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In order to determine the optimum sintering temperatures of hydroxyapatite ceramic sintered bodies, while maintaining high 
physical and mechanical properties, pellet-shaped hydroxyapatite (HA) samples were prepared by controlling micron- and 
nano-sized powders. Determining the optimum sintering temperature aims to avoid changes in the HA phase and reduce 
excessive grain growth at too high temperatures. The samples were made by mixing micron- and nano-sized HA powders 
at a ratio of 80:20 wt. % and adding polyvinyl alcohol (PVA) of 10 wt. % as a binder. Green bodies were made using the 
uniaxial pressing method under a pressure of 200 MPa. The initial heating was carried out at a temperature of 700 °C for 
1 h to remove the PVA, followed by a sintering process performed at temperatures ranging from 1000 °C to 1200 °C with a 
holding time of 2 h. The results showed that the optimum sintering temperatures ranged from 1150 °C to 1200 °C, with no 
significant linear shrinkage occurring at those temperatures. In the microstructural analysis, a significant decrease occurred 
in the number of pores in the sintered bodies at a temperature of 1200 °C. The mechanical properties are maintained at a high 
level at sintering temperatures of 1150 °C and 1200 °C, i.e., Vickers hardness values of 4.40 GPa and 5.67 GPa, respectively.

INTRODUCTION

	 Hydroxyapatite (HA) or Ca10(PO4)6(OH)2 is a bio-
ceramic with excellent biocompatibility [1–5]. As a bio-
active material with a ratio of calcium and phosphorus 
that resembles natural bone, it is ideal as a bone im-
plant candidate [6–11]. However, it is also classified as 
a ceramic, which is very fragile and unstable under pres-
sure and has low strength [12–15]. These drawbacks 
have encouraged researchers to conduct further studies 
to improve its mechanical properties.
	 Researchers have tried many different ways to im-
prove the mechanical properties of HA sintered bodies, 
including making HA-based composites by adding 
strengthening materials [16], adjusting the pressure when 
making green bodies [17], and adding binding materials 
of specified amounts and types [18]. An HA-based com-
posite with Al2O3 as a strengthening material sintered at 
1200  °C has been proven to increase the compressive 
strength [19]. Another composite with MgF2 sintered at 
1150  °C has also been found to increase the hardness 
and fracture toughness [20]. In the process of making 
green bodies, the level of uniaxial pressing can affect the 
mechanical properties of ceramic-based products [21]. 
The addition of binders, in proper amounts and types, 
affects those of HA sintered bodies. Commonly used 

binders include polyvinyl alcohol (PVA), polyacrylamide 
(PAM), and polyvinylpyrrolidone (PVP). These three 
types of binders have excellent biocompatible properties 
and do not interact negatively with HA. PVA binders 
show better strength in resisting erosion by the Simulated 
body fluid (SBF) test method [22].
	 Other factors that influence mechanical properties 
are the particle shape, particle size, and particle-size dis- 
tribution [23]. In previous studies, the distribution of 
controlled-sized powders, namely, in microns and nano-
sized, aimed at improving the mechanical properties of 
HA sintered bodies have been studied. The results sho-
wed a significant increase in the compressive strength, 
along with the addition of a nano-sized powder. The 
strengthening mechanism was found to occur in the 
form of a reduction in the pore size when the nano-
sized powder filled the gaps between the micron-sized 
ones, causing the strength of the HA sintered bodies to 
increase [24]. 
	 The sintering temperature is also an important factor 
that should be considered for obtaining a biocompatible 
ceramic. A high sintering temperature has the potential to 
affect the phase change of HA [25] and the grain growth 
which causes a decrease in the mechanical pro-perties 
[26]. However, the sintering temperature can be adjusted 
by controlling the size of the powders, where a smaller 
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powder size helps to achieve a lower sintering tem-
perature in making sintered bodies. The sintering tem- 
perature of a nano-HA with an average size of 250 nm 
is around 1000  °C [27]. The sintering temperature of 
HA with a micro-size of 2.5  µm is 1250  °C [25,28]. 
Such a micron-HA powder is easier to find at a low cost. 
However, the sintered body manufacturing process must 
be sintered at high enough temperatures because it has 
a high specific surface energy [29]. A nano-HA powder 
can be sintered at low temperatures, where a phase 
change can be avoided and has better mechanical proper-
ties. However, it has several disadvantages, such as a 
relatively high cost [30]. Therefore, a mixture of micron- 
and nano-sized HA powders at a controlled ratio has the 
potential to reduce the sintering temperature. Which is 
ultimately thought to be able to retain the phase of the 
HA and, at the same time, to maintain a high strength in 
the HA bodies.
	 In this study, the aim was to optimise the sintering 
temperature of a mixture of micron- and nano-sized HA 
powders at a controlled ratio. The sintering temperature 
was varied, then the HA sintered body was evaluated 
including the phase, grain growth, physical and mecha-
nical properties.

EXPERIMENTAL

Materials

	 The bioceramic used in this study was a commercial 
analytical HA with a specification of 2.5 ± 0.5 μm and 
the 200 nm-sized powders were obtained from Sigma-
Aldrich Co in the United States. A liquid PVA obtained 
from Jaya Kimia in Indonesia was used as a binder. 
All the materials were employed directly without any 
preliminary treatment. Pure water obtained from Brataco 
in Indonesia was used during the entire research process.

Methods

Sample preparation
	 HA powders with sizes of 2.5 µm and 200 nm were 
mixed at a ratio of 80:20 wt. %, in a rotary drum mixer 
(drum size: diameter = 40  mm; length = 55  mm; PM-
ME-Lab.itp; rotation = 100  rpm) equipped with steel 
balls (diameter = 4.8  mm; unit number = 20) for 2  h. 
A PVA of 10 wt. % was used as a binder and added into 
the mixture for 1  h. Green bodies with a diameter of 
8 mm and thickness of 5 mm were made with uniaxial 
pressing at a pressure of 200 MPa. The initial heating was 
carried out at a temperature of 700 °C for 1 h to remo-
ve the PVA, followed by a sintering process performed 
at varying temperatures of 1000 °C, 1050 °C, 1100 °C, 
1150 °C, and 1200 °C with a holding time of 2 h in an air 
environment. An illustration of a sample preparation can 
be seen in Figure 1.

Sample characterisation
	 The characterisation of the HA powder crystalline 
phase was carried out using X-Ray Diffraction (XRD – 
PANalytical, Type PW3040/60, Netherlands). The wor-
king conditions of the XRD on the Cu anode material 
were at 40  kV and 30  mA (CuKα, λ = 1.54060  Å, 
2θ = 10 - 100). The scan time was set at 7.14 seconds. 
The analysis was carried out using a qualitative method, 
that is, by comparing the pattern of the peaks of the 
test results with the International Centre for Diffraction 
Data (ICDD). The linear shrinkage test was performed 
by comparing the weights and diameters of both the 
green and sintered bodies, with twelve samples for each 
sintering temperature variation. The observations of the 
microstructures were carried out using Field Emission 
Scanning Electron Microscopy (FESEM – FEI Inspect 
F50). The observation was made on the HA powders, 
aiming to see the shape, distribution, and size of the 
powders, and on the HA sintered body to see the effect 
of the sintering temperature on the bonds between the 
grains. The analysis of the powder size distribution and 
grain size distribution of the sintered body was carried 
out using ImageJ software. The actual density test was 
performed using the Archimedes method with twelve 
samples for each sintering temperature variation, while 
the relative density was calculated by comparing the 
actual density with the theoretical density of the HA. 
The theoretical density of the HA set was 3.156 g·cm-3 
[31–33]. Vickers micro testing machines (HMV Shi-
madzu, Japan) were used for the Vickers hardness test, 
with an indentation load of 9.8 N. Before the hardness 
test, 10 samples were polished for each sintering tempe-
rature variation.
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Figure 1.  Illustration of the sample preparation and testing.
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RESULTS AND DISCUSSION

XRD characterisation

	 The comparison of the XRD test results on the 
green body and the sintered body is shown in Figure 2. 
In Figure 2b, the green body shows two phases, the HA 
and PVA. The HA and PVA phases were analysed using 
qualitative methods, namely comparing them with the 

respective ICDD reference patterns 01-075-9526 and 
00-057-1934, respectively. The HA and PVA phases 
were found at their main peaks at the 2θ angles of 31.82° 
and 20.17°, respectively. In Figure 2a, the PVA phase 
was not found on the sintered body. It is suspected that 
the PVA is lost during the sintering process. In previous 
studies, it was reported that the melting point of PVA, 
which was tested by differential scanning calorimetry 
(DSC), was found at a temperature of 204.3 °C. While 
the PVA was completely burned out at temperatures 
above 600 °C [34]. In a separate test, the PVA heating 
and melting process has been carried out in a furnace, 
where the PVA completely burns out at a temperature of 
600 - 700 °C. The XRD test results on the HA sintered 
body are shown in Figure 3. All the major peaks have 
similarities in terms of the position of 2θ for all the sinte-
ring temperature variations, as well as when compared 
with the HA of the ICDD reference pattern 01-075-9526. 
The characterisation of the crystalline phase of the HA 
sintered bodies shows that there was no phase change 
at sintering temperatures ranging from 1000 to 1200 °C. 
These results are also the same as those reported in pre-
vious studies [35, 36]. Another study also reported that 
there was no change in the phase of the HA sintered 
body at sintering temperatures ranging from 1050  °C 
to 1250  °C. However, there was a new phase, that is, 
α-TCP, at 1300 °C [37].

Characteristics of the microstructure

	 The characterisation of the mixed micron- and 
nano-sized HA powders with a ratio of 80:20 wt. % is 
shown in Figure 4a. The micron- and nano-sized HA pow-
ders are in micro-spherical and nano-spherical forms 
[38–40]. The distribution of the mixture of the micron- 
and nano-sized HA powders occurred homogeneously. 
Figure 5a shows the analysis of the HA powder size dis- 
tribution using ImageJ software. The micron-sized pow-
ders with a distribution > 2 µm are 32 % and the others are 
1 - 2 µm in size. Whereas the nano-sized powders with 
a distribution < 300 nm are 20 % and the others are at 
a powder size of 300 - 600 nm. The characterisation of 
the HA sintered body for all the sintering variations can 
be seen in Figure 4. Figure 4b shows the bodies sintered 
at a temperature of 1000 °C, in which very large pores were 
seen in the FESEM image, indicating that the sintering 
process has not yet occurred well. The FESEM image of 
the HA bodies sintered at 1000 °C shows similarities to 
the results reported in several previous studies [41–44], 
indicating the existence of many pores. Figure 4c shows 
bodies sintered at a temperature of 1050  °C, in which 
the FESEM image shows a decrease in the number of 
pores. Moreover, at a sintering temperature of 1050 °C, 
the growth of the grains was seen in the nano-sized HA 
powder as a result of the sintering temperatures ranging 
from 800 and 1000 °C [27]. Figure 4d depicts the bodies 
sintered at 1100 °C. This sample shows a very significant 
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Figure 2.  XRD pattern on the HA sintered body (a), green body 
(b), comparative HA (c), reference pattern 01-075-9526, and 
comparative PVA (d), reference pattern 00-057-1934.

Figure 3.  XRD pattern on the HA sintered body with variations 
in the sintering temperatures (a-e), comparative HA (f), refe-
rence pattern 01-075-9526.



Physical and mechanical properties of hydroxyapatite ceramics with a mixture of micron and nano-sized powders: optimising...

Ceramics – Silikáty  65 (3) 224-234 (2021)	 227

Figure 4.  FESEM image: a) micron- and nano-sized HA powders (ratio of 80:20 wt. %) and the HA sintered bodies with variations 
in the sintering temperatures: b) 1000 °C, c) 1050 °C, d) 1100 °C, e) 1150 °C, f) 1200 °C.

e) 1150 °C

c) 1050 °C

a) HA powders
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d) 1100 °C

b) 1000 °C
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decrease in the number and size of the pores. Most of the 
micron-sized HA powder formed like bonds of grains. 
An image similar to this was also reported in the previous 
study [45]. Figure 4e exhibits bodies sintered at 1150 °C. 
The FESEM image proves that the number of pores was 
very small and ae almost invisible. In this condition, 
it is assumed that the sintering temperature had been 
reached, but was not perfect. In Figure 4f, the bodies 
were sintered at 1200 °C, in which the sintering process 
had occurred perfectly. The FESEM image confirms that 
there are no pores between the HA particles. Therefore, 
it can be concluded that the sintering temperature on 
the micron- and nano-sized HA powders with a ratio of 
80:20 wt% ranged from 1150 to 1200  °C. Figure 5b-d 
shows the analysis of the grain size distribution of the 
HA sintered body using ImageJ software. The grain size 
distribution was analysed for the sintering temperatures 

of 1100 °C and 1200 °C, because it can show differences 
in the grain growth after the sintering process. Figure 5b 
and c shows the occurrence of grain growth with an in-
creasing sintering temperature from 1100 to 1200  °C. 
This is evidenced by Figure 5d, where the average 
grain size value increases with the increasing sintering 
temperature.

Linear shrinkage

	 The linear shrinkage testing was carried out using 
two methods, namely diameter shrinkage and weight 
shrinkage. The linear shrinkage value was calculated 
by comparing the green bodies with the sintered ones, 
followed by calculating the average value. Figure 6 indi-
cates an increase in the percentage value of the shrinkage 
diameter as the sintering temperature increases. The dia-

Figure 5.  Analysis of the powders and sintered body HA: a) HA powders size distribution, b) grain size distribution of the sintered 
body, sintering temperature of 1100 °C, c) grain size distribution of the sintered body, sintering temperature of 1200 °C, and d) 
average grain size of the sintered body.
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meter shrinkage at a sintering temperature of 1000  °C 
was 6.50 %, and this increased significantly to 16.19 % 
at a temperature of 1150  °C. The shrinkage diameter 
continued to increase until the sintering temperature of 
1200 °C at 16.74 % (Table 1), but it was not significant. 
These results are also consistent with previously 
reported studies [46, 47]. The increase in the percentage 
of the shrinkage diameter was due to the shrinking and 
reduced pores as the sintering temperature increased, as 
shown in Figure 4b–f. Therefore, it can be concluded 
that sintering was reached at 1150 °C, and it was more 
perfect at 1200 °C. The weight shrinkage was found to be 
unchanged and did not affect the increase in the sintering 
temperature. It occurred uniformly because of the same 
amount of HA and PVA employed. PVA, as a binder, was 
thought to have been burned out in the sintering process, 
as evidenced by the XRD test in Figure 2, where there 
were no phases other than HA.

Density and Relative density

	 The density and relative density tests results are 
shown in Figure 7. The density increased significantly as 
the sintering temperature increased. The density increa-
sed from 2.46 g·cm-3 at a sintering temperature of 1000 °C 
to 3.06  g·cm-3 at 1200  °C. The same observation was 
made with regard to the relative density, which rose from 
78.0 % at a sintering temperature of 1000 °C to 97.1 % at 

1200 °C (Table 1), showing an increase of 24 %. Several 
previous studies reported that a micron-sized HA pow-
der with sintering temperatures ranging from 1000 °C to 
1200 °C showed an increase in the relative density from 
77.3 % to 96 % [25], from 61 % to 96% [48], and from 
76.52 % to 83 % [49]. The increase in the density and 
relative density occurred due to the increasing sintering 
temperatures, in which the bonds between the grains 
occurred more perfectly, while the pores decreased at 
a sintering temperature of 1200 °C. This statement is also 
supported by Figure 4b-f, which shows fewer pores in the 
sintered body with a higher sintering temperature. Figu- 
re 8 shows the correlation between the diameter shrinkage 
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Figure 6.  Effect of the sintering temperature on linear shrinkage 
on the HA sintered bodies.

Figure 8.  Effect of the sintering temperature on the relative 
density and diameter shrinkage on the HA sintered bodies.

Figure 7.  Effect of the sintering temperature on the density and 
relative density on the HA sintered bodies.

Table 1.  Outlines of the physical and mechanical properties of the HA sintered bodies.

	 Sintering	 Diameter shrinkage	 Weight shrinkage	 Density	 Relative density	 Vickers hardness
	temperature (°C)	 (%)	 (%)	 (g·cm-3)	 (%)	 (GPa)

	 1000	 6.50 ± 0.84	 13.01 ± 0.69	 2.46 ± 0.08	 78.0 ± 2.4	 1.23 ± 0.14
	 1050	 7.88 ± 0.81	 13.23 ± 0.83	 2.48 ± 0.07	 78.7 ± 2.2	 1.74 ± 0.09
	 1100	 12.30 ± 0.91	 13.22 ± 0.80	 2.78 ± 0.06	 88.2 ± 1.9	 2.67 ± 0.16
	 1150	 16.19 ± 0.67	 13.78 ± 0.88	 2.96 ± 0.09	 93.7 ± 2.8	 4.40 ± 0.24
	 1200	 16.74 ± 0.57	 13.39 ± 0.63	 3.06 ± 0.09	 97.1 ± 2.8	 5.67 ± 0.38
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and the relative density. The high diameter shrinkage 
causes an increase in the relative density. This can occur 
if the sintering temperature is at optimal conditions.

Micro hardness

	 The results of the hardness testing, which is a me-
chanical property of the HA sintered bodies, are shown 
in Figure 9. There was a significant increase in the 
hardness value from 1.23 GPa at a sintering temperature 
of 1000 °C to 5.67 GPa at 1200 °C (Table 1). Figure 10a 
shows other evidence indicating that an increase in the 
sintering temperature to 1200 °C could reduce the pores 
and increase the density of the HA sintered bodies. The 
increase in the hardness was directly proportional to the 
sintering temperature. This has also been confirmed by 
several previous studies [50–54]. However, Figure 4b-f 
proves that with a higher sintering temperature, grain 
growth will also occur, which can potentially reduce the 
strength of the sintered body if the sintering temperatu-
re exceeds 1200 °C. Other studies also reported that the 
sintering temperature causes grain growth in the HA sin-
tered body [55, 56]. Figure 10b shows the correlation 
between the hardness and the linear shrinkage. The li-
near shrinkage increased as the sintering temperature 
increased, indicating that increased shrinkage occurred 
along with the increased sintering temperature, which 
increases the density of the sintered bodies, thereby 
increasing the level of hardness. The hardness and linear 
shrinkage are correlated to the sintering temperature. 
Other studies have also reported a correlation between 
the hardness and linear shrinkage to the sintering tem-
perature [25]. Figure 10c shows the correlation between 
the hardness and the relative density with the sintering 
temperature. The hardness also correlates to the relative 
density, where an increase in both values is directly 
proportional to the increase in the sintering temperature. 

Therefore, it can be concluded that the sintering tem-
perature has a significant influence on the nature of the 
HA sintered bodies. The correlation between the hard- 
ness and relative density has also been reported in seve-
ral previous studies [25, 56]. The Vickers hardness 
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Figure 10.  Vickers hardness relationship with the other pro-
perties: a) comparison of the microstructure shapes and the 
Vickers indenter sizes, b) effect of the sintering temperature on 
the Vickers hardness and diameter shrinkage of the HA sintered 
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hardness and relative density of the HA sintered bodies.
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on the HA sintered at temperatures of 1150  °C and 
1200 °C, namely 4.40 GPa and 5.67 GPa, respectively, 
met the standard for HA hardness in the range of 
4.2-7.2  GPa [57]. All the data supported the observa- 
tion that the mixture of the micron- and nano-sized HA at 
a ratio of 80:20 wt. % has a sintering temperature between 
1150  °C and 1200  °C. Table 2 shows a comparison of 
the physical and mechanical properties of this study with 
several other studies.

CONCLUSION

	 The optimum sintering temperature of the mixture 
of micron- and- nano-sized commercial HA powders at 
a ratio of 80:20 wt. % is in the range from 1150 to 1200 °C. 
Good grain boundaries began to occur at a sintering 
temperature of 1150 °C and were fully formed at 1200 °C, 
as indicated by the constant linear shrinkage observed 
in these sintering temperatures. While, at temperatures 
from 1000 °C to < 1150 °C, the grain boundaries between 
the particles are relatively low, as evidenced by the high 
number of pores, low relative density, low linear shrin-
kage, and low hardness. The mechanical properties are 
maintained high at sintering temperatures of 1150 °C and 
1200 °C, i.e., Vickers hardness values of 4.40 GPa and 
5.67 GPa, respectively. The FESEM image also proved 
the decrease in the number and size of pores and there 
was no significant grain growth, along with an increase 
in the sintering temperature. There was no phase change 
in the HA sintered bodies for each variation of the sin-
tering temperature.
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