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In the current study, boron doped biphasic calcium phosphate bioceramics consisting of a mixture of boron
doped hydroxyapatite (BHA) and beta tricalcium phosphate (β-TCP) of varying BHA/β-TCP ratios were obtained
after sintering stage. The effects of varying boron contents and different sintering temperatures on the BHA/β-
TCP ratios and on the sinterability of the final products were investigated. Particle sizes and morphologies of
the obtained precipitates were determined using SEM. XRD and FTIR investigation were conducted to detect
the boron formation in the structure of HA and quantitative analysis was performed to determine the BHA/β-
TCP ratio before and after sintering stage. In order to determine the sinterability of the obtained powders, pellets
were prepared and sintered; the rates of densification were calculated and obtained results were correlated by
SEM images. Also Vickers microhardness values of the sintered samples were determined. The experimental re-
sults verified that boron doped hydroxyapatite powders were obtained after sintering stage and the structure
consists of amixture of BHAandβ-TCP. As the boron content used in the precipitation stage increases,β-TCP con-
tent of the BHA/β-TCP ratio increases but sinterability, density andmicrohardness deteriorate. As the sintering tem-
perature increases, β-TCP content, density and microhardness of the samples increase and sinterability improves.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) and beta tricalcium phosphate (β-TCP) have
been extensively used in medical and dental applications [1] since “HA
exhibits strong affinity to host bone tissues because of its close similarity
in chemical composition with natural bone and its high biocompatibili-
ty” [2,3] and “β-TCP is proved to be resorbable in vivo with promoting
bone growth to the implanted β-TCP” [2]. In spite of the stated advan-
tages of HA and β-TCP, there are some limitations of these bioceramics.
Low resorption of HA within the body obstructs the formation of new
bones into the implant and bone remodeling; moreover since only a
limited amount of HA is replaced with bone, local instability and stress
concentrations arise [1,4]. On the other hand, absorption rate of β-TCP
does not allow required time to bone ingrowth, resulting in insufficient
bone replacement [1,5]; moreover β-TCP lacks osteogenic property [1,
6]. In order to overcome or decrease these types of deficiencies of single
HAand singleβ-TCP, there is a growing interest in developingHA/β-TCP
biphasic calcium phosphate (BCP) ceramics [7].

BCP bioceramics, consisting of a mixture of HA and β-TCP of varying
HA/β-TCP ratios, are more effective in bone repair and bone
oron doped hydroxyapatite; β-
sphate.
regeneration than pure HA or pure β-TCP [7], and have the benefits of
combining the stability of HA with the reactivity of β-TCP [8]. The con-
cept is to obtain a balance of the more stable phase of HA andmore solu-
ble phase of β-TCP [9] and to control the degradation rate to a certain
degree [7,10]. This situation encourages the bone remodeling and new
bone formation by allowing bone ingrowth as partial dissolution of BCP
releases calcium and phosphate ions in the local environment [9,11]. In-
vitro and in-vivo tests conducted on the BCP granulates with the specific
content of 62% HA and 38% β-TCP indicated that BCP granulates have no
cytotoxic effects onMG-63 cells, show good biocompatibility and provide
a strong positive effect on bone regeneration [12].

These mentioned advantages of BCP can be improved by doping the
materialwith foreign elements. Boron is oneof the promising foreign el-
ements which is used for doping because of its positive effect on bone
formation [13–15] and its possible antibacterial effect [16,17]. Jain
et al. [13] mentioned that boron has beneficial effect on bone cell differ-
entiation when added to bioglass bone-replacement scaffolds. Hakki
et al. [14] mentioned that molecular level B has an important role on
bone metabolism and may find novel usage at the regenerative medi-
cine; furthermore Gorustovich et al. [15] stated that boron addition to
45S5 bioactive glass has positive effect on enhancing bone formation.
Xue et al. [16] and Wang et al. [17] mentioned that boron doping to ti-
tania enhanced antibacterial efficiency compared with non-doped
titania.
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In literature, there is limited number of studies on the subject of
boron doping to HA. In the study of Ternane et al. [18] calcium
borohydroxyapatite was obtained by the solid-state reaction of CaCO3,
(NH4)2HPO4 and H3BO3 and subsequent heat treatment. They men-
tioned that the ratio of P/B affects the final structure; when the ratio is
equal to 7.22 boron atoms will totally be introduced into the matrix lat-
tice, however if the ratio is greater than 11, Ca(OH)2 will be observed
besides borohydroxyapatite and if the ratio is below 7.22, Ca3(BO3)2
will also be observed [18]. Barheine et al. [19] prepared calcium
borohydroxyapatite by the high temperature solid-state reaction of
CaCO3, Ca2P2O7 and B2O3. They reported that besides the primary HA
phase trace amounts of CaO andα-TCP were observed in the XRD spec-
tra and BO3, BO2 and B–O groupswere observed in the FTIR spectra [19].
When boron is added to the structure, borate groupswould partially re-
place the PO4 and OH groups [18–21]. Guler et al. [22] obtained calcium
borohydroxyapatite without any other phases by the solid-state reac-
tion using the starting materials Ca2B6O11·5H2O and (NH4)2HPO4, and
applying a sintering step at 1200 °C for 12 h. Although they indicated
that BO3would partially substitute the PO4 groups, they did not observe
any BO2 groups in the FTIR spectrum [22]. Hayakawa et al. [23] synthe-
sized boron-containing HA particles by usingwet chemical method and
subsequent heat treatment process. They stated that the chemical reac-
tion between HA and B(OH)3 has taken place above 900 °C [23].

To the best of knowledge of the author, the present work is the first
study to obtain boron doped biphasic calciumphosphate bioceramics. In
Fig. 1. Flowchart depicting the procedure to obtain undoped and boron doped BCP
bioceramics.
order to combine the advantages of boron and BCP, boron doped BCP
bioceramics consisting of a mixture of boron doped hydroxyapatite
(BHA) and TCP was produced in the present work. Boron doped BCP
bioceramics with varying BHA/TCP ratios were obtained by using the
wet precipitation method and then sintering consecutively. The effects
of the boron contents used in the precipitation stage and the effects of
sintering temperatures on the BHA/TCP ratios, densification, sinterabil-
ity and microhardness of the final products were investigated.
2. Experimental

2.1. Production of powders and pellets

In this study, acid–base method was performed to synthesize non-
doped HA powders since the reaction involves no foreign elements
and the only by-product iswater [2,24]. In thismethod, calciumhydrox-
ide, Ca(OH)2, and phosphoric acid, H3PO4 were used as Ca and P source,
respectively, based on the following reaction:

10Ca(OH)2+6H3PO4→Ca10(PO4)6(OH)2+18H2O.

10.00 g of Ca(OH)2 powder (~99%, Merck, Germany) was dissolved in
400 ml of deionized water at 40 °C using a magnetic stirrer for 30 min.
9.242 g of H3PO4 (85%, Merck, Germany) was added slowly at a rate of
about 0.5 g/min to the continuously stirring Ca(OH)2 solution to obtain
of the stoichiometric Ca/P ratio of 1.67. After H3PO4 addition, the reac-
tion mixture was aged at 40 °C for 48 h while stirring. Aged suspension
of HA particles was centrifuged at 3000 rpm for 4 min, supernatant liq-
uid was decanted and then precipitates were resuspended in 400 ml of
deionized water. After this step was applied 5 times, the obtained
Fig. 2. FESEMmicrographs (equalmagnification) of synthesized powders at 40 °C for 48 h:
(a) control sample (0 wt.% B addition), (b) 0.5 wt.% B addition.
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precipitates were oven-dried at 110 °C for 48 h and grinded by hand for
10 min using an agate mortar and pestle.

Asmentioned byWei [25] and Tagai et al. [26], the chemical reaction
provided above has been used to produce HA with the pH level kept
above 9.50. Wei [25] and Tagai et al. [26] stated that great attention is
required to keep the pH value of the synthesis solution above 9.5 if
the aim is to obtain thermally stable HA powder because “if the pH
value of the solution drops below 9, substantial amounts of β-TCP are
formed” [25]. Kumta et al. [27] pointed out that adjusting the pH level
of the synthesis solution above 10 is required to initiate the formation
of stoichiometric and stable HA. AlthoughHApowder could be obtained
after synthesis even with a pH level below 9.5 as mentioned in [28],
some portion of these HA powder decomposes after sintering and TCP
occurs as a second phase which denotes that a synthesis pH below 9.5
results in HA which is thermally unstable. Therefore, in the process of
HA synthesis by this reaction, usually ammonia or NH4OH has been
used to keep the pH value above 9.5 [29,30]. However, since the aim
of the current study is to obtain boron doped BCP powders, the pH
value of the synthesis solution which lies in the range of 7.10–7.40 is
not changed in order to investigate the effects of the boron content
and the sintering temperature on the structural andmechanical proper-
ties of the undoped and boron doped BCP samples.

The procedure used to synthesize boron doped HA powders is simi-
lar to the procedure described above. The only difference is the addition
of H3BO3 as B source to the solution. Before Ca(OH)2 addition, defined
contents of H3BO3 powder (99.5%, Merck, Germany) were dissolved in
400 ml of deionized water to get 0.5, 1 and 2 wt.% B on the reactants
side of the reaction.

In order to investigate the effects of B content and sintering temper-
ature on the phase stability, phase purity and constitution, half of the
green powders synthesized with different B contents such as 0, 0.5, 1
and 2 wt.% were sintered at 1000, 1100 and 1200 °C for 2 h.

The other half of the synthesized powders were compacted using a
uniaxial press (MSE, MP10, Turkey) into cylindrical specimen with 10
mm diameter in a stainless steel die applying a pressure of 100 MPa
for 90 s. Pelleted samples were sintered using the same conditions ap-
plied to the green powders and then the effects of both the B contents
and the sintering temperatures on density and microstructure were
investigated.

All the procedure mentioned in this section are illustrated step by
step in the flowchart (Fig. 1).
Fig. 3. XRD spectra of the powders synthesized u
2.2. Characterization

Morphology and particle size of the synthesized samples were ob-
served by field emission scanning electron microscopy (FESEM) (Zeiss,
Supra 55, Germany). Late in the precipitation process, 20 ml of sample
was taken from the last resuspension solution. To remove the water
stepwise 20 ml ethanol was added to the taken solution and the super-
natant liquidwas decanted after 15min. The same resuspension andde-
cantation process was applied further to obtain 25–75 and 0–100 vol%
water–ethanol suspension to prepare the samples suspended complete-
ly in 100% ethanol stepwise for further SEM processing. Small amounts
of this final suspension were dropped on top of the double stick carbon
tape mounted on an aluminum stub. After drying at 40 °C for 12 h, all
the samples were sputter coated (Quorum, UK) with platinum prior to
FESEM examination to minimize any possible charging effects.

Phase identification, stability and constitution of the synthesized
powders before and after sintering stage were investigated by powder
X-ray diffractometry (XRD) (Model SmartLab, Rigaku, Japan). The XRD
data were collected at room temperature over the 2θ range of 10°–70°
at a step size of 0.02° and a scan rate of 5°/min. To determine the phases
present, the obtained data were compared with the Joint Conference of
Powder Diffraction (JCPDS) database. In addition to this, the weight ra-
tios of the formed phases were quantified by the X-ray powder diffrac-
tion software package (PDXL 2.1, Rigaku, Japan) using Rietveld analysis
[31].

Fourier transform infrared (FTIR) spectroscopy (Model FT-IR/FIR/
NIR Spectrometer Frontier ATR, PerkinElmer, USA) was used to identify
the functional groups and the presence of bonds formed in the synthe-
sized powders using different B contents before and after sintering
stage. The spectra were recorded in the range of 4000–450 cm−1 at
1 cm−1 by 20 scans.

To determine the effects of B content and the sintering tempera-
tures on densification behavior and on density, surface of the
sintered pellets were observed using FESEM and densities of the
sintered pellets were calculated based on their dimensions and
weights, respectively.

Vickers microhardness test was conducted on pellets sintered at
1000, 1100 and 1200 °C under 200 g for 15 s after grinding–polishing.
Five acceptable hardness measurements were taken on each sample
and their arithmetic means and standard deviations were calculated.
sing 0–2 wt.% B (β-TCP peaks are marked).



Fig. 4. FTIR spectra of the powders (a) synthesized using 0.5 wt.% B before and after
sintering, (b) synthesized using 0–2 wt.% B and sintered at 1100 °C for 2 h.

Table 1
Changes inwt.% values of the phases of undoped and boron doped BCP samples in relation
to the sintering temperatures and the boron contents.

Sintering
temp.

0 wt.% B
(HA/β-TCP)

0.5 wt.% B
(BHA/β-TCP)

1 wt.% B
(BHA/β-TCP)

2 wt.% B
(BHA/β-TCP)

1000 °C (85.0/15.0) (76.0/24.0) (71.9/28.1) (69.7/30.3)
1100 °C (83.1/16.9) (75.2/24.8) (69.9/30.1) (65.9/34.1)
1200 °C (79.0/21.0) (72.4/27.6) (67.1/32.9) (62.2/37.8)
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3. Results and discussion

HApowderswere produced by acid–basemethodusing various con-
centrations of boron from 0 wt.% (control sample) to 2 wt.% in the syn-
thesis solution. In order to determine the effects of boron content on the
particle size andmorphology FESEM images of the synthesized powders
were obtained. As seen in Fig. 2a, needle-like particles with approxi-
mately 20–40 nm width and 120–150 nm length were synthesized
when producing pure HA with no B addition in the synthesis solution.
Similar particle size and morphology were obtained even if the boron
content was increased to 2 wt.%. Since there was no apparent change
in particle size and morphology with varying B content, only the
FESEM micrograph of the powders synthesized with the 0.5 wt.% B ad-
dition was presented (Fig. 2b).

All of the obtained powders before and after sintering stagewere an-
alyzed byXRD to check the phase formation and purity. Before sintering
stage, it was determined that XRD peaks of all the synthesized powders
(including 0, 0.5, 1 and 2wt.% B) were completelymatchedwith the HA
peaks (PDF Card No: 01-075-9526), no other phases were observed.
After sintering stage, XRD spectra and results of phase identification re-
vealed that BCP structure composed of HA and β-TCP (PDF Card No: 01-
073-4869) were obtained for all of the samples regardless of the boron
content as presented in Fig. 3.

All of the powders synthesized using 0–2 wt.% B were analyzed by
FTIR before and after sintering stage at 1000–1200 °C in order to deter-
mine the functional groups and to check the formation of boron-related
bands, BO3 and BO2, in the structure (Fig. 4). The peaks at 962 cm−1,
472 cm−1, 1090 and 1026 cm−1, and 602 and 566 cm−1 are attributed
to the symmetric stretching v1, the symmetric bending v2, the antisym-
metric stretching v3 and the antisymmetric bending v4 of PO4

3-, respec-
tively [18,32,33]. The peaks at 3570 cm−1 and 630 cm−1 are attributed
Fig. 5.wt.% of β-TCP in the BCP and boron doped BCP samples, as a function of the boron
content and the sintering temperatures.
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to the stretching mode vS and the librational mode vL of OH−, respec-
tively [18,32]. The bands at 783, 770 and 744 cm−1 and 1304, 1253
and 1204 cm−1 are attributed to the symmetric bending v2 and the an-
tisymmetric stretching v3 of BO3

3− groups, respectively [18,22]. The
bands at 2002 and 1933 cm−1 are attributed to the antisymmetric
stretching v3 of BO2

− groups [18,22]. Analysis of the FTIR spectra of the
samples synthesized with 0.5 wt.% B addition indicated that although
boron related peaks were not observed before the sintering process
was applied (Fig. 4a: “before sint.” labeled spectrum), these peaks
were became apparent after sintering (Fig. 4a: “sint.” labeled spectra).
This case is valid for all the samples synthesized with different boron
contents. As seen in Fig. 4b, the peaks of the BO3

3− and BO2
− groups are

also observed in the FTIR spectra of the sintered powders which were
synthesized using 0.5, 1 and 2 wt.% B. It is noticed that sintering stage
is required to initiate the chemical reaction between HA and H3BO3 as
mentioned in [22,23]. The presence of the bands related to the BO3

3−

and BO2
− groups in the FTIR spectra of the sintered samples (Fig. 4)

could be the evidence of the boron doping to the HA structure as re-
ferred to in [18–20,22].

FTIR analyses revealed that BHA powders would be obtained
when the samples synthesized using different boron contents are
sintered. Therefore, for these samples the abbreviation BHA would
be used instead of HA in the rest of the paper. According to the XRD
and FTIR analyses, HA/β-TCP and BHA/β-TCP were obtained after
the sintering of the samples synthesized using 0 wt.% B and 0.5–
2 wt.% B, respectively. In order to determine the effects of boron con-
tent used in the synthesis stage and the sintering temperatures on
the wt.% of the phases formed, X-ray powder diffraction software
(PDXL 2.1, Rigaku, Japan) mainly based on the Rietveld analysis
method was performed. The results obtained (Table 1) indicate
that the β-TCP content increases either with the sintering tempera-
ture or with the boron amount used in the precipitation stage. As
seen in Table 1, β-TCP ratio increases both with the increasing
sintering temperature and with the boron content. As the sintering
temperature increases from 1000 to 1200 °C, β-TCP ratio increases
“from 15.0 to 21.0”, “from 24.0 to 27.6”, “from 28.1 to 32.9” and
“from 30.3 to 37.8” for the samples coded “0 wt.% B”, “0.5 wt.% B”,
“1 wt.% B” and “2 wt.% B”, respectively. However, as the boron con-
tent increases from 0 wt.% to 2 wt.%, β-TCP ratio increases “from
Fig. 6. Density values of the BCP an
15.0 to 30.3”, “from 16.9 to 34.1” and “from 21.0 to 37.8” for the sam-
ples sintered at 1000, 1100 and 1200 °C, respectively. Conclusively,
boron content is considered to be more dominant than the sintering
temperature on the β-TCP ratio in the final powder. Although the ob-
tained wt.% of β-TCP in the BCP structure is in the range of 15.0 to
21.0, the β-TCP ratio can be increased by sintering at temperatures
higher than 1200 °C (Fig. 5). Similarly, the obtained wt.% of β-TCP
in the boron doped BCP structure, which is in the range of 24.0 to
37.8, can be altered with modifying the boron content and/or the
sintering temperature (Fig. 5).

The densities of the sintered samples were measured and presented
in Fig. 6 in order to determine the effects of the boron content used in
the synthesis stage and also the sintering temperature. The results indi-
cated that the density of the samples increases with the sintering tem-
perature as expected. The density values of BCP samples composed of
HA/β-TCP are increased from 1.54 to 2.71 g/cm3with the sintering tem-
peratures as seen in Fig. 6. On the other hand boron content used in the
synthesis stage seems to have a negative effect of the densification be-
havior of the boron doped BCP samples regardless of the sintering tem-
perature and the amount of boron used. As seen in Fig. 6, with the
change of the boron content from 0 wt.% to 2 wt.% density values of
the samples sintered at 1200 °C decrease from2.71 to 2.09 g/cm3. A sim-
ilar decrease of the density is also observed in the samples sintered at
1000 and 1100 °C. For the boron doped BCP samples the density values
changes in the range of 1.39–2.47 g/cm3 according to the boron content
and the sintering temperature. However, the boron content may not be
the sole responsible factor for diminishing the density; the ratio of BHA/
β-TCP may have some effect on the density changes since the ratio of
BHA/β-TCP changes with the boron content and the sintering
temperature.

Sinterability of the non-doped and boron doped BCP samples ac-
cording to the boron content and the sintering temperaturewas also in-
vestigated by the observation of the pore morphology in the FESEM
images taken from the sample surfaces (Figs. 7 and 8). The content of
the pores decrease as the sintering temperatures increases in all the
samples regardless of the boron content as seen in Fig. 7. This result is
in agreement with the density evaluations.

FESEM images of the samples with varying boron content revealed
that sinterability decreases with increasing boron amount (Fig. 8).
d boron doped BCP samples.



Fig. 7. SEM images of the surfaces of the pellets, which were prepared with the powders
synthesized using 1 wt.% B, after sintering at (a) 1000 °C, (b) 1100 °C, (c) 1200 °C for 2 h.
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Important to note is that the amount of boron in the BCP structure affect
the sinterability of the powder compact negatively. The FESEM images
of the uniaxially pressed and sintered samples at 1200 °C presented in
Fig. 8 illustrate the relation between the amount of pore and the
boron content. Increase in the pore amount in the structure results in
the decrease of the sample density which is in agreementwith the den-
sity evaluations.

Vickers microhardness test was conducted on the pellets, which
were prepared using the synthesized powders with different contents
of boron as 0, 0.5, 1 and 2 wt.%, and sintered at different temperatures
as 1000, 1100 and 1200 °C. Obtained hardness values along with the
changes in hardness values with respect to the sintering temperatures
and the boron contents were presented in Fig. 9. It can be observed
from Fig. 9 that an increase in sintering temperature increases the hard-
ness values of the pellets regardless of the boron content. The significant
increase in the hardness values of the samples sintered at 1200 °C is in
agreement with the SEM images presented in Fig. 7 in which there is a
significant decrease in the pore content. Besides sintering temperature,
boron content is responsible for the changes in hardness values, too. As
seen in Fig. 9, as the boron content increases from 0 wt.% to 2 wt.%
Vickers microhardness values decrease “from 43.27 to 13.59”,
“from 100.47 to 15.70” and “from 546.30 to 158.36” for the samples
sintered at 1000, 1100 and 1200 °C, respectively. The obtained data
demonstrate that hardness values decrease with the increasing the
boron content.

4. Conclusions

To the best knowledge of the author, the present work is the first
study to obtain boron doped biphasic calcium phosphate bioceramics.
In this study, undoped and boron doped BCP powders which are com-
posed of HA/β-TCP and BHA/β-TCP, respectively were produced by
using the wet precipitation method and then sintering consecutively
to obtain varying β-TCP ratios from 15.0 to 37.8 wt.%.

The effects of the boron content used in the precipitation stage and
the effects of sintering temperature on the structure, β-TCP ratio,
densification, sinterability and microhardness can be summarized as
follows:

• The morphological features of the synthesized powders have not
shown obvious differences between boron doped and undoped sam-
ples. All particles are needle-like with approximately 20–40 nm in
width and 120–150 nm in length regardless of the amount of boron
added.

• XRD and FTIR analyses before sintering stage revealed that all of the
synthesized powders (nondoped and 0.5–2wt.% B doped) completely
matched with HA; no other peaks were detected.

• XRDspectra and results of phase identification after sintering stage re-
vealed that BCP structure composed of HA and β-TCP were obtained
for all the samples regardless of the boron content.

• After sintering stage the presence of the bands related to the BO3
3−

and BO2
− groups in the FTIR spectra of the samples synthesized

using different amounts of boron reveals that boron doped HA pow-
ders were obtained.

• Evaluation of the XRD and FTIR analyses revealed that BCP (HA/β-
TCP) andboron doped BCP (BHA/β-TCP)were obtained after sintering
stage for the samples synthesized using 0 wt.% B and 0.5–2 wt.% B,
respectively.

• Boron doping enhances the decomposition of HA into β-TCP. The β-
TCP ratio in undoped and boron doped BCP varies in the range of
15.0–21.0 wt.% and 24.0–37.8 wt.%, respectively according to the
boron content used in the synthesis stage and the sintering tem-
perature.

• wt.% of β-TCP in both the undoped and boron doped BCP structures
increase with either the sintering temperature or the boron content
used in the precipitation stage. Desired β-TCP ratio in the range
limit could be obtained with modifying the boron content used in
the synthesis stage and the sintering temperature.

• Unlike the sintering temperature, boron content used in the syn-
thesis stage has a negative effect on the densification, sinterability
and microhardness of the boron doped BCP samples. As the boron
content increases, densification, sinterability and microhardness
deteriorate.

• Desired values of density and microhardness within a specified
range can be obtained with modifying the boron content used in
the synthesis stage and the sintering temperature.



Fig. 8. SEM images of the surfaces of the pellets, whichwere preparedwith the powders synthesized using (a) 0wt.% B, (b) 0.5wt.% B, (c) 1wt.% B, (d) 2wt.% B, after sintered at 1200 °C for 2 h.
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