Journal of Engineering Science and Technology
Vol. 17, No. 2 (2022) 1577 - 1588
© School of Engineering, Taylor’s University

EFFECT OF TEMPERATURE ON THE
CHARACTERISTICS OF BETA-TRICALCIUM PHOSPHATE
FOR USE AS BONE SUBSTITUTE MATERIAL
L. T. BANG1,*, S. RAMESH2,3, BUI DUC LONG1,
NGUYEN ANH SON1, TRAN BAO TRUNG4, S. SIVAKUMAR5
1 School

of Materials Science and Engineering, Hanoi University of Science and
Technology, Hanoi, Vietnam
2 Center of Advanced Manufacturing and Material Processing, Department of Mechanical
Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia
3 Mechanical Engineering Programme Area, Faculty of Engineering, Universiti Teknologi
Brunei, Tungku Highway, Gadong BE1410, Brunei Darussalam
4 Institute of Materials Science, Vietnam Academy of Science and Technology, Hanoi Vietnam
5 School of Computer Science and Engineering, Taylor’s University, 47500 Subang Jaya,
Selangor, Malaysia
*Corresponding Author: bang.lethi@hust.edu.vn

Abstract
Beta tricalcium phosphate (β-TCP) has received great attention mainly because of
its excellent biodegradability. However, synthesis of single phase β-TCP with
controlled properties without affecting the biocompatibility of the ceramic is a
challenge. The aim of this research was to synthesize bioresrobable and
osteoconductive β-TCP for use as a bone substitute material and to evaluate the
mechanical properties of the ceramic. In this work, a two-step heat treatment
process was adopted. Initially, the material was heat-treated at 700 oC, and
subsequently sintered at different temperatures of 1000, 1100 and 1200 oC. It was
revealed that the stability of the β-TCP phase was disrupted when sintered at 1200
oC with some formation of α-TCP phase. The diametral tensile strength of phasepure β-TCP sample was found to be about 4.06 MPa and was found to decline in
the presence of α-TCP phase. Biological cell study showed that the β-TCP sample
is excellent as a substrate for cell attachment, proliferation, differentiation, and
mineralization, thus demonstrating excellent biocompatibility. This study showed
that the β-TCP exhibited great potential for use as bone substitute materials.
Keywords: Bone substitute, Calcium phosphate, Direct sintering, Tricalcium
phosphate.
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1. Introduction
Calcium phosphate bioceramics (CaP) have been widely investigated for the use as
a bone graft in reconstruction of bone defects over the past 20 years, much of this
work were focussed on improving the processing conditions, the use of dopants and
subsequently controlling the sintering parameters to obtain an optimised CaP for a
host of medical applications [1-10]. The most desirable property of CaP is their
ability to form a bond with host bone which resulted in a strong interface between
bone and implant [11, 12]. Among the calcium phosphates, sintered hydroxyapatite
(HAp: Ca10(PO4)6(OH)2) and β-tricalcium phosphate (βTCP: Ca3(PO4)2) have been
widely studied because of its excellent tissue response and good osteoconductivity
[13-18]. However, HAp is stable and will not be replaced by natural bone through
osteoclasts resorption [19-22]. In contrast, due to its biodegradability nature, β-TCP
can be replaced by newly formed hard tissues [23-25] when exposed in biological
environment. Therefore, β-TCP facilitates the process of bone remodeling [26],
which makes it an ideal material for clinical applications [25, 27].
Depending upon the processing technique, calcium phosphate bioceramics
having various morphology and level of crystallinity could be obtained [5, 14, 16,
18]. Wet-chemical methods (precipitation, hydrothermal technique, and hydrolysis
of other calcium phosphate) have been used to produce synthetic β-TCP powders due
to its simplicity and capacity of yielding pure products at reasonable costs [28-31].
However, the incomplete reaction during precipitation has been reported to have an
effect in altering the stoichiometry and formation of residual phases [27]. In addition,
calcination of powders is always needed at high temperatures (typically up to 1200
o
C) to remove organic components in the structure. On the other hand, the
characteristics and mechanical properties of TCP produced by these methods depend
upon reaction parameters such as temperature, stirring rate, reactant concentrations
and pH. These must be carefully controlled in order to obtain a pure product.
In contrast, the solid-state reaction usually gives a well-crystallized product,
and has also been used to synthesized β-TCP. By using this method, raw materials
containing Ca2+ and PO43, i.e., CaCO3 and CaHPO4•2H2O were mixed and heated
at a relative high temperature for long duration. However, the TCP and minor
secondary phase of CaO maybe obtained due to the unreacted CaCO 3 during the
solid-state reaction. Furthermore, it is also difficult to obtained solid and dense
sample with adequate mechanical strength due to the evaporation CO2 and H2O
during the heat treatment process. In addition, the sinterability also affects the
mechanical strength i.e., the higher the bulk density, the higher the mechanical
strength would be, and this would require the green body to be sintered at relatively
high temperatures above 1000oC. However, it is a challenge to retain the β-TCP
phase when sintered at higher temperatures. To overcome this problem, one of the
strategies have been to use sintering additives to promote densification at lower
temperatures [32, 33].
The aim of this work was to promote the use of a simple but reliable synthesis
method to produce phase pure β-TCP that exhibits excellent sinterability at lower
temperatures and good mechanical characteristics for use as a bone substitute
material. In this study, a two-step heat treatment was used. In addition, the
biocompatibility nature of the produced β-TCP exposed to MC3T3-E1
preosteoblast cells was examined.
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2. Methods and Materials
2.1. Materials synthesis and characterization
β-TCP block was prepared from mixing calcium carbonate (CaCO3) with calcium
hydrogen phosphate dihydrate (DCPD), both purchased from Wako, Japan. The
Ca/P ratio was kept at 1.5 and the mixing was done in a planetary ball mill for 2 h
at 200 rpm (Pulverisette 5, Germany) containing ethanol as the mixing medium.
The slurry was filtered and dried in an oven for at 70 °C for 24 h. The dried powders
were subsequently compacted at 50 MPa using a standard stainless steel mold and
calcined at 700 °C. For sintering study, the calcined samples were crushed into
powder, and green samples of diameter 8 mm and 4 mm thickness were compacted
at 50 MPa. These green samples were sintered at various temperatures, i.e., 1000,
1100 and 1200 °C, using a ramp rate of 5 C/min. and holding time of 5 h prior to
cooling inside the furnace.
X-ray structural analysis of the formation of β-TCP block was characterized by
powder X-ray diffraction (XRD, EMPYREAN, PANalytical, Netherlands) using
counter-monochromatic CuKα radiation generated at 40 kV and 40 mA. The XRD
data was collected over 2θ range of 20 to 60o. The morphology of the β-TCP block
was observed using scanning electron microscope (SEM: S-3600N, Hitachi High
Technologies Co., Tokyo, Japan) at an accelerating voltage of 10 kV. The SEM
micrographs were used to determine the grain sizes of the ceramic. The resulting
chemical functional groups were evaluated using a standard Fourier transform
infrared spectroscopy (FTIR) as described elsewhere [34, 35].
The bulk density of sintered samples was obtained by the water immersion
method based on Archimedes’ principle. The hardness of the sintered samples was
obtained using a Vickers diamond indenter (Mitutoyo AVK-C2, USA) by applying
0.1 Kgf on the polished surfaces [36]. Three sample of each sintering condition was
evaluated, and the hardness was determined at ten different locations per sample to
calculate the average value. The diametral tensile strength (DTS) was determined
using a universal testing machine (Instron, USA) operating at a crosshead speed of 1
mm/min. In this experiment, five samples were tested for each sintering condition.
The diameter-to-thickness ratio of 4:1 was used for all samples and the samples were
compressed to failure and the DTS is calculated at the maximum load.

2.2. Cell culture
In this experiment, MC3T3-E1 osteoblast-like cells (Riken Cell Bank, Tokyo,
Japan) were cultured in L-glutamine containing alpha-minimum essential media in
the presences of 10 vol.% fetal bovine serum, 1 vol.% penicillin and 10 mg/mL
streptomycin [10]. The cells were kept at 37 °C under 5% carbon dioxide in a
humidified environment and every 2-days the medium was replaced. When the
cells confluence, the adherent cells were passaged and harvested using 0.25%
trypsin–EDTA [37]. Cells at passage 3 were used for culture on the sample surface
which were sterilized by heating in a vacuum oven at 120 °C for 3 h. For each
sample groups, the test was performed in quadruple (n=4).

2.2.1. Immunofluorescence staining and proliferation
MC3T3-E1 cells were cultured for 24 hours on the specimens using 24-well
plates with initial density of 10,000 cell/well. The cultured sample was then
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washed 3 times using PBS, and subsequently treated with 4% paraformaldehyde
for 10 minutes and 0.5% Triton X-100 for 5 minutes. The presences of vinculin
were determined by staining the cells using monoclonal mouse anti-vinculin
antibody and Alexa Flour 488 Goat anti-mouse IgG Antibody. The primary and
secondary antibodies were both diluted 1:200 in PBS containing 1 mg/mL
bovine serum albumin. The cells were also stained for actin using
Acti-stain 555 phalloidin with Hoechst 33342 as a nuclear stain. After staining,
the cells were washed 3 times with PBS prior to imaging using a fluorescence
microscope (BZ-X710, Japan). A cell counting kit-8 (CCK-8, Japan) was used to
determine the cell proliferation on the sample after an exposure period of 1 day
and 5 days [10, 22].

2.2.2. Osteoblastic differentiation: Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was measured by LabAssayTM ALP
(Wako, Japan) using p-nitrophenylphosphate as the substrate. Cells were seeded
onto specimens at an initial density of 4 × 10 4 cells/ml and medium was changed
every 2-days. After day 7 and day 21, the samples were rinsed twice with PBS
and lysed with cell lysis buffer (Wako, Japan) for ~30 minutes. After
centrifugation, 20 μl cell lysate supernatant was incubated with the assay buffer
at 37 oC for 15 minutes and the absorbance was spectrophotometrically measured
at 405 nm. Total protein content was evaluated using Bio-Rad Protein Assay
(Pierce Chemical Co., Illinois, USA). About 5-μl of the cell lysate supernatant
was added to 100 µl assay buffer and agitated for 1 min. prior to measurement at
595 nm. The ALP activity was normalized by total protein content and expressed
as unit/μg protein [10].

3. Results and Discussion
3.1. Material characterization
The XRD patterns of the samples after heat treatment at different temperatures
are shown in Fig. 1. At temperatures of 1000 and 1100 oC, all peaks were assigned
to those of the XRD standard of β-TCP (ICDD 9-169). No secondary phase of
impurity or the raw materials were detected. However, at 1200 oC, small peaks
of α-TCP were observed as shown in Fig. 1. This can be attributed to the
transformation of β-TCP at this temperature since the phase transformation
between α- and β-TCP is about 1125 oC [27], although there have been
reports that the transformation could also proceed at 1100 oC [38]. However, it
should be noted that both α- and β-TCP polymorphs are biocompatible and
osteoconductive materials.
A typical SEM images of the sintered β-TCP sample are shown in Fig. 2. The
β-TCP sample consists of spherical particles having diameter of about 0.89 µm at
1000 oC. Upon increasing the heat treatment temperature, the particles become
coarser with irregular shape. Further heating at 1200 oC resulted in the formation
of transgranular fracture on the surface of the sample. This may be due to the
transformation of β-TCP to α-TCP. Similar morphology was also observed when
β-TCP powder was synthesized by a wet chemical method and followed by
calcination at 900 oC [17, 29].
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Fig. 1. XRD signatures of β-TCP samples sintered at different temperatures:
(a) 1000 oC, (b) 1100 oC, (c) 1200 oC, and (d) β-TCP standard (ICDD 9-169).

Fig. 2. SEM micrographs of samples sintered at (a) 1000 oC, (b) 1100 oC,
(c) 1200 oC (the inserted images are taken as higher magnification).
FTIR spectra of β-TCP samples sintered at different temperatures are shown in
Fig. 3. Absorption bands assigned to the P-O vibration modes of the PO43- group at
556, 604, and 1032–1100 cm-1. A band at 970 cm−1 was assigned to ν1, symmetric
stretching vibration of PO43− group. A weak band about 942 cm−1 was assigned to
the P-O(H) stretching in HPO42− groups [31].
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Fig. 3. FTIR spectra of β-TCP samples sintered at
various temperatures: (a) 1000 oC, (b) 1100 oC, and (c) 1200 oC.

3.2. Mechanical properties
The sintered density was governed by the sintering temperature as shown in Fig 4.
The results indicated that densification improved with increasing temperatures. The
relative density of β-TCP at 1100 oC was about 81%.

Fig. 4. Relative density of β-TCP samples sintered at various temperatures.
The variation in hardness and DTS of sintered samples is shown in Fig. 5(a) and
Fig. 5(b), respectively. The differences that were observed in the sintered densities
at low sintering temperature (1000-1100 oC) and the grain size at high temperature
(1200 oC) are in good agreement with the hardness measurement. The general
observation in Fig. 5(a) is that increasing the temperature from 1000 oC to 1200 oC
resulted in an increased in hardness and this can be associated with an increase in
their densities [29, 40].
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On the other hand, the DTS, Fig. 5(b), was found to increase when the sintering
temperature was increased from 1000 to 1100 oC, corresponding to the single phase
of β-TCP as shown in the XRD analysis. The highest DTS value of 4.06 MPa was
recorded for the sample sintered at 1100 C and this could be linked to the
enhancement in densification as well as finer grain size [41]. On the other hand,
sintering at 1200 oC, the DTS value of the sample dramatically declined to the
lowest value of 2.52 MPa. This behaviour could be associated to a combined effect
of β-TCP grain coarsening, the presence of α-TCP that induced transgranular
fracture (see Fig. 3) coupled with lower density.

Fig. 5. The effect of sintering temperature on (a) Vickers
hardness and (b) Diametrical Tensile Strength of TCP samples.

3.3. Early cell response using MC3T3-E1 cells
In this experiment, samples sintered at 1100 oC was selected owing to their
improved sintering characteristics and mechanical properties. The biocompatibility
nature of the β-TCP was evaluated from the cell staining, cell proliferation,
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differentiation, and mineralization. The immunofluorescence of cell morphology
on the β-TCP substrates after culturing for 24 hours is shown in Fig. 6. Vinculin
regulates various cell function including adhesion, migration, and apoptosis, and
therefore, is important for determining the possibility of surface that can
accommodate cell activities. As shown in Fig. 6, clear fluorescence of vinculin was
observed indicating that cells had securely attached to the substrate, and
subsequently increased cell spreading, altering cell morphology. As a result, the
MC3T3-E1 cells exhibited a multilateral spindle shape with pseudopodia. The cellcell contact has been shown to be essential for osteogenic differentiation of
mesenchymal stem cells [42, 43]. The results of cell morphology suggest that the
β-TCP is effective for promoting osteogenesis.

Fig. 6. Immunostaining of cells seeded on β-TCP.
The number of living cells and early osteoblast differentiation were further
evaluated by a cell proliferation using CCK-8 assay, Fig. 7(a), and the alkaline
phosphatase (ALP) activity, Fig. 7(b), respectively. For cell proliferation, the cell
proliferation increased with the culture period indicating the possibility of
improving long term biocompatibility. The increased in number of cells was
evident after 5 days of culture as depicted in Fig. 7(a).
The number of cells observed on the substrates correlated with the enzymatic
activity. The ALP activity of the sample surface significantly increased after the
culture period. This demonstrated that the surface effectively induced the cells to
differentiate toward osteoblastic phenotypes. The activity of alkaline phosphatase
(ALP) was considered to indicate the presence of osteoblast cells that differentiated
to mature osteoblasts, followed by the formation of new bone [44]. Nevertheless,
quantification by immunostaining or a real-time PCR approach would be required
for a better insight into bone formation.
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Fig. 7. Cell proliferation after 1 and 5 days (a) and relative ALP
activity after 7 and 21 days of incubation (b) on β-TCP sample (n=4).

4. Conclusions
The production of phase pure β-tricalcium phosphate (β-TCP) has been achieved by
the initial heat treatment at 700 oC followed by sintering at 1100 oC. The β-TCP phase
stability was disrupted upon sintering at 1200 oC with the formation of α-TCP phase.
This phase transformation was accompanied by transgranular fracture on the sample
surface. Although sintering at 1200 oC resulted in improved hardness and density, the
maximum diamentral tensile strength was obtained at 1100 oC, in which the sintered
body composed predominantly β-TCP phase. The biological cell responses study
indicated that the β-TCP exhibited excellent biocompatibility for use as a promising
candidate as bone substitute material.
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