91 g/cm3 observed earlier
by Jaita et al [7] and Jarupoom et al [25]. The
density value for this HAp bioceramic was higher
when compared to that of the previous work for the
compact bone mineral density of the normal human
(∼1.147–1.179 g/cm3, age groups 30–39 years) [26].
The density increased with increasing BNKT content
and reached a maximum value of 4.08 g/cm3 for
the HAp/60BNKT bioceramic (Table 1). The relative
density (∼95.87–98.01%) also showed similar trend
to that of the bulk density value. It can be seen that
the addition of BNKT into HAp bioceramic caused an
increase in samples’ density. This result was also corre-
lated with increasing of the linear shrinkage value and
decreasing of the porosity value with increasing BNKT
additive, as also shown in Fig. 1(b). The maximum
linear shrinkage of 24.93 % was also obtained for
the HAp/60BNKT bioceramic. These results suggested
that the HAp/60BNKT bioceramic had the highest
density and hence lowest porosity value. This result
was also consistent with the previous work studied
by Mohammad et al [27]. They also reported that
sintering of bioceramic sample made of the pure shell
of Anadara granosa or Malaysian cockle promoted the
densification. When the porosity of sample decreased,
the density of all samples would increase as expected.
The reason for the increasing trend of the measured
density should be linked with the fact that the BNKT
ceramic has a higher density (∼5.84 g/cm3) [28] than
the pure HAp bioceramic (∼2.91 g/cm3) [25].

Microstructure and mechanical properties

In this section, the SEM was used to determine the mor-
phologies of as-sintered surface and fracture surface
modes of all bioceramics. The SEM micrographs with
as-sintered surface are shown in Fig. 2(a–d). Grain
size value was measured and calculated based on a
mean linear intercept method. This method was the
quantitative measurement of grain size within dense
uniform structures and it was best suited where the
boundaries of each grain were relatively easy to de-
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(a)

(b)

(c)

(d) (h)

(g)

(f)

(e)

5 m

5 m

5 m

5 m

5 m

5 m

5 m

5 m

Fig. 2 SEM micrographs and their products after sintering
process of the HAp/xBNKT bioceramics, (a–d) as sintered
surface mode and (e–h) as fracture surface mode for the x
= 0, 20, 40, and 60 wt% BNKT bioceramics, respectively.

termine [21]. It can be seen that all bioceramics
were good sintered, dense with well-developed mi-
crostructure and relative density higher than 95% of
their theoretical density. The regular grain boundaries
and equiaxed grain shape were clearly present in all
samples. Conversely, the addition of BNKT into the
HAp resulted in an obvious change in the average grain
size value, which is also summarized in Table 1. Mi-
crostructural analysis indicated that increasing BNKT
content decreased the average grain size value. This
grain size value decreased from 2.32 µm for the pure
HAp bioceramic to around 2.13 µm for higher amounts
of added BNKT (x = 20 wt%), and then slightly
decreased to a minimum value of around 1.36 µm for
the HAp/60BNKT bioceramic. Therefore, the grain
size of this studied bioceramics could be controlled
by the BNKT addition. We believe that the slightly
reduced average grain size for this system was due to
the fact that most of the BNKT added dopants were
incorporated only at the grain boundary region, and
this decreased the actual effective concentration inside
the grain [29] and finally caused the reduction of grain

(wt%)

Fig. 3 (a) Plots of HV and HK values as a function of BNKT
content of the HAp/xBNKT bioceramics (inset: KIC value as a
function of BNKT content), (b) plots of (a) HV as a function
of porosity (P), and (c) HV as a function of average grain size
(d−1/2) of the HAp/xBNKT bioceramics.

size. The fracture surfaces of all samples and their
products after sintering process are also presented
in Fig. 2(e–h). The fracture surface of the pure HAp
bioceramic displayed coarser grain with intra granular
cleavage and showed predominantly porous structure.
By increasing BNKT content to 20–60 wt%, the SEM
images showed a finer grain with intra granular and
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denser microstructure. This result also agrees well
with the measured density result, i.e. the density
increased while the porosity decreased with increasing
BNKT content [27].

Mechanical characteristic of the HAp/xBNKT bio-
ceramics in terms of HV and HK hardness were inves-
tigated and the values are summarized in Table 1. The
HV and HK values were determined using following
equations [7, 16, 30, 31]:

HV = 1.8544
P
d2

, (1)

HK = 14.229
P
L2

, (2)

where P = applied load (N), d = average size of
the measured diagonals of the indentation impression
(mm), and L is the measured long diagonal of the
residual impression (mm). In addition, KIC was also
calculated in this research work by using the following
equation [32]:

KIC = 0.0016
P

C3/2

�

E
H

�1/2

, (3)

where P is the load (N), C is the crack length from
the center of the indent to the crack tip (m), E is the
Young’s modulus (GPa), and H is the Vickers hardness
(GPa). Plots of HV and HK values as a function of
BNKT content are shown in Fig. 3(a). The HV and
HK values of the pure HAp bioceramic were 3.04 GPa
and 2.89 GPa, respectively. The hardness value for
this HAp bioceramic was higher when compared to
that of the previous work for mechanical properties of
bones using micro and nanoscale tests for the human
femoral osteonal and interstitial lamellae, which had
the hardness of between 0.51 and 0.8 GPa (for lamelar
human bone) [33, 34]. It can be seen that the hardness
value of the HAp bioceramic was improved by adding
BNKT content. The HV and HK values initially in-
creased with increasing the BNKT additive, and then
reached the maximum value of 5.49 GPa and 5.28 GPa,
respectively, for the HAp/60BNKT bioceramic. The
hardness value for this composition was slight higher
when compared to that of the previous work for the
HA-BCT ceramics, which had the hardness of ∼4.77–
5.02 GPa [12]. The KIC studied was shown in the
inset of Fig. 3(a). It was found that the KIC value
also increased with increasing BNKT additive content.
The maximum KIC of 6.90 MPa.m1/2 was also obtained
for the HAp/60BNKT bioceramic. The mechanical
improvement of the HAp/xBNKT bioceramics over
of the unmodified samples was partly contributed to
the combination of densification improvement and the
reduction of grain size as can be seen from the SEM
micrographs in Fig. 2, which can give rise to better
mechanical performances [35]. The average grain size
influenced the mechanical properties and the grain
boundaries act as a barrier to dislocation motion for

two reasons: (1) because the two grains are different
in orientation, a dislocation passing into the next grain
must change its direction of motion, and this becomes
more difficult as the crystallographic misorientation
increased and (2) the atomic disorder within grain
boundary region resulted in a discontinuity of slip
planes from one grain to another. Hence, the sam-
ples having smaller grain size contained more grain
boundaries, which restricted crack motion, leading to
higher hardness and stronger materials [25, 36]. Fur-
thermore, the ceramics with smaller grain size could
possess single domain state and caused the generation
of the residual stress during sintering, which could
not be released. Therefore, this would lead to the
improvement of the apparent KIC value [36].

The porosity (P) of the bioceramics also affected
the measured hardness value. It has been proposed
that the relation between HV and P for many ceramics
can be expressed as the following equation [37]:

HV = H0 exp (−bP), (4)

where HV is the measured Vickers hardness, H0 is
Vickers hardness value corresponding to a specimen
with zero porosity or the hardness of completely dense
material, b is a material dependent constant, and
P is the volume fraction porosity of the specimen.
Plots of HV as a function of P is shown in Fig. 3(b)
which demonstrated that the mechanism of decreasing
hardness value with porosity in an exponential fashion
is related to the fact that fracture is more likely to
occur as porosity increased. In this work, the re-
lation between the HV had an exponential relation
with first order of P value and can be expressed as:
HV = 6.05exp (−P/1.11)+2.02. As expected, a lower
porosity volume fraction can resulted to higher HV
value [7].

In some ceramics, the relationship between Vick-
ers hardness and grain size (d) can follow the Hall-
Patch equation [38, 39]:

HV = H0+ kd−1/2, (5)

where HV is Vickers hardness, k and H0 are constants,
and d is grain size. Plots of HV as a function of grain
size (d−1/2) is presented in Fig. 3(c). It was found
that the HV data for the studied bioceramics obeyed
the Hall-Petch relation, where the HV value increased
with a decrease of the average grain size and can be
expressed as: HV = 15.70d−1/2 − 0.19. The density
increased while the porosity and the average grain
size decreased with increasing BNKT concentration.
These factors may contribute to an improvement of
both hardness and fracture toughness values of the
studied bioceramics.

Dielectric analysis

Dielectric constant is a characteristic parameter of a
dielectric material which determines the extent of the

www.scienceasia.org

http://www.scienceasia.org/
www.scienceasia.org


ScienceAsia 51S (2): 2025: ID 2025s017 7

Table 2 Dielectric, ferroelectric, and piezoelectric properties of the HAp/xBNKT bioceramics.

x ϵr
a tanδa ϵmax

b Pmax Pr Ec d33
(wt%) (µC/cm2) (µC/cm2) (kV/cm) (pC/N)

0 31.73 0.0151 36.28 1.22 0.43 5.35 10
20 55.31 0.0177 62.25 1.64 1.47 9.30 22
40 63.76 0.0320 90.57 1.91 1.64 9.38 34
60 230.28 0.0728 443.33 25.46 18.99 10.08 66

a = dielectric data at room temperature, measured at 10 kHz. b = dielectric data at maximum temperature, measured at
10 kHz.
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Fig. 4 Dielectric constant (ϵr) and dielectric loss (tanδ)
as a function of temperature of the HAp/xBNKT bio-
ceramics, (a) HAp, (b) HAp/20BNKT, (c) HAp/40BNKT,
(d) HAp/60BNKT, (e) the ϵmax as a function of BNKT content,
and (f) the ϵr and tanδ as a function of BNKT content.

polarizability existing under the applied alternating
current [40]. Dielectric constant (ϵr) and dielec-
tric loss (tanδ) as a function of temperature of the
HAp/xBNKT bioceramics measured at different fre-
quencies from 10–500 kHz are shown in Fig. 4(a–d).
The related dielectric values are also listed in Table 2.
It was observed that the ϵr of all HAp/xBNKT bioce-
ramics increased with increasing temperature at the
given frequencies (10–500 kHz). As the temperature
was raised, the value of the ϵr raised because of an
increase in the number of charge carriers [12]. The
variation of ϵr with temperature was due to relax-
ation of space charge and dipolar polarization [15, 40].
However, an increase of ϵr with temperature is much
more significant at lower frequencies than at higher
frequencies. This may be due to the development of
interfacial polarization in the presence of two phases
with distinct weight percentages and electrical con-
ductivity [12, 15, 41]. Changes in the electrical field
at a low frequency lead to all polarizations. With

increasing frequency, some polarizations, especially
interfacial polarizations cannot happen following the
change of the electric field due to lengthy time for
the construction of space charge polarization. There-
fore, the ϵr is lower at high frequency. The ϵr value
decreased with increase in frequency and the high
frequency plateau is weakly dependent on the tem-
perature [41]. For the dielectric loss, the tanδ also
increased in tandem with the temperature. The tanδ
exhibited larger value in the lower and intermediate
frequency zones. The vibrations of ions may become
ion jump and conduction loss caused by ion migration,
in addition to the phenomenon of ionic polarization
occur. In the higher frequency range, the vibrations
of ions may become the only contributor to the loss
tangent, resulting in a reduction in tanδ within this
higher frequency band [12].

Based on Fig. 4(a–d), it can be seen that the
dielectric curve of the pure HAp bioceramic presented
less stability as compared to other samples, i.e. it
showed flat curve at all temperatures and all fre-
quencies. However, the dielectric curve of the modi-
fied bioceramics (i.e. HAp/20BNKT, HAp/40BNKT, and
HAp/60BNKT) exhibited a good dielectric constant-
temperature curve. This was due to the fact that
the dielectric constant-temperature curve of the BNKT
phase had peaks at its transition temperatures [21, 22].
Based on Table 2, it was found that the ϵmax at a
frequency of 10 kHz increased with increasing BNKT
content and reached a maximum value of 443.33
for the HAp/60BNKT bioceramic (Fig. 4(e)). Data
of dielectric performance at RT and a frequency of
10 kHz is also displayed in Fig. 4(f). The HAp bioce-
ramic had ϵr and tanδ of 31.73 and 0.0151, respec-
tively. As it was expected, the measured ϵr and tanδ
increased with increasing BNKT concentration and
showed the maximum values of 230.28 and 0.0728
for the HAp/60BNKT bioceramic. It should be noted
that the ϵr for this HAp/60BNKT bioceramic (ϵmax ∼
230.28) is higher than the values from many previous
work for the HAp/60BT composites, which had the ϵr
of 100–125 [42, 43]. Vouilloz et al [42] also observed
similar behavior in the increasing relative permittiv-
ity or ϵr value as an increasing BaTiO3 piezoelectric
phase. Since the increasing percentage of BNKT caused
the reduction number of pores in the microstructure,
and the sample density plays a role in the dielectric
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Fig. 5 Polarization-electric field (P-E) hysteresis loops of
the HAp/xBNKT bioceramics, measured under an electric
field of 20 kV/cm and a frequency of 1 Hz, (a) HAp,
(b) HAp/20BNKT, (c) HAp/40BNKT, (d) HAp/60BNKT,
(e) the Pmax and Pr values as a function of BNKT content,
and (f) the Ec and d33 values as a function of BNKT content.

constant variation [12]. The improvement of the
dielectric performance with increasing BNKT content
in this work can be linked with many facts that lower
porosity, higher BNKT piezoelectric phase (higher in-
teraction between piezoelectric phases), and higher
density could produce the higher polarization for the
studied bioceramics [15, 22].

Ferroelectric and piezoelectric analysis

Polarization-electric field (P-E) hysteresis loops of the
HAp/xBNKT bioceramics, measured under an electric
field of 20 kV/cm and a frequency of 1 Hz are shown
in Fig. 5(a–d). The related ferroelectric values are also
summarized in Table 2. The Pmax, Pr , and Ec values
as a function of BNKT content were also presented
in Fig. 5(e,f). The P-E loop for the pure HAp bioce-
ramic displayed a very small and slant hysteresis loop
with the minimum values of Pmax = 1.22 µC/cm2,
Pr = 0.43 µC/cm2, and Ec = 5.35 kV/cm. With
increasing BNKT content, however, the P-E loops pre-
sented an improvement of ferroelectric behavior with
typical ferroelectric hysteresis loops, especially, the
HAp/60BNKT bioceramic had the maximum values of
Pmax = 25.46 µC/cm2, Pr = 18.99 µC/cm2, and Ec =
10.08 kV/cm. The Pmax, Pr and Ec values increased
with increasing BNKT content as expected because
the BNKT ceramic possessed a strong ferroelectricity.
Therefore, the improvement of ferroelectric is affected

by the amount of the BNKT piezoelectric phase as
similar to previous reports [21, 22].

Piezoelectric behavior of the sintered bioceramics
can be described with the evaluation of the piezoelec-
tric coefficient or d33 value. This parameter can be
related to microstructure features, crystalline phase
distribution, and the densification degree [42]. The
properties of the piezoelectric composites also de-
pends, to a large extent, on the amount of piezoelectric
ceramics they contain, which is a design parameter
to be optimized for end applications [43, 44]. There-
fore, the effect of BNKT content on the piezoelectric
properties of the bioceramics was studied in detail
for this work. The d33 value as a function of BNKT
content at RT of the studied bioceramics is shown
in Fig. 5(f). The d33 also showed a similar trend to that
of the ϵr and Pr values. The pure HAp bioceramic had
d33 of 10 pC/N. The measured d33 increased with in-
creasing BNKT concentration and showed a maximum
value of 66 pC/N for the HAp/60BNKT bioceramic.
It should be noted that the measured d33 value for
the HAp/60BNKT bioceramic (d33 ∼ 60 pC/N) in this
work is higher than values from the previous work for
the HA/BT composites (d33 < 25 pC/N) at the same
volume fraction [43, 45] and the 30HAp-70BTS (d33
= 23 pC/N) [46]. The improvement of d33 value in
this work was attributed to higher of Pr value with
increasing BNKT content. This can be explained by the
thermodynamic theory of ferroelectric, which can be
expressed as the equation [30]:

d33 = 2ϵ33ϵ0Q11Pr , (6)

where Pr is the remnant polarization, ϵ33 is the mate-
rial dielectric constant, ϵ0 is the vacuum permittivity,
and Q11 is the electrostrictive coefficient (a constant
for perovskite materials). The d33 was proportional to
the Pr value. The high d33 in this work is attributed
to the maximum Pr , and the relatively large ϵr of the
HAp/60BNKT bioceramics [47]. Thus, the d33 of the
modified bioceramics strongly depends on the BNKT
additive which had strong piezoelectric phase filler.
On the other hand, the high porosity level shown in
samples with low BNKT concentration impeded the
polarization process using the direct current arrange-
ment, whereby the d33 had lower values in the pure
HAp and HAp/20BNKT bioceramics as expected [42].

In vitro apatite-forming ability or bioactivity

Bone-like apatite forming plays an important role in
the formation of new bone because it serves as the tran-
sition and bonding layer between the implant material
and new bone. The absorption of ions and proteins
in the blood is beneficial to the adhesion of bone cells
and provides a suitable surface for the growth of new
tissue [45]. To confirm the in vitro apatite-forming
ability evaluation or in vitro bioactivity test in this
work, all HAp/xBNKT bioceramics were immersed in
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Fig. 6 SEM micrographs of the HAp/xBNKT bioceramics
after being soaked in SBF solution for 21 days, (a) HAp,
(b) HAp/20BNKT, (c) HAp/40BNKT, and (d) HAp/60BNKT
(The red arrow “�” marked the small flakes of the apatite
layer precipitated).

the SBF solution which is nearly equal to those in
human blood plasma [48]. The SBF test is widely
recognized for characterizing the in vitro bioactivity of
a wide variety of materials. After 21 days of soaking
in the SBF solution, all bioceramics were studied by
SEM technique as the micrographs are shown in Fig. 6.
SEM images clearly showed that the small flakes of
the apatite layer precipitated and fully covered all
surface areas for the pure HAp bioceramic. However,
a few precipitated apatite crystals marked by the red
arrow were observed on the surface of the BNKT-
added bioceramics samples (x = 20, 40, and 60 wt%).
Based on Fig. 6, the amount of apatite precipitated
decreased with increasing BNKT content, where the
apatite precipitates can be clearly seen for the samples
contained BNKT ⩽ 20 wt%. The reduction in apatite
forming with increasing BNKT content indicated that
BNKT phase has a lower apatite forming ability as
compared to that of HAp phase. Tang et al [45]
also reported that the apatite particles were deposited
more on the HAp surface than the group that con-
tained BaTiO3 or the HAp-BaTiO3 composites. This
finding showed that the biocompatibility of the HAp
was higher than that of the BaTiO3. Normally, the
HAp is the most widely investigated calcium phos-
phate biomaterial for the orthopaedic applications as
it interacts with the host bone by exchanging Ca2+

and PO3–
4 ions. On exposure to the SBF sulution, the

pure HAp surface naturally reveals a negative charge,
and thereby interacts with positive calcium ions in the
fluid to form the Ca-rich amorphous calcium phosphate
(ACP) acquiring a positive charge. The Ca-rich ACP on
the HAp relays the following electrostatic interaction
with negative phosphate ions in the fluid to form the
Ca-poor ACP, which eventually crystallizes into bone-

like apatite [49]. This helps in stimulating the bone
growth and enhanced the integration of the implant
material with the host bone. Therefore, the pure HAp
bioceramic is recognized as highly biocompatible and
bioactive material when compared to that of the modi-
fied samples [15, 41]. On the other hand, it can be seen
that the materials with more calcium phosphate have
a recognized biocompatibility. In the assay, pure HAp
and small BNKT- added bioceramics (BNKT⩽ 20 wt%),
both compositions showed the expected behavior [42].

It can be observed that the HAp/60BNKT bio-
ceramic had the lowest porosity, highest density, ex-
cellence mechanical and electrical performances than
other compositions. Moreover, the HAp/60BNKT bio-
ceramic also produced in vitro apatite precipitation and
showed good bioactivity. Based on all the above re-
sults, this suggests that the HAp/60BNKT bioceramics
are promising candidates for biomedical applications.
In addition, further validation of the in vitro cell culture
with cancer cells wound healing assays or inflamma-
tory markers, and in vivo studies are needed to be
performed in the future to confirm the findings of the
current study.

CONCLUSION

In this work, the HAp/xBNKT bioceramics have been
successfully synthesized by a solid-state mixed oxide
method. The XRD analysis showed that the modified
bioceramics have the mixed phases of HAp and BNKT.
With increasing BNKT content, the improvement of
densification, mechanical, and electrical properties
were observed. The HAp/60BNKT bioceramics ex-
hibited the maximum density, mechanical, dielectric,
ferroelectric, and piezoelectric performances. In vitro
bioactivity test suggested that the pure HAp bioceramic
has a higher apatite-forming ability as compared to the
BNKT-added bioceramics. Based on our results, these
HAp/xBNKT bioceramics system had the potential to
be a promising material candidate for biomedical ap-
plications.
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